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Abstract

This thesis presents the development and the additive manufacturing of smart antennas and
frequency selective surfaces (FSS) for microwave, millimetre wave, and low-Terahertz
applications. Numerous fabrications techniques such as etching, low-cost inkjet-printing,
Fused Filament Fabrication (FFF) and Aerosol Jet Printing are employed to fabricate the
antennas and FSS. Firstly, frequency reconfigurable antennas with close-coupled biasing
technique are developed using double-sided etching on a thin mylar substrate for smart
current and voltage sensing applications. The frequency tunable antenna also acts as a
novel current sensing antenna in a smart sensing system that can sense the alternating
current passing through a wire. The design is followed by introducing a low-cost inkjet-
printed industry ready solution for frequency reconfigurable antennas where a single
antenna aperture solution is utilised to demonstrate frequency reconfigurability in both
switching and tuning configurations. Development of Frequency Selective Surfaces using
low-cost printing machine is demonstrated in which FSS structures are inkjet-printed as
wallpaper posters for Radio Frequency (RF) shielding and signal enhancements for 4G and
5G applications. A novel approach for fully 3D printing an FSS structure is also
demonstrated using a low-cost open-source printer, which was modified to print the
filament and the conductive inks simultaneously. Widespread investigation of industry-
grade Aerosol Jet printing is utilised for additive manufacturing of bandstop and bandpass
FSS designs for RF shielding and signal filtering. The bandstop designs are developed for
microwave and millimetre-wave applications. The bandpass slot FSS designs are
developed for millimetre wave and low-Terahertz applications for futuristic Beyond 5G
and 6G systems.
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CHAPTER 1
INTRODUCTION

1.1 Overview and Motivations

Frequency reconfigurable antennas are antennas that can alter their frequency of operation
to resonate at a different frequency. The lucrative concept to accommodate numerous
frequency bands contained by the same antenna design has been drawing considerable
amount of attention from the research community for many years. The capability to
encompass a wide range of spectrum helps in developing designs that find a large number
of contemporary applications. Frequency reconfigurable antennas allow a single antenna
to operate in a wide spectrum of frequency bands. Frequency reconfigurable antennas are
particularly useful and can be deployed for a range of smart applications such as sensing,
mobile and wireless communications, beam steering and satellite communications [1] - [3].
With a wide range of possibilities with antenna designs and fabrication techniques,
reconfigurable antennas can provide low-cost, efficient and environment friendly designs

with the option of being flexible and foldable when printed on flexible substrates.

Frequency selective surfaces are filtering screens that are typically employed to filter the
incident Electromagnetic (EM) wave responses [4]. There are two types of frequency
selective surfaces (FSSs): Bandstop FSS and Bandpass FSS. Bandstop FSS designs work
as frequency shields that filters and reflects the resonant frequency band and transmits all
the other frequency bands and signals. Bandpass FSS designs work as frequency reflectors
and filters that reflect and filter all the bands neighbouring from the resonant frequency
bands. FSSs find diverse applications in mobile communications, RF shielding, frequency
reflectors in indoor environments, 5G communications and the imminent 6G

communications.
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In general, frequency reconfigurability solutions are particularly useful to obtain a wide
range of frequency bands and various manufacturing techniques that provide both the
alternative and the cost-efficient solutions for antennas and FSS designs [4]. Development
of Frequency Selective Surfaces for the millimetre wave and low-THz bands find particular
interest with the 5G communications as well as the imminent arrival of the 6G
communications. Fabrication techniques for the smart designs can also be investigated and

evaluated for reliable and cost-efficientresults.

With the increased demand for rapid, economical and environment friendly prototyping of
electronics and ever so increasing demand in the printable electronics department, additive
manufacturing or AM has seen a lot of growth in the last couple of decades [5] - [8]. A
number of ways exist for 3D printing is achieved using a variety of techniques such as
fused deposition modelling (FDM) [9], selective laser sintering (SLS) [10],
sterolithography (SLA) [11], inkjet printing [12] and Aerosol Jet printing [13] to name a
few. 3D printed batteries using additive manufacturing is presented in Fig. 1.1. The designs
can be printed on a variety of substrates that offer a wide range of thickness, flexibility,
transparency along with providing reliable conductivity and performances across the entire
printed area. Advantages and disadvantages of various additive manufacturing on different
substrates and with differentinks can be studied to determine their specified applications.
Surface profiles and surface roughness of the printed substrates and designs also provide a

good study of the results for comparison and analysis.

With the fastest growing market, 3D printing and additive manufacturing is expected to
capture a large share of the global manufacturing market with the market expected to reach

$9.3 billion by the year 2027, 10 years from when this study was conducted [14].
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Fig. 1.1 3D printed battery using additive manufacturing

Total Additive Manufacturing Market Size, by Opportunity Segment, All
Technologies (Professional environments only), 2014-2027(e)

Fig. 1.2 Estimated market share for additive manufacturing [14]

1.2 Thesis Outline

The research work starts with the literature review presented in Chapter 2 that covers the
developments across the field of smart antennas, FSSs and additive manufacturing of smart
antennas and FSS designs over the years. The review starts with the advancements in the
research and the most frequently reported frequency reconfigurable antennas and designs.
A variety of bandpass and bandstop frequency selective surfaces are also reviewed. A
number of traditional and modern additive manufacturing techniques are also presented

within this chapter.
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Chapter 3 demonstrates the development of frequency reconfigurable antennas using close-
coupled biasing technique for smart Alternating Current (AC) sensing applications. This
chapter presents a novel approach for sensing application for the reconfigurable antennain
a smart and novel Alternating Current Sensing system. Inexpensive PIN diodes are
deployed to realise the frequency reconfigurability with the help of slot antenna designs.
Close-coupled biasing technique was presented for smart antennas for the first time. The
design solutions were able to switch and tune between several frequencies and covered a
wide range of frequency bands of interest. The low-cost designing on flexible substrates
provided a solution for the development of designs for wireless communications and sensor
applications. The tunable antenna is deployed in a novel smart current sensing system that
detects the currents which are passing through the wire of a typical household appliance

and can transmit the data over Bluetooth.

Chapter 4 presents a reusable solution and the manufacturing considerations that went into
developing frequency reconfigurable antenna aperture using low-cost inkjet printing
technique. Inkjet printing finds particular interest for its simplicity and rapid prototyping
and in developing electronics and antennas on foldable substrates such as photo-paper and
PET. This novel solution presents a single-layer aperture of two rectangular patches that
are printed using conductive ink filled in refillable cartridges on PET substrate at a small
distance apart from one another, effectively creating a slot of infinite length between them.
Active RF components are mounted on the proposed aperture to create a complimentary
dipole antenna. Two operations of frequency-switching and frequency-tuning are described
using the same antenna aperture. Low-cost Inkjet printing of the proposed aperture
provides a low-cost, environment friendly commercially available solution that can
produce designs at a rapid rate with reliable performances and consistent electronic

attributes.

Chapter 5 presents the additive manufacturing of Bandstop FSS wallpapers using low-cost
inkjet printing for microwave and sub millimetre wave frequency shielding applications.
Two distinct methods are presented for the low-cost fabrication of Bandstop FSS. In the
first method, two bandstop FSS wallpapers are inkjet-printed using the household Inkjet
printer discussed in Chapter 4. The designs were printed on the raisin coated photo paper
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to operate in the frequency bands of 2.4 GHz and 24 GHz, respectively. The wallpapers
can be mounted inside an enclosed ambience to improve the signal strengths of 4G and 5G
networks and decrease the signal drop due to the absorption of signals by walls, roofs, and
other construction materials. The second part of this chapter demonstrates the development
of a novel open-source 3D printer system that can simultaneously deposit the filament-
based substrate as well as the conductive ink to develop a fully 3D printed microwave
bandstop FSS structure of square-loop elements. The printer system was developed in
collaboration with an on-site team of researchersat University of Kent and the development
of the FSS using the low-cost open-source printer is presented for the first time. A standard
Fused Filament Fabrication (FFF) printer was modified and calibrated and the extension
components were 3D printed to mount the two extruders that could print the filamentand

the ink without a need for any additional curing methods.

Chapter 6 presents the Aerosol Jet Printing of FSS designs using Aerosol Jet printing. The
industry grade expensive equipment was accessed at Centre for Process Innovation,
Durham, U.K. The state-of-the-art machine was deployed to manufacture Bandstop and
Bandpass FSS structures. Bandstop FSS were developed for WLAN, 4G and 5G frequency
shielding applications with the help of microwave and sub-millimetre wave designs
comprising of square loop elements. The designs operate at 2.5 GHz and 27.5 GHz,
respectively covering the 2.4 GHz and 26-28 GHz bands. The designs were printed directly
onto the substrate using Aerosol Jet Printer and fabrication was done on Corning eagle
glass as well as on flexible Kapton. The designs demonstrated exemplary performances
and worked perfectly well for various angle of incidence responses. The second segment
of this chapter introduces the novel fabrication of mm wave and low-THz Bandpass slot
FSS designs. These designs pushed and tested the precision limits of the Aerosol Jet
machines. Several reiterations were completed to get the precise designs. The designs
required the micrometre-level precision that an Aerosol Jet can provide, and strategic
toolpaths were developed to create the required designs to form in the shape of slot arrays.
Two designs of slot Bandpass FSS were presented that resonated at 125 GHz and 280 GHz,
respectively. The bandpass designs operated in wideband millimetre wave regions and the

measured transmission responses corresponded well with the simulated responses. The
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designs find application with sensing, space communications, counter terrorism systems,

and especially with the Beyond 5G and the imminent 6G systems. Using flexible Kapton

substrates also allows the options to make the designs flexible and foldable in nature and

they can be deployed for space systems owing to the Kapton’s high temperature tolerance.

Finally, Chapter 7 concludes with a summary of the findings in chapters and provides the

concluding remarks for the work conducted and the scope for further development of the

work in the future.

The primary objectives of the work presented through this research are:

1.
2.

Development of frequency reconfigurable antennas for smart sensing applications
Development of a novel low-cost inkjet-printed frequency reconfigurable antenna
solution that can be used in switching and tuning configurations

Additive manufacturing of FSS wallpaper reflectors using low-cost inkjet printing
on paper substrate to enhance the 4G and 5G signal strength in an indoor
environment

Additive manufacturing of a fully 3D printed bandstop FSS with the help of a novel
modified low-cost open-source printer with dual extrusion feature

Additive manufacturing of bandstop FSS structures for microwave and sub mm-
wave applications on transparent substrates using industry-grade Aerosol Jet
printing technology

Additive manufacturing of novel bandpass FSS structures for millimetre wave and

low-THz applications using industry-grade Aerosol Jet printing technology

The primary contributions that were made through the course of this research are listed

below. These contributions are complemented and supplemented by the list of publications

which is presented in Section 1.3. The main contributions are:

1.

Developing and utilising a frequency reconfigurable antenna with close-coupled
biasing technique for smart sensing and smart metering applications. The antenna

can be directly integrated as a novel sensing system to detect the current passing
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through the wire of a domestic appliance. The antenna is also useful in detecting
the current through the first mode and transmitting through the second mode.

2. Additive manufacturing of a novel, low-cost inkjet-printed reconfigurable antenna
design solution which can be modified as a switching antenna or a tuning antenna
by rearranging the RF components. The manufacturing aspects and considerations
are also presented which can facilitate the development of such antennas in the
future.

3. Inkjet printing of wallpaper posters printed on paper using low-cost household
inkjet printers are presented for RF shielding and signal strength enhancement of
4G and 5G networks. A low-cost wallpaper for 5G applications is presented for the
first time that demonstrated the testing of the limits of the low-cost inkjet printers.

4. A novel full 3D printing of a microwave FSS array using a low-cost open-source
printer that was modified to extrude the plastic-based PLA filament and the
conductive ink simultaneously. The thickness of the PLA substrate as well as
permittivity can be altered which is a useful alternative to design structures with
specific requirements.

5. Additive manufacturing of FSS structures for microwave, millimetre wave and
low-THz applications using the industry-grade Aerosol Jet printing is introduced
for the first time. The extreme precious of Aerosol Jet machine offered the
fabrication of intricate designs with reliable accuracy. Direct, single-step 3D
printing Bandstop FSS designs for sub mm-wave filtering on transparent substrates
was presented for the first time. Additive manufacturing of Bandpass slot FSS
arrays for millimetre wave and low-THz applications are introduced which tested

the fabrication capabilities of Aerosol Jet printersto their limits.

All the antennas and Frequency Selective structures presented in this thesis were simulated
using CST Microwave Studio™ software. The fabrication of these designs was realised
with a number of additive manufacturing machine such as the low-cost household inkjet
printer, open-source Fused Filament Fabrication (FFF) based 3D printer and Optomec®
Aerosol Jet Printers.

24



1.3. List of Publications

Publications arising from this work:

1. A. Shastri, B. Sanz-lzquierdo, E. Elibiary, E. A. Parker, “Manufacturing
Development and Constraints in full 3D Printing of Frequency Selective Surface
using Low-Cost Open-Source Printer”, in IEEE Transactions on Components,
Packaging and Manufacturing Technology, 2021 (Accepted)

2. A. Shastri, B. Sanz-Izquierdo, S. Gao, “Manufacturing Considerations for the
Development of Reconfigurable Antennas using Inexpensive Inkjet Printing”, in
IEEE Transactions on Components, Packaging and Manufacturing Technology,
2021 (Under Minor Revision)

3. A. Shastri, I. Ullah and B. Sanz-lzquierdo, "Alternating Current Sensing Slot
Antenna,” in IEEE Sensors Journal, vol. 21, no. 7, pp. 9484-9491, 1 Aprill, 2021,
doi: 10.1109/JSEN.2021.3055639.

4. A. Shastri, B. Sanz-lzquierdo, E. A. Parker, S. Gao, P Reynaert, Z. Chen, L.
Winchester, "3D Printing of Millimetre Wave and Low-Terahertz Frequency
Selective Surfaces Using Aerosol Jet Technology,” in IEEE Access, vol. 8, pp.
177341-177350, 2020, doi: 10.1109/ACCESS.2020.3024584.

5. A. Shastri, P. Njogu, B. Sanz-lzquierdo, S. Gao and Z. Chen, "Low-cost Inkjet
Printed Paper Poster FSS for 5G Applications,” 2021 15th European Conference
on Antennas and Propagation (EuCAP), 2021, pp. 1-4, doi:
10.23919/EuCAP51087.2021.9411448.

6. A. Shastri, K. Putta, B. S. lzquierdo, E. A. Parker, S. Gao, L. Winchester, A
McCelland, "Evaluation of Aerosol Jet Printing of Frequency Selective Surface on
Glass for Building and RF Applications,” 2020 14th European Conference on
Antennas and Propagation (EuCAP), Copenhagen, Denmark, 2020, pp. 1-5, doi:
10.23919/EuCAP48036.2020.9135346.

7. A. Shastri, M. Sobhy, and B. Sanz-Izquierdo, “A comparative study of the

harvested wireless power using multiple antenna designs implemented in a
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common domestic environment,” 2019 IEEE-APS Topical Conference on
Antennas and Propagation in Wireless Communications (APWC), Granada, Spain,
20109.

8. A. Shastri, B. Sanz-Izquierdo, D. Atkins, and A. McClelland, “Frequency
Reconfigurable Double-sided Slot Antenna Using Close-coupled Biasing
Technique,” 2018 8th IEEE India International Conference on Power Electronics
(IICPE), Jaipur, India, 2018.

9. A Shastri, B. Sanz-Izquierdo, S. Gao, D. Atkins, and A. McClelland, “Switchable
slot antenna using close-coupled biasing technique,”2017 International
Conference on Electromagnetics in Advanced Applications (ICEAA), Verona, Italy,
2017.

Other Publications:

1. P. Njogu, P. Jablonski, A. Shastri and B. Sanz-lzquierdo, "Origami Boat Sensing
Antenna,” 2021 15th European Conference on Antennas and Propagation
(EuCAP), 2021, pp. 1-5, doi: 10.23919/EuCAP51087.2021.9411024.

2. T.E. A Alharbi, A. Shastri, O. A. Alzahrani and B. Sanz-Izquierdo, "Evaluation
of a wideband monopole antenna with tunable stop notches,” Antennas and
Propagation Conference 2019 (APC-2019), Birmingham, UK, 2019, pp. 1-4, doi:
10.1049/cp.2019.0732.

3. S. Y. Jun, A. Shastri, B. Sanz-lzquierdo, D. Bird, and A. McClelland,
“Investigation of Antennas Integrated Into Disposable Unmanned Aerial
Vehicles,” IEEE Transactions on Vehicular Technology, vol. 68, no. 1, pp. 604—
612, 2019.

4. S. Jun, A. Shastri, B. Sanz-lzquierdo and A. McClelland, “Inkjet Printed Dual-
Band Origami Frog Antenna”, 2017 IEEE International Symposium on Antennas
and Propagation (APSURSI), San Diego, California, USA, 2017.
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1.4. Awards and nominations

1. WINNER, “International Young Scientist Award” in Electronics Engineering
World Teachers’ Day Awards & Appreciations Conferring Ceremony from
Research Education Talks Daily International (REd) on Oct 5™, 2020.

2. NOMINATION, “Best Young Researcher Award (Male) (Below 40 years)
(Overseas)”, 2nd International Academic and Research Excellence Awards
(IARE) 2020 - An initiative by GISR Foundation held on Oct 3™, 2020.

1.5. List of Seminars and Webinar Lectures

1.

“Advantages and Challenges with Additive Manufacturing of Electromagnetic
Structures” Webinar for IEEE Telewebinar hosted by Universidad Politecnica
Salesiana, Cuenca Ecuador on May 20", 2020.

“Not so expert in Coronavirus: SG Towers and Coronavirus” Webinar for Kent
Business School hosted by KBS Not So Expert, University of Kent on May 15,
2020.

“3D Printing and How it Can Help in Developing Modern Antenna Designs and
Structures” Webinar for IEEE ComSoc hosted by Universidad Politecnica
Salesiana, Cuenca, Ecuador on May 13", 2020.

“Ambient Energy Harvesting and Wireless power Transfer: for Today and
Tomorrow”, Guest Lecture at Banasthali Vidyapith, Banasthali, India on January
8th, 2019.
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CHAPTER 2

LITERATURE REVIEW AND THEORETICAL
BACKGROUND

2.1 Introduction

This chapter reviews the existing literature on the advancements over the years to provide
a background and basis for this research. The literature background primarily focuses on
frequency reconfigurable antennas, frequency selective surfaces, traditional fabrications
methods and additive manufacturing (AM) or 3D printing and their implementations using
various machines. A variety of antenna designs are reviewed which are implemented to
realise frequency reconfigurability [1]. Developing designs using traditional subtractive
manufacturing methods such as etching provides a standard, cost-efficient fabrication
method on substrates that are readily available in the market. With their durability,
consistency and variety in thicknesses, substrates suitable for etching provide the liberty to
develop design that may be both single sides as well as double sided in nature. Flexible and

foldable designs can also be created using significantly thinner substrates.

Traditional methods have been in use for decades but with the recent expansions and
advancements of additive manufacturing machines and 3D printers with extreme
precisions, manufacturing prototypes of various designs at a rapid rate has become
substantially simpler [2]. Complexand precise 3D models, antennas and circuitries can be
printed in a fast, cost-economical way whilst providing a significantly greater degree of
freedom in designing in comparison to the traditional techniques. 3D printing breaks a
design down into several layers and deposits the conductive material layer-by-layer.
Several technologies are discussed such as inkjet printing, Fused Deposition Modelling
(FDM), Aerosol Jet Printing etc.
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An introduction to smart and frequency reconfigurable antennas are presented in Section
2.2. Frequency selective surfaces and the advancements with their applications for various
applications are reviewed in Section 2.3. Section 2.4 puts light on the recent advancements
in the additive manufacturing of electromagnetic structures where the additive
manufacturing of antennas and frequency selective surfaces is reviewed. Section 2.5 covers
the theoretical background which acts as the essential prelude to the subsequent chapters
of this thesis.

2.2 Smart and Reconfigurable Antennas

2.2.1 Smart Antennas

Smart Antennas are antenna arrays, also referred to as multiple antennas or adaptive-array
antennas and are beneficial inincreasing the system efficiency of wireless networks. These
antenna arrays are used in combination with Digital-Signal-Processing (DSP) algorithms

that ease the tracking and location of wireless devices such as mobiles [3].

Desired ’ Interfering
: \ .
|\

\ /
|

Fig. 2.1 Functioning of smart antennas [4]

2.2.2 Frequency Reconfigurable Antennas

Frequency reconfigurable antennas are antennas that can actively alter their frequency of

operation and radiation patterns in a controllable and adjustable way [1], [5].
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Reconfigurable antennas differ from smart antennas because of their reconfiguration
mechanism. The reconfiguration mechanism is typically incorporated within the
reconfigurable antenna design while smart antenna relies on beamforming networks that
are supplied externally [1], [3]. Over the past five decades, wireless transmission and
sensing structures have undergone unimaginable growth and development. A number of
antenna design variants have been conceptualised, realised and deployed in the wireless
transmission and radar structures. Reconfigurable antennas do not just change their
frequency of operation but their impedance, transmission bandwidths, polarities and
radiation pattern responses change individually to have a capability for shifting operational
conditions [5]. One of the earliest recorded available account of reconfigurable antenna

dates to 1981 [6] where a reconfigurable microstrip patch antenna design was proposed.

Patch antennas are an attractive alternative for the designing of frequency reconfigurable
antennas. The prospect of being able to make patch antenna designs smaller in size make
them an alluring option for several applications. The miniaturization of a patch is typically
realised by optimising the geometry of the metallic patch. Microstrip patch-based
frequency reconfigurable antennas have since been widely reported over the years [6] —
[28]. Microstrip patch antenna using switchable slots was proposed in [7] for circular
polarization diversity. A wideband bow-tie patch antenna was proposed in [8] while a
circular microstrip reconfigurable antenna was proposed in [9]. 3D cubic antenna is
proposed in [10] which can be seen in Fig. 2.2. A circular-polarized crossed-Yagi
reconfigurable patch antenna is reported in [11]. The structure of the proposed antenna can
be seen in Fig. 2.3. The Miniaturized antenna for reconfigurability was reported in [12]
where miniaturization was typically realised by optimising the geometry of the pixelated
metallic patch. The bands of operation were 2.2 GHz - 2.6 GHz and 3 GHz - 4.2 GHz,
respectively. Aeroflex MGV-100-25 hyper abrupt varactor diode was deployed, and the
affective capacitance value was varied was varied from 0.2 pF to 5 pF to achieve the tuning

operation.
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(a) (b)

Fig. 2.3 Circular polarised reconfigurable Crossed-Yagi Patch antenna (a) top view and
(b) bottom view [11]

Radio Frequency Micro Electro-Mechanical Systems (MEMS) based designs have also
become popular recently with a wide range of frequency reconfigurability prospects being
explored in [13] — [17] using MEMS over the past two decades. MEMS have been
deployed as frequency switches [13], [14] to MEMS based tunable patch antennas [15],
antenna for MIMO communication [16] and slot antennas [17]. Frequency
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reconfigurability can also be realised by mechanical means with reconfigurable rolled
antenna and rotatable antennas reported in [18] and [19] respectively. Changing the
characteristics is another way using which frequency reconfigurable antennas can be
produced. Two such methods are reported in [20] and [21] where reconfigurable resonator
antenna on colloidal dispersions is reported in [20] and microstrip antenna on ferrite
substrate is proposed in [21]. Field-programmable gate array (FPGA) IC controlled
frequency switching antenna is proposed in [22]. Mechanical means of reconfigurability
are not particularly popular among researchers due to their lack of repeatability and

reliability.

Numerous designs mentioned above have successfully implemented RF MEMS to
reconfigure their frequency performances which depend upon the mechanical movement
of their little switches as an alternative to electronically varying the input voltage to
accomplish the desired frequency reconfiguration. However, PIN diodes are
characteristically swifter and are a significantly more efficient alternative to RF-MEMS.
PIN diodes also tend to be among the lower cost solutions and can be implemented in
combinationwith conventional etching techniques as well as with the present-day additive
manufacturing fabrication techniques. Diodes can facilitate both switching and tuning
operations of frequency in reconfigurable antennas with the help of changing the frequency

of operation caused by the variations in the input voltage [23] — [35].

Frequency switchable slot antennas have been widely reported in the literature [23] - [29].
One of the earliest descriptions of switchable antennas can be observed in [24], where
varactor diodes are combined with transverse microstrip fed slot antenna to switch between
frequencies. Further frequency switching is reported to be achieved by shorting the
effective length of the slot with the help of PIN diodes. The base designs for the designs
vary from being straight lines [25] to bent lines [26] to consisting of slot rings [27] and
annular slot shapes [28], [29].

