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Abstract

This work presents a study of low-cost antennas and communication systems to sup-

port the burgeoning demand for bandwidth in the next generation wireless commu-

nications and networks (5G) and/or Internet of Things (IoT). The work was divided

into three different fields all aimed at low-cost solutions of enabling next generation

networks (5G) and IoT.

The first part of the study involves study of low-cost fabrication of antennas and

radio frequency (RF) guided wave structures up to 10GHz using the thermal transfer

printing (TTP) technique on renewable, light weight, flexible and low-cost substrates.

The thermal transfer printing method for electronics was characterised from DC to

10GHz and benchmarked for performance against inkjet printing technique which is

an established technique for printed electronics. TTP achieved similar or better read

range to inkjet printed radio frequency identification (RFID) antennas that were used

in this study. Applications of the TTP method in IoT taking advantage of its speed

and low cost were demonstrated by; producing on-demand antennas and/or rapid

prototyping electronic designs, using off the shelf components to build a frequency

agile antenna, and an ultra wideband antenna (UWB) for low power short range

communications.

The second part involves design and optimisation of a multi-port driven (MPD)

slot-ring antenna for purposes of integration with resonant tunnelling diode (RTD)

oscillators for millimetre-wave communications. The optimised structure managed

airside radiation without the use of bulky lenses and achieved directivity of 10.8 dBi.

The concept of the slot-ring with a backing ground plane was experimentally verified

by a fabricated antenna for 5GHz operation showing the expected performance.

The third part is an experimental study of modulating RTD oscillators to deter-

mine and improve achievable modulation bandwidth to meet 5G demands. Wireless

transceiver systems at 28-40GHz and 240GHz were build using combinations of horn

antennas, quasi-optical Schottky barrier diode detectors and some off-line signal pro-

cessing. The modulation bandwidth of the oscillators were found to be limited to
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300Mbps and 16Mbps for the 28-40GHz oscillators and 220-300GHz oscillators re-

spectively due to oscillators being optimised for high power output instead of high

modulation rates. Recommendations are made to improve the modulation datarate

of these oscillators in order to meet the 5G datarate targets.
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Chapter 1

Introduction

Envisaged as the next evolutionary stage of the Internet, the Internet of Things

(IoT) will consist of an estimated tens of billions communicating devices operating in

diverse applications including but not limited to; health care, smart cities, personal

area networks, smart homes, supply chain management, and smart grids [1–4]. It is

estimated that the IoT will be a US$ 1.3 trillion business for mobile network providers

by 2020 [4] and is expected to be accommodated in the next generation of mobile

networks (commonly known as fifth generation or 5G). The dominating demands for

5G networks are high capacity, low latency and highly mobile data communications

which need to be met before 2020 when 5G is expected to be at deployment phase.

The current unlicensed communications bands like the industrial, scientific and med-

ical (ISM) radio bands are already experiencing over-subscription due to the large

number of users and devices [5–7]. Meanwhile the current licensed mobile commu-

nications bands are limited in bandwidth and cannot accommodate the increasing

subscribers/devices and the high datarates envisaged (tens of gigabit per second) for

5G. Although there are efforts to improve spectral efficiency in the current ISM bands

to accommodate more users [8,9], it is reasonable to expect the problem to be further

exacerbated by ubiquitous computing and IoT [10] with wireless communication de-

mands anticipated to increase up to 1000 times by 2020 [11]. Thus, to accommodate

the expected large number of devices and the envisaged datarates for the IoT and

5G, alternative communication channels are being explored.

A number of candidates have been identified to accommodate the next generation

of communication devices. Figure 1.1 illustrates a possible 5G frequency deployment

scenario showing the use of the radio spectrum from low frequencies (300MHz) in

the left all the way to high frequencies (300GHz) to the right of the figure. In
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CHAPTER 1. INTRODUCTION

Figure 1.1: Possible 5G networks scenario showing the range of frequencies and their
likely deployment [12].

particular, the migration of television broadcasting to digital terrestrial broadcast

has freed up some spectrum in Ultra-High Frequency (UHF) band ideal for radio

frequency identification (RFID) which is expected to contribute significant number of

devices in IoT in a wide range of applications. Opportunistic use of the bands between

television channels known as TV white space (TVWS) have been investigated for use

in IoT applications where co-existence with incumbent licensed users is proposed [13].

The millimetre-wave (30-300GHz) band has also been investigated for short-range

communication [14] and pico-cell services [15] and put forward as a candidate to

accommodate high capacity and high datarate communications commensurate with

the 5G demands. Above 300GHz, the submillimetre-wave (300GHz -3THz) band is

largely unregulated and ideal for short range high data-rate communications and has

received a lot of attention by both industry and academia to develop terahertz and

sub-terahertz communications [16, 17] and imaging.

1.1 Motivation

Pervasive adoption of IoT will be dependant on low unit cost for each device [18], as

such, low-cost solutions are attractive. Planar antennas are attractive because their

low profile and low weight make them easy to integrate unobtrusively into compact

user electronics such as tablets, wearable electronics, etc. Moreover, their compati-

bility with monolithic microwave integrated circuits (MMIC) makes them attractive

and potentially cheaper to develop communications systems and subsystems in very
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CHAPTER 1. INTRODUCTION

large scale integration (VLSI) or application specific integrated circuits (ASICs). This

thesis presents a study of low cost planar antennas and communication systems for

use in the next generation communicating devices.

1.1.1 Low-cost microwave printed electronics

In order to keep the unit costs of IoT devices there has been a drive to develop low-

cost, flexible and lightweight electronics. This has led to high interest in low-cost man-

ufacturing of electronics by both academia and industry [2, 3, 19] to support/enable

pervasive computing and IoT applications. As a result, a number of inexpensive tech-

niques for printing electronics have recently been a subject of research. Such methods

focus on additive manufacturing of electronics on cheap and renewable substrates [20]

as opposed to subtractive methods on semiconductor substrates. In so doing, material

waste and the use of enviromentally harmful chemicals are minimised, further reduc-

ing the cost of production and negative environmental impact. Rapid, large scale

production of electronics is also desirable to produce vast numbers of devices for IoT.

Hence roll-to-roll compatibility of these methods is important to allow large scale

and rapid manufacture of electronics. These low-cost electronics fabrication methods

include methods such as inkjet printing (e.g. of antennas [21], frequency selective

surfaces [22], UHF passive components [23, 24], sensors and circuits [25]), gravure

printing (e.g. transistors [26], and high resolution interconnects [27]), and screen

printing (e.g. of electronic circuits [28] and passive sensors [29]). These techniques

are well known and widely used approaches to depositing inks containing conductive

particles or flakes typically metallic (or carbon nanotubes [30]), which then requires

sintering to achieve the maximum conductivity.

Newer developments from time to time emerge, potentially offering improved pro-

cessing methods that are faster, more convenient and lower costs. Such a develop-

ment is the introduction of metal ribbons for thermal transfer printing (TTP). TTP

is a roll-to-roll compatible printing method that offers low-cost and fast printing of

metallic traces. TTP traces unlike inkjet and screen printing does not require a sin-

tering step therefore avoiding costs associated with acquiring and operating sintering

facilities. TTP achieves print speeds of up to 20 cm/s and since there is no waiting

time associated with sintering, TTP allows on-demand and rapid manufacture and/or

prototyping of electronics. In this thesis, the TTP method is studied as a viable alter-

native to the established printing techniques of electronics for IoT applications. The
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TTP method is characterised and benchmarked against inkjet printing which is an

established and pervasive printing method for electronics. Then, applications of the

TTP method for manufacturing of electronics in the IoT are also studied exploiting

its advantages.

1.1.2 Millimetre-wave communications

The millimetre and submillimetre-wave bands have largely unregulated spectrum

that can be used for short-range high data-rate communications [31]. At these fre-

quencies, electromagnetic waves have short propagation distances due to atmospheric

attenuation [32]. This property makes the millimeter wave band particularly attrac-

tive for short-range communications allowing for frequency re-use and thus accom-

modating large number of users/devices meeting the high capacity requirements for

5G networks. Pico cells and home area networks (HAN) have been shown to have the

potential of up to 70% cost reductions for operators [33]. However, there are some

technical obstacles that need to be overcome to realise millimeter wave communica-

tions including the development standards, building transceiver systems, developing

compact millimetre-wave radio sources and efficient millimetre-wave antennas [34]

among others. Therefore, a lot of work is currently being done by both industry

and academia to develop millimetre and sub-millimetre wave communications and it

remains an area of active research [16, 17,35,36].