Tuning slot antennas can be realised by changing of the reactance of the slots by
implementing active components within the design. One of the initial accounts in this area
is described in [30] where a slot antenna of A wavelength in length is electronically tuned

with the use of reactive Field-Effect Transistors (FET). By changing the bias voltage, the
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reactance of FETSs is varied which in turn changed the effective length of the slot and its
operational frequency. A novel PIFA-type tuning U-slot antenna was proposed in [31].
Similar procedure can be realised by using varactor diodes [32] —[35]. In [32], a dual-band
design that is able to tune from 1.8 GHz to 1.95 GHz in the firstband and from 2.15 GHz
to 3.22 GHz in the second band with A frequency ratio between 1.08 — 1.49 with the help
of varactor diodes with effective capacitance range of 0.5 pF — 2.2 pF. In [33], a similar
implementation tunes from 1.36 GHz -1.52 GHz in the firstresonant and 2.12 GHz- 2.63
GHz in the second resonant with a frequency ratio of 1.56 — 1.73. In [34], a singular and
dual-polarised slot-ring antennas are reported that cover a frequency ratio between 1.73 —
1.89 where the single-polarized antenna deploys two varactor diodes whereas the dual-
polarized antenna uses four varactors. A substrate integrated varactor-tuned dumbbell

shaped slot antenna is presented in [35] which had a tuning frequency ratio of 1.38.

Most reconfigurable slot antennas make use of a combination of bias circuit and vias
connecting the top layer containing and bottom layer for double layer structures [ 24], [25],
[27], [28], [32], [33]. Some designs require the development of additional circuitry such as
matching stubs [28] or an additional filter [32]. In other cases, such as [27], wires are
connected to the components directly which can cause interference with the radiation

pattern and are not practical for real life applications.

The slot antenna consists of a radiator formed by cutting a narrow slot in a large metal
surface [1], [5]. The slot length is a % wavelength at the desired frequency and the width is

a small fraction of a wavelength. The antenna is frequently compared to a conventional
half-wave dipole consisting of two flat metal strips. The slot antenna is compared to its
complementary dipole to illustrate that the radiation patterns produced by a slot antenna
cut into an infinitely large metal sheet and that of the complementary dipole antenna are
the same. If the slot antenna is superimposed onto its complementary dipole antenna
structure, one would obtain an infinite conducting plane. Several important differences
exist between the slot antenna and its complementary antenna. First, the electric
and magnetic fields are interchanged. In the case of the dipole antenna, the electric lines
are horizontal while the magnetic lines form loops in the vertical plane. With the slot
antenna, the magnetic lines are horizontal, and the electric lines are vertical. The electric
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lines are built up across the narrow dimensions of the slot. As a result, the polarization of
the radiation produced by a horizontal slot is vertical. If a vertical slot is used,
the polarizationis horizontal. A second difference between the slot antenna and its
complementary dipole is that the direction of the lines of electric and magnetic force
abruptly reverse from one side of the metal sheet to the other. In the case of the dipole, the
electric lines have the same general direction while the magnetic lines form continuous
closed loops. When energy is applied to the slot antenna, currents flow in the metal sheet.
These currents are not confined to the edges of the slot but rather spread out over the
sheet. Radiation then takes place from both sides of the sheet. In the case of the
complementary dipole, however, the currentsare more confined; so, a much
greater magnitude of current is required to produce a given power output using the dipole
antenna. The theory called Babinet’s principle [5] states that employing certain symmetry
in Maxwell’s equations and realizing the complementary nature of the two complimentary
structures, it can be shown that the fields of a slot antenna and that of a complementary
dipole antenna are related to each other in a simple manner. the various transmit/receive
characteristics, such as the pattern, gain, and input impedance of the two complementary
antennas. According to Babinet’s principle, the fields produced by a slot antenna can be

obtained directly from the corresponding complementary strip dipole antenna.

Slot antennas are employed usually at the frequency range of 300 MHz and 24 GHz. The
slot antennas are in demand because they can be etched or fabricated out of whatever
surface they are to be mounted on and have radiation patternsthat are roughly
omnidirectional for most of its designs. It needs to be noted that a voltage source is applied
across the short end of the slot antenna which induces an E-field within the slot, and
currents that move around the length and the breath of the slot, both contributed to
radiation. The dual antenna has a number of similarities with a dipole antenna. The voltage

source is applied at the centre of the dipole, so that the voltage source is rotated.

Rather than a ’% wavelength of centre-fed wire in free space making up a dipole antenna, a

dipole slot antenna is usually ’% wavelength long slot in a large ground plane. It can be fed
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in a number of ways. One frequently used method is to place slots in a waveguide. With
the correct placement and gaps in between slots, an array of slots can act as a directional
and effective antenna. Or it may be a slot in the ground plane on a PCB with the signal fed
to the centre edges, often a bit off centre to match impedances.

These antennas can be suitable because they can all be designed in significantly smaller
sizes using substrate having thickness in microns and can still obtain very good output
matching at the desired frequency.

2.3 Frequency Selective Surfaces

2.3.1 Introduction to Frequency Selective Structures and Applications

Frequency Selective Surfaces or FSSs are electromagnetic filtering screens that
demonstrate a variety of transmission or reflection characteristics as a function of the
frequency. Typically, any surface which cannot be deemed to be completely flatand not a
thoroughly conductive surface can play a role of an FSS. There are two rudimentary types
of FSS arrays: arrays that are made of slots and arrays comprising of dipoles [36], [37].
Resonant dipole array performs a Bandstop filtering response which allows the
electromagnetic waves above and below the resonant frequency of the dipole to pass but
blocks the waves at the resonant frequency. Complementary slot arrays perform what is
commonly known as Bandpass filtering response that allows the Electromagnetic waves at
the resonant frequency to pass but reflect or block them at the frequency bands lower and
higher to the resonant frequency band. In terms of equivalent circuit models, the dipolesin
bandstop filter FSSs act as a series equivalent circuit model whereas the slots in bandpass
FSSs operate as a parallel equivalent circuit model. A typical layout of the standard FSS

designs and their equivalent circuit models can be seen in Fig. 2.4.

FSSs find a wide range of applicationsin various fields [37]. FSSs can be installed in and
as radome designs with the help of simplistic designing equations [38], thin-layer
microwave frequency absorbers [39] which was reported three decades ago dating back to

1989 where they have also referred to the works that were publish in 1970s with recent
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developments in frequency scanned antennas for beam switching and steering applications
in [40] - [43].

Single-layered cylindrical FSS structure made up of strip dipoles are presented with PIN
diodes to switch the beams in [40] where the steering is realized by altering the
characteristics of GMP-4201 PIN diode. A complementary structure of cylindrical FSS
made up of slot arrays is reported in [41] where a monopole antenna along with the active
cylindrical slot FSS structure create a system that can switch between opaque and
transparent states of the FSS. A standard BAR64-02 diode was deployed to switch between
the states. A planar collinear array with cylindrical FSS array is also reported in [42].
Electromagnetic-bandgap (EBG) sub-array design for base station application is proposed
in [43]. Figure 2.5 depicts some reported FSS unit cells. Their names are also given.
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Fig. 2.4 A typical fundamental FSS model of bandpass and bandstop FSS structuresin
(a), Transmission coefficient for the two FSSs in (b) and capacitive patch array and

inductive mesh filtersin (c) [36]
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Fig. 2.5 A variety of FSS unit cells structures with their given names [37]

A number of contemporary, cutting-edge applications such as efficient wireless
communications [44], THz remote sensing for earth observations [45], defence
communication systems [46], smart satellite communications [47], terrestrial networks
[48], gyromultipliers [49] and 5G technologies [50]. Use of active Frequency Selective
Surfaces (AFSS) depicted for reconfigurability with tuning applications widely reportedin
[51] — [53]. Tunable FSS using arrays of slots [51] and split ring resonators [53] can tune
the FSS structure to operate at different frequencies in various states. Split ring resonator
design can be seenin Fig. 2.6. All the applications mentioned above make use of a selection

of FSS designs and configurations to execute their expected implementations.

Fig. 2.6 Splitring resonator FSS array for (a) Switching and (b) tuning [53]
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2.3.2 Application of FSS in Radio Frequency Shielding

Ambient RF and microwave signals constantly witness a drop in signal within a typical
indoor environment or a sudden loss of signal as the receiver moves to an indoor or
underground location. The signal loss happens owing to the reflections and transmission
of the incident signals through the rigid materials used in buildings and structures. The
magnitude of signal dispersion and losses hinges upon the dielectric properties,
conductivity, composition, and the periodicity of the raw materials used. These parameters
are now becoming an integral part of the electromagnetic architecture of a building. FSS
can act as frequency shields and frequency reflectors to significantly improve the coverage
within a defined area by reflecting certain signals back within the given areas in the house
or building while allowing for some necessary mobile signals to pass through for
elementary communications for mobile and emergency situations. An example of an
anchor shaped Bandstop FSS design can be seenin Fig. 2.7 [54].
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Fig. 2.7 Representative figure of an anchor shaped Bandstop FSS [54]

Passive FSS structures or bandstop FSS structures have often been proposed as a solution
to minimize and reduce the drop in signals. Installation of FSS structures within windows
and walls of an indoor environment have been repeatedly proposed in [55] — [63] where

FSS structures are deployed within windows [55] — [58] and walls [59] — [63] to diminish
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the loss of signals. In [61], a layer of transparent material is used as the shielding FSS that

can be seenin Fig. 2.8.

Fig. 2.8 RF Shielding surface for walls [61]

The FSS shield is created by directly grinding on top of the coating layer of an energy
saving glass in [62]. A convoluted square-loop FSS array structure is screen printed on
polyethylene terephthalate (PET) substrate and is then affixed to glass for shielding in [ 63].
The FSS structures are fabricated using a variety of techniques which will be discussed

separately in the coming section.

2.3.3 Application of FSS in Mobile Communications

Active FSS designs operate as FSS antennaarrays and can be used for beam switching and
steering applications along with improving the directivity of the transmitted signals. Some
FSS used in mobile communication have already been discussed from [40] — [43] and [51]
— [54]. The active FSS designs can be deployed to create Intelligent Reflective Surfaces
(IRS), which can also be referred to as metasurfaces. IRS as the name implies, are
controllable smart surfaces that can control and adjust the way an incident signal is
reflected. They are also referred to as software-controlled metasurfaces [64] and

reconfigurable intelligent surfaces [65]. Wireless communicationusing IRS has garnered
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significant interest since the rollout of the white paper on Beyond 5G [66] and 6G
technologies [67] by companies such as Samsung. These papers highlight the need to
develop surfaces to improve the signal quality along with developing reflective surfaces
that can minimise the signal drop since the white papers refer to the use of terahertz
technologies to bring the technologies to reality. The use of terahertz technologies implies
the use of millimetre wavelength frequencies. The frequencies have the potential to
penetrate through surfaces and therefore, the need for IRS and millimetre-wave reflective
structures will be at the core of the development of Beyond 5G and 6G communication
technologies [68]. A typical IRS or metasurfaces architecture and functioning is depicted
in Fig. 2.9. The designing, fabrication, installation, and measurements pose a challenge

within themselves.

Reflectarray / Metasurface

Incoming wave Reflected beam

Fig. 2.9 A typical IRS/metasurfaces structure and functioning [68]

2.4 Additive Manufacturing of Electromagnetic Structures
2.4.1 Additive Manufacturing of Antennas

Printable electronics has progressively become one of the fastest emerging field of interest
of modern-day electronics manufacturing with its salient features of rapid prototyping and
custom-made designs [69]. With the enhanced requirements in the applications of
electronic devices and structures, a rapid growth is witnessed in the field of printable
electromagnetic structures. Additive manufacturing (AM) which is generally referred to as
3D printing, is a method of producing electronics and other 3D digital designs by adding
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them onto substrate layer-by-layer [70]. Additive manufacturing presents numerous
environmental, economic, as well as technical benefits to the traditional fabrication
techniques such as etching and electroplating. The reduction in the wastage of material
remains the first and the foremost among the benefits. The ability to develop rapid
prototypes, fabrication of a variety of substrates, cost efficiency, designing and printing
without the use of any masks and repeatability of the process make them highly desirable.
Printed antennas and electromagnetic structures can be fabricated using a variety of

additive manufacturing techniques.

Antennas and conductive structures are key elements of electronics and numerous AM
methods have been considered for the fabrication and development of antennas and radio
frequency devices. Antennas have been fabricated using a combination of popular AM
techniques. Techniques such as inkjet printing [ 71], Fused Deposition Modelling (FDM) [72],
Fused Filament Fabrication (FFF) [73], stereolithography (SLA) [74] and Selective Laser Melting

(SLM) [75] have been reported for the development of antennas.

A variety of antenna designs have been realised using the existing techniques. Designs ranging
from patch antenna fabricated using acombination of SLA and Inkjet-printing [76], fractal antennas
using binder jet AM techniquein [77], MIMO antennas with [78] (shown in Fig. 2.10), mm-wave
Fabry-Perot resonator antennas (FPRAS) using binder jetting in [79], 3D WLAN antennas using
Aerosol Jet printing and electroplating in [80], and inkjet-printed foldable monopole antennas [81]
have been reported. Application of AM on fabric is illustrated in [82]. where a tracking system
antennaisscreen printed on textile as the substrate. Inkjet printing has presented itself as the go to
option for most researchers as numerous reported developments in antennas have used inkjet
printing as an alternative to etching and modern expensive fabrication procedures. The dual
alternatives of industry grade inkjet printing and low-cost inkjet-printed simply add to the value of

thistechnique.
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Fig. 2.10 5G MIMO Antenna with (a) proposed design, (b) printed polymer, (c) metal

coated antenna with 2 feeds and (d) antenna mounted on the copper plane [78]

2.4.2 Inkjet Printing of Antennas

Inkjet-printing is a direct-printing fabrication technique that can print on a range of
substrates by direct deposition of the conductive inks. Inkjet printing is normally a single-
step procedure where the ink, in the shape of the design layout is precisely deposited onto

the substrate. The process is repeated when a thicker layer of deposited ink is required.

Inkjet printing is significantly more environment friendly in comparison with the
traditional fabrication techniques [83] — [88]. Inkjet printing substantially reduces the
wastage of materials by only deploying the amount of conductive ink which is essential.
The substrates most frequently used for inkjet printing are raisin coated photo paper,
polyethylene terephthalate (PET) and polymide [88]. Polymide and PET are exceedingly
popular because they both have extremely high levels of thermal stability as well as

uniform flexibility across the printed surface area. The metallic, conductive inks used for
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3D printing can be divided into two categories namely the nanoparticle inks and Metallo-
organic decomposition (MOD) inks [86]. MOD inks consist of MOD compounds which
can be deposited into metallic layers onto the printing substrate whereas the nanoparticle
inks are made up of metal nanoparticles packed by organic covering [87].

Inkjet printing method makes use of a printing nozzle which consists of hundreds of tiny
guns that discharge a number of tiny droplets of silver nanoparticle ink onto the substrate.
The dots are extremely miniscule and can only be investigated under a high-precision
microscope. There are a number of ways using which an inkjet printer can release ink onto
the substrate which includes bubble jets [88] and inkjets [84] that work on piezoelectricity.
Inkjet Printers manufactured by Cannon® use the terminology of “Bubble Jets”. This
method heats up the ink that results in the formation of an ink bubble that bursts and passes
through several nozzles creating the design layout which then deposits the ink onto the
substrate. Epson® printers make use of piezoelectricity. In this technique, a small amount
of current charges and prompts the ink crystals to relocate and accumulate ink in the
process. The finest available inkjet printers have the print quality as good as 10000 dpi.
The most used household printers have a quality that ranges somewhere between 1200 dpi
and 2000 dpi. Silver nanoparticle inks are consistently used in printers as they provide
uniform conductivity across the printed area. The outcomes obtained using inkjet printing
are almost always comparable albeit not better in comparisonto the traditional fabrication

methods such as etching.

Mitsubishi®silver nano ink is one of the conductive inks which is available in the market
that offers the ease to print electronic circuits using standard household printers [89].
Electronic circuits, antenna designs and nominally 3D patterns can be readily printed as
simply as the ordinary documents are printed using a printer. The uniform conductivity
also delivers dependable outcomes which facilitates the inkjet printing to manufacture
solutions that are analogous to that of the traditional methods such as etching. A typical
household inkjet printer and the inkjet printing mechanism as seen in Fig. 2.11 (a) and Fig.

2.11 (b) are widely used with Mitsubishi silver nano ink to print the antenna surface.

Implementation of nanoparticle inks and MOD for additive manufacturing of antennas is

preferred in antennas, electronics, microwave, and mm-wave manufacturing. Numerous
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designs have exhibited the applicability of 3D printing and inkjet printing in the areas
stated.
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Fig. 2.11 A typical household Inkjet printer in (a) and a typical piezoelectric inkjet

printing mechanism in (b)

Reasonably costly inkjet printing systems such as the Diamatix platform have also been
employed to fabricate inkjet-printed antennas [90] — [95]. A typical Diamatix printer can
be seen in Fig. 2.12. Initial work on precise inkjet printing of antennas was focused on
deploying costly industrial printers. Multilayer inkjet printing of Yagi-Uda antenna
operating at 24.5 GHz is reported in [90]. A layer-by-layer fabricated patch antenna
inspired by the shape of 3D honeycomb is described in [91]. AM of emitting structures
using Inkjet printers have also been described along with inkjet-printed RF sensors
antennas fabricated of a 3D origami structure of a foldable substrate in [92] that can be
seenin Fig. 2.13 and inkjet printing of 3D helical antennawith an integrated lens is reported
in [93]. Printing of a multi-layer array comprising of patch antennas using Diamatix printer
is described in [94] whereas fabricating 2D phased-array antenna on malleable, heat
resistant polymide, also known as Kapton substrate is reported in [95].

Contemporaneously, passive antenna configuration is proposed by fabrication using lower
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cost equipment in [96], [97] where monopole EBG array antenna on a paper substrate is

reported in [96] whereas an array of microstripsprinted on PET is presented in [97].

For smart, reconfigurable applications, only a handful of designs are proposed that deploy
inkjet printing. The two antennas presented in [98] and [99] deploy inkjet printing to
develop reconfigurable antennas for WLAN applications.

Fig. 2.12 A typical Diamatix printer

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

(a) (b)

Fig. 2.13 Unfolded inkjet-printed patch antenna in (a) and 3D folded origami structure in
(b) [92]
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2.4.3 Additive Manufacturing of Frequency Selective Surfaces

Frequency Selective Surfaces, as discussed in Section 2.3.1 are filtering structures for
electromagnetic waves that exhibit transmission or reflection characteristics as a function
of their resonant frequencies. Over the time, periodic structures that are used for filtering
have been proposed using traditional techniques [36] — [53] that were discussed earlier and
with the advancements in additive manufacturing, the structures are also repeatedly and
readily being developed with reliable performances, reduced wastage of material and direct

printingon 2D and 3D surfaces.

An intricate square-loop structure of convoluted FSS array is screen printed on
polyethylene terephthalate (PET) substrate and then attached to glass in [100]. Screen
printing process, although demonstrated successfully here, generally does not merit
consistency and reliability specially for the intricate designs and details. AM of FSS
directly onto the substrate and surface has been projected in past in [101] — [104]. Inkjet
printing of FSS using Nano-particle silver ink is presented to Fabricate an FSS design by
printing on polyester cotton [101]. Various 3D FSS structures are created and fabricated
making use of 3D printing techniques in [102] - [104]. Novel 3D FSS have also been
demonstrated by inkjet printing and Origami folding paper in [105] The Origami FSS

remains one interesting prospect.

Novel advancementsin 3D FSS structuresare described in [85] which deploy 3D printing
of plastered structures coated with another supplementary layer consisting of conductive
ink material. This work was developed beyond with the help of Fused Deposition
modelling (FDM), that decreased the resonant frequency by partly metalizing the polymer
based conductive unit cell elements of the array [86]. Carbon reinforced plastic material
was used as a substrate to develop an FSS and was presented for the first time in [106]
where plastic polymer FDM was fused with the Composite Filament Fabrication (CFF).
An interesting bandstop FSS structure was reported in [107] where the unit cell elements
were disposable and can be replaced where Fused Filament Fabrication (FFF) was
deployed to printthe elements. AM of metamaterial absorbers are reported in [ 109] where

a concoction of AM methods was deployed. Broadband absorbers that cover the X and K,
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bands respectively were fabricated using Selective Laser Sintering (SLS) consisting of
Nylon and Iron dust in [108]. A metamaterial absorber was fabricated using Ultimaker®
with PLA as substrate in [109].

Inkjet printing with the help of conductive silver nanoparticle ink is yet another
advantageous method which has been examined for creating FSS. Inkjet printing of a frame
dipole FSS was reportedin [110] in which a Diamatix inkjet-printer was employed to print
the dipoles. This paper also discussed the various fabrications aspects of inkjet printing of
FSS. Additional to those, FSS filters operating at mm-wave frequencies have also been
proposed in [111], [112] where FSS designs that were operational at several mm-wave
frequencies were reported. A comparative study between inkjet printing, pattern printing
and other fabrication methods was also proposed in [112]. An attempt to develop FSS
structures on curved lens surface was attempted in [113] using Aerosol Jet precision
printing technique but no substantial results could be obtained using the technique and the

design required further steps such as electroplating to provide reliable results.

2.4.4 Fused Deposition Modelling (FDM)

One of the most renowned AM technologies available in the existing marketplace is known
as Fused Deposition Modelling (FDM) which is also known as Fused Filament Fabrication
(FFF). FDM can be used in combination with existing technologies to print the desired
plastic filament or ABS filament-based substrates and add the conductive structures on top
of them by other means. FDM printers are the most popular printersamong all. FDM is a
procedure which makes use of a long wire-like filament of the thermoplastic raw material,
that is melted and deposited layer-by-layer on top of each other forming strong operational
printed parts [114]. A typical FDM printer can be seen in Fig. 2.14. The plasticis pressed
through to a heated chamber block with an inner diameter that is around the same size as
the filament which melts the filament to a useable temperature, the heated filament is then
forced out through a heated nozzle with a small diameter. The material is squeeze out to a
heated platform or a normal temperature one while moving to the defined coordinate

position. The print resolution and surface of the finished area are a compromise when
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equated with other methods such as Stereolithography (SLA). With a majority of open-
source printers available, it permitsthe makers and designers to alter, scale-up, scale-down,
test and improvise the whole mechanical design and system performance of the machine.
The process starts with a 3D computer or CAD model which is exported to the popular,
industrial Standard Tessellation Language (STL) file format, which comprises of triangular
shapes defining the surface of the solid. The STL file is then uploaded into a slicing
software, which breaks down the solid 3D model into several horizontal deposits. Inside
each one of those sliced layers, there is an assortment of co-ordinates or toolpath that the
deposition head of the printer will follow. The slicing software commands numerous
variables within the design’s properties. Firstly, the slicer produces a layer-by-layer
contours of the design model, which controls the surface roughness. Substantial quantities
material and time can be saved if the design outline height is increased. Then, secondly,
the infill patterns control the dielectric constant and loss tangent of the printed area. A new
and novel application of the FFF technique is presented later in Chapter 5.

Support material filament —\
Build material filament

—_——

AL

Part supports

Extrusion head

Drive wheels

Liguifiers
Extrusion nozzles

=X

Foam base \\
Build platform ~a

Support material spool

Build material ,-";poal...,_“_‘EL

N

Figure 2.14 A typical Fused Deposition Modelling (FDM) system [106]

50



2.4.5 Aerosol Jet Printing

Aerosol Jet Printer systems are developed to facilitate, develop, repair, enhance and
fabricate designs with high precision [115], [116]. The fabrication technique is expanded
indetail in Chapter 6 where the development of FSS using Aerosol Jet printing is presented.
An example of antenna fabrication using Aerosol Jet printing technology was demonstrated
in [98]. A typical Aerosol Jet Printer and setup can be viewed in Fig. 2.15. The Aerosol jet
printing method requires the usage of aerodynamic aiming to deposit the conductive silver
ink onto the substrates in exceedingly detailed and precise fashion. The ink is stored within
the atomizer vessel. With the help of a sheath gas, the liquid ink is transformed into a spray
inside the atomizer. The spray mist is passed across the virtual impactor to the deposition
head. In the deposition head, the mist is further compressed with the help of sheath gas.
Nitrogen gas or compressed air are habitually used in designs as the sheath gasses. As the
sheath gas and conductive ink aerosol are tossed through the tiny deposition nozzle, the
aerosol is converted into an augmented flow of droplets. The accelerated ink and gasses
escape the nozzle to move across the gap between nozzle and substrate to get deposited
onto the substrate. The height gap between the nozzle and substrate varies between 2 to 5
mm, that allows a direct fabrication onto non-uniform and 3D surfaces that fall within the
tolerance range. Tracks as narrow as <50 um can also be printed using extremely precise
nozzles. The nozzles come in a hole size range of 10 pum to 200 um. Smaller nozzle size
can help in printing smaller tracks but there is a great chance of clogging within the nozzles.
Thickness of printed tracks can range from 50 pm to 250 pum depending upon the number

of printed layers.

51



(a)

Aerosol mist path

Sheath gas focuses
i Virtual impactor aerosol mist into
Atomizer (for pneumatic tight beam

atomizers)

Ink atomized to create small Deposition
droplets with entrained head
particles

(b)

Figure 2.15 A typical Aerosol Jet Printer setup (a) with its functioning block diagram
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CHAPTER 3

FREQUENCY RECONFIGURABLE
ANTENNAS FOR SMART SENSING
APPLICATIONS

3.1 Introduction

This chapter discusses the designing and fabrication of frequency reconfigurable antennas
using the close-coupled biasing and their potential application in smart AC current and
voltage sensing. Two major solutions to demonstrate the reconfigurability in antennas are
proposed namely Switching antenna and tuning antenna. Switching antenna switch their
frequency of operation between two adjacent bands and tuning antenna tunes dynamically
between a wide spectrum of frequency bands. The antennas are developed using traditional
etching method on an extremely thin, flexible substrate. Capacitive-coupled biasing
technique is presented for the first time here incorporated within the designing of slot
antennas. The capacitive coupling is a well-known procedure which is able to isolate the
circuit layersat direct current (DC) while providing connectivity at alternate current (AC).
At radio frequency (RF) applications, it can be realised through adding physical
components to the design or creating conductive tracks that behave as capacitors. Similar
techniques have previously been applied for RF circuits and more recently to frequency
selective surfaces. This chapter focuses on the applicability of capacitive coupling to
frequency agile slot antennas and their etching on flexible substrates. The switchable
antenna is designed to be able to switch between two adjacent bands. The tuning antenna
design solution provides a dynamic selection of the frequency of operation and tunes

between several neighbouring frequencies. Double-sided copper clad Mylar substrate is
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etched to produce the slot antenna on one side and the capacitive coupling tracks with the
components on the other side. Inexpensive switching and varactor diodes are employed.
The antennas operate in the UHF band and are intended for existing technologies for
existing wireless and mobile phone communications systems. Finally, the application of
the tuning design as a novel smart AC current sensing antenna for smart domestic appliance
is presented. The novel system to use that as a sensing antenna is described there. The
solution investigated is low-cost and suitable for flexible and conformal smart antenna

applications.

Antenna designs which possess capacity to accommodate multiple neighbouring frequency
bands are of significant interest for existing and forthcoming enclosed and outdoor settings.
There are several methods by which antennas have capacity for several frequency bands
such as multiband antennas and reconfigurable antennas. A range of such methods are
presented in [1] — [26] and discussed in Chapter 2.

PIN diodes also possess a tendency to be the lower-cost solution which can be employed
in a combination with traditional wet etching methods along with the contemporary
additive manufacturing processes. Diodes can provide both switching and tuning for
reconfigurable antennas by modifying the frequency of operation when alterations are
made with the input voltages [14] — [25]. Frequency switching slot antennas have been
extensively described in the literature [13] — [18] where switching is accomplished by

shortening the effective length of the slot by means of using PIN diodes [14] — [19].

Tunable slot antennas can be accomplished by adjusting of the reactance of the slots by the
means of active RF components. Tunable antennas using varactor diodes are presented in
[22] — [25]. Most reconfigurable slot antennas make use of a combination of bias circuit

and vias connecting the top layer containing and bottom layer for double layer structures.

Tunable antennas can also be deployed as a part of current sensors mechanisms. Current
sensing is primarily done using RFID chips [26] — [29] but an additional option of using
antennas as a part of the sensing mechanism is also a potential option that have also been

proposed for sensing applications.
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This chapter presents two frequency reconfigurable slot antennas designed using close-
coupled biasing technique. Switching and tuning antennas are presented. The tuning
antenna is also proposed as a part of a novel AC current sensing antenna system that can
sense the current passing through the wire of a smart domestic appliance and can also
transmit the data over Bluetooth through the second mode which can be useful for smart

metering.

The chapter is arranged with section 3.2 presents the frequency switchable slot antenna and
section 3.3 presents the frequency tunable slot antenna. Section 3.4 presents the novel
application of the tuning antenna within an AC current sensing system. The whole

proposed sensing system setup is also described in this section.

3.2 Switchable Slot Antennas

3.2.1 Switchable slot antenna design

A slot antenna design is developed to demonstrate frequency switching antennas using a
capacitive-coupling biasing technique. The initial design for the switching antenna can be
seen from Fig. 3.1. An extensive study of this antenna and the implementation of the
biasing technique for switching antennas along with the parametric analysis of the critical
dimensions for biasing is described here. Fig 3.1 (a) denotes the cross-segment viewpoint,
Fig. 3.1 (b) the backside and Fig. 3.1 (c) represents the front side of the antenna with the
dimensions shown in Table I. On top of the front layer, the slot is etched whilst on the back
layer, rectangular shaped square patches (in black) are etched to add the coaxial port (in

orange) on one side, and the biasing tracks (in grey) comprising of the switching diode (in

purple).
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Fig 3.1. Switchable antenna design with side view (a) back view (b) and front view (c)
TABLE |

Switchable antenna dimensions (mm)

Length Ls Sw L W Px Dy T Tw
Dimensions 75 05 83 50 28.75 28.75 15 35
(mm)

Total dimension of antenna, as seen in Table I, are 83 mm in length and 50 mm in width

and the rectangular slotis 75 mm long and 0.5 mm wide which was slightly larger than the
typical '51 wavelength of the slots. The antenna design was simulated using the time domain

solver in CST microwave studio™. The diode was computed as a lumped element using a
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simplified equivalent circuit model for the BAR64 diode [31]. RF equivalent circuit diode
models for switching diodes consist of two different circuit representing the two states. The
OFF-state is represented with a parallel R-C circuit whereas the ON-state is represented by
a serial R-C circuit. As per the manufacturer’s datasheet [31], A resistance of 2.1 Q in the
ON-state and capacitance of 0.17 pF in the OFF-state were used. The simulation reflection

coefficient (S11) can be seenin Fig. 3.2.

The continuous black line denoted the simulation patterns for the OFF-state whereas the
dashed red line denoted the simulation results for the ON-state. Switching from one
frequency to the other can be clearly observed through the plot. The antenna resonated at
a central frequency of 2.32 GHz in the ON-state with -10 dB bandwidth of about 16%. In
the OFF state, it resonated at a central frequency of 1.88 GHz with a bandwidth of 12%.
The combined -10 dB bandwidth increased by approximately 20% from the OFF state.

-10 -

-15 A

S11, dB

-25 4

'35 T T T T T T T T 1
0.5 1 1.5 2 25 3 3.5 4 4.5 5

Frequency, GHz

Fig. 3.2 Switching antenna simulated reflection coefficient results for ON-state and OFF-

state.

The surface currents of the antenna in the OFF and ON state is shown in Fig. 3.3 and
Fig. 3.4, respectively. It can clearly be observed that the diode reduces the effective length
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of the slots when it is in the ON state and currents are concentrated around the slot of the

remaining size.
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Fig. 3.3 Simulated Surface currents of the OFF state at 1.88 GHz

Fig. 3.4 Simulated Surface currents of the ON state at 2.32 GHz
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extremely thin in comparison to the wavelength of operation facilitates the tracks to be

considered as connected to the metallic layer on the front side at RF. That effect is exhibited
owing to the low impedance of the capacitive components at high frequency. At DC,

The capacitive-coupled biasing technique is accomplished by means of two tracks
stretching along the slot at the backside. A substrate of 0.05 mm thickness, which is
nevertheless, the biasing circuit remains entirely isolated from the circuitry on the front
layer which avoids any form of connection amongst the two layers which simplifies the

3.2.2 Close-Coupled Biasing Technique

biasing circuit.



The capacitance between each track and the ground plane containing the slot can be

calculated using the Faraday’s equation for the capacitance for two parallel plates:
C=(e0&rA/d (1)

Where A stood for the cross-section area of the biasing tracks and d referred to the distance
between the tracks and the front layer. & and & denoted the dielectric permittivity of the
free space as well as the relative permittivity of the material, respectively. Value for g is
8.854 x 1012 F. m *whereas the & value for the Mylar substrate is 3.1. The Mylar substrate
had a thickness of 0.05 mm. Although the equation is a Quasi-Static equation, it is valid
for use here because, due to close-coupled biasing, the two layers of the antenna function
at RF and they act as separated at DC, where these equations are valid. This equation gave
a capacitance of approximately 10.3 pF for a track of dimensions of 15 mm by 3.5 mm and
the subsequently calculated value of impedance was 8.48 Q at the OFF-state frequency of
operation of 1.88 GHz.

Fig. 3.5 (a) shows a simulation based parametric study analysing the effects of increasing
substrate thickness on frequency response in two ways. The two novel studies analyse the
effects of the increase in thickness of the substrate and the hypothetical increase in gap
between the metallic layers. As the thickness of substrate is increased from original 0.05
mm thickness of the Mylar, the matching between two states is gradually lost. A shiftin
the ON-state and OFF-state is observed when the thickness of substrate is increased by
0.09 mm. The OFF state is observed to be operational at a much lower band. When the
thickness is increased by 0.1 mm, the OFF-state shifts towards a higher frequency of
operation which is much closer to the corresponding ON-state, thus removing the switching
capability of the antenna. As the thickness is increased further, the same trend can be
observed, and the effectiveness of the biasingis entirely lost. That is the main reason why
previously reported works [22]-[25] on the frequency switchable antennas required the use
of additional vias and components incorporated within their designs which is simplifiedin
the design presented here. The dimension at which the effectiveness seems to be lost is
about 0.001 A.
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Fig. 3.5 (b) shows the novel study of the antenna reflection coefficient response when the
distance between the biasing circuitand the ground is varied. This study demonstrates the
impact of varying the distance between the metallic layers on the coupling. It can be
observed that when the distance between the substrate and the metallic tracks was increased
from the original position of the proposed design, the capacitive coupling between the
antenna layer and the tracks on the bottom layer started weakening. The coupling between
the top and the bottom layer diminishes completely when the separation between the Mylar
layer and the tracks is increase to a distance of 0.13 mm. At that point, the tracks disconnect
completely from the slot. The antenna then tunes towards the OFF-state frequency of the
antenna. The effective wavelength at the given frequency is 17.4 cm. The bandwidth too
gets narrower as the distance is increased and the bandwidth is reduced by about 12%. As
the distance of the tracks and the diode is further increased, the antenna starts tuning closer
to the OFF state but at a slightly lower frequency. That is because the OFF state works as
a capacitive state and with the increase in distance between the slot and the bottom layer,
the capacitance value is reduced almost to a zero level. The two simulation-based analytical
studies show the requirements for the minimum distance for the coupling to work between
the biasing circuitand the top layer. For the antenna design to work at the optimum level,

the distance must be at its minimum with the due considerations for the size of the substrate.
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Fig. 3.5. Effects of increased thickness of substrate H on Si1 in (a) and the effects of the increased

gap between metallic tracks and the antenna layer on Si11 of the ON statein (b)
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Therefore, using a Mylar substrate which had a thickness of 0.05 mm (0.0004 A) was a

perfect solution for the choice of substrate to demonstrate close-coupled biasing technique.

3.2.3 Switching Antenna Fabrication and Measurements

The design was fabricated making use of the traditional copper wet etching technique on a
double-sided copper clad Mylar substrate of 0.05 mm thickness. This kind of substrate is
flexible and can be moulded and mounted around surfaces if required. The double-sided
Mylar was etched and the coaxial cable as well as the BAR64 diode were soldered at the
backside. The antenna design can be seen in Fig. 3.6.

(a)

Wire

(b) ()

Fig 3.6. Etched antenna design displaying the SMA connector and extension wires from
(a) front, (b) back, (c) side
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The etched antenna design was mounted over a piece of Polystyrene foam for strength. At
the ending of the biasing circuit tracks at the backside, two 47 nH inductors were soldered.
The two inductors were used for RF separation. At the end of the inductors, two thinwires
were expanded up to a distance of 100 cm to supply the input voltage and a 1 k€ resistor
was added to protect the biasing circuit from burning out and to stem the flow of current

going into the diode.
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(b)

Fig. 3.7. Reflection coefficient results for ON state and OFF state with (a) Simulation

resultsand (b) Measurement results.
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Reflection coefficient (S11) measurements of this antenna were conducted using an R&S®
ZVL135 Vector Network Analyzer while supplying the diode with a DC power supply.
The effect of the ON and the OFF states on Si1; can be seenin Fig. 3.7. The measured -10
dB band ranged from 1.56 GHz to 2.5 GHz. The central frequency of operation increased
from 1.7 GHz in the OFF state to 2.32 GHz in the ON state. The differences from the
simulations were probably caused by the physical characteristics and the encapsulate effect
at RF of the diode which could not entirely be included in the simulations due to the
extreme disparities in the effects of various diodes. The radiation patterns for the two states
can be seen in Fig. 3.8 and Fig. 3.9. The radiation patterns were in agreement with the
expected radiation pattens of a complementary dipole. The radiation patterns in the XZ-
plane were omnidirectional with higher directivity observed towards the front and the
backside of the antenna than to the sides. Patterns obtained were akin to the simulations.
The long and rigid coaxial cable at the back was probably the primary cause for the
differences between simulations and measurements along the YZ-plane. As the cable was
not affixed and was free to move, modelling and considering the cable in the simulations
was not feasible. The gain of the antenna was measured in the anechoic chamber with the
help of the standard horn antenna that was available. The computed gains of the antenna
were 5.0 dBi at 1.87 GHz in the OFF-state and about 5.2 dBi at 2.32 GHz in the ON-state.
The measured gain was 4.2 dBi for the OFF state at 1.7 GHz and 4.4 dBi for ON state at

2.32 GHz which was approximately 0.7 dBi lower than the simulated and computed gains.

0 0 90 o 20 0

——Meas Co-Pol

= = Sim Co-Pol
— -Meas Cross-pol
=== Sim Cross-Pol

(a) (b) (c)
Fig 3.8. Radiation patterns for OFF stateat 1.7 GHz in (a) XY, (b) XZ and (c) YZ planes
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Fig 3.9. Radiation patterns for ON state at 2.32 GHz in (a) XY, (b) XZ and (c) YZ planes

3.3 Tunable Antenna

3.3.1 Tunable Antenna Design

The design of a tunable antenna was realised using the same design as the one illustrated
in Fig. 3.2. The switching diode was replaced with a varactor (varicap) diode and the
dimensions of the slot and the antenna aperture were adjusted. The tunable antenna was
smaller in dimensions as compared to switching antenna. The positioning of the diode on
the tracks and the positioning of the port were also changed for the tunable antenna. In
addition to these changes, the orientation of the DC source had to be reversed in order to
operate in the variable capacitance region of the varactor. The new dimensions of the
tunable antenna design are givenin Table Il. The design consisted of a square patch of 69.4
mm by 47.1 mm dimensions comprising of a slot with 65.4 mm length and 0.5 mm height.
A BBB857 varactor diode [32] was soldered between the two biasing tracks, which were of
15 mm by 3.5 mm dimensions at the backside. Two 47 nH inductors were soldered on the
left side at the rear end of the antenna within the biasing tracks along with the connecting
wires that followed the inductors for DC isolation as well as the wired connection which

was essential to tune the antenna by varying the supply voltage.
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TABLE II

Tunable antenna dimensions (mm)

Length Ls Sw L W Py Dy T Tw
Dimensions o\ 05 694 47 158 307 15 35
(mm)

dB
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Fig. 3.10 Simulated reflection coefficient (S11) results for the capacitance range of 0.5 -

6.6 pF
4 - - 20
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Fig. 3.11 Capacitance vs Frequency vs Bandwidth relationship from simulation results
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The simulated Si; results can be observed from Fig. 3.10. The resonant central frequency
fluctuated from 2.53 GHz at a capacitance value of 0.5 pF to 1.4 GHz for a capacitance
value of 6.6 pF of the varactor diode. A correlation between capacitance values and
frequency along with the bandwidth can be observed in Fig. 3.11.

The value of the frequency progressively decreased with an increase in capacitance. This

led to a liner correlation that can be tracked with the help of the following fitted equation:
fo=-0.1895C + 2.5497 (2

Where f, stood for the frequency of operation whereas C represented the capacitance. This
fitting curve contained the coefficient of determinant, also known as the R? value of 97%.
As per bandwidth, higher capacitance values produced a lower -10 dB bandwidth up to a
capacitance value of 4 pF mark beyond which the curve stabilized and the bandwidth
gradually increased from 4 pF to 0.5 pF.

The simulated value of the surface currents for the three capacitance values of 0.5 pF, 4 pF
and 6.6 pF and their respective resonant frequencies can be seen in Fig. 3.12. The
representation was different from the switchable antenna to segregate between the two
surface currents. The surface current density was highest along the area around the varactor
diode and the positioning of the port. The current density decreased gradually as the
capacitance value was increased. The density of the surface currents was highest at 0.5 pF
and at its lowest when the capacitance value was increased to 6.6 pF. The distribution of
the surface current too was critical, as it can be seen through this study. The surface current
density was highest at 0.5 pF and the current were distributed throughout the top layer. The
surface currents were distributed non-uniformly around the surface area. At 4 pF, the
density and the distribution of the surface currents reduced significantly and at 6.6 pF, the

surface currents were only distributed around the slot and the effective length of the slot.
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Fig. 3.12. Simulated Surface currentsat 0.5 pF at 2.53 GHz (top), 4 pF at 1.72 GHz
(middle) and 6.6 pF at 1.4 GHz (bottom) respectively

3.3.2 Tunable Design Fabrication and Results

As illustrated for the previous switchable design, the antenna and biasing tracks were
etched on a double-sided copper clad Mylar substrate and the varactor and the SMA port
along were soldered to it.

The Si11 was measured as the DC voltage supply was varied from 28 V to 1 V. The
corresponding Si1is seen in Fig. 3.13. The resonant frequencies increased from 1.38 GHz
to 2.48 GHz as the specified range of supply voltages were varied from 1 V to 28 V. All
measured results observed a shift to a slightly lower resonant central frequency and showed
to have encompassed a relatively larger bandwidth compared to the simulated results. The
differences could be due to effect of the physical characteristics such as the encapsulation

of the diode at Radio Frequencies.
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Fig 3.13. Measured reflection coefficient (S11) with the corresponding voltages

A relationship between the DC supply voltage vs frequency vs bandwidth can be observed
in Fig. 3.14. The frequency progressively escalated with the increase in voltage (drop in

capacitance) which led to a liner relationship that followed the fitted equation:
0 =0.0378V + 1.6658 3)

Where f, represented the frequency of operation whereas V represented the supply input
voltage. The fitting curve had a high R? value of 99%. In Fig. 3.13, the frequency could
be seen to be increasing with an increase in voltage from 1 V all the way up to 28 V. The
bandwidth did not display a linear relationship but showed a consistent curve which
gradually increased with increase in voltage. This was probably due to the losses and the

internal resistance of the diode and their effects at RF levels.
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Fig. 3.14 Plot for DC Supply Voltage vs frequency vs bandwidth from measurements

The radiation patterns are presented in Fig. 3.15 to Fig. 3.17 for the supply DC voltage
levelsof 28 V, 12V and 0V, respectively. The three planes namely the XY -plane, the XZ-
plane and the YZ-plane are shown in (a), (b) and (c) sub-sections of Fig. 3.16 to Fig. 3.18,
respectively. The patterns are those anticipated for a complementary dipole which is fed
through a coaxial cable which is mounted at the rear side of the antenna. The patterns were
predominantly omnidirectional along the XZ-plane.
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Fig. 3.15. Measured first mode radiation patterns at 28 V for 2.42 GHz for the antenna (a)
XY-plane, (b) XZ-plane and (c) YZ-plane
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Fig. 3.16. Measured first mode radiation patternsat 6.4 V for 2.12 GHz for the antenna
(a) XY-plane, (b) XZ-plane and (c) YZ-plane
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Fig. 3.17. Measured first mode radiation patternsat 1 V for 1.4 GHz for the antenna (a)
XY-plane, (b) XZ-plane and (c) YZ-plane

The gains were calculated using the varactor models at the two end capacitances and the
gains were 5.09 dBi for the 0.5 pF capacitance and 2.6 dBi for 6.6 pF. The measured gains
were 4.7 dBi at 28 VV and -1.7 dBi at 1 V which contained approximately 0.4 dBi drop in

the gain from simulationsat 0.5 pF and about 4 dBi drop at 6.6 pF in simulations.
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3.4 AC Current Sensing with Tunable Antenna

An application for the tunable antenna is proposed in this section where the antenna can be
deployed as a key component within a current sensing setup. The system can be deployed
in domestic appliances as a sensing system that can detect the current passing through a
wire of an appliance. The AC current passing through a wire can be converted into DC
using an AC/DC converter. The converted DC voltage can be supplied to alter the
frequency response of the tunable antenna. By detecting the altered frequency response of
the antenna, the dual-operation sensing system can not only sense the AC variationsin the
wire but also potentially transmit the data over Bluetooth band.

3.4.1 AC Current Sensing System

The current sensing setup comprises of the tunable antenna connected to a current
transformer and an AC/DC convertor to create asmart AC current sensing mechanism. The
tunable antenna discussed in the previous section is deployed here. The proposed current
sensing setup incorporates the tuning antenna with a current transformer (CT). The
prominence and the novelty of the concept here lies in the implementation of the sensing
mechanism by deploying the reconfigurable antenna as a part of a sensing system that can
detect the variations in the current through the first band and transmit the signals using the
Bluetooth band for smartphone networks. The representation outline of the proposed
current sensing mechanism is depicted in Fig. 3.18 which circumscribed three essential
aspects: (1) Sensor transformer coil, (Il) rectifier and filtering circuit, and (llI)
Reconfigurable tunable antenna. Current transformer already contains the first two aspects.
The mechanism is utilized to sense the AC current passing through a wire and convert it
into DC voltage [33]. This converted DC voltage is then utilized to monitor and alter the
reactance of the varactor diode used within the tuning circuit of the antenna. The physical
applicationof Fig. 3.18 isrealised in Fig. 3.19.
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Fig. 3.18. Equivalentcircuitschematics of the CT connected to the reconfigurable

antenna.

The CT is attached to the tunable antenna as well as an AC current wire. The biasing tracks
of the antenna are not visible in this photograph but were introduced earlier in Fig. 3.6 (b).
The CT provided a linear correlation among the input current and DC output voltage under
ideal conditions that can be seen in Fig. 3.20. By using results from Fig. 3.20, a novel

sensing system is proposed for AC current sensing applications which senses AC current

and transmits the recorded data over Bluetooth channel by deploying voltage switch.
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Fig. 3.19. Reconfigurable antenna connected with splitwires and CT
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Fig. 3.20. Expected AC currentinput and DC output voltage for CT [34]

The reconfigurable antenna operated as a part of the current sensing mechanism while
using the supply DC voltage that was transformed from the AC current coming off the
electronic appliance wire by using CT or as a standalone sensing antenna with the help of
an external DC voltage supply. A typical split-core CT fitted with full bridge rectifiers
detects the input current which is usually passing across an electrical appliance wire and
transforms the AC current value into a DC voltage output [34], [35]. This commonly
available CT detects the input currents over a span of 0 A to 10 A and transforms that into
a0V 1to10V DC output. The CT packaging also contains a burden resistor, a Zener diode,
and a low-pass filter as shown in Fig. 3.18. The Zener diode restrictions the DC voltage
output to a secure limit of 15 V to avoid the abrupt spikes of voltages across the output.
Two M3 screw stations are mounted in CT over the removable cover that act that as the
voltage output points.

BB857 Varactor diodes [32] offers a wide range of variable capacitance across the voltage.
Reverse biased voltage with diode capacitance is predominantly linear from 1 Vto 7 V as
per the datasheet provided by the manufacturers [32] and as seen in Fig. 3.21. The voltage
curve provided by the manufacturer isat 1 MHz [32]. Due to the linear characteristics of

the varactor diode, the diode could provide reliable results for sensing applications.
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Fig. 3.21. Relationship between the reverse biased voltage and capacitance of BB857
diode [32]

3.4.2 AC Current Sensing Measurements

The AC current sensing measurement setup is shown in Fig. 3.22. The sensing mechanism
comprised of a switchable standard electric heater load, a variac to change the supply AC
current,an ABS box [36] that contained the CT as well as the tunable antenna. The CT was
covered within the ABS box for health and safety reasons. The two output wires from the
CT were expanded out of the box through the M3 screws to link up to the antenna. The

antenna was attached to a VNA to observe the reflection coefficient (Si11).