Resonant tunnelling diodes (RTDs) have been demonstrated to work as compact

sources at room temperatures in the terahertz and millimetre wave bands [37, 38].

RTDs therefore have the potential to make millimetre-wave communications feasible

with compact sources that can be integrated into consumer electronics, addressing

the problem of lack of millimetre-wave and terahertz sources. However, the low power

output of RTD-based oscillators (<1mW) necessitates efficient and directive antennas

to achieve communication over reasonable communication distances (tens of metres)

to compensate for the high atmospheric attenuation. Planar antennas are usually

favoured because of their relative ease of manufacture and integration with mono-

lithic microwave integrated circuit (MMIC) processes. However, at the millimeter-

wave frequencies they suffer from low efficiency due to the excitation of substrate

modes as the substrate gets electrically large [39]. In most cases the thickness of the

substrates can not be made thin due to manufacturing process and packaging con-

straints. Therefore there is a need to develop efficient antennas for integration with
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RTDs to realise millimetre-wave communications. In this thesis, a multi-port driven

slot-ring antenna is investigated for integration with RTD oscillators. The main ob-

jective being to work towards developing a transceiver system in the millimetre-wave

bands for short range, high data-rate communications. In particular, the slot-ring

multi-port driven antenna is studied for the purposes of integration with RTD oscil-

lators.

RTD oscillators that have been developed and optimised for high radio frequency

(RF) output are studied for millimetre-wave communications. These oscillators have

the potential to support high datarates wireless communications that can meet the 5G

targets (approximately several tens of gigabit per second datarates). In this Thesis

such oscillators are characterised for modulation bandwidth, determining the limiting

factors and developing solutions to maximise the achievable datarates. Wireless com-

munication systems are built for the lower band (30GHz) and upper band (300GHz)

of the millimetre-wave band.

1.2 Aim and scope

The aim of this Thesis is to realise low cost communication solutions to enable IoT

devices to communicate. The main objectives are;

1. Demonstrate the thermal transfer printing method as a viable electronics fab-

rication method for IoT devices on renewable substrates up to 10GHz,

2. Characterise and benchmark the performance of the thermal transfer printing

method to inkjet printing, which is an established method of printing electron-

ics,

3. Study and optimise the multi-port driven slot-ring antenna for purposes of

integration with resonant tunnelling diode oscillators with emphasis on airside

radiation,

4. Characterise and determine the modulation bandwidth of the high power res-

onant tunnelling diode oscillators to improve the achievable data transmission

rates towards 5G targets.

5. Build wireless transciever systems in the millimetre-wave band using RTD os-

cillators for ubiquitous communications applications.
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1.3 Thesis outline

This Thesis is organised as follows, Chapter 2 provides the background on antennas,

their key figures of merit important for design and performance evaluation. Common

antenna types are also discussed along with typical application scenarios. Multi-

port driven antennas are introduces as well as a slot-ring antenna which is studied

subsequently for integration with RTD oscillator. Low cost printing techniques for

large area electronics and antennas are also presented including the thermal transfer

printing method. Millimetre-wave communications are discussed as an enabler for 5G

networks. Chapter 3 presents the methods, tools and equipment used throughout this

Thesis highlighting their benefits and limitations. In Chapter 4, the thermal transfer

printing method is characterised and benchmarked to incumbent printing techniques

for low-cost printed electronics. Applications of the thermal transfer printing method

in the IoT is demonstrated in Chapter 5 exploiting the advantages of the technology.

Chapter 6 presents a study and optimisation of a slot-ring multi-port driven antenna

for the purposes of integration with resonant tunnelling diode oscillators and exper-

imentally verification. Chapter 7 presents experimental studies of direct modulation

of resonant tunnelling diode oscillators for wireless data communications with the

purpose of improving the achievable data rates to meet 5G targets. Wireless commu-

nications systems at 30GHz and 300GHz are built demonstrating the feasibility of

using RTD oscillators as an enabling technology for ubiquitous communications for

5G. Conclusions and future work are finally discussed in Chapter 8.
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Chapter 2

Background

This Chapter provides background on antennas, their operation and key perfor-

mance metrics used to evaluate antennas in this Thesis. Common antenna types and

applications are discussed as well including a multi-port driven slot-ring antenna.

Low cost printing methods commonly used for large-area electronics are discussed

together with the thermal transfer printing method which is a new technique for

producing printed electronics. Millimetre-wave and resonant tunnelling diode based

communications are also discussed subsequently including the antenna design for mil-

limetre wave antenna design. Chapter conclusions are then subsequently drawn.

2.1 Antennas and figures of merit

This Section provides the definition for antennas and their key figures of merit

commonly used for design and performance evaluation. The theory of operating

mechanism of multi-port driven ring and its complementary structure of slot-ring are

also discussed.

2.1.1 Antenna definition

An antenna is defined as a component designed to receive or radiate electromagnetic

waves by the Institute of electrical and electronics engineers’ (IEEE) terms of defini-

tion [40]. Antennas are therefore interfaces for sending and receiving wireless signals

and as such, critical components in wireless communication systems. Radiation in an-

tennas is achieved by acceleration (or deceleration) of charge [41]. Figure 2.1 shows a

snapshot of the electric field distribution around an ideal half-wavelength dipole. On
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Figure 2.1: Snapshot of electric field distribution in the near-field of a dipole antenna

a peak positive cycle, an accumulation of charge occurs on the upper half of the dipole

inducing an instantaneous positive charge. The lower half meanwhile experiences a

deficit of charge resulting in an instantaneous negative charge. The instantaneous

current is also shown by the dotted arrows along the dipole. The time-varying source

creates an oscillation of charge back and fourth between the two halves of the dipole

that results in the radiation as shown in Figure 2.1. An antenna has two regions of

interest, the near-field and the far-field regions. The area within a distance d < 2D2

λ

of an antenna forms the near-field (Fresnel region) with λ as the wavelength and D as

the radius of a sphere that encloses the antenna determined by the physical size of the

antenna. In the near-field region the radiation pattern is dependant on the distance

from the antenna whereas the radiation pattern is independent of the distance from

the antenna in far-field region. The antennas studied in this Thesis are designed to

operate in the far-field region, therefore only the far-field characteristics are discussed.

2.1.2 Key antenna figures of merit

The following are the most common figures of merit used to specify designs and

evaluate antenna performance.

Radiation pattern

The far-field radiation pattern of an antenna gives the spatial distribution of the

radiated electromagnetic energy by the antenna. It is represented by the relative

intensity measured along the azimuth (φ) and elevation (θ) angles around the antenna
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Figure 2.2: Spherical coordinate system for defining an antennas radiation pattern

under test (AUT) as shown in Figure 2.2. Spherical coordinates as shown in Figure

2.2 are commonly used to formulate and describe antenna radiation characteristics. A

complete representation of radiation patterns is a volumetric measurement of intensity

on a surface of a sphere, often normalised to the highest intensity. A more concise

representation of the radiation pattern is often given as the spacial distribution of

energy along special values of azimuth and elevation angles known as the E-plane

and H-plane. For linearly polarised antennas as the dipole in Figure 2.2, the electric

field is along the z-axis and thus the z-x plane is referred to as the E-plane at φ = 0o.

The magnetic field is orthogonal to the electric field and thus the x-y plane is known

as the H-field at θ = 90o. The E-plane and H-plane are often enough to give a good

overview of the radiation pattern of an antenna and thus used to describe radiation

patterns in the rest of this Thesis.

Directivity

The radiation intensity I(φ, θ) is defined as the power radiated by an antenna per

unit solid angle dΩ = r2sinθdθdφ on a surface at a distance r from the antenna.

The average intensity Iave is the total power intensity averaged in all directions (ideal

isotropic antenna) given by;

Iave =

´ 2π

0

´ π

0
I(φ, θ)dΩ

4π
(2.1)
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The directivity of an antenna is then defined as the ratio of the radiation intensity

in a given direction to that of an ideal omnidirectional antenna.

D(φ, θ) =
I(φ, θ)

Iave
, (2.2)

where I(φ, θ) is the radiation intensity in a particular (φ, θ) direction. It is common

to state the maximum directivity value at a particular direction for brevity. Antenna

directivity is typically reported with reference to an ideal isotropic antenna denoted

dBi and gives a measure of how directional an antenna is. An omnidirectional antenna

will have a directivity of 0 dBi, and highly directive antenna will have high value (up

to 40 dBi) of directivity.