Because of the type of switchable electric load that was available within the permissible
health and safety concerns, only the sensing measurements ranging from 1-8 A were
feasible. Arange of up to 10 A can be accomplished if higher powered loads can be utilized.
A commercial Brennenstuhl PM 231 E current meter [37] was used at the input mains
power supply to supervise the AC current passing through in the system. The measured
input current and output voltage characteristics of the system through CT can be seen in
Fig. 3.23.
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Fig. 3.23. Measured AC current input and DC output voltage for CT

As it is evident from Fig 3.23, the real DC voltage output from the AC current input did
not follow a linear response and the output DC voltage was significantly lower in
comparison to the expected voltage. Lower levels of DC voltage are measured due to the
losses that were experienced across the switchable electric heater and owing to the coupling
with the antenna components. The relation between AC current versus the resonant
frequency of the antenna is demonstrated in Fig. 3.24. The resonant frequency of the
antenna was measured using the VNA which was used for previous reflection coefficient
measurements. Frequency of operation and the AC current values established a linear
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relationship by showing a steady increase in the frequency of operationwith an increase in
the AC current supply. The corresponding measured reflection coefficient responses using
the AC current sensing mechanism is presented in Fig. 3.25. The results are in sync with
the measured results obtained in Fig. 3.24. A significant shift towards the lower band was
detected beyond 1 A due to the actual received DC voltage at the antenna being different
to the expected voltage as shown using Fig. 3.23. The relationship between the shift in
voltage was determined through the measured voltage at the precise current values.
Although the frequency of the first mode varied as the supply current changed, the second
mode responses were mostly stable and covered the below -10 dB bandwidth at or around

2.5 GHz frequency band for currentsup to 6 A.
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Fig. 3.24. Current sensing measurement results
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Fig. 3.25. Sensing reflection coefficient measurementsusing the current sensing setup
measuringl Ato8 A

The measurements were repeated multiple times with the help of the same setting of all
equipment and predominantly same conditions to demonstrate the repeatability of these
results. The results were predominantly consistent and repeatable. Only some minor
variations were observed that were caused due to the movement of the position of the
system or the ones that were caused due to the fluctuations caused by the standard
equipment. The variations remained within the tolerance range of the equipment. For the
AC sensing system, the least count of the system or the lowest variation in the current that
can be detected is called Sensitivity. From Fig. 3.24, the linear correlation between the

frequency and the current can be described using the equation:
fo =0.10321 +1.2438 4)

Where, f,represents the frequency and | represent the current. The sensitivity of the current
sensor can be determined as the slope of the curve [38]. The slope or the sensitivity of the

measurements, as per equation (4) was 0.1032 GHz A. The range of the sensitivity was
from 0.075 GHz At0 0.115 GHz AL,
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3.4.3 Wireless Transmission at 2.5 GHz

Transmission at the Bluetooth band of 2.4 GHz to 2.5 GHz range can potentially take place
by switching from the current sensing system mode to the signal transmission mode with
an external supply of 28 V. This 28 V input can also be delivered with the help of a separate
transformer that could potentially be connected to the mains AC voltage. By adding a
transformer, detection of voltage fluctuations to measure power levels can also be feasible
within this same system. Extremely small amount of 10 nA current is necessary for the
varactor diode to operate and consequently, the external supply requires very low power
and the power source can be incorporated within the proposed system in the form of a
standard battery for example. For further enhancements, the antenna can use both the
modes of operation where the first mode is used to sense and detect the AC current levels
in the wire while the second mode can be utilized to transmit the recorded data wirelessly
through Bluetooth networks. This concept can be an exciting prospect to discover in the
coming future. The antenna can then be a part of a smart sensing metering system for
domestic appliances. Lastly, atable comprising of acomparison between a number of smart
sensing systems with this proposed AC sensing antenna system is given as Table I1l. A
selection of smart sensing systems are compared in terms of the type of sensing, frequency
range of operation, capability of direct tuning, antenna sensing, and the requirements of
each system for powering, referred to as powering type. This proposed sensing system
combined transmission and sensing inside the same design and offered broadband sensing
that presented superior range of operation. Proposed system was the only one that offered
a direct tuning throughout its entire frequency range while providing foldability and the

highest degree of flexibility.
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TABLE Il

Comparison of Smart Power Sensing Systems and Proposed Sensing Antenna System

Frequency ) . Sensing
. Direct Tuning . .
Ref. Sensing Style range of Rati with Powering Style
atio
Operation Antenna
Energy-
[41] Harvesting 868 MHz No No Passive
Metering
Wireless,
850 MHz - )
[39] powerless No No Passive
950 MHz
RFID
Clamp-on
[42] Inductive (LoRa Based) No No Passive
current
ZigBee
[40] 2.4 GHz No No Active
controller
1.1:1
Sensor code- 768 MHz — 868 . .
[33] Sensor code Possible Passive
based RFID MHz
. 1.38GHz-2
This Proposed . . .
GHz.2.45GHz 2:1 Possible Active or Passive

Work system

Transmitting

3.5 Conclusion

The implementation of a capacitive coupling technique to slot antennas on thin flexible

substrates has been demonstrated in this chapter. The designs employ low-cost fabrication

techniques as well as low-cost components and substrates. Switching and tuning antennas
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can be developed using the same basic design structure. The initial design switches
frequency electronically between adjacent frequency bands for the OFF and the ON state,
between 1.87 GHz and 2.32 GHz. The tuning antenna can dynamically alter frequenciesin
the range from about 1.4 GHz to 2.6 GHz. A linear relationship between capacitance and
resonant frequency can be found in the simulations, while similar linear trend between

voltage and frequency is found in the measurements.

There were slender variances between simulations and measurements, both in reflection
coefficient as well as radiation patterns. This was mainly due to the use of low-cost
components and unavoidable fabrication errors. The complete encapsulation aspects of the
diodes were not included in the simulations in the case of both the designs. The measured
radiation patterns were partly affected by the coaxial cable and the wires added to connect

to the biasing circuit.

It has been demonstrated that capacitive coupling provides asimple and efficient technique
to create a biasing network for reconfigurable antennas where the two layers of the design
remain isolated at DC but form a capacitive coupling at RF. The thin Mylar substrate also

provides the option of creating the designs flexible and foldable.

A dual-function conceptual application for smart AC current sensing and transmission for
smart metering by deploying the tunable slot antenna as a part of the sensing system has
also been introduced and demonstrated. The smart sensing antenna system can sense AC
currents passing through an electric wire of a smart domestic appliance or any other typical
household electrical device. The tunable antenna provides a wide frequency response as a
function of its voltage. The AC current passing through the wire is converted into its DC
voltage equivalent and is directly connected to the active circuit of the antenna. The wide
frequency range as a function of voltage can be sub-divided so that the lower frequencies
can be used for sensing while the higher frequencies can be used for transmission

wirelessly using the 2.4 GHz Bluetooth band.
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CHAPTER 4

MANUFACTURING OF LOW-COST INKJET
PRINTED FREQUENCY RECONFIGURABLE
ANTENNAS

4.1 Introduction

This chapter describes the manufacturing aspects and considerations of developing frequency
reconfigurable antennas using low-cost inkjet-printing technology. Inkjet printing using silver
nanoparticle ink on a variety of substrates is a well acknowledged method that provides the
choice to print designs in an uncomplicated, inexpensive way directly from the design models
without the need for a mask. Use of inkjet printing to create novel, single-layer, two conductive-
patch aperture antenna solution for frequency reconfigurable antennas is presented in this
chapter. The solution makes use of a typical household inkjet printer, refillable ink cartridges
or cassettes filled with nanoparticle silver ink and inexpensive switching and tuning diodes and
RF components. Two design solutions are presented where the same single-layered antenna
aperture printed on Polyethylene Terephthalate (PET) substrate is employed for frequency
switching and tuning antennas. The switching and tuning antennas switch and tune between
neighbouring frequency bands. The designs made use of two printed conductive patch aperture
of equal size which were a short distance apart from one another. RF components are glued to
produce an orifice that can be utilized for switching and tuning by mounting capacitors with
the help of conductive adhesives towards the two ends of the aperture to create acomplimentary
dipole. Low-cost capacitors, switching and varactor diodes and inductors are mounted on the
printed design by using conductive glue. Switching diodes are used for frequency switching
whereas varactor diode is deployed for tunable configurations. Single-band frequency
switchable antenna switched between two adjoining frequency bands when the supply voltage
was varied between ON and OFF states while dual-band tuning antenna design demonstrated
active and dynamic tuning between the neighbouring frequencies of operation. Highly
conductive Mitsubishi ink filled in refillable cartridges was used for printing the conductive
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aperture solution for antennas. The conductive silver ink creates a uniform layer with reliably
uniform conductivity. The bands of operation for the solutions allow the antennas to be suitable
for mobile communication, Bluetooth, and wireless technologies. Dual-band nature of the
tunable antenna makes it an ideal solution to link between 3G, 4G and 5G networks. The
objective of this chapter is to demonstrate the manufacturing considerations of using low-cost
inkjet-printing to provide an inexpensive, efficient, and straightforward solution for smart
frequency reconfigurable antennas with rapid prototyping and reliable performance. The
central resonant frequencies of operation for both antenna solutions cover the 2.4 GHz band
which finds its applications in the wireless communications range. The second band of the
tunable solution provides coverage in 4G as well as 5G frequency spectrum thereby being an

ideal link for two technologies.

Traditional etching and subtractive manufacturing have traditionally been the most common
methods used in fabrications of antennas and various electronic devices. In recent times,
printing electronics using additive manufacturing (AM) has become apparent as a rapidly
evolving field of interest[1]. A range of electronic devices manufactured with the help of AM
are presented in [2]-[9]. Techniques such as inkjet printing, SLA, FFF and FDM have been
popularin AM [11]-[13]. Inkjet printing using Metallo-Organic decomposition (MOD) inks on
various substrates has been reported in [7], [14]-[20]. This chapter deals with the accessibility
and cost efficiency of the printers for domestic usage by presenting a frequency reconfigurable
antenna solution using inkjet printing technique. The solution offers the possibility of printing
the basic antenna aperture in volume and use the same antenna aperture for frequency switching

as well as frequency tuning.

The chapter is arranged as follows: Section 4.2 discusses the manufacturing considerations
which were contemplated before the designing of the antenna. Section 4.3 discusses the antenna
design and simulation results. Section 4.4 introduces inkjet printing of the design and surface
pictures and profiles. The antenna performance is verified with the experimental results.

Conclusion is presented in section4.5.
4.2 Manufacturing Considerations

A significant number of manufacturing considerations had to be taken into account before

developing the reconfigurable antenna design. The manufacturing considerations were required
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to designa solution that could be manufactured with reliable performances. The considerations
were made keeping the broader goal of keeping the low-cost development of the design in

mind.

Firstly, inkjet printing technology making use of low-cost equipment primarily allowed as a
fabrication of single-sided layer as most PET and paper-based substrates are only manufactured
for single-sided fabrication. Due to the characteristics of the low-cost substrates, the inkjet-
printed design had to be a single-layer solution. Secondly, producing vias through flexible
substrates was proven to be a cost-inefficient alternative. To overcome that hurdle, design had
to be developed which did not require any vias or holes through the substrates. Thirdly, due to
their small temperature tolerances, soldering active components directly onto the printed design
was not a sustainable option as the soldering resulted in the substrates to burn or melt.
Conductive adhesives were a potential dependable alternative to soldering. Using conductive
inks could also be a potential solution that supported dismounting and reattaching the RF

components.

4.3 Switchable Antenna Design

Complimentary dipoles can be developed and designed as a possible option to create frequency
reconfigurable antennas by adding an active circuitry to the radiating structure as it was
demonstrated in the previous chapter. The frequency switchable antennas are typically double
layered structures in which the components are likely to be mounted using some form of biasing
circuitry at the backside of the main design. Due to the manufacturing constraints presented by
inkjet printing, an antenna was designed keeping the manufacturing limitations in focus. The
design was needed to be a single sided design and a single-polarised slot antenna design, that
was discussed earlier was taken as the base design. A base solution was designed that could

accommodate both switching and tuning antenna within the same aperture.

4.3.1 Design dimensions

Switchable antenna solution is proposed for frequency reconfigurable antennas on PET
substrate using inkjet printing technique here. Initial design for frequency switching can be
seen in Fig. 4.1. The design consisted of an aperture of two conductive patches separated by a

short distance. Studies of this antenna aperture and the implementation of this technique for
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frequency switchable antenna is described here. Switchable antenna is realised by adding two
100pF capacitors to create an effective complimentary dipole which is finite in length.
Inexpensive BAR64 PIN diode was used [23]. The positioning of the capacitors to determine
the correct frequency matching was achieved using extensive parametric studies of their
positioning. Fig 4.1 presents the front viewpoint of the single-layer design. Dimensions for the
design are shown in Table 1. An infinite length slot was designed on the top layer on the
printable side while on the backside, two tiny rectangular square patches were glued manually
for the coaxial port for the feed.

gl

WIRES Ws w

el
RF CHOKE

*

Figure 4.1 Switching antenna design.
TABLE |

Switchable antenna dimensions (mm)

Length Lqg Lp L W Wi

Dimensions (mm) 5.7 12.2 61.9 44.7 0.7

Two 100 pF capacitors were mounted at 0.6 mm from the edges across the slot that made the
slot design finite in length. The diode (in purple) was mounted on one side and the port (in
orange) was mounted at the rear end from the other side. The main dimensions of antenna

aperture were L = 61.9 mm, W = 44.7 mm, and Ws= 0.7 mm where L and W represents the
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length and the width of the design while Wsdenoted the width of the created slot. Positions of
the diode and the port were Lq= 5.7 mm and L, = 12.2 mm. The desired resonant frequency was
achieved by adjusting the position of the diode along the slot with parametric analysis. The
thickness of the PET substrate was 0.123 mm, and the dielectric permittivity was 3.1 with a

loss tangent of 0.02 and with the resistivity of 16 x 10%° Q.cm.

An exceedingly thin PET substrate (0.123 mm) in comparison to the wavelength facilitated the
pads at the back to be regarded as connected to the printed design layer on the front at RF. That
is owing to the low impedance of the capacitive components at high frequency. At DC, the two

layers act entirely detached from one another.

4.3.2 Simulation Results

The antenna was simulated with the help of CST Microwave studio ™ using finite integration
technique (FIT) time domain solver and simulated reflection coefficient (S11) can be seen in
Fig. 4.2. To switch between the two states, the effective resistance and capacitance values were
altered for the diode to observe the ON-state and OFF-state respectively. The effective
equivalent value of the diode was 0.17 pF for the OFF-state and 2.1 Q for ON-state. In
Fig. 4.2, the continuous black line denotes the OFF-state and the dashed violet line donates the
ON-state. As it can be observed from the figure, the OFF-state resonated at 2.2 GHz with
bandwidth of 17% below -10 dB whereas the ON-state resonated at 2.6 GHz with a bandwidth
of 21% below -10 dB. The total resultant increase in the bandwidth was about 23%. The
simulated surface current distribution can be seen in Fig. 4.3 where Fig. 4.3 (a) represents the
OFF state and Fig. 4.3(b) represents the ON state. It can evidently be noticed that the addition
or the active state of the diode decreases the effective length of the slot once it is in the ON
state and surface currents are generally clustered around the effective slot area. A detailed
comparison of the measured and simulated radiation patterns and the cross-polarizations is

presented later in Section 4.3.3.
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Fig 4.3 Simulated surface currents for (a) OFF-state and (b) ON-state

4.3.3 Design fabrication and measurements

The conductive metallic patches for the antenna were printed using the inkjet printer. The inkjet
printing techniques uses a printing nozzle which constitutes of a combination of hundreds of

tiny deposition guns that fire several tiny droplets of ink directly onto the substrate. The

103



droplets or dots are extremely tiny in diameter and can only be examined under a high-quality
microscope. The finest available inkjet printers available in the market can print as good a
quality as 5000 dpi but they are industry grade and therefore, costly. The most used typical
inkjet printers can print with a quality that varies from 1200 dpi to 2000 dpi. Silver nano inks
are extensively used with these printers as they provide consistent conductivity throughout the
printed area. The results which are acquired with the help of inkjet printing are appreciably

analogous to those obtained using traditional fabrication practices such as etching.

Mitsubishi®silver nano ink is one of the commercially available conductive ink which extends
the ease to print electronic circuits using typical industrial and household printers [21].
Electronic circuit designs and patterns can be printed with the same simplicity as the ordinary
documents are printed using a printer. This ink is developed using a blend of silver, water,
ethanol and ethylene glycol. This composition of conductive silver and chemicals lets the ink
spread across the printed areas as per the design model while providing a uniform conductivity

of 0.2 Q/sqor 20 uQ-cm at 120°C as a standard value provided by the manufacturer [21].

The design aperture structure was exported to a Single layer Gerber (gbr) file using CST
Microwave Studio™. That gerber file was then introduced in Viewmate® software and a
masking file was created for the desired antenna aperture. A household Brother MFC-
J5910DW inkjet printer as seen in Fig. 4.4 was used for printing the design. The nanoparticle
silver ink was filled in reusable cassettes as seen in Fig. 4.5 which worked as an alternate
solution to using the pre-packaged nanoparticle silver ink cartridges such as AglC. Using

refillable cassettes reduced the fabrication costs even further.

Figure 4.4 Brother inkjet printer used for printing.
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Figure 4.5 A refillable Brother printer cartridge

The aperture was printed using the printer at 1200 dpi quality. The printer creates the design
pattern obtained from the mask which was creating using Gerber file. The printer reads the
mask file and converts it into an electromagnetic pulse that determines the deposition of
droplets of silver ink via numerous nozzles of the printer. The entire design gets printed as one
single stretch of print generating using one sequential pulse with the printer internally selecting
the printing of the design from the top to the bottom of the structure. This printing can be
classified as a single-layer fabrication that printed design at a uniform print height of 0.05 mm.
The resistivity of the thus printed area was obtained by the four-point-probe method [22] using
the Jandel Multiheight-microposition probe and the measured resistivity of 4.53 x 107 Q-m
was obtained which was coherent with the expected results for the ink.

The BAR64 switching diode [23] was attached at a gap of 5.7 mm from the side using
conductive ink and glue. The two 100 pF capacitors were also attached with the same method
at 0.6 mm from the edges. The port was affixed at the backside of the antenna at the end of a
straight coaxial cable which was attached on top of the two tiny square pads. Foam was inserted
behind the antenna structure to provide durability to the design. The complete design can be
seen in Fig. 4.6. Two 47 nH inductors were also mounted on edges from the diode’s side and
one of them can be seenin Fig. 4.7. Two wires were expanded from those two inductors which

were used for DC input voltage. The antenna was then tested.

Fig. 4.8 denotes the surface profile of the designed acquired with the help of Keyence® 4K
microscope. This ultra-high definition microscopeaided in acquiring the picture profiles of the

design with 30x zoom in Fig. 4.10 (a) and 150x zoom in fig. 4.10 (b). The figures show the
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absolute precision of the printed design up to the microscopic level which further substantiates
the point of the development of designs with reliable accuracy using this technique. The many

tiny droplets of the deposited ink can also be seen in Fig. 4.10 (b).

Diode LmtaRT ]

Capacitor
> Capacitor

Wire

Capacitor

Figure 4.6 Printed antenna design for frequency switching

Figure 4.7 Magnified image of the affixed capacitor

3-Dimensional Surface mapping of one of the printed silver ink patches is presented in
Fig. 4.9. This surface profile map was acquired with the help of Talysurf CCI
L10xZ1B1S1FOHps interferometer. The roughness of the printed surface around the slot is
demonstrated in Fig. 4.10. Fig. 4.9 and 4.10 both validate that the variation in the height of the

printed area was predominantly uniform with little deviation due to the fabrication constraints.
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Fig. 4.8 The Keyence® 4K Microscope surface profile photos of the printed antenna surface

with 30x Zoom in (a) and 150x Zoom in (b)
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Fig. 4.10. Lateral surface roughness profile of the printed aperture

The measured reflection coefficient (S11) response of the design is presented in Fig. 4.11. As it
is evident from the results, OFF-state of the design resonated at 2.25 GHz with a bandwidth of
20% whereas ON-state resonated at 2.68 GHz with a bandwidth of 19%. Both the measured
bandwidths were almost similar the bandwidths of simulations. The variation between the
simulation and the measurement results was minimal and the design resonated at the desired
frequency. Radiation patterns for the antenna are presented in Fig. 4.12 and Fig. 4.13 where
Fig.4.12 shows radiation patterns for the OFF-state while Fig. 4.13 shows the radiation patterns
for the ON-state.
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Fig. 4.12 Radiation pattern for the OFF state at 2.25 GHz in (a) XY-plane (b) XZ-plane and
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Figure 4.11 Measured reflection coefficient (S11) of the antenna

As it can be determined from the plots, the simulated and the measured responses are in good
correlation with one another. The radiation patterns are consistent with the typical slot antenna
patterns. The simulated cross-polarisation magnitude for the XZ-plane was so low that it falls
off the range of the polar plots. The measured directivity of the switching antenna was 4.1 dBi
for the OFF state and 4.9 dBi for the ON state which were approximately 0.5 dBi lower than
the simulated directivity for both the states. The resultant antenna efficiency was 0.79 for the
OFF-state and 0.83 for the ON-state.
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Fig. 4.13 Radiation pattern for the ON state at 2.68 GHz in (a) XY-plane (b) XZ-plane and
(c) YZ-plane

4.4 Frequency tunable antenna

4.4.1 Antenna design

The design of the dual band tunable antenna solutionwas also realised using the same design
aperture as the one that was presented in Fig. 4.1. Just by changing the positioning of the
switching diode and replacing it with a varactor diode and also adjusting the dimensions of the
slot, tunable antenna solution was obtained. In addition to that, the orientationand polarity of
the DC voltage source was reversed in order for the antenna to operate in the variable
capacitance region of the varactor. The new dimensions are given in Table 2 and Fig. 4.1
illustrate the tunable design whose basic layout remained the same. An inexpensive BB857
varactor diode [23] was connected between the two sides of the slot at Lg = 2.7 mm. The
capacitors were affixed at the distance of 0.35 mm from both sides to create a slot which was
set in size. 47 nH inductors are mounted on the side of the diode along with connecting wires
for DC isolationas well as the wired connection necessary to tune the antenna by varying the
DC supply voltage and a 1 kQ resistor was also soldered at the end of the wire to control the
current flowing into the diode. Fig. 4.14 denotes the simulated reflection coefficient (S11). As
the capacitance value was increased from 0.5 pF to 6.6 pF, the first resonant frequency varied

and decreased from 2.55 GHz to 1.38 GHz.
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TABLE Il

Tunable antenna dimensions (in mm)

Length L L, L W W,

Dimensions (mm) 2.7 14.6 61.9 44.7 0.7

The second resonant frequency band demonstrated a shift from 4.4 GHz to 2.9 GHz. Both the
bands covered find significant importance in the 4G and 5G communications. The tuning
design can work as a bridge between the two technologies. A relationship-plot between
frequency bandwidth and capacitance can be seen in Fig. 4.15. The frequency value decreases
gradually as the capacitance value is increased. A linear equation can be used which can be

tracked using the following fitted equation:
f, =-0.1897C +2.5503

Where f, represents frequency and C represents capacitance value. The fitting line curve has
an R? estimate of 98%. The bandwidth gradually decreased as the value of capacitance was

increased. The drop in the bandwidth, however, was non-linear in nature.
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Figure. 4.14 Tunable antenna Simulated Reflection coefficient (S11)
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Surface current density for the design for different capacitance values can be seen in Fig. 4.16.
The surface currents depictions are represented at 0.5pF, 3pF and 6.6pF, in sub-section (a) (b)
and (c), respectively. The surface currents demonstrate that the currentsare primarily focused
on and around the port and the side nearer to the diode. The surface current density was at the
maximum for 0.45 pF and gradually decreased as the level of capacitance is increased.
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Figure 4.16 Simulated surface currents at (a) 0.45 pF, (b) 3 pF and (c) 6.6 pF

4.4.2 Measurement results

As elaborated for the earlier switching antenna, the tunable antenna was also developed on the
same printed aperture whose printing was discussed earlier. The components were mounted
using the silver paint and conductive adhesive and the SMA was connected was added at the

backside. The measured Si; can be seenin Fig. 4.17.

The main operational frequency was obtained when the supply voltage of 28 V was supplied.
The antenna resonated at 2.4 GHz for the first resonant frequency band and at 4.3 GHz at the
second resonant frequency band. A slight dip in the second resonant frequency is observed as
the simulated result resonated a 4.4 GHz. The first resonant frequency band tuned from
2.4 GHz all the way down to 1.38 GHz. The second resonant frequency band tuned from
4.3 GHz all the way down to 2.2 GHz. As an interesting observation, at 1 V supply voltage,
the measured reflection coefficient demonstrated a third resonant frequency band also. The
three frequency bands at 1 V input supply voltage operated at a resonant frequency of 1.38
GHz, 2.2 GHz, and 3.3 GHz, respectively. The two resonant frequency bands tuned by varying
the supply voltage provide a nexus between 4G and 5G spectrums with simulated and measured
reflection coefficient showing excellent correlation and covering both the desired frequency
bands. Fig. 4.18 represents the plot depicting the relationship between the DC input voltage
and the corresponding resonant frequency as well as the bandwidth. The frequency value

gradually increases as the DC input voltage is increased.
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Figure 4.17. Tunable antenna measurement results

A linear curve-line equation can be implemented to determine the relationship that can be

tracked using the following fitted equation:

fo = 0.0311V + 1.6079

Where f, represents frequency while V represents the DC input voltage. The fitting curve has
an R?value of about 86%. The frequency bandwidth progressively dropped as the capacitance

value increased. The fall in the bandwidth was nevertheless non-linear in nature.
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Figure 4.19, Fig. 4.20, and Fig. 4.21 represent the measured and simulated radiation pattern
resultsat 28 V, 12 V and 1V, respectively. Radiation patterns are in association and sync with
those that are expected patterns for a complementary dipole that is fed using a coaxial cable
from the backside. Patterns are predominantly omnidirectional in the XZ-plane. Calculated
gainwas 5.65 dBi for 0.5 pF and 1.86 dBi for 6.6 pF. Measured gain was 5.07 dBi at 28 V and
0.88 dBi at 1 V. The resultant efficiencies were 0.86 at 0.5 pF and 0.78 at 6.6 pF.
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Fig. 4.19 Measured and simulated Radiation patternresults at 2.5 GHz for 28 V in (a) XY,
(b) XZ and (c) YZ planes respectively

115



180

Meas Co-Pol
= = Sim Co-Pol
— -Meas Cross-pol

weens Sim Cross-Pel

(a) (b) ()

Fig. 4.20 Measured and simulated Radiation patternresultsat 2.2 GHz for 12 V in (a) XY,
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Fig. 4.21 Measured and simulated radiation patterns at for 1.38 GHz at 1 V in (a) XY, (b) XZ
and (c) YZ planes respectively

At last, a comparison table between the two fabrication techniques in the development of
frequency reconfigurable antennais proposed in Table Ill. The table compares the key aspects

of the development of antennas in the two methods and analyses the two techniques with one
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another with etching being a method of subtractive manufacturing whereas inkjet printing

being a method of additive manufacturing.

Comparison table among the presented Reconfigurable antenna fabrication techniques

TABLE IlI

Elements Etching Inkjet Printing
Substrate Mylar PET
Conductive layer Copper Nanoparticle silverink
Thickness 0.05mm 0.123mm

Fabricable layers
Fabricationtime
Components mounting

Substrate dimensions

Single and Double layer
Approx. 1 hr
Soldering
Etching bed size

Single layer only
1-2 minutes
Conductive adhesive

A4 sheet size only

Resistivity 1.67x108Q-m 4.53x107Q-m
Biasingtracks Yes No
Capacitive coupling Yes No
Direct reconfigurability No Yes
Flexibility Yes Yes
Bendability Yes No
Temperature tolerance High Low
Switchingrange 1.56 GHz - 2.5 GHz 1.7GHz -3 GHz

Tuningrange

1.4GHz -2.6 GHz

1.38 GHz - 2.7 GHz

Bandwidthat f. 21% 24%
Single aper.ture dual Yes NO
operations
Approximate cost per £10-15 £95.30

antenna

4.5 Conclusion

Considerations, manufacturing constraints in designing low-cost inkjet-printed frequency
reconfigurable antennas are presented in this chapter. The efficiently designed cost dear

solution comprises of using an off-the-shelf household inkjet printer with silver nanoparticle
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conductive ink which was filled inside the refillable cartridges. This fabrication method posed
certain shortcomings and constraints which were necessary to be considered in the planning
and designing of the reconfigurable antenna solution. To prevail over these limitations, a design
solution was proposed which consisted of two printed conductive rectangular patches which
were connected with end capacitors and diodes to create smart complementary dipoles. The
two patches were printed over a single-sided A4 size PET sheet with the help of the Brother
printer. Active componentswere mounted over the top of the single-layer design with the help
of conductive adhesives. The same double conductive patch aperture design solution was
deployed to create two frequency reconfigurable antennas namely Switching and Tuning
antennas. The placing of the active components and the kind of diode characterized the type of
reconfigurable antenna. Magnified pictures of the surface profiles of the design exhibited the
consistent deposition of the conductive ink across the printed area. A single band switching
antenna was able to switch among two adjacent frequency bands while enhancing the total
bandwidth by 23%. The radiation patterns were in excellent agreement with one another and
omnidirectional radiation patterns in the XZ-plane were observed. The dual-band tunable
antenna solution was also developed on the same inkjet-printed aperture by rearranging the
active components. This antennatuned between a wide range of frequencies in both operational
bands. Measured and simulated values for the reflection coefficient results were in good
rationality with one another and similar result patterns were obtained. Omnidirectional

performance in the XZ-plane was also observed.

The low-priced inkjet-printing of frequency reconfigurable antennas demonstrated here
extends an alternative to conventional production techniques while offering a cheaper
alternative to the extra expensive solutions which have formerly been reported. Inkjet printing
of frequency reconfigurable antenna could support developments within the defence and space
communication sectors where lightweight and flexible designs are highly sought after. Inkjet-
printed reconfigurable antennas could also be readily deployed to develop inexpensive,
industry ready, environmentally friendly designs that demonstrate extremely reliable

performances.
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CHAPTER 5

LOW-COST FABRICATION OF FREQUENCY
SELECTIVE SURFACES

5.1 Introduction

This chapter presents the fabrication of frequency selective surfaces (FSSs) using low-cost
inkjet printing for microwave and sub millimetre wave applications. Two different approaches
are presented for the low-cost fabrication. In the first section, two bandstop FSS structures are
inkjet-printed using the household Inkjet printer discussed in the previous chapter. Two designs
were printed to operate in the frequency bands of 2.4 GHz and 24 GHz, respectively. These
two designs were printed on foldable, inexpensive paper substrates. They can be deployed
withinan indoor environment to enhance the signal strength of 4G and 5G networks and reduce
the signal drop due to the absorption by walls ceilings and other building materials. The second
section presents the development of a novel printer system that simultaneously deposits the
substrate as well as the conductive ink. The printer system was developed by a team of
researchers at University of Kent. The printer system was deployed to fabricate a fully 3D
printed bandstop FSS made up of square loop elements. A standard Fused Filament Fabrication
(FFF) printer was modified and calibrated and the extension components were 3D printed to

mount the two extruders.

FSS designs are deployed as screens to obtain a filtering response from the incident EM signal
[1]. A significant number of FSS designers are exploring the prospects of using the modern
fabrication techniques such as 3D printing and additive manufacturing to fabricate their FSS
structures [1], [2]. 3D printing or additive manufacturing of EM structures are developed by

segmenting the models into numerous layers and depositing the manifold layers of the printing
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material one by one. Throughout the preceding decade, 3D printing the FSS designs [3] — [14]

and antennas [15] — [19] are frequently realized by using various 3D printing procedures.

Techniques such as screen printing, Inkjet printing, SLS, FFF, SLA, FDM, Aerosol Jet printing,
combination of FDM and hand painting and various other combination of techniques have been
widely reported. The 3D printed structures can be further classified alongside the line of
fabricating using expensive industry grade equipment [5] — [13], [16] — [18] and low-cost
fabricationequipment [3], [4], [14], [15] and [19].

This chapter is arranged as following. Section 5.2 discusses the low-cost inkjet printing of a
microwave and a sub-millimetre wave bandstop FSS paper posters using the household inkjet
printer discussed in the previous chapter. Section 5.3 discusses setting up a novel printer system
to simultaneously print the filament based substate and conductive ink simultaneously and a
bandstop microwave is presented as an example. Concluding remarks are presented in Section
5.4.

5.2 Low-cost Fabrication of Wallpaper Poster FSS

5.2.1 Wallpaper poster designs

This section elaborates two wallpaper posters based FSS solutions printed with the help of low-
cost Inkjet-Printing for microwave and 5G applications. The two bandstop square loop FSS
posters were printed by the Brother inkjet printer discussed in the previous chapter. Using of
raisin coated photo paper for these proposed posters provided a cost-efficient solution for

various applications.

The FSS designs comprised of arrays of square loops unit cell elements that were organizedin
a square lattice. Square loop FSS designs were selected to maximise the coverage of the design
across the printed area while providing reliable shielding response. Square loop unit cell
elements are trendy FSS unit structures that demonstrate dual-polarized responses alongside
exhibiting outstanding angle of incidence performance. Square loop unit cell elements were
also beneficial as they provide a uniform array structure that can be scaled without wasting
material across the print area thereby reducing the overall cost of manufacturing. Initially, the
microwave FSS design with square loop units was developed which was later redesigned for
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mm-wave unit cell. The unit structure for the square loops can be seen from Fig. 5.1. Unit cell
for the microwave design consisted of a unit cell of 45.6 mm by 45.6 mm dimensions. The

loops had the square geometry with 32.16 mm sides and a thickness of 1.92 mm.

Lo

<
-~

Li

—

Fig. 5 1. Square loop unit cell layout
TABLE I.

DIMENSIONS IN MM

Perimeter L, L; W T
Microwave 36 32.16 45.6 1.92
FSS
Sub mm- 3 2.64 3.8 0.18
wave FSS

Unit cell for the sub mm-wave design had the width of 3.8 mm by 3.8 mm. Square loops of
3 mm by 3 mm lengths and thickness of 0.18 mm were designed using on a substrate that had
the characteristics of a photo paper with a permittivity (&), of 3 for both the poster structures.
The designs were simulated using CST Microwave Studio™. Simulated transmission response
of the microwave FSS poster can be seen in Fig. 5.2 where the response of the sub mm-wave

poster is presented in Fig. 5.3.
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Fig. 5.2. Simulated transmission response for the microwave FSS poster design operating at

2.45 GHz central frequency.
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Fig. 5.3. Simulated transmission response for the mm-wave FSS poster design operating at

25.21 GHz central frequency

The microwave FSS design operated at 2.45 GHz. The response demonstrated nulls above the
-50 dB levels for all the angle of responses. A shift of 2% or 0.05 GHz for the transverse electric
(TE) and a shift of 1% for the transverse magnetic (TM) response were observed respectively
at the counter-clockwise 45-degree angle from the normal angle of incidence response. TM-45
and TE-45 responses operated at 2.43 GHz and 2.4 GHz, respectively. All the three simulated
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responses covered the 2.4 GHz band which made this design suitable for microwave

applications.

The sub mm-wave design operated at 25.21 GHz and nulls of over -60 dB were observed for
all the angles of response. A slight shift was observed in the TE and TM responses respectively
for the 45-degree response. A shift of 2% or 0.42 GHz was observed for the TE-45 response.
TM-45 response resonated at the same frequency as the normal response, but it presented a
narrower bandwidth in comparison. All the three simulated responses contained the greatly
coveted 24 GHz band which is generally utilized in 5G applications by -10 dB bandwidth

available for all the three response cases.

The variation in the transmission responses for various angle of incidence can be observed in
Fig. 5.3 and Fig. 5.4. The larger size of the wavelength compared to the substrate thickness
results in the TM-45 response to resonate at the same frequency as the normal response with a
narrower bandwidth. This effect is even more prominent for the fully 3D printed FSS presented
in the next section and in the next chapter where higher frequency designs are presented.

5.2.2 Fabrication and Measurements

The two designs were printed using the same printer that was discussed in the previous chapter.
Mitsubishi® raisin coated paper [20] was used as the substrate. The low-cost nature and the
ability to provide reliable performances of printed electronics made this paper an attractive
choice for the low-cost applications. PET could also have been used for these applications, but

photo paper was chosen strictly due to the financial aspects of it.

The printed posters can be seen in Fig 5.4 and Fig. 5.5, respectively where microwave FSS

poster is pictured in Fig. 5.4 and sub-mm wave FSS is shown in Fig. 5.5.
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Fig. 5.4 Printed 4x4 sample area of the microwave FSS poster
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Fig. 5.5 Printed sub mm-wave FSS poster with the full FSS in (a) and a magnified section of
the poster in (b)

The measurements were performed making use of the standard transmission response

measurement setup which can be seen in Fig. 5.6. The setup consisted of a bifurcated plain-
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wave chamber that was fitted with absorber surfaces. The chamber was bifurcated by installing
an absorber screen with a slot in its centre. The ability of the screen to rotate about its axis
facilitated in observing the various angles of incidences. Two standard R&S helix antennas
were used as the transmitter and the receiver antennas. The setup was normalised using the
standard normalisation process. The measurement responses were observed using Anritsu®
37397C Vector Network Analyzer (VNA) and can be observed in Fig. 5.7 for the microwave
poster and in Fig. 5.8 for the sub mm-wave poster.

|

Fig. 5.6 Measurement Setup
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Fig. 5.7 Measured Transmission responses for the microwave poster FSS

-10

3 20
@
w
5
2-30 — . TE 00 SIM
[0)
i —— TM45
c
8 40| : — —.TM45 SIM
w M
- Y —TE 45
= E S
S 5o | : TE 45 SIM
o H
60 |
-70 T T T T T 1
20 22 24 26 28 30 32

Frequency, GHz

Fig. 5.8 Measured Transmission responses for the sub mm-wave poster FSS

The microwave FSS poster, presented in Fig. 5.7 operated at a central frequency of 2.46 GHz
for the normal angle of incidence response. A shift of 2% and 1.8% was observed for the
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TE-45 and TM-45 responses, respectively. A null of below -25 dB was observed for all the

three angle of responses and the 2.4 GHz band was covered in all the three cases.

Normal transmission response for the sub mm-wave FSS, presented in Fig. 5.8, was consistent
with the expected simulated transmission response and a null of approximately -20 dB was
observed for the central frequency of 25.2 GHz. As it is evident from Fig. 5.9, the TM-45
response offered a response that was predominantly similar to the normal response but at the
same time, offered a narrower bandwidth. The TE-45 resonated at a slightly lower frequency
of operation at 24.7 GHz. All the presented transmission response measurements resonated
below -12 dB for the desired and anticipated frequency band of 24 GHz which is particularly
useful in 5G networks. Examining the bandwidths presented adequate exposure and reflection
for the 24 GHz and its neighbouring bands.

5.3 Full 3D Printing of an FSS using a Low-Cost Open-Source Printer

5.3.1 Considerations for the Printer System

A thorough presentation of the development of a novel dual-extrusion setup for printing by
deploying a low-cost open-source printer to fully 3D-print an FSS structure is presented in this
section. The printer setup was developed by a team comprising of researchers and students who
helped with certain specialised sections of development such as coding and calibration. The
printing setup and calibration of the system was performed by me while a fellow researcher
provided his inputs with coding. The printing setup utilized a low-cost open-source printer that
could print a plastic reel-based filament as well as a conductive silver ink paste at the same
time. As readily available printersdid not exist in the marketplace for this sort of application,
an open-source Fused Filament Fabrication (FFF) printer system was altered to accommodate
two extruders mounted on the same extruder carriage which could deposit the filament and the
conductive ink. A figurative model of the proposed printing system is presentedin Fig. 5.9.
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Fig. 5.9 Proposed 3D printer setup with dual extruders for simultaneous printing

A number of considerations were taken to accommodate the requirements for the proposed
fabrication method employed within the proposed printer system. First and the foremost, one
of the key objectives of this exercise was to keep the fabrication and system cost as low as
possible. Keeping that in mind, a customized base frame of an open-source printer was chosen
over any pre-existing multi-step printing bed which were available to buy in the market. Open-
source 3D printers, as the name implies, are printer systems which have their hardware designs,
their firmware and their software designs all made under an open-source license. Due to their
open-source licenses, the open-source 3D printers are cost-efficient to obtain and construct.
Second consideration dealt with the base frames which encompassed their own constraints in
terms of the dimensions of the bed, resolution of the deposition and printing layer, speed of the
motor and the printing speed. Aspects such as the printing resolution regulates the vital
properties such as the material density and dielectric permittivity of the deposited filament
based printed substrate. Thirdly, the majority of the accessible open-source low-cost printers
available aided the fabrication of plastic wire-based PLA and ABS substrates only and
therefore, the other printable substrates were not suitable for this type of setup. Furthermore,
ABS substrates could only be supported with 3D printers which came with a built-in heating
system in the printer bed. Fourthly, the conductive metal based had to be heated to a degree
that it is in the liquid state and then deposited along with the filament substrate in structured
and periodic arrangements. Since the mainstream conductive metals that are widely used in
electronics such as silver need some extremely high temperatures to be liquefied and then, the

moltensilverinkis required to be cooled almost instantly in the close proximity of the substrate
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therefore it does not disintegrate the printer and the substrate in particular as it is essential for
the metal to be deposited in incorporation with additional materials such as plastic which
possessed a significantly lower melting points. owing to this obvious and enormous
discrepancy with the temperature constraints, this specific combination of melting the

conductive metals was not sustainable.

Therefore, to surmount the manufacturing constraints, extensive studies that included market
research, product comparison, studies of the machines as well as the study of materials and
inks were conducted for various open-source printers and arrangements were made to find a
solution named the Mbot Cube 3D printer [21], a cartesian frame structure which was a
revamped duplicate of the Makerbot Replicator [22], an open-source printer. To address the
issues pertaining with the printer beds and filament reel-based substrates, the designs were
developed with a volumetric consideration of 200 x 200 x 170 mm?3 and reel-based PLA was
carefully chosen as the substrate to eliminate the requirement for installing a heating bed. The
larger size of the printing bed also enabled the production of bigger design structures and larger

arrays.

Ultimately, to surmount the concerns pertaining with the conductive metallic silver, findings
were performed, and studies were conducted to come up with an unconventional solution that
deployed a liquified metallic silver paste which was dispensed through a pressurised system
through a regulated duct such as a syringe. The silver paste, that came from the company named
Voxel8 [23]. The company has produced a silver nanoparticle liquid ink paste which is
supplemented for 3D printing applications. The conductive silver ink paste has an electrical
resistivity of less than 3 x 107 Q-m when it has fully cured and demonstrates a conductance of
approximately 2 x 10° S/m. The ink is stored at a room temperature and as per the catalogue
by the company, the ink cures at a room temperature in 15 minutes. The thermal resistivity of

this paste meant that it can be used next to a heated FFF extruder without any complications.

5.3.2 Printer Assembly and Calibration

Since the arrangement and the operations of the original Mbot Cube printer were required to
be changed and enlarged to accommodate the second extruder to deposit the conductive ink,
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certain parts of the printer system were required to be add up at the extruder carriage point. The
additional inclusion of a plastic filament-based extruder motor as well as an exchangeable
pressure-based syringe extruder were added for a synchronized deposition of the PLA and the
silver based conductive paste. Since the extruding unit grew to be larger in size with all the
additions, the end stop features of the motor for the corners, edges and the far ends of the
printing bed were lowered appropriately. To decrease the expenses of the designing, the parts
needed to expand the extruder carriage to contain the dual-extrusion operations were printed
using with the help of an industrial grade FDM printer. This industrial printer offered a layer
resolution ranging between 0.02 and 0.35 mm, which implied that it could print certain
extremely complex models with consistency and with high printing resolutions along with
rapid printing speed with a maximum of 300 mm/s. The component models were constructed
in CST Microwave Studio™ and the final blueprints were exported to the stl file and fed into
the slicing software. The slicing software breaks a model design down into several layers. Some
additional printing considerations remained necessary to print the parts. A 100 um print
resolution offered the smoothness of the printed parts. A range of 75-80% of infill facilitates
the robustness of the printed constructions, but the stability is substantially elevated therefore,
using an 80% maximum durability is cost-effective since it helps in saving the filament. A
boundary coating threshold of two or greater guaranteed of good quality binding that contained
significantly fewer possibilities of disintegration over a period of time. With the given
considerations, the components were printed and built for the printer. The printer system was

assembled, and the final printer system can be seenin Fig. 5.10.
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Fig. 5.10. Assembled 3D printer setup with dual-extruder deposition heads and the

extension components.

The assembled printer setup had a layer resolution that ranged from 0.1 mm to 0.3 mm for
smooth prints with reliable quality and a hoard 0.4 mm extruder hot end side. The printer

motors had a travel rate of 50 to 120 mm/sand a printing speed which went up to 80 mm/s.

The dispenser that was used to deposit the silver paste was the Techcon TS250 [24], which was
a digital fluid dispenser that dispensed fluids and pastes with low, medium, and high viscosities
in accurate and repeatable manner. The dispenser consisted of a feature that enabled an
adjustable vacuum-driven ‘pull-back’ option to regulate and minimise the wastage of the
conductive ink, which was a vital condition for this whole exercise of developing the printer.
The dispenser had a maximum input pressure of 100 psi with a wide 1-100 psi output pressure.
The microcontroller that controlled the functioning of the printer and the extruders was the
Arduino Mega 2560 which is a recognised and widely admired open-source board that consists
of the ATMEL ATMEGA 2560 core microchip which ran on a 16 MHz crystal oscillator, 54
digital i/o (input/output) pins, 16 analogue inputs, 4 UARTs along with a USB connection.
Majority of the FDM printers operated off the ATMEGA 2560 chips, which made them a
dependable option to choose. The chips were mounted in RAMPS 1.4. The RAMPS 1.4 board
is a shield used to contain the Arduino Mega 2560 chip. The board contained ports and headers
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that offered connections for 6 stepper motors and their respective drivers, auxiliary header
outputs to peripherals devices such as a Liquid Crystal Display (LCD) as well as an SD card
reader that allowed the controller to print the designs without the obligation of a connection to
a computer. This board simplified the design proposed in Fig. 5.10 even further by eradicating

the requirement for a computer thereby reducing the costs related to the energy consumption.

Rest of the printer system comprised of Pololu A4988 motor drivers for the RAMPS 1.4 boards,
four NEMA 17 motors which controlled the X, Y and Z axes as well as the extruder to push
the filament out through the deposition head. These are standard issue motors for this type of
printersand did not require any modification to their physical performance. RepRap Discount
Full Graphic Smart Controller LCD screen was also deployed to examine the essential and
critical details throughout the course of the printing process like the temperatures of the two
extruders and the heated printer bed, the time passed through one print cycle and the status of
the SD card. The whole system was powered by a 12 V, 20.8 A power supply. The high current
output helped in generating the necessary heat to melt the filament and to power all the
components such as the extruders and the cooling fan. Two crucial components of software
which established the design’s firmware were acquired and reworked as per the requirements,
namely the Marlin firmware and the trigger script that controlled the second extruder. The
Marlin firmware comprised of a collection of commands that characterized every one of the
attributes that lied inside the printer’s system and movements along with its focused functions
for all the associated machines and modules. The codes were acquired through the readily
available online resources and were modified with the help of a fellow researcher whose
research specialised in dealing with the codes and trigger scripts. As the scripts and the code
files were ready, the files were uploaded onto the RAMPS 1.4 PCB to execute the necessary
G-codes. G-codes are any commands in a CNC based system that start with the letter G and
they interact with the hardware system, instructing the machine tool perform the specific task
such as swift motion, feeding of material within a straight stroke or curve, a combination of
measured deposition movements, offsetting the tools and switching between co-ordinate
systems to name a few. Both the printing extruders contained their own individual Arduino®
microcontroller devices which controlled the deposition of the filament or the ink as well as

their active and inactive states.
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Calibration of the dual-extruder printer was an exceptionally crucial feature of this printer. The
preliminary setup for the printer comprised of allocating the steps per millimetre along the axes
for all the three axes as well as standardizing and realigning the bed-height for the modified
printer. Looking from the software point of litigation, the printing temperature and print speed
were needed to be in total harmony corresponding to the individual processes, to proceed with
the extrusion multiplier and to go with the measurements of the boundaries of the modified
setup. The steps per mm of motor that regulated the extruder regulated the quantity of filament
which was fed to the hot end. 150 mm of PLA filament is measured and indicated from the
top side of the extruder motor after the extruder has heated up to the required temperature. A
set of instructions in the form of codes is subsequently transmitted through to the motor to

extrude a further 100 mm of the filament.

The Techcon TS250 pressure dispenser machine that was installed for the conductive silver ink
paste functioned viaan alterable output of air-pressure that controlled and altered the stream of
the paste and conductive ink. An analytical study to establish the optimum pressure flow was
performed. The best and the most optimal width of the sample track was achieved when the
pressure level was between 1-2 bar. Pressure was varied from 0.1 bar to 8 bar and the track
widths for each one of the pressure levels were observed.

With all the calibration and system setup successfully completed with consistent and repeatable
printing results achieved with the printer setup, the printer system was prepared for printing
EM structures. A microwave FSS was designed and developed as a sample for printing to

demonstrate the feasibility and accuracy using this low-cost printer setup.