Half power beam width

The half power beam width (HPBW) gives the angle at which power intensity drops

to half of the maximum intensity as shown in Figure 2.3. The maximum directivity

stated along with the half power beam width is often used to describe the radiation

pattern since it gives in a concise manner the distribution of the radiated power in

the far field. A narrow HPBW angle denotes a directional antenna, while a wider

angle signifies an non-directional antenna. A value of 360o denotes an omnidirectional

antenna.

Figure 2.3: Half power beam width angle of an antenna

Gain

The gain of an antenna is the directivity adjusted for losses. That is;

G(φ, θ) = ηD(φ, θ), (2.3)
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where D is the directivity and η is the efficiency. Antenna gain is typically reported

with reference to an ideal isotropic antenna denoted dBi.

Efficiency

The radiation efficiency of an antenna is the ratio of the radiated power to the total

power supplied to the antenna. That is;

η =
Prad

Ptot

=
Prad

Prad + Ploss

(2.4)

where Prad is the radiated power, Ptot is the total power supplied, and Ploss is the total

power losses due to; mismatch between antenna and transmission line, and material

losses (e.g. metal, dielectric).

Return Loss/Reflection Coefficient

The return loss (RL) of an antenna gives a measure of losses that arise from impedance

mismatch between the transmission line and the antenna. It is expressed as a ratio

of the incident power to the reflected power in decibels (dB) by;

RL = 10log10

(
Pi

Pr

)
, (2.5)

where Pi and Pr are the incident power and reflected power respectively. For maxi-

mum power transfer, the transmission line impedance and the antenna input impedance

should be equal, which results zero insertion losses. In some texts the return loss is

expressed as reflection coefficient (Γ) or s11 which is given by;

Γ =
ZL − Zo

ZL + Zo

(2.6)

where ZL is the impedance of the antenna and Zo is the impedance of the transmission

line. The return loss and reflection coefficient are related by;

RL = −20log10(|Γ|) (2.7)

Ideally the return loss have to be as small as possible at the desired frequency.

This is often achieved by the use of matching networks between the transmission line

and antenna. For practical purposes, the acceptable level of the reflected power is at

most a tenth of the incident power (-10 dB).
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Figure 2.4: Typical antenna reflection coefficient

Impedance bandwidth

The impedance bandwidth of an antenna gives the range of frequencies over which an

antenna efficiently radiates. It is normally expressed as the range of frequencies that

an antenna has lower than -10 dB return losses as shown in Figure 2.4. Fractional

bandwidth is another parameter that gives a measure of the bandwidth of an antenna

and is given by;

BW (%) =
fH − fL
fH + fL

× 200 (2.8)

A higher value of fractional bandwidth signifies wideband operation while a small

value means the antenna is narrowband. Antennas with a fractional bandwidth higher

than 20% are commonly referred to as ultra-wideband (UWB) [42].

Polarisation

Polarisation characterises the time-varying magnitude and orientation of the electric

field of an electro-magnetic wave as it propagates in space. The instantaneous electric

field of an electro-magnetic wave propagating in the z direction can be represented

by;

E(z, t) = Excos(ωt+ kz + φx)ûx + Eycos(ωt+ kz + φy)ûy (2.9)

where Ex and Ey are the maximum magnitudes of the x and y components respec-

tively, k is the phase constant, ω is the angular velocity and φx and φy are the phase

delay in x and y directions respectively.
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(a)

(b)

Figure 2.5: Propagation of a generic wave (a) and a trace of the electric field vector
showing elliptical polarisation (b).

Figure 2.5(a) shows the propagation of a generic wave described by Equation 2.9

with non-zero Ex and Ey. A vectorial representation of an electric field described by

Equation 2.9 with non-zero Ex and Ey in space in general terms traces out an ellipse

on the plane perpendicular to the direction of travel as shown in Figure 2.5(b) as

the wave propagates in the z direction. In particular, the trace is elliptical when two

conditions are met; when the phase difference between the x and y components is an

odd multiple of π/2 and the magnitudes are not equal or when the phase difference

of the two components is not a multiple of π/2 irrespective of their magnitudes.

For the case Ex 6= 0 and Ey 6= 0 and the phase difference between the x and y

components equals an integer multiple of π i.e.;

∆φ = φx − φy = nπ, n = 0, 1, 2, 3, ... (2.10)

the vector traces a line in the x-y plane and the wave is said have linear polarisation.

If either Ex = 0 or Ey = 0, the wave will also have linear polarisation. An antenna

that radiates a linearly polarised wave is also said to be linearly polarised.
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If the phase difference between the x and y components equals π/2 and the Ex =

Ey the vector traces a circle and the wave is said to have circular polarisation. An

antenna that radiates a circularly polarised wave is thus said to be circularly polarised.

Circular polarisation is thus a special case for elliptical polarisation.

Axial ratio (AR) is a parameter that describes the ratio of the main axis to the

minor axis of the ellipse traced by the electric field vector shown in Figure 2.5(b).

The axial ratio in decibels is given by;

ARdB = 20log10

(
AB

OB

)
(2.11)

For a circular polarised wave, the axial ratio is 0 dB for linearly polarised waves

the axial ratio is infinite. The axial ratio of circularly polarised antennas is usually

reported as a function of frequency or elevation angle to describe the variation of the

polarisation with frequency or direction.

A circularly polarised wave can rotate in a clockwise or counter-clockwise direc-

tion. A wave that rotate in clockwise direction is said to have right hand circular

polarisation (RHCP) while one that rotates in the counter-clockwise direction is said

to have left hand circular polarisation (LHCP).

2.1.3 Common antennas

Antennas can be categorised by the mechanism they achieve radiation (i.e. resonant

or travelling wave), their construction (i.e. wire, planar or aperture) or radiation char-

acteristics (i.e. omnidirectional or directive). An exhaustive description of antennas

is beyond the scope of this Thesis and can be found in antenna design handbooks [41].

Some common antennas are discussed subsequently along with typical applications.

Dipole antenna

A dipole antenna is simple wire antenna constructed by two quarter-wavelength wires

placed end-to-end with an excitation source placed between them as shown in Figure

2.1. The radiation pattern of a dipole is omnidirectional and makes it ideal for ap-

plications where the location of the communicating devices is unknown or not fixed

for example mobile ad-hoc networks. The gain of a dipole made of an ideal conduc-

tor is 2.15 dBi, and is often used as a reference for antenna gain (dBd) instead of

an isotropic antenna (dBi). The gain relative to a dipole and isotropic antenna are
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Figure 2.6: Half wavelength dipole antenna and its radiation pattern

related by GdBd = GdBi − 2.15.

Patch antenna

A patch antenna is an example of a low-profile antenna formed by a rectangular metal

patch printed on top of a dielectric with a backing ground plane as shown in Figure 2.7.

The dimensions of the patch determine the resonant frequency and the width of the

patch is a half-wavelength of the design frequency. Patch antenna are omnidirectional

with a gain of around 6 dBi and commonly used in mobile communications where the

transmitter and receiver relative positions are not known and can change over time.

Figure 2.7: Microstrip-fed patch antenna and its radiation pattern

15



CHAPTER 2. BACKGROUND

Horn antennas

A horn antenna is an example of a travelling wave formed by flared ends of a waveg-

uide to form a gradual transition from waveguide to air as shown in Figure 2.8. Horn

antennas are highly directional and have gains up to 30 dBi. They are ideal for ap-

plications where the position of the transmitter an receiver are known and fixed.

Figure 2.8: Circular horn antenna and its radiation pattern

2.1.4 Multi-port driven antennas

Multi-port driven (MPD) radiators offer the possibility to obtain high radiation

efficiency even with low input impedance antennas and power combining by the an-

tenna [43]. The integration of sources and the antenna reduces losses associated with

transmission lines and impedance matching networks which at millimetre and sub-

millimetre bands are significant. An eight source multi-port driven radiator designed

for 155 GHz operation implemented using a conductor ring with a wheel and spoke

geometry on a quarter-wavelength thick silicon substrate with a reported gain of

4.4 dBi, 9.71 dBi maximum directivity and 30% efficiency was described in [43].

An eight source wheel and spoke MPD radiator is shown in Figure 2.9(a). Each

of the driving ports is a controlled phase current source with a value Is. Two as-

sumptions are required for analysis; 1) the current distribution on a wire terminated

by a short circuit has a sinusoid distribution and 2) there is no coupling between the
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(a) (b)

Figure 2.9: Illustration of an MPD antenna; (a) wire geometry of an 8-source MPD
and (b) fabrication schematic of an 8-source MPD on silicon [43].

ring and spokes or between the individual spokes. Analysis of the structure using the

superposition theorem considers the ring and the spokes separately. When a current

Is is injected at port 0 it splits in two and propagates along the two halves of the

ring towards port 4. A standing wave is generated along the ring with current maxi-

mums at φ = π/2 and φ = 3π/2 due to the differential symmetry of the structure as

shown in Figure 2.10. The far-field electric field can be calculated from the current

distribution along the structure.

Figure 2.10: Current distribution from one source on the spoke and ring structure.

Due to the symmetry of the structure, the y-component of the current along ring

cancels out. Only the x-component of the current on the ring that add coherently

and contribute to the far-field electric field. To get the far-field electrical field, it
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is only necessary to integrate the x-component of the current in one quadrant and

multiply it by 4 due to the two planes of symmetry. The current distribution along

the quarter of the ring is a sinusoid with the maximum occurring at φ = π/2 and can

be expressed as:

Iq = Imaxcos(βl) (2.12)

Where Imax is the maximum current that appears at φ = π/2, β = 2π/λ is the

propagation constant and l = r(π/2 − φ) is the length of wire from φ = π/2 where

Imax occurs. Define a parameter g = 2πr/λ as the ratio of the circumference of the

ring to the wavelength where r is the radius of the ring. Thus l = (π/2− φ)gλ/(2π)

and the current along the quarter length can be expressed as:

Iq = Imaxcos[g(π/2− φ)] (2.13)

The x-component of the current Iqx is given by:

Iqx = −Imaxcos(gφ
′)cos(φ′)ûx (2.14)

where φ′ = (π/2− φ).

The far-field electric field due to currents on a plane perpendicular to a point of

observation at a distance Ro is given by [41]:

E =
−jωµ

4π

e−jkRo

Ro

ˆ

C

Idl (2.15)

where k = ω
√
µǫ, with ω as the angular frequency of the time harmonic signal, while µ

and ǫ are the permeability and permittivity of the medium respectively. Substituting

2.14 into 2.15, the far-field electric field due to the currents on one quarter of the ring

can be expressed as:

Ex = −Imax
jcgµ

8π2

e−jkRo

Ro

ˆ π
2

0

cos(gφ′)cos(φ′)dφ′ûx (2.16)

Using equation (2.11) and equating Iq = Is/2 at φ = 0 (i.e. Imax = Is
2cos(gπ/2)

), the

solution to the integral 2.16 is:

Ex = −Is
jcµ

16π2

e−jkRo

Ro

g

g2 − 1
ûx (2.17)

Thus the total electric field due to the four quadrants of the ring is therefore;
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Er
x = 4Ex = −Is

jcµ

4π2

e−jkRo

Ro

g

g2 − 1
ûx (2.18)

Similarly, the far-filed electric field contribution of the currents on the spoke can

be determined. The current distribution on the spoke is assumed to be sinusoidal

with a maximum at the center and zero at the floating end. Thus the current along

the spoke can Isp can be expressed as;

Isp = Ismaxcos(
2π

λ
x)ûx (2.19)

Es
x =

−jωµ

4π

e−jkRo

Ro

ˆ

gλ
2π

− gλ
2π

Ismaxcos(
2π

λ
x)dxûx (2.20)

The solution to the integral is then:

Es
x = −Ismax

jcµ

4π2

e−jkRo

Ro

sin(g)ûx (2.21)

At x = r the current along the spoke is equal to the current injected by the source

Is, thus 2.19 can be rearranged as,

Ismax =
Is

cos(2πr
λ
)
=

Is
cos(g)

(2.22)

Substituting back into 2.21 yields

Es
x = −Is

jcµ

4π2

e−jkRo

Ro

tan(g)ûx (2.23)

The total far-field electric field is given by:

E0 = Es
x + Er

x = −Is
jcµ

4π2

e−jkRo

Ro

[
g

g2 − 1
+ tan(g)

]
ûx (2.24)

For a source located at an arbitrary angle φi along the structure, the far-field

electric field contribution Ei can be expressed as

Ei = E0 [cos(φi)ûx + jsin(φi)ûy] (2.25)

where

E0 = −Is
jcµ

4π2

e−jkRo

Ro

[
g

g2 − 1
+ tan(g)

]
(2.26)

The total electric field due to N identical sources (with current Is) along the

structure is given by,
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ETot =
N∑

i=1

Ei = −NIs
jcµ

4π2

e−jkRo

Ro

[
g

g2 − 1
+ tan(g)

]
(cos(φi)ûx + jsin(φi)ûy) ,

(2.27)

From Equation 2.27, the far-field electric field is directly proportional to the number

of sources on the structure, thus power combining can be achieved using multiple

sources. To obtain a rotating far-field electric field N ≥ 2 and the sources have to be

phased such that currents injected into the structure add constructively. That is, the

phase difference between adjacent sources along the ring must equal the propagation

delay the wave travels between them.

Equation 2.27 shows that a key parameter of an MPD ring antenna is g which

determines if the currents on the ring and spokes to add up coherently and radiate ef-

fectively or destructively resulting in no radiation. When the terms g
(g2−1)

and tan(g)

have the same sign, constructive interference occurs and result in a non-zero far-field

electric feild as shown by Figure 2.11. This condition is met in the range 1 < g < π/2

which is a design guideline for effective radiation for an MPD ring antenna.

Figure 2.11: Far-field electric field of an MPD as a function of g.

The spoke and ring design shown in Figure 2.9 features a multi-layered structure

with the spokes on a lower level and ring on a plane above the spokes, and two ground

planes. A fabrication challenge with the spoke and ring MPD antenna is to route the

tracks to the driven points along the ring. This necessitates the use of multiple metal

layers which equates to more fabrication steps and costs. A complementary structure
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of the MPD ring antenna is a slot-ring and is presented in [44] which is a more straight

forward ring slot with integrated sources at desired points along the slot-ring. The

slot-ring is particularly interesting due to the relatively less complicated fabrication

procedure compared to the ring MPD since it requires less metallisation layers and

hence fewer fabrication steps and masks. A drawback of the slot-ring MPD however,

is the backside radiation as shown in Figure 2.12. In this Thesis, the slot-ring MPD

antenna is studied with the objective of improving its radiation characteristics for

the purposes of integrating with RTD oscillators for millimetre wave communications

which is envisaged as an enabler for 5G networks.

Figure 2.12: A slot-ring multi-port driven antenna on silicon substrate with backside
radiation [44].

2.2 Low-cost printed antennas

In recent years, conventional printing techniques have been used to fabricate low-

cost electronics on a wide range of substrates. The areas of application for printed

electronics include, but are not limited to; antennas [21], sensors and circuits [25,28],

large and flexible displays [45], and photo-voltaic cells [46] some of which are shown

in Figure 2.13. These printing methods are primarily additive procedures, thus re-

duce material waste compared to conventional silicon based techniques which are

mainly subtractive methods. This makes them cost-effective for large-area electron-

ics and potentially more environmentally friendly since they avoid the use of etching

chemicals. Moreover, these printing techniques do not require the use of expensive
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controlled environments (i.e. clean rooms), thus avoiding the costs associated with

acquiring and operating such facilities.

(a) (b)

(c) (d)

Figure 2.13: Applications of printed large-area electronics including (a) flexible dis-
play [45], (b) three dimensional printed antenna [45], (c) printed field effect transis-
tor [47], and (d) wearable sensors.