5.3.3 Square Loop FSS Design

FSS arrays consisting of passive bandstop unit cell elements operate as filtering panels that
provide safeguarding and shielding for electronic appliances from interferences triggered by
the ambient RF signals. Square loop unit cell elements are preferred as they are popular unit
structures for FSS that show dual-polarized responses while exhibiting excellent angle of
incidence performance. The resonant frequency for the square loop is defined by the length of

the arm of the loop that are typically% of the wavelength. The same design that was described

for the microwave FSS design earlier in section 5.2 was used as a base which was redesigned
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and modified. FSS square loop design isshown in Fig. 5.11 that was designed while concealing
the manufacturing characteristics of the printer into consideration. The key dimensions for this
FSS square loop can be seen from Table I. The element was designed for the PLA filament
[25]. 3D FilaPrint based substrate model was deployed with a Voxel8 [22] silver ink paste
model based on the datasheet for the ink provided by the manufacturer.

Lout

M T

1

Fig. 5.11 Square-loop element FSS unit cell design

TABLE I
FSS UNIT CELL DIMENSIONS
Substrate Length Lout H T
PLA Dimensions (mm)  26.4 28.95 1.25

The loops were designed to operate at a central frequency of 2.55 GHz. The length an arm of
the arm of the square loop was 26.4 mm with a track width of 1.25 mm. The thickness of the
design substrate was 0.8 mm which was exclusively developed in accordance with the printer
to produce the PLA substrate as thin as feasible without spoiling the integrity of the printed
substrate. The spacing between the two adjoining elements was 2.55 mm. A number of
elements were designed where the distance between the adjoining elements was varied from
2 mmto 4.5 mm. A parametric study with the distance between the adjoining elements revealed
that as the spacing among the unit cell elements was decreased, the equivalent capacitance
increased, and the unit cell element resonated at a lower frequency. The simulated transmission

response for the element can be seen in Fig. 5.12. The unit cell resonated at a central frequency
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of 2.55 GHz. The TE and TM responses, namely TE-45 and TM-45 responses resonated at 2.61
GHz and 2.64 GHz, correspondingly. The extreme disparity with the larger size of the
wavelength compared to the substrate thickness resulted in the variation of both TE-45 and
TM-45 responses that resonated at a higher frequency than the normal response with a slightly
narrower bandwidth. As there was a tolerance of + 0.5 mm within the printer setup, certain
parameters could also get altered during the fabrication and therefore, a parametric study for

the variations was also conducted.
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Fig. 5.12. Simulated transmission response and angle of incidence responses

A shift of nearly 3.5% was noticed among the transmission responses at 0 degrees and 45
degrees angle of incidence, respectively. The transmission response presented a considerably
broad bandwidth of 38% at the normal angle response and 36% at the TE-45 and TM-45
responses. Collectively, the transmission response encompassed a wide range of operation from

2.1 GHz and going all the way up to roughly 3 GHz.

The relative permittivity (&) of the substrate used in the simulation was 2.35 with a loss tangent
of 0.01 which was consistent with the other implementations of the PLA substrate [26]. One of

the advantages of PLA substrate is that the Relative permittivity, g, is controllable based on
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the way the filament is printed. The volume of the infill and the thickness of the printed
structure are the contributing factors that can be altered to control the relative permittivity.

Parametric studies pertaining to these two key elements can provide the guidelines for
designing and fabrication considerations.

Fig. 5.13 denotes the parametric study that dealt with the effects of the substrate thickness on
the resonant frequency. As the substrate thickness was increased by 0.1 mm, the resonant
frequency decreased slightly. For every 0.1 mm variation in substrate thickness, the resonant
frequency varied by approximately 0.025 GHz. The resonant frequency increased with a
decrease in substrate thickness. The resonant frequency increased but the bandwidth decreased
as the thickness of the substrate was decreased. The thickness of 0.8 mm provided the optimum
balance between the frequency of operation, bandwidth, and the transmission null, which was
highest at 0.8 mm.
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Fig. 5.13 Effects of the thickness of the substrate on the resonant frequency

Figure 5.14 (a) and Fig. 5.14 (b) present a parametric study on the effect of the relative
permittivity on the transmission response for various angles of incidences. In comparison to
Fig. 5.12, where the & value was 2.35, two cases are presented with g, values as 2 and 2.7 in
Fig. 5.14 (a) and 5.14 (b) respectively. The most significant variations that can be observed are

in the resonant frequencies, the levels of the null and the TE-45 and TM-45 responses. In Fig.
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5.12, the three responses presented a null of similar levels. In Fig. 5.14 (a), when the & value
is decreasedto 2 from 2.35, the structure resonated at a central frequency of 2.63 GHz with the
TE-45 and TM-45 responses resonating at 2.73 GHz and 2.74 GHz, respectively. The nulls for
the three responses were asymmetric but showed a slightly better response than the proposed
design as all three nulls below -70 dB were observed. When the ¢, value was increasedto 2.7,
as demonstrated in Fig. 5.14 (b), the resonant frequency at the normal angle of incidence
decreased to 2.48 GHz with the TE-45 and TM-45 responses resonating at 2.57 GHz and
2.58 GHz, respectively. The nulls were about 10 dB lower in comparisonto Fig. 5.14 (a). As
it can be concluded from this parametric study and the resultsin Fig. 5.12, the shiftin the angle
of incidence responses reduces as the permittivity of the PLA substrate increases. The resonant
frequency too increases with a decrease in permittivity. The bandwidth too gets narrower as

the permittivity increases.

The biggest and the most significant finding of this parametric study is the noticeable and
significant differences in the trends of the TE-45 and TM-45 responses in the three presented
cases. When g, = 2, the TE-45 and TM-45 responses resonated almost adjacent to one another
with a frequency shift of 0.01 GHz between the responses with a null which is well below the
normal response. The maximum shift from the normal response is marginally over 4.2%. In
the case of g = 2.7, the disparity between the TE-45 and TM-45 responses was even more
prominent with the TE-45 response resonating at significantly lower levels than the normal
response whereas the TM-45 resonated had its null at a higher level of over 5 dB. The
bandwidth too reduced significantly with a maximum frequency shift of 4% observed from the
normal response. The maximum shift for the main proposed design, as presented in Fig. 5.12
earlier was 3.5% which was lowest among the three adjacent cases that are presented. As the
& value varied, the transmission response of the structure also changes as the property of the
substrate material is altered. By varying the permittivity, the height of the tracks, and the
deposition method of the conductive ink as well as the frequency of operation resulted in the
varying transmission responses that were observed for the FSS designs fabricated on the raisin
coated photo papers and PLA substrates. As this was a parametric study, experiments to
characterise the process were not conducted. Further experiments can be carried out to validate
the findings. The variable permittivity of PLA can be a lucrative property that can be used to

develop designs that require the transmission response of any particular kind.
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Fig. 5.14 Simulated transmission responses for (a) &= 2 and (b) &= 2.7
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The permittivity of the printed PLA substrate can be varied by changing the density of plastic
and the proportion of infill while designing and fabricating. Furthermore, the same design can
be printed using filaments of different permittivity and the resultant frequency of operation and
the angle of incidence responses can be deployed for the required applications.

5.3.4 Fabrication and Measurements

The entire FSS structure was printed as a whole array. An array consisting of 5 x 6 elements
was printed as they fitted the bed size perfectly. The printed height of the fabricated PLA
substrate was 0.8 mm. The substrate had an 100% infill for the durability of the design. A
number of FSS samples were printed. The printing layer height of 200 microns was fed into
the design that offered four layers of PLA deposition. The coating height was also set at 200
microns for the conductive silver ink paste. Just a single layer of deposition for the sil ver paste
was adequate to safeguard the connection and reliable resistance levels for the printed loops
with no requirements of any supplementary deposition of layers of ink.

A magnified photograph of one single loop of the 3D printed FSS design can be observed in
Fig. 5.15. The pictures and profiles were acquired with the help of a Keynce® 4K Ultra HD
microscope with 20x magnificationand a Talysurf CCI optical interferometer. The resolution
of the printed loop element is evidently visible in the photo. Uniformity of the printed substrate
can also be observed. Fig. 5.15 (b) indicates the spacing between two square loop elements by
enlarging the profile additionally. The measured gap among the two adjacent elements was
2481.14 um or 2.48 mm which was sufficiently close to the anticipated 2.55 mm gap as per the
design. Fig. 5.16 represents the surface profile roughness map for the PLA over a magnified
segment of the substrate while Fig. 5.17 represents the side profile of the track and the 3D
profile mapping of one of the printed FSS track and the substrate. The mean deviation within
the printing of the PLA was 7.962 um which displayed a reliable deposition. The cross-section
silhouette exhibited the printing toolpath that fabricated the desired loop structure as a pattern
of inner and outer loops, respectively. The close proximity of the ink then allowed the two

loops to fuse together thus creating the single loop of the anticipated dimensions.
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Fig. 5.15 Printed square loop unit elementin (a) and the gap between two adjacent square
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Fig. 5.16 Surface profile of the printed PLA substrate
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Fig. 5.17. Measured side profile of a printed track in (a) and 3D profilein (b)

These printed FSS designs were measured both separately and by joining a couple of printed
sub-arrays to comprise a bigger array consisting of more elements. Framing two FSS adjoining
to one another offered an effective array consisting of 10 x 6 elements. The transmission
responses of the designs were evaluated in a plain-wave space. The measurement setup can be
seen in Fig.5.18. Same setup that was described earlier was deployed. The FSS structures were
fitted inside the slot within an absorber screen that could rotate along its vertical axis to
facilitate the angle of measurements. Placing of the joined printed FSS arrays within the slot
inside the screen is depicted in Fig. 5.19. The 10 x 6 array was created by putting two FSS

adjacent to one another that filled up the screen aperture. The measurements were performed

144



using an Anritsu® 37397C Vector Network Analyzer (VNA) using two standard R&S helix

antennas.

Absorbers

—_—

FSS Screen

Tx Antenna / Rx Antenna

VNA

Fig. 5.18. Measurement Setup Layout

Fig. 5.19. FSS structure fitted inside the absorber screen

The FSS was measured for various transmission responses. The measured incident
transmission responses at various angle of incidence are presented in Fig. 5.20. The FSS
operatedat a central frequency of 2.56 GHz which was roughly the equivalent of the simulated
response. A 28% -10 dB bandwidth was monitored for the normal angle of incidence

transmission response.
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The TM-45 and TE-45 angle of incidence responses resonated at 2.65 GHz and 2.59 GHz,
respectively. The TM-45 response suffered a shift of 3% although the TE-45 response exhibited
a shift of 2%. All the three responses presented a significantly wide -10 dB bandwidth response
that covered a band over 2.4 GHz by all the modes. Largely, the measured transmission

responses were in good agreement with the simulated responses.
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Fig. 5.20. Measured Transmission Response of the FSS structure

5.4 Conclusion

Inkjet printing of paper posters consisting of bandstop FSS have been presented inthe first half
of this chapter. The posters were developed for microwave and sub mm-wave applications,
respectively. The two low-cost FSS poster solutions were inkjet-printed using the household
Brother inkjet printer discussed earlier using silver nanoparticle ink filled in its refillable
cassettes. Swift, low-priced and nature friendly printing made this printing method a suitable
and sustainable alternative for FSS filtering posters. The precision and the consistency of the
printed tracks made this a lucrative fabrication alternative. The measured responses for the two
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posters offered coherence with the simulation transmission response at the frequency of
operation of 2.49 GHz and 25.2 GHz while covering the 2.4 GHz band for microwave

communicationsand 24 GHz band used in 5G communications, respectively.

The microwave FSS poster and the sub mm-wave FSS poster printed on a photo paper can be
mounted on the walls of a room to reduce the drop in signal strength and enhance the reception
for other futuristic 5G based applications. The performance of the design can be further
enhanced by printing multiple layers of the FSS structure on top of one another. By adding

active components, this FSS can also be developed as a smart FSS.

The development of an additive manufacturing open-source machine and the considerations
for fully 3D printed Frequency Selective Surface structure has also been discussed. A low-cost
printer system combining FFF with an air pressure dispenser was able to print plastic substrates
and metallic conductive materials simultaneously. Several considerations and adjustments
were required within the printer which included recalibrating the extruder limits and printing
components for the printer builtusing an FDM printer.

A square loop FSS structure was designed and printed while taking the manufacturing
constraints of the printing system into account. The printed profile of the FSS demonstrated
the success of the fabrication technique. Each fabricated design was tested for conductivity and
the designs demonstrated the conductivity in line with the expected values for the ink. The FSS
operated at a central frequency of 2.55 GHz and provided a significantly stable angle of
incidence response with all the modes of the angle of response covering the 2.4 GHz band

while providing wide -10 dB bandwidths.

The scalable property of the printing setup makes it a lucrative option for the development of
3D structures which are printed in their entirety. The reliable performance of the ink could
provide a potential solution of the development of fully 3D printed FSS designs and antennas
fabricated on a variety of three-dimensional substrates while significantly reducing the cost of

fabrication. The 3D printed designs can also be made flexible.
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CHAPTER 6

AEROSOL JET PRINTING OF BANDSTOP AND
BANDPASS FREQUENCY SELECTIVE
SURFACES

6.1 Introduction

This chapter presents the development of Frequency Selective Surfaces (FSSs) using Aerosol
Jet printing technology for filtering at microwave, millimetre, and low-THz waves, which find
use in WLAN, Beyond 5G and eminent 6G applications. The aerosol jet printer is deployed to
develop bandstop and bandpass FSS structures. Two solutions for microwave and sub
millimetre wave bandstop FSS as well as two millimetre-wave and low-THz single-polarized
bandpass FSS designs are presented. Aerosol Jet Printing technique using silver nano-particle
ink is utilised in this chapter to develop the FSS reflectarrays. Aerosol Jet Printing is an AM
technique which enables the fabrication of designs with millimetre to micrometre level
precisiondelivered at a swift rate. With the accuracy and precision that aerosol jet provides, a
number of AM design can be produced using this technique. Bandstop FSS solutions are
developed here to create radio frequency (RF) shielding surfaces and frequency reflectors for
indoor environments. Square loop unit cell elements are designed which are arranged in a
square lattice for this solution. These FSS shields and reflectors are suitable for 4G as well as
5G applications. Two solutions are proposed, one for microwave applications and one for sub-
millimetre wave applications. The design solutions when combined with Aerosol Jet printing
are able to print extremely fine tracks that are required for the design solutions and the
fabricated silver ink tracks provide adequate, uniform conductivity of the tracks which is
essential for filtering performances. The microwave bandstop FSS structure operates at the
resonant frequency of 2.5 GHz which is regularly used in 4G, WLAN and wireless
communication systems across the world. Sub-millimetre wave bandstop FSS structures

operate in the 26-28 GHz frequency band that is particularly sought after in5G communication
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networks. The aim is to demonstrate a potential solution for the development of FSS for
buildings and RF shielding applications to reduce the signal drop within the indoor
environments while also providing shielding from unwanted radio signals. Glass windows and
walls can easily deploy these printed FSS solutions and enhance their RF signal capabilities
while minimising the drop in signals. RF signals have frequently experienced drops in signal
quality as well as signal strength inside a typical indoor environment owing to the surface
absorption and transmission passing through various construction materials. With the arrival
of 5G networks and the rolling out of the new high frequency signals within the surroundings,
the issue of signal drop has significantly risen which affects multiple frequency bands and the
proposed Bandstop FSS solutions can help minimise the drop in signals.

Two single-polarised Bandpass FSS designs were developed that operate in the millimetre
wave and Low-THz regions of the frequency bands, respectively. The millimetre wave band
design operated at 125 GHz and the Low-THz band design operated at 280 GHz. Simulated
and measured results demonstrate agood coherence in the passing state as well in the blocking
state. The fabrication strategies to develop the aerosol jet toolpath to create the slot FSS designs
are also discussed. Surface profiles of the printed designs are also presented. Magnified images
of the two designs reveal the precision of the slots at microscopic levels. The proposed
bandpass FSS solutions can be deployed for Beyond 5G and 6G communications. The Kapton
based design can also be used for satellite and galactic communications due to its high

temperature tolerance.

FSSs are planar periodic structures which can provide a filtering response to the incident signal
wave [1]. FSSs have been readily suggested to diminishand ideally eradicate the dropping of
signals and to increase signal coverage and strength within building complexes [2] - [10].
Magnitude and levels of signal’s dispersion losses are based upon the dielectric characteristics,
conductivity, structural design, and the recurrent structures of the materials used in a building.
These parameters all part of the EM architecture of the building. Figure 6.1 shows a typical
window frequency reflector on glass substrate. FSS have been intended for installing on walls
and false ceilings as well as in glass windows [2] — [17] inside a building. With the rapid growth
of printable electronics and AM, a wide range of possibilitiesinthe developed of FSS reflectors
have appeared. Two such proposed solutions for bandstop FSS designs are proposed as some

existing bandstop FSS designs are expensive and require some labour-intensive
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implementation and development. The complex fabrications process mean that the design
fabrications require specified skills. Simple, inexpensive and environment friendly AM method
of developing designs is proposed here. The metallic layers of the 3D printed FSS arrays are
fabricated with the help of silver-Nano particle ink deposited directly onto the two substrates

by using aerosol jet printing.
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Fig. 6.1 A typical FSS reflector implemented on glass in windows [10]

Millimetre wave and THz bands, that are collectively referred to as low-THz bands nowadays,
find wide range of applications [18] — [31]. To successfully develop communication and
transmission technologies, it is essential to ensure that the loss and drop of the signalsis ideally
kept at the bare minimum. Absorption of signals in various indoor and outdoor materials as

well as reflection of signals off some materials is the lead cause of loss of signals.

3D bandpass FSS are screens developed by the help of additive manufacturing to achieve wide-
band filtering response. Slot FSS bandpass designs are particularly popular for filtering. Awide
range of FSS designs developed using AM are presented in [32] — [42]. Aerosol jet printing of
the design adds another dimension of AM of low-THz band designs.
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This chapter is organized as following. Section 6.2 describes the microwave bandstop FSS
design. Section 6.3 describes the millimetre wave bandstop FSS design. Section 6.4 presents
the printing technique and surface profiles along with measurement results for the bandstop
FSS designs. CST Microwave Studio™ was used in simulation of the FSS designs.

6.2 Microwave bandstop FSS design

As was the case with the previous chapter, a square loop unit cell was the preferred choice for
the FSS designs. The square loop array design provided an optimised cover across the space

and offers reliable dual-polarized responses.

6.2.1 Design dimensions

The design for the microwave bandstop FSS consists of a unit cell that contains a loop element
which is used for the array. The bandstop FSS design consists of an array of square loop
elements arranged into a square lattice. Square loop design features a square track of uniform
width. The unit cell of the structure can be seen in Fig. 6.2. The unit cell layout consists of the
design square loop element of 27 mm by 27 mm dimensions with the printed loop that is of
23.2 mm by 23.2 mm sides and has a track with the width of 0.5 mm. For the Kapton design,
the loops were of 25.2 mm by 25.2 mm. The thickness of the corning eagle glass substrate was
0.7mm and the predefined permittivity (¢;), of 5.27 and a loss tangent of 0.001 for the glass
[43], [44]. The thickness of Kapton substrate was 0.05 mm and the permittivity (g;) value 3.4
with a loss tangent of 0.002 [45].
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Lour

Fig. 6.2 Unit Cell of square loop element

TABLE Il

DIMENSIONS IN MM

Length Lout H T
Dimensions (mm) 23.2 27 0.5

Equivalent circuit of the loop element with the equivalent values was calculated using [10] and

[46]. The equivalent circuitry for the loop element can be seen in Fig. 6.3.

Fig. 6.3 Square loop element equivalent circuit

The equivalent values for the LC serial equivalent design can be calculated using [46] and
follows the following equations:

1=3.937—%  xK, )

8a+11c

Where, L is the inductance value and C is the capacitance values. Other variables can be

defined as follows:
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Using the value of L obtained using (1), C can be calculated as:
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Using equation (1) and equation (2), the equivalent calculated values of Inductance was

3.19 nH and the equivalent calculated value of the capacitance was1.32 pF.

6.2.2 Simulation responses

The simulated transmission response for the bandstop FSS design for glass is presented in Fig.
5.4 whereas the simulated response for Kapton is presented in fig. 5.5. The resonating
frequency of 2.5 GHz with a null which is over -40 dB for all angles of response for the design
can be observed. A slender shift from the conventional responses of a loop element FSS can be
seen at the transverse electric (TE) as well as transverse magnetic (TM) responses respectively
at 45° angle. A below -10 dB transmission bandwidth of 18% is achieved after considering all
the three transmission responses. This bandwidth is sufficient to cover the desired 2.4 GHz 4G,

wireless band and surrounding WLAN bands.
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Fig. 6.4. Simulated transmission response of the microwave Bandstop FSS on glass
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Fig. 6.5. Simulated transmission response of the microwave Bandstop FSS on Kapton

6.3 Millimetre wave bandstop FSS design

6.3.1 Design dimensions

Millimetre wave bandstop FSS with square loop element arrays work primarily as reflector
screens to reduce the drop in signals in 5G communications and to protect wireless devices
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from various signal interferences. The design for mm-wave bandstop FSS makes use of square
loop elements array which is arranged in a square arrangement. The unit cell of square loop
can be seen in Fig. 6.6. Table 6.2 represents dimensions of the design. The square unit cell
layout consists of sides H of 3 mm width and height along with the square loop that have the
outer dimensions as Loyt Which is 2.45 mm. The width of the track T for square loop was 0.42
mm. That makes the inner dimensions of the loop Li, as 2.03 mm. The designs were simulated
with the help of CST Microwave Studio™ with both Kapton and corning eagle glass as
substrates. The operational frequencies of the designs were 27.5 GHz for Kapton and 26.5

GHz for glass.

Fig. 6.6.  Millimetre wave square-loop patch FSS unit cell design

TABLE III.

DIMENSIONS IN MM

Substrate Length Lout S T
Kapton Dimensions (mm) 3.36 3.8 0.42
Glass Dimensions (mm) 2.7 3.6 0.42

The thickness of the Kapton substrate was 50 microns or 0.05 mm and the thickness of glass
was 0.7 mm. Relative permittivity (&) for Kapton, and glass were 3.4 and 5.27, respectively.
The loss tangents were 0.002 and 0.001, respectively. The equivalent circuit of the loop element
was same as shown in Fig. 6.3. Using equation (1) and equation (2) from section 6.2, the
calculated equivalent inductance value was 10.34 nH while the calculated equivalent
capacitance value was 0.0032 pF.
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6.3.2 Simulated transmission responses

The simulated transmission response for the millimetre wave bandstop FSS design on corning
eagle glass is presented in Fig. 6.7. The resonating frequency for glass was 26.6 GHz with
resonant frequency shifts of 2 GHz for all angles of response for the design can be observed.
A shift from in the responses of a loop element FSS can be seen at the transverse electric (TE)
as well as transverse magnetic (TM) responses respectively at 45-degree angle. TE 45 resonates
at 25 GHz with 5% frequency shift while TM45 response resonates at 27 GHz with 1% shift.
A below -10 dB transmission bandwidth of approximately 14% is achieved after considering
all the three transmission responses.

Transmission Response, dB
)

A By ——TE 00 SIM
-30 - - i
N 2 { — - TE45SIM
L . — - TM45SIM
-40 I -
| | .
v |
A
-50 - : r : :
20 24 28 32

Frequency, GHz

Fig. 6.7 Simulated transmission response for bandstop FSS design on glass

Simulated transmission response for bandstop FSS design on Kapton is presented in Fig. 6.8.
The resonating frequency for Kapton was 30 GHz with frequency dip of 1.3 GHz for all angles
of transmission response for the design was observed. A shift from in the responses of the Glass
loop element FSS are observed at the transverse electric (TE) as well as transverse magnetic
(TM) responses respectively at 45° angle. TE 45 resonated at 26.7 GHz with a resonant
frequency shift of 8% while TM 45 response resonates at 28 GHz with a 7% shift. A below
-10 dB transmission bandwidth of approximately 19% is achieved after considering all the

three transmission responses.
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Fig. 6.8 Simulated transmission response for bandstop FSS design on Kapton

6.4 Aerosol Jet printing and measurement results

6.4.1 Aerosol Jet printing

The designs were fabricated at the Centre for Process Innovation, Sedgefield, Durham, United
Kingdom using Aerosol Jet Printing technology. Aerosol Jet Printer are systems manufactured
to facilitate, create, repair, enhance and fabricate intricate electronic designs with high
precision [47] — [49]. A typical aerosol jet printing system was discussed in Chapter 2 and can
also be seen in Fig. 6.9. The Aerosol Jet printing process makes use of aerodynamics to
precisely concentrate and precisely deposit conductive inks onto substrates. The conductive
ink is filled in the atomizer, that produces an extremely dense mist with incoming sheath gas
and ink droplets with size ranging between 1 to 5 microns in diameter. The aerosol ink and
sheath gas mist are then delivered through a tube into to the deposition head where it is

concentrated by another addition of sheath gas, which encloses the aerosol as a ring.
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Fig. 6.9.
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When the added sheath gas as well as aerosol ink mist passes though the tiny nozzle, it is
accelerated, and the aerosol is converted into a flow of droplets flowing in the sheath gas. The
sheath gas, which is typically Nitrogen or pressurised air, also helps insulating the nozzle from
clogging. The subsequent stream of high-speed ink is deposited on the substrate over a distance
of 2 to 5 mm. The system is controlled and operated by standard CAD data that is used as a
basis to create a vector-based tool path. The tool path allows the deposition of the ink in the

desired patter by driving a 2D or 3D motion system. Printed features range from 10 micronsto

161

A typical Aerosol Jet Printerin (a) with its functioning block in (b) [48]



In order to achieve the desired conductive surface, a number of parameters within the aerosol
jet systems are required to be adjusted. The parameters of the sheath gas flow, the speed of the
deposition head, the flow rate and the size of the nozzle used define the quality and the
thickness of the printed designs. Faster print speed results in finer tracks whereas a low sheath
gas level results in more scattered prints across the printed area. Consistent clogging of the tube
connecting virtual impactor and deposition head means the designs have to be broken into
several parts and the tubes and the nozzles have to be repeated cleaned using IPA solutions.
The diameter of the nozzle also helps in defining the resolution of the print. Smaller nozzles,
however, get clogged more frequently and require consistent cleaning. All these critical
designing and fabrication challenges were duly observed and overcome over the course of the

8 months of working at CPI.

TABLE IV.

AEROSOL JET PROPERTIES

Nozzle diameter 50 -300 pm
Drop volume 0.001 - 0.005 ul
Line width 10 — 50 um
Ink viscosity 0.7 - 1000 cP
Stand-off distance 2—-5mm

Optomec M3D® Aerosol jet system was used for fabrication of the designs. The machine was
accessed at Centre for Process Innovation located in Durham, UK through the UK EPSRC
High Value Manufacturing Fellowship grant that was awarded to my esteemed supervisor for
research on high quality additive manufacturing designs. As the facility is a high-profile clean
room facility, possibility of taking photos of the fabrication process of the designs were limited.
The designs were converted originally into CAD designs by conversion into dxf files. The
design layout was then mapped in CAD. A toolpath for the specific design was laid out in
accordance with the design specific requirements. The designs had to be broken into several
parts to allow a break in the printing process for cleaning of the tube and the deposition head.
100 pwm nozzle was used for the fabrication of the two designs. The substrates were mounted
on the printing vacuum bed. The FSS structures was fabricated using Cabot Nanoparticle silver

ink [50]. FSS array of 7 x 7 unit cell was printed on Glass and 9 x 9 on Kapton for the
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microwave design. For the mm-wave designs, an array of 40 x 40 unit-cell elements was printed
on an A4 size Kapton sheet and on a 200 mm x 200 mm Corning Eagle glass. The completed
designs were required to be cured for 60-90 mins on a hotplate at. The curing process helps the
ink to dry out and bind with the substrate. The printing process can be seen in Fig. 6.10. The
printed microwave FSS designs can be seen in Fig. 6.11. Fig. 6.11 (a) represents the design on
glass substrate whereas Fig. 6.11 (b) represents the design on Kapton. Initial designs on Kapton
were conducted on a thicker substrate with a rough profile. Due to the rough profile, the silver
ink did not bind particularly well with the substrate despite repeated curing. The design was

later fabricated on the mentioned thinner Kapton substrate.

Fig. 6.10 Aerosol Jet printing bed with printed mm-wave Bandstop FSS on Kapton

The printed designs show the accuracy in developed FSS designs. The Some spattering is
observed in the FSS design on glass in Fig. 6.11 (b) which is due to the tip that protects the
nozzle spatters ink as it covers the nozzle everything the nozzle moves from one element to
another. The spattering in the earlier designs was significantly high which was later reduced
by regularly clearing the clogging and increasing the printing tool non-printing motion speed.
Surface profiles for the designs were also measured and can be seen in Fig. 6.12 for the
microwave Kapton design and Fig 6.13 for the microwave glass design. Figure 6.12 and Figure
6.13 clearly present the measured surface profiles for the microwave designs. The mean height
for the Kapton design was approximately 1.25 um. The widths of the printed tracks too were

as per the simulationresults. The mean height of the design on glass was roughly 0.9 pm.
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Fig. 6.11 Microwave bandstop FSS design on (a) Corning eagle Glass and (b) Kapton

pm Length=07129 mm Pt=0963pm Scale =2 pm
08
06
o4
02

[}
0.2
0.4
0.6
o8

=1

o 0.1 0.2 03 o4 0.5 0.E 0.7 mm
(@ (b)

Fig. 6.12 Measured surface profile of microwave Glass design
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Fig. 6.13 Measured surface profile of microwave Kapton design

6.4.2 Measurement results

The measurement setup can be seen in Fig. 6.14. The measurement setup consisted of a
transmitter and a receiver pair of log periodic antennas across a screen which can be rotated
around its axisand fitted with absorbers inside a plane wave chamber. The measurement results
are presented in Fig. 6.15 for Glass and in Fig. 6.16 for Kapton, respectively. Measured
transmission responses for the bandstop FSS design demonstrates a significantly coherent
correlation of about -20 dB at a central frequency of 2.5 GHz for both designs. As it can be
observed from Fig. 6.15 and Fig. 6.16, the TE 45 responses for the two designs suggest a
considerably wider bandwidth of about 18% which is 6% higher in comparison to the
simulation results. The TM 45 response also offered a wide bandwidth of about 17%. Both TE
and TM responses resonated at well below -10 dB for the desired frequency bands. Considering
the three bandwidths, the response was enough to cover the 2.4 GHz and its neighbouring

bands.
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Fig. 6.15 Measured transmission coefficient for microwave FSS design on Glass
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Fig. 6.16 Measured transmission coefficient for microwave FSS design on Kapton

Figure 6.17 shows the fabricated millimetre wave bandstop FSS designs on glass and Kapton,
respectively. The fabricated FSSs were examined under a Keynce® 4K UHD microscope and

Fig. 6.18 represents the magnified designs.
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Fig. 6.17 Fabricated millimetre wave FSS designs on (a) Corning eagle Glass and (b) Kapton
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(a) (b)
Fig. 6.18 Magnified view of the printed tracks on (a) Glass and (b) Kapton
Figure 6.19 represents the measurement setup for millimetre wave FSS designs. The antennas

were mounted on the screen that can be rotated around its axis and fitted with absorbers on the
transmission side inside a plane-wave chamber. Transmitter and receiver antennas were placed

on either side of the screen.

Fig. 6.19 Measurement setup for millimetre wave bandstop FSS designs

Figure 6.20 and 6.21 present the measured transmission responses for the millimetre wave FSS
designs for Glass and Kapton, respectively. For FSS design on glass, the simulated and
measured transmission responses at TEOO and TM 00 resonated at 26.7 GHz. TE 45 resonated
at 24.5 GHz whereas TM 45 resonated at 27 GHz. The glass design offered a significantly
wider bandstop response in comparison to Kapton. Transmission response was below -10 dB
for a range from 22.9 GHz to 28.5 GHz with a bandwidth of 21%. TE45 response exhibited a
shift of 8% whereas the TM45 response observed a shift of 1%.

168



10 =
o
©
g
§ -20
3 —— TEOQO
m .
§ \ — TE45
230 - ol
E \ — TM45
y
g \ ’ ........ TE 00 SIM
40 - \ — —~TE45SIM
4 — . TM45SIM
|
_50 l. g
20 24 28 32

Frequency, GHz

Fig. 6.20 Transmission responses for mm-wave FSS design on Glass
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Fig. 6.21 Transmission responses for mm-wave FSS design on Kapton

Normal incidentangle TEOO and TMOO response for Kapton resonated at the same frequency

of 29.7 GHz. TE 45 response resonated at 28.4 GHz whereas TM45 resonated at 29.2 GHz. A

Transmission response was below the -10 dB mark for frequencies ranging from below 25 GHz
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to over 31 GHz with a bandwidth of 15%. A frequency shift of 4.2% was observed for the

TE45 transmission response whereas 1.5% frequency shift was observed for TM45.

6.5 Millimetre wave low-THz bandpass FSS design

As a proof of concept for a challenging mm-wave low-THz bandpass FSS designs, a simple
design was preferred. A single-polarised square slot was preferred as the main design. Single-
polarised slot FSS provided passing and blocking state responses. As the manufacturing
constraints of the machine required the development of a suitable toolpath, a dual-polarised
design was not preferred.

6.5.1 Design dimensions

Keeping the wide range of frequencies of operations for slot FSS in mind, mm-wave bandpass
FSS design with an array of slotswas designed. The slot FSS design can be seen in Fig. 6.22.
The square lattice of the unit cell of the slot consists of sides L and W respectively as 1mm.
The slots dimensions are length Ls as 0.8mm and width Ws as 0.08 mm. The micrometre level
precision required to create the slot width was novel with the development using aerosol jet
printing. Just like the previous design, this design was simulated with the help of CST

Microwave Studio™ with Kapton as substrate.

L

I |
I |

L Ls N LX

Fig. 6.22. Mm-wave Slot Bandpass FSS design unit cell layout with dimensions
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TABLE V.

DIMENSIONS IN MM

Length Ls W, L w

Dimensions (mm) 0.8 0.08 1 1

Low-THz bandpass slot FSS was also developed as an initial study to examine the absolute
extremities of the aerosol jet printer’s precision in printing. Low-THz designs are readily being
considered for the increased data rate for the 6G communications and beyond. The design
consisted of a slot FSS which is analogous to previous design. The parameters and the layout
of the Low-THz FSS unit cell design were the same as seen in Fig. 6.22. Dimension of square
slot unit cells got smaller with W and L both as 0.6 mm and slot size with Ls as 0.43 mm and
W; as 0.043 mm.

TABLE VI.

DIMENSIONS IN MM
Length L W L w

Dimensions (mm) 0.43 0.04 0.6 0.6

6.5.2 Simulation responses

The simulated transmission response for the 125 GHz bandpass FSS design is presented in Fig.
6.23 whereas the simulated transmission response for the 280 GHz design is presentedin Fig.
6.24. As single polarized designs, both the designs transmit the signals in their respected
passband TE state, which is lateral to the length of the slots while blocking the transmission of
signals in their stopband state, which is orthogonal to the lengths of the slots. A gap in the
passing (denoted in black) and blocking states (denoted in green) of over -20 dB is observed
for the 125 GHz design in Fig. 6.23. The gap between the states is much more prominent at
over -30 dB for the 280 GHz design as demonstrated in Fig. 6.24.
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Fig. 6.23 Simulated transmission response of 125 GHz bandpass slot FSS design
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Fig. 6.24 Simulated transmission response of 280 GHz bandpass slot FSS design

6.6 Aerosol Jet printing of design

Aerosol Jet printing system was put to further extreme tests of its limits and constraints with
this complex fabrication that required extremely minute micrometre precisions. Aerosol jet
printing systems are now occasionally considered to be used for printing certain sub-parts of
certain mm-wave and parts of THz designs which require 3D printing with millimetre and
micrometre level precision. Fabrication of a collection of designs developed partially with the
help of Aerosol Jet printing are widely reported in [42], [51] — [55].

Designs with extreme precision ranging from conformal, orthogonal antennas [51],

transmission lines [52], to coplanar waveguides [53] to Yagi-Uda antenna [54] to FSS on
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curved surfaces [55] demonstrates the diversity within the printing process. Majority of the
proposed designs were elementary initial studies that were predominantly reported in
conferences as introductory concepts. The indifferent reporting of the aerosol jet printed
designs is due to the time consuming and complicated procedure it requires to complete the
fabrication. The proposed bandpass FSS design made use of the aerosol jet printers and tested
their limitations in terms of design fabrication and present some reliably accurate designs.

FSS designs was fabricated by translating the unit cell into a square array with dimensions
which were 50 mm by 50 mm. Kapton [45] substrate of 50 micron or 0.05 mm thickness was
used for fabricating designs. Extremely thin and smooth nature of this Kapton polymide sheet
[45] made it particularly helpful in the designing of frequency filters and they also fit to be
used as substrates to develop frequency shielding window taints and passband filters for desired
frequencies. The tiny square FSS lattice contained an array of 50 x 50 unit-cells for the
125 GHz design. The square lattice for the 280 GHz design contained the array of
approximately 83 x 83 elements. The array lattice was not fabricated in the conventional
method like the square loop element designs which were discussed in Chapter 5. The designs
were divided into four subparts and a strategic approach was taken to achieve the design
quality. The designs were converted into the subdivided parts and as their toolpaths were being
decided, the printing layout strategy was devised for the designs. The entire FSS structure was
reimagined and designed as a combination of amesh of horizontal and vertical lines. Horizontal
line tracks were printed adjacent to one another and certain spaces of 0.1 mm was left after four
adjacent tracks to make the gap for the slot layout and defined the slot heights. Vertical line
tracks defined the smooth edges and widths of the slots. Margins were also left for the inks to
disperse inan appropriate manner and spread within the design limits. The speed of the toolpath
motionwas also critically examined throughout the printing procedure. The optimum speed of
the toolpaths was decided with a trial-and-error method as the margins were too extreme and
the designs presented a novel approach in FSSs and thus have no predefined ways of toolpath
motion. Critical details of the fabrication are reported in the table 6.6 below. The thickness of
the Aerosol Jet printer’s ink stream can be controlled by a number of ways. The size of the

printing nozzle as well as increasing or reducing the flow rate of the sheath gas.
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TABLE VII.

Low-THz FSS AEROSOL JET FABRICATION PARAMETERS

Nozzle size 150 pm
Sheath gas level 20 cm?®
Impact exhauster 600-700 cm?®
Atomizer 800 cm?
Speed of toolpath for printing 4-6 mm/sec
Speed at corners 1 mm/sec
Speed at rapid tool motion 10 mm/sec

Smaller nozzle results in a concentrated stream but also increases the chances of the nozzle
getting clogged during the printing process. Increasing the flow of sheath gas results in printing
thinner tracks but thinner tracks can also result in incomplete or broken designs. The size of
the nozzle used and the sheath gas flow has to be carefully set and the sheath gas flow and
pressure should be regularly monitored in standard aerosol jet designs. Figure 6.25 denotes the
three stages of dispersion of ink onto the substrate. Fig. 6.26 denotes a typical toolpath design
showing vertical tracks with spaces for slots. Fig. 6.26 (a) denotes the initial stage where no
tracks were printed, Fig. 6.26 (b) presents the instantaneous line tracks after printing with the
gap clearly visible between them and Fig. 6.26 (c) denotes the ink after dispersion after getting

deposited onto the substrate.
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Fig. 6.25 A typical Aerosol jet printing toolpath designer with vertical zigzag track lines
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The experimentation with the aerosol stream size and the ink dispersions were conducted and
some initial designs resulted in the ink tracks not dispersing and fusing with one another. One
such failed attempt is presented in Fig. 6.27. For this specific design, the impact exhauster
volume was kept at 700 cm®. The designs on corning eagle glass substrate too showed similar
trends predominantly due to the difference in the surface properties of Kapton and glass. To
overcome this issue, the impact exhauster volume was consistently monitored and varied
between 620 cm®and 700 cm?®depending upon the deposition of the ink and the track width.

The speed of the toolpath.

(a) (b) (c)

Fig. 6.26 The three stages of the ink dispersion onto the substrate in fabrication with (a) pre
deposition, (b) post depositionand (c) after complete dispersion of ink
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Fig. 6.27 Surface profile of a failed attempt for the fabrication of bandpass FSS on Glass

As Fig 6.27 demonstrates, the aerosol steam flow rate and thickness were essential in getting
the deposition of ink correctly. With varied iterations in a couple of designs, and consistently
watching and varying the sheath gas pressure values to get the deposition right. By carefully
examining the sheath gas pressure throughout the printing process, the right shape for slots

were achieved.

6.7 Surface profiles and measurement results

6.7.1 Surface profiles

The fabricated design of the slot FSS design for 125 GHz can be seen in Fig. 6.28. The real
size picture shows the intricate nature of the fabricated design. At the bottom left corner of the
photo, the extremely flexible nature of Kapton is also evident. Some tiny, scattered droplets
can also be observed which were caused by spattering during the fabrication process. As the
nozzle protector covering was cleaned more frequently than any other design, the spattering

was significantly lower for this design.
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(b)

Fig. 6.28 Printed 125 GHz Slot FSS designs on Kapton (a) Full FSS design photograph and
(b) Magnified photograph

Surface profiles for the designs were measured with the help of various microscopes.
Keyence® 4K Ultra High-definition microscopes were accessed and highly magnified images
of the printed slots were observed with the help of those microscopes. The printed profile for

the 125 GHz is presented in Fig. 6.29 and Fig. 6.30, respectively.

177



3: Length = 80.73 pm

(b)

Fig. 6.29. Fabricated 125 GHz Slot FSS microscopic view (a) Printed slot array and (b)
Individual Slot height
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Fig. 6.30. Fabricated 125 GHz Slot FSS microscopic view with (a) Profile measurement of

printed height, (b) slot depth and (c) 3D profile of the printed area

A single-polarized FSS design was favoured over the efficient dual-polarized design as creating
a toolpath and fabrication process was relatively reliable and straightforward with a small
number of fabrication and quality assurance constraints. A series of sample prototype FSS
fabrications were carried out by altering the flow of silver nanoparticle ink to produce the
required dimensions. Some of the samples had issues of excessive ink dispersion that resulted
in the slots being filled up. A constant monitoring and instant adjusting of the pressure levels

was a must for this intricate design. The dimensions of the printed slots deviated marginally
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around 0.08 mmand 0.8 mm. A width of 80.73 um and a length of 0.79 mm were observed for
one specific slot sample. Determined value for the resistivity of the printed FSS surface on

Kapton was 2.6 x 107 Q-m.

Measured surface profiles for the 280 GHz FSS design can be seen in Fig. 6.31. The details of
the slots are so minute that it can be hard to spot the slots from naked eyes. Fig. 6.32 and Fig.
6.33 show the surface profile measurements for the design. Dimensions measured within the
slots clearly indicate the accuracy of the fabrication process for the designs and can be observed
inFig. 6.32 and Fig. 6.33. The measured slot width was 0.43 mm, and the measured slot height
was 0.043 mm which were similar to the designed width and height of 0.43 mm and 0.043 mm

respectively.

(b)

Fig. 6.31 Printed 280 GHz FSS design on Kapton (a) Full FSS photo and (b) Magnified view
of the FSS
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. Measure length
2 pts 428.63 um
2 pts 42.28 pum

(b)

Fig. 6.32. Fabricated 280 GHz Slot FSS microscopic view (a) Printed slot array and (b)
Individual Slot height
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Fig. 6.33. Fabricated 280 GHz Slot FSS microscopic view (a) Profile measurement of printed
height, (b) slot depth and (c) 3D profile of the printed area

6.7.2 Measurement results

Fabricated FSS designs were tested at the KU Leuven ESAT research facility which was
accessed with the help of the University of Kent research collaboration with WISDOM research
project. The designs were tested using the standard test setup for plain wave measurements.
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Frequency extenders were added to the standard R&S horn antennas of the desired frequency
bands. The test setup can be seen in Fig. 6.34. Absorbers around the FSS and the supporting
rods were removed for clarity of pictures. Calibration of the setup was performed before every
measurement. The FSS structure was mounted on a support structure and frequency extenders

were used to achieve the desired frequency bands for both the measurements.
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Fig. 6.34 Measurement test setup for transmission responses at 125 GHz and 280 GHz

The measurement results are presented in Fig. 6.35. The measurement results are coherent to
those of a single-polarized bandpass FSS with passband and stopband orientations,
respectively. Design operated at approximately 125 GHz with both measurement and
simulation in good correlation with each other. Wide bandpass characteristics of the design can

be observed with gap of more than 20 dB between the passband and stopband.

These FSS designs was designed and developed with the objective of proving the concept of
fabrication using the expensive Aerosol Jet Printing as the technique to develop designs in a
single step process that offers the transmission response at normal incidence angle and
therefore, no additional studies were conducted for other angles of incidence due to the intricit
nature of the FSS structures. The single-polarized FSS presented a passband response when H-
plane incident wave was lateral and E-plane incident wave was orthogonal to the slot. A distinct
signal blocking state with a gap of almost 20 dB was observed when the E-plane was lateral to

the slot. Another gap between the measured and simulated blocking states was also observed.
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Fig. 6.35 Measured responses of 125 GHz Bandpass slot FSS design on Kapton

Transmission responses at normal angle of incidence were centered at the resonant frequency
of 125 GHz. Wideband transmission response was obtained with a slow roll-off rate and a
-10 dB passband that ranged from approximately 90 GHz all the way up to 170 GHz along with
a bandwidth of 64%. Single-band features of FSS are emphasized further with a gap of more
than 20 dB among passband and signal-blocking state. Insertion loss of 0.75 dB was also
observed. Good overall agreement was observed between simulated and measured
transmission responses when the simulations were conducted with ideal conditions without
insertion losses.

Extremely high insertion loss was observed in the case of Corning Eagle Glass substrate during
measurements at higher frequencies. Several simulations and measurements were conducted to
ensure that the losses were not indeed reflections. That was not to be the case. It was concluded
that the permittivity of the glass is not suitable for mm-wave and low-THz frequencies and
therefore, not suitable beyond the mm-wave and low mm-wave applications. Kapton was
thereby the preferred substrate as it demonstrates extremely high temperature tolerance and
uniform permittivity at THz frequencies as shown in Fig. 6.36 that find applications in space,

satellite and defence communications [56].
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Measured setup for the 280 GHz FSS design is same as seen in Fig. 6.34. Some absorbers were
removed from the measurement setup for photographic clarity. The measured transmission
response for the 280 GHz design can be seen in Fig. 6.37. The measurement transmission
responses even at the Low-THz levels are in excellent coherence with those of a typical single-
polarized bandpass FSS. Bandpass FSS design originally operated at a frequency of 280 GHz
with the measured passband operating at a slightly lower frequency of nearly 278 GHz, a shift
that was minimal. The understandable minute shift in resonant frequency can be due to certain
slots having smaller sizes than expected due to the excess dispersion of ink. The passband for
the Low-THz design was significantly narrower in comparison to the 125 GHz design
discussed earlier with a bandwidth of 28%. Insertion loss of approximately 2.4 dB was
observed. Stopband measurement and simulations also followed similar trends with an
approximate gap of -20 dB observed between passband and stopband. Despite the slight shift,

a predominantly similar measurement and simulation passband response is measured.

Blocking state response presented a null at around 260 GHz in the simulated responses when
insertion losses were included within the simulation. The null corresponded well with the
measured blocking state response. In the ideal case simulation with no insertion losses, as it
was the case with the results presented in Fig. 6.15, a clear and linear blocking state response

was observed.
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Fig. 6.37 Measured transmission responses of 280 GHz Bandpass slot FSS design

Finally, a comparison table depicting the advantages and disdavantages of various fabrication
techniques namely traditional wet etching, screen printing, professional inkjet printing,
inexpensive piezoelectric inkjet printing, and proposed industry-grade Aerosol Jet printing in
the development of Frequency Selective Surfaces is presented in table 6.7. VVarious advantages
and disadvantages of all the aforementioned fabrication techniques are presented for
comparison. Aerosol Jet printing is the only existing technique that provides the option of direct
3D printing on curved or 3D surfaces albeit within the limits of the equipment. The small
features and extreme precision of the techniques makes it a lucritive option for the development
of high frequency futuristic FSS designs.

And finally, a comprehensive table comprising of a comparative analysis between the three
methods proposed is presented in Table IX. The table illustrates the various salient features and

drawbacks of the three techniques names low-cost inkjet printing, full 3D printing using FFF

and conductive paste extrusionand Aerosol jet printing.
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TABLE VIII.

COMPARISON TABLE BETWEEN PREVIOUSLY REPORTED FABRICATION TECHNIQUES FOR FSS

Fabrication Technique

Advantages

Disadvantages

Etching

[57], [58]

Least expensive

Scalable

Tiny details feasible

(track size of 1 umto 4 um)
Printing on both sides
supported.