Careful choice of low-cost, lightweight, flexible and renewable substrates makes

printed electronics more versatile in areas of application. They can be unobtrusively

integrated to consumer electronics, wearable electronics, hidden/embedded security

codes, and sensors. The relative short fabrication time of these methods is attractive

for fast, large scale manufacturing of electronics or rapid prototyping of designs. The

most pervasive printing techniques used for printed electronics are inkjet, gravure and

screen printing. These methods involve the use of conductive inks or pastes to create

the desired patterns which are then sintered in an oven (or other means) to achieve

electrical conductivity. An alternative to inkjet printing and screen printing is re-
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ported in [48] which employs conductive adhesive tapes on which a desired pattern is

etched using photo-lithography (or laser-cutting equipment) and then transferred to a

paper substrate using a sacrificial layer. The process achieves better conductivity and

lower losses than inkjet printing, allows soldering of components, and is marginally

cheaper than inkjet. However, the use photo-lithography step presents a compromise

between environmental friendliness for performance. Screen printing of dielectric an-

tennas and passive microwave components has also received some attention in recent

years [49, 50]. An exhaustive list of printing techniques for electronics is outside the

scope of this Thesis and can be found in [51]. Figure 2.14 shows a selection of the most

common techniques used in printed electronics which are then described subsequently.

(a) (b)

(c)

Figure 2.14: Low cost printing techniques for electronics (a) drop on demand inkjet
printing [52], (b) gravure printing [53], and (c)screen printing [54].

Inkjet printing uses piezoelectric actuated nozzles which allow the ink drops to

pass when activated by an image signal and is commonly referred to as drop on

demand. The conductive ink is deposited on to the moving substrate below as illus-

trated in Figure 2.14(a) creating the desired image. Gravure printing uses a cylinder

on which the desired pattern is embossed. During printing, the grooves on the cylin-
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der are filled with ink and the excess ink is removed by the doctor blade. The ink

is then transferred to the substrate upon contact with the gravure cylinder as shown

in the schematic in 2.14(b). Screen printing uses a patterned screen on which the

negative areas are masked by use of an emulsion on a porous mesh screen. During

printing, the ink is forced through the unmasked areas of the screen by a squeegee

thus creating a pattern on the substrate as demonstrated in Figure 2.14(c).

After printing, the traces are typically sintered in an oven to dry the ink/paste and

improve electrical conductivity. Typically curing is done at 120◦C for approximately

one hour or more depending on the ink and substrate. High temperature curing often

causes permanent damage to some substrates [55] thus limiting the number of sub-

strates that can be used with these methods. Alternative sintering methods have been

investigated as a work around the problem in [56] with flash sintering [57], laser sin-

tering [47] and development of low-temperature sintering inks [58] being advanced as

viable solutions. While screen printing and gravure printing can achieve high printing

throughput in roll-to-roll manufacturing scenarios, the need to fabricate masks and

pattern the gravure cylinders make low quantity and custom designs uneconomical.

Inkjet printing allows a digital image to be directly printed from design making it

suitable for custom designs and low batch production like rapid prototyping. As a

result, inkjet printing has been widely adopted for printed electronics.

2.2.1 Thermal transfer printing method

Thermal transfer printing (TTP) allows direct printing of a digital image of the

desired pattern without any modification to the printer or an intermediate step which

is required for both screen and gravure printing. Because the image is printed directly

from digital format, successive prints can be unique allowing custom designs, rapid

prototyping and cost effective low batch manufacturing. Moreover, the printed traces

do not require a sintering or curing stage and can be used immediately after printing.

The achievable printing speeds of TTP are up to 5 cm/s with thermal printheads of

up to 600 dpi resolution currently available in the market [59]. With careful choice

of substrates and conductive ribbons, the achievable printing speeds of TTP are up

to 20 cm/s (8 inch/s) [60]. There are potential benefits for advancing the TTP fab-

rication technique in printed and flexible electronics to produce low-cost and custom

electronics with the capacity for high volume roll-to-roll production.
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Figure 2.15: Schematic of the thermal transfer printing process [61].

Thermal transfer printing uses a multi-layered ribbon containing a heat-activated

ink layer. For metal printing, the ribbon features a plastic membrane on top of which

a thin layer of metal is bonded using a resin, and a heat-sensitive acrylic adhesive on

top of the metal. Printing is achieved by using a thermal print-head to selectively

activate the desired regions of the heat-sensitive adhesive. The thermal print-head is

essentially made of an array of resistors which produce heat when a current is passed

through them. The heat-sensitive adhesive adheres to a compatible substrate placed

in physical contact with the ribbon when heat is applied and in the process, transfers

the metal from the ribbon to the substrate as shown by Figure 2.15. A schematic of

the Zebra S4M thermal printer used is shown in Figure 2.16(a) showing the operation

of the printer, while a photograph of the printer used in this Thesis is shown in Figure

2.16(b). The printer has a print-head resolution of 300 dots per inch (dpi) and an

adjustable print speed of up to 20 cm/s. The sample can be used immediately with

no drying or curing required.

The suitability of TTP traces for use in printed electronics is studied subsequently

in this Thesis with application in fabrication of antennas and waveguides. Thermal

transfer printed radio frequency (RF) waveguides and antennas are then characterised

from DC to 10GHz on flexible substrates for IoT applications. Direct performance

comparisons are also made to inkjet printing which is an established technique for

printed electronics using the read range of radio frequency identification (RFID) an-
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(a)

(b)

Figure 2.16: Schematic showing operation (a) and a photograph (b) of the Zebra S4M
thermal printer [61].

tennas fabricated by the two techniques.

2.3 Millimetre-wave communications

The requirements of fifth generation (5G) of mobile networks are dominated by

low latency, high data rate, and low costs [62]. In order to meet the bandwidth de-

mands projected for 5G, the millimetre-wave spectrum has been considered for wire-

less communications [63]. The millimetre-wave band is the range of frequencies that

lie between the microwave and infrared bands and is defined by free space wavelength

between 1mm to 10mm (that is, frequencies from 30GHz to 300GHz) by the inter-
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national telecommunications union (ITU) [64] while IEEE defines the millimtre-wave

band from 110GHz to 300Ghz [65]. The range of frequencies between 300GHz and

3THz is known as the submillimetre band and commonly referred to as the terahertz

band [66]. Electromagnetic waves in the millimetre-wave and submillimetre-wave (ter-

ahertz) band suffer high atmospheric attenuation mainly due to oxygen and water

vapour as shown in Figure 2.17 which limits the maximum achievable communication

distances. Careful band selection by targeting the frequencies that experience com-

paratively lower attenuation within the band could potentially avail an aggregate of

up to 252GHz bandwidth for 5G communications [67]. To counter the effects of atmo-

spheric attenuation, beam-forming techniques are often used to produce directional

beams [68] which could be used to increase communication range. The fine spatial

resolution of these beams makes it possible to accommodate many users in picocell

and/or femtocell deployments by allowing frequency re-use within a small geographi-

cal area [69] and has also found uses in radar [70] and imaging applications [71]. The

use of directive antennas and the short propagation distances of millimetre-waves also

have security benefits by limiting the location of a potential eavesdropper [72].

Figure 2.17: Average sea-level millimetre-wave atmospheric attenuation [73]

The frequency bands around 30GHz have traditionally been used in point-to-point

scenarios connecting sites or as last mile connectivity in local multipoint distribution

systems (LMDS) over long distances due to the lower atmospheric attenuation [74].

However these bands are strictly regulated and have narrow bands by spectrum regu-

lation authorities (26MHz in UK and 56MHz in US) [73,75]. The limited bandwidth

places a constraint on the maximum achievable data rates. To meet the high data rate
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requirements of 5G, the 70-90GHz band is a viable candidate with the band available

in most countries [73]. The available bandwidth makes this frequency band suitable

for high datarate backhaul links. The 220-300GHz band is suitable for picocell and

femtocell settings or machine to machine (M2M) communications due to localised

beam footprint and short propagation distances. The 60GHz band has been used

and allocated in some countries for backhaul links [76] and small volume pico-cell

applications [15] despite the high atmospheric attenuation.

One of the limitations of millimetre and submillimetre-wave consumer electron-

ics communications has been the lack of availability of compact, low-cost, and low-

noise radio frequency (RF) sources that operate at room temperature [77]. Reso-

nant tunnelling diode (RTD) oscillators have been demonstrated to be capable of

room temperature operation in the entire millimetre wave band [78–80] and up to a

few terahertz [81]. RTD based oscillators are compact and relatively simple circuits

with radio frequency (RF) output power around 1mW in the millimetre-wave band.

An RTD based oscillator at 28GHz with phase noise of -95 dBc/Hz at 100 kHz was

demonstrated in [78]. While an oscillator with around 1mW power at 300GHz was

demonstrated in [82]. Future targets for 5G deployment is to build millimetre-wave

transceiver systems with power output of approximately 10mW to achieve reasonable

communication range (around tens of metres) at the upper end of the millimetre-wave

band (300GHz).