Easily accessible
Consistent

Multi-step fabrication
Constraints of stencils
Consumption of hazardous
chemicals

Raw Material and chemical
waste

Screen Printing

[59]

Scalable

Swift print speed

Tiny details feasible
Potential printing possible
on various substrates

Multilayer and complex
design fabrication viable

Multi-step procedure
Constraints of stencils
Inadequate three-
dimensional resolution

Low-Cost Piezoelectric Inkjet printing

[60], [61]

Low-cost apparatus

No stencil necessary
Reliable resolution
Single-step fabrication
Environment Friendly
Swift prototyping feasible

Not suitable for bulk
manufacturing

Track detail constraints
(100 pm - 200 pm track
size)

Cost-inefficient prices of
conductive inks
Predominantly single-sided
fabrication supported

Professional Inkjet printing

[42], [61]

No stencil necessary

High print resolution
Repeatability

(5 um - 25 um)

Suitable with numerous
substrates

Fabrication on 3D substrates
viable

Swift prototyping feasible

High apparatus cost
High fabrication cost
Incompatible for mass
production
Cost-inefficient prices of
ink to scale-up the
production

Aerosol Jet Printing
[62], [63],

Proposed method

Direct printing on 3D
substrates within 2-5 mm
heights feasible

No stencil necessary
Intricate details feasible
(5 um track width)
Extreme accuracy in
fabrication

Appropriate for bulk
manufacturing

Swift prototyping feasible

High apparatus cost, highest
amongst the techniques
mentioned

High production costs
(requirement of a trained
machine operator)
Cost-inefficient prices of
conductive ink for up-
scaling of production
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TABLE IX.

COMPARISON TABLE BETWEEN PROPOSED FABRICATION TECHNIQUES FOR FREQUENCY

SELECTIVE SURFACES

Manufacturing Method

Saliant Features

Drawbacks

Low-Cost Inkjet printing

Microwave and mm-wave
designs presented
Inexpensive manufacturing
No stencil required

Reliable print resolution of
~100 um

Single-step printing

Printing time of a few
seconds over A4 area
Resistivity of 4.53x107 Q-m
with uniformity across tracks
No curing requirements

Eco Friendly

Not suitable for bulk
manufacturing

Delicate nature of structures
and substrates

Resolution constraints

with a limit on track size
(200 pm - 200 pm)

Costly conductive inks
Only single-sided
fabrication possible

Conductive Silver Ink extrusion

Fully 3D printed microwave
FSS presented

Both substrate and FSS array
are printed simultaneously
with the same printer
Permittivity of the substrate
can be varied with different
infill densities

Varied permittivity offered
variations in transmission
responses

Vacuum extrusion of
conductive silver ink offered
varied track thickness at
different pressures

Suitable with ABS and PLA
Fabrication time of 1-2 hours
for the proposed design
Resistivity of <3x107 Q-m
Fabrication on 3D substrates
within 4 mm range

Room temperature curing

Low-cost makeshift printer
Not suitable for mass
production

Intricate tracks not feasible
Limitations with the
variation in track width due
to the nozzle size

Abrasive finish to the
printed designs
Challenging task to
determine the suitable print
speed atangles

Method ideal for prototypes
only

Cost-inefficient prices of
ink to scale-up the
production

Aerosol Jet Printing

Microwave, mm-wave, and
low-THz designs presented
FSSs operatingat 2.4 GHz,
26-28 GHz, 140 GHz, and
280 GHz

Direct printing on Kapton and
glass

Direct printingon 3D
substrates possible

2-5 mm heights in 3D
printing feasible

Complex detailing of designs
possible

Highest costamong the
techniques presented
Higher production cost
Requirement of skilled tool
operations

The conductive inks are in
liquid form and spill after
deposition

Post deposition spillage of
ink not ideals for details
smaller than 5 um
Challenging post-processing
on flexible and curved
surfaces

188



»=  5pum of track width = Expensive conductive inks
achievable in view of up-scaling
= Resistivity of 2.6x1077 Q-m
for Kapton and 2.5x107 Q-m
forglass
= Printing time of 3-4 hours for
a single design
= Dry curingrequired for 60
minutes at 150° C
=  Extreme accuracy with <1%
deviation in fabrication

6.8 Conclusion

Aerosol Jet printing of Bandstop and Bandpass Frequency Selective Surfaces for microwave,
mm-wave, mm-wave and low-THz applications are presented in this chapter. The designs were
printed using Optomec Aerosol Jet Printer at Centre for Process Innovation in UK. Rapid
prototyping, significantly lower design costs and minimal wastage reduces the environmental
impact and makes Aerosol Jet printing a lucrative direct printing alternative to traditional
methods. Micrometre level precision and uniform conductivity helped depositing the precise
FSS design onto glass and Kapton substrates. One design solution for microwave and one
design solution for mm-wave bandstop FSS were proposed. Bandstop design consisted of an
array of square-loop elements arranged in a square lattice. The novel FSSs using aerosol jet
printing were printed on glass as well as on Kapton. High quality surface profiles and 3D
design mapping for every design are also presented. Surface profiles in 4K Ultra HD quality

signified the consistency of the designs.

Bandstop square loop element FSS design operated at 29.7 GHz for Kapton and a slightly lower
transmission response at around 26.7 GHz for glass. Measured and simulated responses were
in good correlation with one another. FSS design on Kapton produced a comparatively narrow
band design whereas the design on glass produced a significantly wider frequency band of

operation.

Glass FSSs are especially useful in buildings where glass bandstop FSS designs can be installed
to reduce losses in transmission and reflect the interfering infrared waves from external

sources. Installing FSS designs on Kapton can reduce signal absorption within the building
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materials and can be used within an indoor environment to maintain the signal strengths.
Deploying the glass FSS arrays on building windows can significantly reduce energy
consumption too. The FSS designs could also be fabricated and prepared in a multilayer
configuration to enhance their transmission responses. The presented FSS designs find
particular applicationsin 4G and 5G applications for microwave and millimetre wave designs
respectively. The glass designs can be readily installed on windows to work as RF frequency
shieldsand can help in improving the signal strengths for 4G and 5G communications. Kapton
designs can be installed on walls as signal reflectors to reduce the absorption of signals by

materials used in construction of buildings.

Two bandpass design solutions for mm-wave and Low-THz bandpass FSS were also proposed
in this chapter. Bandpass FSS designs consisted of arrays of slots arranged in square lattice.
The novel fabrication of these bandpass FSS designs using aerosol jet printing was done on
Kapton. Bandpass slot FSS designs that operate at 125 GHz and 280 GHz were presented. The
two designs experimented with the extremity and precision of aerosol jet printers and 280 GHz
Low-THz design tested the absolute extremities and limits of the printing machine. High
quality surface profiles and 3D design mapping for every design are also presented. Surface
profiles in Keyence® 4K Ultra HD quality demonstrated the consistency and precision of the
fabricated designs at millimetre and Low-THz levels. Both the designs were fabricated on
Kapton. Due to intricate and flexible nature of 50-micron Kapton substrate, only the responses
at lateral angles were reported. Both the fabricated FSSs were in good correlation with their
original design dimensions. Passband states as well as Stopband states for both the designs
corresponded significantly well with one another. Passband state for the 125 GHz design
offered a significantly wide passband range that started at the frequency of approximately 90
GHz and remained above -10 dB up until well beyond 170 GHz. For the 280 GHz design, the
passband range was slightly lower and ranged from 240 GHz to almost 310 GHz.

Novel fabrication of the mm-wave and Low-THz designs provided an additional fabrication
technique to produce complex designs with millimetre precision. Developing single-polarized
bandpass FSS for mm-wave and low-THz applications provided economical and
uncomplicated solutions as a validation for the development. The manufacturing challengesin
the dispersion of ink and in the development of the most optimum toolpath for fabrication were

addressed within the development of this study. These initial studies for the Low-THz design
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could evolve further towards developing intricate and advance designs for ongoing 5G and
imminent 6G communication networks. By fabricating with extremely thin substrates, the

designs could also be manufactured to be 3D or foldable in nature.
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CHAPTER 7

CONCLUDING REMARKS

7.1 Conclusion

Manufacturing and development of frequency reconfigurable antennas and frequency selective
surfaces have been presented in this thesis. Frequency reconfigurable antennas for smart
sensing applications allow a single antenna to operate over a wide range of frequencies. The
ability of antennas to tune between a wide range of frequency helps the antennas cover several
adjacent frequency bands. Frequency reconfigurability can be achieved using numerous ways
and the implementation using inexpensive diode was presented in chapter 3 and chapter 4.
Frequency reconfigurable antennas are particularly useful in a number of applicationssuch as
smart voltage and current sensing, mobile and wireless communications, smart metering and
satellite communications. With a wide range of possibilities with antennas and fabrication
techniques, reconfigurable antennas provide low-cost, efficient and environment friendly

designs with the option of being flexible and foldable when printed on flexible substrates.

Frequency selective surfaces are filtering screens that are used to filter the desired frequency
band. There are two types of frequency selective surfaces (FSSs): Bandstop FSS and Bandpass
FSS. Bandstop FSS designs work as frequency shields that allow only the resonant frequency
band pass through and reflect all the other frequency bands and signals. Bandpass FSS designs
work as frequency reflectors and filters that reflect and filter all the bands neighbouring from
the resonant frequency bands. FSSs find applications in mobile communications, RF shielding,
frequency reflectors in indoor environments, 5G communications and the imminent 5G beyond

and 6G communications.
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A variety of fabrication techniques are reported in the development of antennas and Frequency
Selective Surfaces across the chapters in this thesis. Techniques such as etching, inkjet printing
and aerosol jet printing are used to develop several designs. Various substrates such as Mylar,
PET, resin coated photo paper, PLA, corning eagle glass, and Kapton are reported over the
course of thisthesis with various antennas and FSS designs. The designs cover some extremely
distinct and wide frequency bands ranging from as low as 2.4 GHz and go as high as 280 GHz
with an increase in bands by a factor of 120. Using different fabrication techniques provide a
wide range of possibilities inthe development of various designs in terms of the frequency of
operation, overall cost of designs, design response, alteration in response by changing the
property of the substrate etc to name a few. Advantages and disadvantages of additive
manufacturing on different surfaces and substrates are studied and reported. Surface profiles
and surface roughness of the printed substrates and designs are also explored and analysed.
This chapter provides a summation of the conclusions arising from the research presented in

this thesisalong with the future direction with the upcoming work presented in Section 7.2.

The research work started with the literature review on the most frequently reported frequency
reconfigurable smart antennas and designs over the years in Chapter 2. Advancements of
bandpass and bandstop frequency selective surfaces over the years are also reported where the
focus was primarily on the additive manufacturing of FSS structures. A number of traditional

and modern fabrication techniques are also presented in the chapters.

Chapter 3 demonstrated the development of frequency reconfigurable antennas for smart
sensing applications using close-coupled biasing technique. Inexpensive PIN diodes are
deployed to realise the frequency reconfigurability with the help of slot antenna designs. Close -
coupled biasing technique was presented in combination with slot antennas for the first time.
The design solutions were able to switch and tune between several frequencies and covered a
wide range of frequency bands of interest. The low-cost designing on flexible substrates
provides a solution for the development of designs for wireless communications and sensor
applications. Ademonstration for the use of tunable slot antenna for a smart AC sensing system
is also presented. The typical slot antenna is deployed with a novel current sensing system to
sense the alternating current levels passing through the wires of a common household electric
appliance. The dual-band antenna can perform the dual functions of sensing the current levels

through the first mode and transmitting the data over Bluetooth network in the second mode
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for smart metering. The thin and flexible nature of the substrate can help the antenna designs

to be rolled around a wire or a curved surface for an efficient use of space.

Chapter 4 presented an industry ready solution and the manufacturing considerations that went
into developing the frequency reconfigurable antenna aperture using low-cost inkjet printing
technique. Two operations of frequency-switching and frequency tuning are described using
the same antenna aperture. The solution presents a single-layer aperture of two rectangular
patches that are a small distance apart from one another, effectively creating a slot of infinite
length between them. Additional components are mounted on the antenna aperture to create a
complimentary dipole. Inkjet printing of the patch aperture provides a low-cost, environment
friendly commercially available solution that can print designs at a rapid rate with reliable
performances and uniform characteristics. Inkjet printing finds particular interest for its
simplicity and rapid prototyping and in developing electronics and antennas on foldable

substrates such as photo-paper and PET.

Chapter 5 presented the low-cost additive manufacturing of FSS using inexpensive machines
for microwave and sub millimetre wave applications. Two different approaches are presented
for the low-cost fabrication. Two bandstop FSS wallpapers were printed using a household
inkjet printer in which the ink cartridges were replaced with refillable cassettes filled with
conductive nanoparticle silver ink. The designs were printed on the resin coated paper for their
application as wallpapers for microwave and sub-millimetre wave reflectors for RF shielding
of 4G and 5G networks. The designs provide a low-cost solution to help develop the wallpapers
to enhance the signal strength from the comfort of homes and workplaces. The second part of
the chapter presented the development of a fully 3D printed bandstop FSS design using an
inexpensive open-source printer that was modified to accommodate dual-extrusion of the PLA
filament substrate and the VVoxel8 silver conductive ink. The manufacturing and developmental
considerations that went into developing a low-cost printer system combining the FFF
extrusion with an air pressure dispenser extruder to print the PLA and silver conductive
materials simultaneously. The ability to develop custom made fully 3D printed FSS or antenna
designs provides a lucrative alternative to develop intricate 3D EM structures with reliable
performances. The controllable permittivity and the adjustable thickness of the PLA substrate
can help in altering the physical properties of the design to provide a wide range of structural

possibilities which can be explored further in the future.
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Chapter 6 presented the aerosol jet printing of intricate Frequency Selective Surfaces. Various
FSSs were designed and fabricated using Aerosol Jet printer accessed at Centre for Process
Innovation, Durham, UK to develop bandstop FSS for microwave, sub mm-wave and mm-
wave designs for WLAN, 4G and 5G frequency shielding applications as well as the novel 3D
printing of bandpass FSS for mm wave and low-THz applications. Applications of RF
shielding, 4G and 5G communications are presented with the help of microwave and sub-
millimetre wave bandstop FSS designs. The designs covered the 2.4 GHz, 24 GHz, and
26-28 GHz bands, respectively. The designs were printing using aerosol jet printer with the
help of conductive nanoparticle silver ink on Corning eagle glass as well as on Kapton
substrates. The designs demonstrated exemplary performances and worked perfectly well for
the orthogonal as well as for diagonal angles, the TE-00 and TM-45 angles. Measured surface
profile shows the consistency of these Bandstop designs. Second part of the chapter presented
the mm wave and low-THz Bandpass slot frequency selective surface designs using the same
technology. These designs tested the accuracy and precision of the Aerosol Jet machines with
the low-THz design testing the machine to its extreme limits. Several iterations were required
to get the precise designs with reliable accuracy. The designs required the absolute micrometre
level precision that an aerosol jets provide, and strategic toolpaths were created to get the
desired designs to form into the shape of slot arrays. Two designs of bandpass slot FSS were
presented which resonated at 125 GHz and 280 GHz, respectively. The bandpass designs
operated inwideband mm-wave and low-THz regions and the measured transmission responses
corresponded well with the simulated responses. These futuristic designs find applications in
sensing systems, space communications, counter terrorism systems, and particularly with 5G
and the imminent 6G communication systems. Using flexible Kapton substrates also leaves the
options to make the designs flexible and foldable in nature. The measured surface profile and
surface roughness designs show the precision in the fabrication process and demonstrate the
acute accuracy with which an aerosol jet printer can print a design.

A comparison table comprising of the manufacturing trade-offs and comparisons between the
two methods proposed for the development of frequency reconfigurable slot antennas is
depicted in Table I. A similar table comparing the various AM techniques deployed in
manufacturing FSS designs is presented as Table Il. The two table, which were also presented

in earlier sections as well, may provide key suggestions and considerations to future designers.
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TABLE I.

COMPARISON TABLE AMONG THE PRESENTED RECONFIGURABLE ANTENNA FABRICATION

TECHNIQUES
Elements Etching Inkjet Printing
Substrate Mylar PET
Conductive layer Copper Nanoparticle silverink
Thickness 0.05mm 0.123mm

Fabricable layers
Fabricationtime
Components mounting
Substrate dimensions
Resistivity
Biasing tracks
Capacitive coupling
Direct reconfigurability
Flexibility
Bendability
Temperature tolerance
Switchingrange
Tuningrange

Bandwidthat fc

Single aperture dual
operations

Approximate cost per
antenna

Single and Double layer
Approx.1hr
Soldering
Etchingbed size
1.67x108Q-m
Yes
Yes
No
Yes
Yes
High
156 GHz -2.5GHz
14GHz-2.6 GHz
21%

Yes

£10-15

Single layer only
2-3 minutes
Conductive adhesive
A4 sheet size only
4.53x107Q-m
No
No
Yes
Yes
No
Low
1.7GHz -3 GHz
1.38GHz -2.7 GHz
24%

No

£25-30
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TABLE II.

COMPARISON TABLE BETWEEN PROPOSED FABRICATION TECHNIQUES FOR FREQUENCY

SELECTIVE SURFACES

Manufacturing Method

Saliant Features

Drawbacks

Low-Cost Inkjet printing

Microwave and mm-wave
designs presented
Inexpensive manufacturing
No stencil required

Reliable print resolution of
~100 um

Single-step printing

Printing time of a few
seconds over A4 area
Resistivity of 4.53x107 Q-m
with uniformity across tracks
No curing requirements

Eco Friendly

Not suitable for bulk
manufacturing

Delicate nature of structures
and substrates

Resolution constraints

with a limit on track size
(200 pm - 200 pm)

Costly conductive inks
Only single-sided
fabrication possible

Conductive Silver Ink extrusion

Fully 3D printed microwave
FSS presented

Both substrate and FSS array
are printed simultaneously
with the same printer
Permittivity of the substrate
can be varied with different
infill densities

Varied permittivity offered
variations in transmission
responses

Vacuum extrusion of
conductive silver ink offered
varied track thickness at
different pressures

Suitable with ABS and PLA
Fabrication time of 1-2 hours
for the proposed design
Resistivity of <3x107 Q-m
Fabrication on 3D substrates
within 4 mm range

Room temperature curing

Low-cost makeshift printer
Not suitable for mass
production

Intricate tracks not feasible
Limitations with the
variation in track width due
to the nozzle size

Abrasive finish to the
printed designs
Challenging task to
determine the suitable print
speed atangles

Method ideal for prototypes
only

Cost-inefficient prices of
ink to scale-up the
production

Aerosol Jet Printing

Microwave, mm-wave, and
low-THz designs presented
FSSs operatingat 2.4 GHz,
26-28 GHz, 140 GHz, and
280 GHz

Direct printing on Kapton and
glass

Direct printingon 3D
substrates possible

2-5 mm heights in 3D
printing feasible

Complex detailing of designs
possible

Highest costamong the
techniques presented
Higher production cost
Requirement of skilled tool
operations

The conductive inks are in
liquid form and spill after
deposition

Post deposition spillage of
ink not ideals for details
smaller than 5 um
Challenging post-processing
on flexible and curved
surfaces
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»=  5pum of track width = Expensive conductive inks
achievable in view of up-scaling
= Resistivity of 2.6x1077 Q-m
for Kapton and 2.5x107 Q-m
forglass
= Printing time of 3-4 hours for
a single design
= Dry curingrequired for 60
minutes at 150° C
=  Extreme accuracy with <1%
deviation in fabrication

7.2 Future work

The works that have been reported within this thesis have exhibited the successful additive
manufacturing of reconfigurable antennas and frequency selective surfaces using low-cost and
expensive printing equipment. Additive manufacturing using low-cost household inkjet printer
using nanoparticle silver ink was presented to create an antenna solution as well as wallpaper
reflector screens printed on paper-based substrates. A successful demonstration of low-cost
inkjet printing on PET and raisin coated paper was demonstrated for WLAN, 4G and 5G
applications across the smart antennas and FSS designs that encompassed the 2.4 GHz and 24
GHz bands, respectively. Some further investigations can therefore be conducted to develop
the mm wave structures using the inkjet printers by developing some innovative and intricate
designs that can overcome the limitations of the standard inkjet printersto be able to print the
complex structures with repeatability and reliable accuracy and resolution of the printed

intricate tracks.

Additionally, to take the developments of the passive FSS designs further, multiband FSS
structures can also be developed that can accommodate two or more frequency bands
depending on the specific designs. Multiband FSS designs can be particularly useful as
frequency shields that can enhance the signal strength for both 4G and 5G signals
simultaneously using the same wallpaper or printed FSS array. The flexible and foldable nature
of the paper and PET based substrates can help mount the FSS in corners or uneven surfaces
and still provide relatively good angle of incidence behaviours, which, in itself possesses scope
for further investigations in the near future. Development of multiband FSS reflector screens

that can provide reliable performances from on uneven surfaces provides an exciting challenge
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for the researchers and works as something that can provide many manufacturing and designing

possibilities.

In addition, additive manufacturing of active FSS structures is an area which remains largely
unexplored as a large volume of the work conducted in this field of work is for the defence
sector and therefore, the literature remains inaccessible and the real extent of the recent
developments in this field of work remains beyond reach. Active FSS, as the name implies is
the kind of smart FSS in which the frequency dependence of the transparency of the structure
can be amended by using an external input signal of some kind. An FSS can be asserted as
active or smart by one of these three means: when active components are mounted within the
FSS structure, when alteration of the mode coupling that exists between the cascaded FSS
designs can be achieved or when the electrical properties of the substrate can be altered [1].
The most reliable method for active and smart FSS designs has been using PIN or varactor
diodes. There can be three potential ways in which the active elements can be incorporated
within an FSS: as a part of the unit cell structures, between two adjacent unit cells and between
the ground plane and the layers [1]. As the external input signal such as DC voltage is supplied,
the FSS structure, with the help of its active components such as diodes, inverses its
performance from being a reflective screen to a transmitting screen at the frequency of
operation. In the transmitting state, the FSS acts as a transparent structure which switches its

transparency levels when the mode is switched from transmitting state to reflective state.

With the rapid advancements in additive manufacturing, development of smart FSS structures
using AM could be an attractive field of exploration. The manufacturing constrains, which
were discussed in Chapter 4 about the development of smart antenna solution would help in
establishing the manufacturing and designing considerations require for the desired smart FSS
designs using low-cost machines. The substrates that are typically available for low-cost
additive manufacturing typically have single-sided fabrication as well as low temperature
tolerance which makes them unsuitable for multi-layered designs and mounting components
using the conventional methods such as soldering. Additionally, due to the flexible nature of
the suitable substrates, the printed FSS layout must be pre-mounted on a piece of foam or some
similar thick substrate for durability and solidity. As the components cannot be soldered,

conductive adhesives must be used to mount the components.
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Keeping the aforementioned considerations and constraints in mind, an FSS will be designed,
investigated, and developed as for the future course to take this research forward towards
exploring the additive manufacturing of smart FSS. As the design was still in the developmental
stage when this thesis was compiled, certain critical aspects of designs are not elaborated here

in this section. Only the simulated transmission response is presented.

For the active FSS, a single-layer dipole FSS was designed while keeping the manufacturing
considerations for the Brother inkjet printer in mind. Initially, a simple dipole was designed
but the transmitting state response did not resonate as per expectations with even the best-case
response of -4 dB observed for the resonant frequency of 2.4 GHz which was in accordance
with the expected results illustrated in [2]. To overcome this issue, a new FSS unit cell design
was proposed that consisted of two radiating elements to minimise the complexity that cannot
be diminished even in an optimised design proposed in [2] and [3]. The design consisted of a
single-polarised dipole FSS and a pair of periodic convoluted matching tracks. The FSS array
created using this unit cell design can be called a dipole FSS with discontinuous H-shaped
matchingtracks. When the dipole strips are connected, the dipole acts as a discontinuous strip
of conductive layer. The gaps were filled with switching diodes which were mounted using
conductive adhesives. The intricate nature of the design required the diodes to be attached with
extreme precision and accuracy. The whole process took a few weeks to complete due to the
complex nature of the process. Initially, conductive inks were tried which turned out be
ineffective in keeping diodes in place. The proposed design can be seen in Fig. 7.1 below. The
design was printed on a raisin coated photo paper, the same one which was demonstrated for
wallpaper reflector FSS designs earlier. The workmanship to mount the diodes which were
attached using the conductive adhesive can be seen in the picture. H-shaped matching tracks

can also be seen in the photograph.
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Fig. 7.1 Inkjet-printed active dipole FSS with H-shaped matching stubs

Depending upon the assessment of the design orientation to be horizontal or vertical, the
matching stubs can be considered to be H-shaped or I-shaped. For clarity purposes, horizontal
orientation was assumed for the array. The simulated CST transmission response can be seen

in Fig. 7.2. Again, only the CST response was produced as the design was in the developmental
stage.

S-Parameters [Magntude in dB]
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Fig. 7.2 Simulated CST Transmission Response of the proposed Active FSS design
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With the potential success of this smart FSS, some future advancements along the lines of dual -
polarised designs can be made using similar methods. The possibilities of deploying VVaractor
diodes for the inkjet-printed design to make the smart FSS tunable at various frequency with

the variationin DC supply voltage also needs to be investigated in the coming future.
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