Resonant tunnelling diodes operate by quantummechanical tunnelling phenomenon

across a double barrier formed by a highly doped quantum well layer sandwiched be-

tween two thin barrier layers as shown in Figure 2.18. The quantum well has a

conduction band at higher energy level than both the emitter and collector at zero

bias as shown in Figure 2.19(a). When no bias voltage is applied there is zero net

current flowing between emitter and collector. When a positive bias voltage is applied

across the emitter and collector, electrons flow across the barrier with increasing bias

voltage as the energy level of the emitter increases resulting almost linear current

increase. Applying a bias voltage (Vp) where the conduction band of the emitter

equals that of the well results resonance and a peak current (Ip) as shown in Fig-

ure 2.19(b). An increase in bias voltage beyond Vp results in current drop because

the emitter conduction band is higher than the quantum well conduction band (off-

resonance) resulting in reduction of current and a net negative differential resistance

(NDR) as shown in 2.19(c). Further increase in bias voltage beyond Vv where the
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current is lowest results in diode-like behaviour as shown by the I-V curve shown in

2.19(d). Due to the double barrier structure symmetry, an ideal RTD I-V curve has

an odd symmetry. In practice however, fabrication variations often result in slightly

non-ideal behaviour where the I-V curve is not symmetric around the origin.

Figure 2.18: Simplified epitaxial structure of a resonant tunnelling diode.

Figure 2.19: Conduction band profile of an TRD at different bias voltages; (a) zero
bias, (b) resonance, (c) off-resonance and (d) the corresponding current-voltage rela-
tionship.

The negative differential resistance allows RTDs to be used in oscillator circuits

by connecting them in parallel with an inductor L, forming an LC tank circuit with
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Figure 2.20: An RTD oscillator circuit showing the small signal model (dotted box),
inductor (L) and load (RL).

the RTD self-capacitance Cn. A schematic of an RTD-based oscillator is shown in

Figure 2.23 with the small signal model of an RTD shown in the dotted line. The

series resistance Rs arises from the contact resistance, negative conductance −Gn is

the reciprocal of value of the negative differential resistance and self capacitance Cn

is proportional to the physical size of the RTD. The inductor L is normally realised

by passive structures in monolithic microwave integrated circuits (MMIC) [79,83] or

is the effective impedance of an integrated antenna [81]. The oscillation frequency of

the circuit is then given by;

fosc =
1

2π
√
CnL

(2.28)

The load RL can also be an instrument (oscilloscope or spectrum analyzer) or antenna

(integrated or off-chip).

At millimetre and submillimetre-wave frequencies, the losses along the transmis-

sion lines and matching networks are significant which makes the use of off-chip

antennas inefficient. To minimise or eliminate these losses, integrated antennas are

favoured where the antenna is part of the oscillator circuit as shown in Figure 2.21.

Planar antennas at the millimeter-wave frequencies suffer from low efficiency due

to the excitation of surface waves as the substrate gets electrically large beyond a

quarter of a wavelength [39]. The excitation of surface waves confines some - and in

some cases all- of the antenna’s radiated energy in the substrate instead of into the

air. Moreover, the surface waves travelling along the substrate diffract at the edges

as they exit the substrate and interfere with the desired radiation pattern. Thus, the

radiation of the integrated antennas in Figure 2.21(a) and (b) are lateral and backside

respectively. To improve the radiation pattern, the substrate was thinned in [84] as

shown in Figure 2.21(a). In most cases the thickness of the substrates can not be

made electrically thin due to manufacturing process, materials used and packaging
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(a) (b)

Figure 2.21: Antennas integrated into RTD oscillator circuits; (a) planar horn antenna
[84] and (b) planar slot antenna [37].

constraints. A lens was used along with the slot antenna in [37] to focus the radiated

power on the backside of the chip. A patch antenna fabricated on top of the slot

was used to improve air-side radiation which avoids the use of the bulky lens [85] as

shown in Figure 2.22(a). A wideband slot bow-tie antenna with a reflective ground

plane has been studied as an alternative alternative for an integrated solution [86]

and shown in Figure 2.22(b). In this Thesis a slot-ring multi-port driven antenna is

investigated for integration with RTD oscillators.

(a) (b)

Figure 2.22: Antenna with improved airside radiation suitable for integration with
RTDs; (a) Slot-coupled patch antenna [85] and (b) Slot bow-tie antenna with a re-
flecting ground for improved airside radiation [86].
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Figure 2.23: Power combining using two individually biased RTD oscillator circuits
[78].

Power combining using arrays of RTDs has been demonstrated to improve to-

tal output power for applications that require more power [87]. Injection-locking of

individual oscillators to achieve high output power has been explored in [88]. An os-

cillator using two individually biased circuits was used to realise an RF output power

of around 1mW [78]. While improving the output power of individual RTD oscillator

circuits is still an active research topic it is reasonable to expect the use power com-

bining techniques to play an active role in deployable communication systems. An

integrated multi-port driven (MPD) antenna was used with eight phase controlled

sources at 161GHz on a silicon substrate with up to -25.8 dBm received signal power

on an overall area of 1mm2. The MPD antenna offers a compact power combining

solution that can be utilised for RTD based transceivers.

2.4 Chapter summary

In this Chapter, key antenna figures of merit that are used for performance evalu-

ation in this Thesis have been provided along with some examples of antennas. The

background on low cost printed antennas on flexible paper substrates has also been

established. The thermal transfer printing method which is a printing technique that

is subsequently studied in the this thesis as a viable alternative for direct printing

of electronics is introduced. Millimetre-wave communications as an enabler for the

next generation of wireless communications is also discussed. Resonant tunnelling

diode oscillator circuits are also presented as a key enabler for millimetre-wave com-

munications. The background of a slot-ring multi-port driven antenna is presented

which will be subsequently studied for integration with RTD oscillator circuits for the

purposes of building an integrated RF front-end for millimetre-wave communications.
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Methods

Antenna design is an iterative process that involves at least one, and often multiple

passes of the design cycle which is made of the following steps; design and/or simula-

tions, fabrication and characterisation. This chapter discusses the methods and tools

used to design, analyse, fabricate and characterise antennas in this Thesis.

3.1 Antenna design and simulation tools

In the case of simple antenna geometries (e.g. dipole), the current distribution on

the antenna structure can be calculated or approximated with reasonable accuracy

which allows a designer to estimate antenna key performance parameters (e.g radia-

tion pattern). For complex and arbitrary antenna geometries, the current densities

are often difficult to compute or do not have close form solutions hence simulation

tools are required to estimate the performance. A number of electromagnetic simula-

tion tools are available commercially and in open source allowing antenna design and

analysis. These simulation tools use either one or a selection of computational elec-

tromagnetic techniques to solve for the propagation and scattering of electromagnetic

energy. The common techniques for computational electromagnetics are finite differ-

ence time domain (FDTD), method of moments (MoM), and finite element method

(FEM). Each technique has its merits and limitations and suitability of application

of each method is determined by the problem being studied. In this thesis, an open

source FDTD-based simulation tool was used due to budgetary constraints and the

technique is briefly described subsequently.
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3.1.1 Finite-difference time domain method

The finite difference time domain (FDTD) method solves Maxwell’s partial dif-

ferential equations using finite difference approximations in the time domain. The

FDTD methods is a relatively intuitive and straightforward implementation, and al-

lows for broadband computations [89]. In three dimensional (3D) FDTD, the volume

that include and surrounds the device under test (DUT) is discretised into unit cubic

cells known as Yee cells. Each cell is then assigned electromagnetic material prop-

erties of the objects that occupy them. The evolution of the electromagnetic energy

in each cell is advanced in discrete time steps according to the material properties

in each cell. FDTD is based on Yee’s algorithm which is dependant on the location

of the electric and magnetic fields on the unit cell as shown in Figure 3.1 [90]. The

electric field components are placed in the center of the cube’s face while the mag-

netic field components are placed along the edges as shown in the Figure. It is worth

noting that this arrangement is not compulsory and in some implementations, the

electric fields could be placed along the edges while the magnetic fields are placed

on the faces. Either arrangement ensures that each E component is surrounded by

four circulating H components from neighbouring cells shown in faded colour in Fig-

ure 3.1. Similarly, each of the H components is also surrounded by four circulating

E components. This arrangement of fields allows Ampere’s and Faraday’s Laws to

be calculated in an alternating fashion, and thus fully describing the propagation of

electromagnetic energy.

Faraday’s law and Ampere’s law in linear, isotropic, lossy materials, with inde-

pendent electric and magnetic sources Jsource and Msource are given by [89]:

∂H

∂t
= − 1

µ
∇× E− 1

µ
(Msource + σ∗H) (3.1)

∂E

∂t
=

1

ǫ
∇×H− 1

ǫ
(Jsource + σE) (3.2)

with the relations

B = µH (3.3)

D = ǫE (3.4)
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Figure 3.1: Field position on a cubic unit cell

where;

B : Magnetic flux density

E : Electric field

M : Magnetic current density

D : Electric flux density

H : Magnetic field

J : Electric current density

µ : Magnetic permeability

ǫ : electrical permittivity

σ : electric conductivity

σ∗ : equivalent magnetic loss
The x component of the electric field Ex of equation 3.2 is given by

∂Ex

∂t
=

1

ǫ

[
∂Hz

∂y
− ∂Hy

∂z
− (Jsourcex + σEx)

]
(3.5)

which can be approximated at a spatial location (x,y,z)=(i,j,k) at time-step n,

denoted Ex|ni,j,k, by
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Ex|
n+1/2
i,j+1/2,k+1/2

−Ex|
n−1/2
i,j+1/2,k+1/2

∆t
= 1

ǫi,j+1/2,k+1/2
·




Hz |ni,j+1,k+1/2
−Hz |ni,j,k+1/2

∆y

−Hy |ni,j+1/2,k+1
−Hy |ni,j+1/2,k

∆z

−Jsourcex |ni,j+1/2,k+1/2

−σi,j+1/2,k+1/2Ex|ni,j+1/2,k+1/2




(3.6)

Approximating the electric field at time-step n as an average of the n− 1/2 and

n+ 1/2 i.e.

Ex|ni,j+1/2,k+1/2 =
Ex|n+1/2

i,j+1/2,k+1/2 + Ex|n−1/2
i,j+1/2,k+1/2

2

and isolating Ex|n+1/2
i,j+1/2,k+1/2 gives

Ex|n+1/2
i,j+1/2,k+1/2 =


 1− σi,j+1/2,k+1/2∆t

2ǫi,j+1/2,k+1/2

1 +
σi,j+1/2,k+1/2∆t

2ǫi,j+1/2,k+1/2


Ex|n−1/2

i,j+1/2,k+1/2

+




∆t
ǫi,j+1/2,k+1/2

1 +
σi,j+1/2,k+1/2∆t

2ǫi,j+1/2,k+1/2


 ·




Hz |ni,j+1,k+1/2
−Hz |ni,j,k+1/2

∆y

−Hy |ni,j+1/2,k+1
−Hy |ni,j+1/2,k

∆z

−Jsourcex |ni,j+1/2,k+1/2




(3.7)

In equation 3.7 the future value of the electric field at timestep n+1 depends only

on the current value of the energy in the cell and the neighbouring cells. This allows

the use of simple arithmetic equations to update the x-compoment of the electric field

in each cell at each time step. The y and z components of the electric field Ey and Ez

can be derived in a similar way. Similarly, the x,y and z components of the magnetic

field Hx, Hy, and Hz can also be derived giving a full set of update equations used

in Yee’s algorithm.

To ensure stability, the grid size has to be such that there is no significant change

in electromagnetic field from one cell to the next. The condition that ensures stability

is [90]:

c∆t <
√

(∆x)2 + (∆y)2 + (∆z)2 (3.8)

where c is the speed of light, ∆x, ∆y,∆z are the cell dimensions and ∆t is the

discrete time step.
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OpenEMS

For the work presented in this Thesis, OpenEMS was used to simulate the designed

antenna performance. OpenEMS is an open source electromagnetic field solver based

on FDTD written in C++ with a Matlab (or Octave) interface through which the

simulation parameters are specified. Matlab post-simulation operations subroutines

are used to analyse the simulation data. OpenEMS has been verified and validated

as a simulation tool and has been used in a number publications [91–93]. A typical

simulation scenario for antenna design include the antenna geometry, a Gaussian exci-

tation centred at the design frequency for broadband analysis, some ambient material

surrounding the antenna (typically air or free space) and some absorbing boundary

conditions to truncate the simulation domain. The maximum mesh cell size was at

most a tenth (often smaller than a tenth) of the wavelength of highest frequency

excited by the source while the minimum cell size was determined by the smallest

feature size of the antenna geometry. An air spacing of at least a quarter wavelength

of the longest wavelength excited in the simulation was added to the domain around

the antenna in all directions. The grid was truncated with a perfectly matched layer

(PML) which is an absorbing material to minimise reflections at the boundaries to

simulate an unbounded domain [94]. PML is shown to be 40 dB more accurate than

second order Mur’s absorbing boundary conditions (ABC) [95] and is the boundary

used in all simulations. A good trade off between computational burden and elec-

tromagnetic absorption of PML thickness is between four and eight cells [95]. Thus,

eight cells of PML were used in all domain boundaries to achieve reasonable compu-

tation times. A near-field-to-far-field (NF2FF) box was added one cell from the start

of the PML layers in all directions. The fields logged in the NF2FF box were then

used in the post processing to calculate the far field radiation pattern using Matlab

scripts that are part of the OpenEMS tool. A graphical representation of the simu-

lation domain is shown in Figure 3.2. A stopping criteria was set to halt simulations

when total energy present in the simulation domain fell below 10000th (-40 dB) of the

peak total energy. OpenEMS allows modelling of lumped circuit components such as

resistors, capacitors and inductors and can be integrated with circuit simulators [96]

which was done to model some circuits in this Thesis.

OpenEMS allows logging of electric and magnetic fields during simulation time

in Visualisation Tool Kit (VTK) compatible formats. The field files can be viewed

and analysed during simulation time and one need not wait for the simulation to

complete. Paraview, which is an open source data analysis and visualisation tool was
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Figure 3.2: Typical antenna simulation scenario

used to analyse the simulation log files.

3.1.2 Antenna design tools

The GNU Image Manipulation Program (GIMP) version 2.8 which is an open

source graphics editor was used to create the printed antenna designs. The dimensions

of optimal designs obtained via simulations were used to create images in portable

document format (PDF) compatible with the Zebra S4M printer. GIMP was also

used to create masks required for photolithography process for antennas fabricated

on printed circuit boards (PCB).

3.2 Antenna fabrication

In this Thesis two main antenna fabrication methods were used. The thermal

transfer printing (TTP) technique was used for flexible polymer substrates while

the photolithography process was used for fabricating the slot-ring multi-port driven

antenna on printed circuit boards.
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3.2.1 Printed antennas

A Zebra S4M 300 dots per inch (dpi) thermal printer was used along with two dif-

ferent IIMAK MetallographTM Conductive Thermal Transfer Ribbons (CTTR). One

ribbon had a 260 nm thick aluminium film while the other has 340 nm thick copper

film. Both ribbons have a 1µm thick heat-sensitive acrylic adhesive. A range of sub-

strates were explored for compatibility with TTP. The tested substrates includes Mag-

num Materials Limited’s 50MIC White Polytherm UL Perm and Fastransfer Superior

S2000, Kapton, fabric (cotton) and Flexcon’s THERMLfilm SELECT 21944E (for-

merly TC-390). THERMLfilm SELECT 21944E achieved the best adhesion resulting

in consistent continuous traces than the other tested. Therefore, THERMLfilm SE-

LECT 21944E was chosen as the substrate to study TTP. THERMLfilm SELECT

21944E is a polyester based flexible substrate with a glossy finish backed with an

acrylic adhesive and a removable glassine liner suitable for TTP. The relative dielec-

tric constant of THERMLfilm SELECT 21944E is 3.2 [97]. For brevity, THERMLfilm

SELECT 21944E will be referred to as THERMLfilm throughout the Thesis.

Table 3.1: Metallograph ribbon : key parameters

Ribbon no.1 Ribbon no.2
Metal Aluminium Copper

Metalisation thickness 260 nm 340 nm
Adhesive 1µm 1µm

The Zebra S4M printer has adjustable settings which are key to achieving success-

ful prints. To obtain consistent prints, the printer mode was set to transfer mode,

print speed 5 cm/s and a darkness of 30 (which is a measure of the heat intensity).

The optimal printing settings were achieved by varying the parameters on the printer

and observing the print quality under a microscope. Further characterisation of the

continuous tracks was done by use of the four probe method to obtain the sheet resis-

tance. The results of which are discussed in subsequently. A summary of the optimal

printer settings used to fabricate antennas is presented in Table 3.2.

Table 3.2: Zebra S4M printer settings for THERLfilm

CTTR Aluminium Copper
Print mode transfer transfer

Darkness (heat intensity) 30 30
Print speed 5 cm/s 5 cm/s

39



CHAPTER 3. METHODS

Conductive epoxy was used to attach connectors and other circuit components

(e.g. RFID chips, inductors and diodes) to the printed tracks.

3.2.2 Photolithography process

The slot-ring multi-port driven (MPD) antenna was fabricated at the Electronic

Workshop at the Unversity of Glasgow using the photolithography process. The

photolithography is commonly used to fabricate printed circuit boards (PCB) and

includes the following steps:

1. Photoresist is applied to a laminated board which has a 735µm layer of copper

on both sides,

2. A mask is placed and aligned on top of the undeveloped photoresist

3. Exposure and development of the photoresist by exposure to ultra violet (UV)

light to reveal the areas to be etched away,

4. Etching is achieved by placing the sample in an acid bath which etches away

the unmasked areas,

5. The photoresist is finally removed from the sample.

The masks used in the Thesis were designed by GIMP and then printed on a

transparent paper.

3.3 Antenna measurement tools

A Nearfield Systems Inc. (NSI) 2000 near-field spherical scanner antenna measure-

ment system was used to characterise the antennas operating between 500MHz and

20GHz. The system has a rotating stage on which the antenna under test (AUT)

is placed and a probe mounted on a robotic arm as shown in Figure 3.3. The sys-

tem in housed in a 4.5×4.5×4.0m3 reflection-less room equipped with EHP-18PCL

microwave absorber rated for 500MHz-40GHz operation [98] and isolated from ex-

ternal electromagnetic energy by a Faraday cage. During measurement, the AUT is

placed at the center of the room. Then the probe mounted on the probe-arm scans

the electric field around the antenna under test in the elevation plane (θ) in incre-

mental steps specified by user. For every complete scan in the elevation plane, the

rotating stage advances the azimuth angle (φ) by a pre-determined angle until the
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Figure 3.3: NSI 2000 near-field spherical scanner antenna measurement system

Figure 3.4: Microwave absorber reflections at normal incidence [98]

probe covers a sphere around the antenna that forms the near-field. Scanning of the

RF energy is automated by the NSI2000 software. The measured near-field electric

field is then fed to a nearfield-to-farfield (NF2FF) transform to obtain the far-field

radiation pattern of the antenna at frequencies of interest. The NF2FF transform is

performed by the NSI2000 software. The gain of the antenna under test can then

be calculated by using the comparison method, in which the far-field maximum is

compared to a reference antenna with a known gain. The antenna used as a reference

was Aaronia AG’s BicoLOG 20100 which has known gain from 20MHz to 3000MHz.

Return losses of the antennas were characterised by Agilent Technologies E8362B

PNA Network Analyzer calibrated using Agilent 3.5mm Economy Calibration Kit.
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3.4 Chapter summary

In this Chapter, the methods used for designing, simulating and characterising

antennas are provided. The finite-difference time-domain (FDTD) method for full

wave analysis was introduced highlighting how it solves electromagnetic propagation

and scattering. OpenEMS was also introduced which is an open source computational

electromagnetic solver that uses the FDTD method and was used in the design and

analysis of antennas presented in this Thesis. The thermal transfer printing (TTP)

method along with the associated equipment used to fabricate low-cost, flexible IoT

antennas was also introduced. The TTP method is studied in detail in subsequent

Chapters as a viable method of for producing low-cost large scale electronics. The

antenna characterisation tools used in this Thesis to measure the performance of

antennas were described as well.
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Chapter 4

Characterisation and Performance

Evaluation of Thermal Transfer

Printed Traces

In this Chapter, the physical and electrical properties of thermal transfer printed

traces from direct current (DC) up to 10GHz are characterised. Then a performance

comparison to inkjet printing, which is the most pervasive technique for printed elec-

tronics is made using the reading range of RFID antennas as a performance metric.

Section 4.1 presents the physical and electrical characterisation of thermal transfer

printed traces while Section 4.2 presents a performance comparison to inkjet printing

which is an established and pervasive printed electronics technique. Chapter conclu-

sions are subsequently drawn in Section 4.3.

The work presented in this Chapter was published in [61] by Kgwadi, M., Rizwan,

M., Ajith, A. K., Virrki, J., Ukkonen, L., and Drysdale, T.D., “Performance Com-

parison of Inkjet, and Thermal Transfer Printed Passive UHF RFID tags,”, IET-

Microwaves, Antennas and Propagation and is reproduced in this Thesis with per-

mission from Institution of Engineering and Technology (IET).

4.1 Characterisation of thermal transfer printed

traces

Thermal transfer printing is a relatively new technique for fabricating electronics. It

is therefore critical to characterise its key properties that influence performance of
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electronics to determine its benefits and limits as a guide to designers. This Section

characterises the thermal transfer printing process to determine its suitability as well

as limits to fabricating electronics. The physical characteristics including feature size

and print quality of the traces are made as well as electrical properties from DC to

10GHz.

4.1.1 Physical characterisation

Thermal transfer printing achieves consistent traces on THERMLfilm from both the

aluminium and copper conductive thermal transfer ribbons (CTTR) using the set-

tings in Table 3.2. White light optical microscope images of the metal traces are

shown in Figure 4.1 with aluminium in Figure 4.1(a) and copper in Figure 4.1(b).

The images show hairline discontinuities on both the aluminium and copper traces.

The discontinuities are more clearly shown in the aluminium trace due to the contrast

in the picture but the density is higher in the copper traces (∼ 8/mm2). These dis-

continuities are attributed to the mechanical stresses associated with the handling of

this prototype material, although further investigations are required to characterise

their formation and elimination, such a study is outside the scope of this Thesis and

deferred to future studies.

(a) (b)

Figure 4.1: Microscope images of printed traces on THERMLfilm substrate. Alu-
minium trace (a) and copper trace (b) [61].

Figure 4.2 shows a printing resolution test using the copper CTTR. The feature

size is determined by the printhead which in this Thesis is a 300 dots per inch (dpi)

resolution. The minimum feature size to obtain consistent continuous traces is 155µm

as shown on the close up on bottom right of Figure 4.2. The track is equivalent to 2
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pixels on the 300 dpi (1 pixel is 85µm) printer used for this study. TTP results in non-

ideal rough edges and hairline discontinuities on the prints for both aluminum and

copper CTTRs as shown in Figure 4.3 (a) and (b) respectively. The estimated edge

roughness for both CTTR is approximately 10µm which places a constraint on the

smallest feature size than be achieved with the equipment used in this Thesis. We note

that there are thermal printers available on the market that have a resolution of up

to 600 dpi [59] that would potentially achieve a higher resolution and smoother edges

and overall improved print quality allowing smaller feature size. Budget constraints

limited the acquisition of higher resolution thermal printers. The smallest separation

(gap) between prints achieved was 208µm as shown on the bottom left of Figure

4.2, this corresponds to about 3 pixels. The gap between prints is critical for high

frequency waveguides such as coplanar waveguides (CPW) and slot-lines printed using

this method as it places the limit on the minimum separation between the signal and

ground lines. The feature size achievable through TTP using a commercially available

Zebra S4M 300 dpi printer with no modifications are comparable to those achieved

in [48] which achieves 200µm line/gap size with the use of photo-lithographic etching

technology.

Figure 4.2: Thermal transfer printing resolution test with a copper CTTR

An atomic force microscope (AFM) surface roughness measurement of both alu-

minium and copper traces was made on an area of 5×5µm. The surface roughness of

the aluminium and copper traces are shown in Figure 4.4(a) and Figure 4.4(b) respec-

tively. The aluminium traces had a root-mean square (RMS) roughness of 20.8 nm

while the copper traces have an RMS roughness of 19.8 nm. The copper traces have
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(a)

(b)

Figure 4.3: Microscope images of printed traces on THERMLfilm substrate showing
the morphology of the edges. Aluminium trace (a) and copper trace (b) [61].

a marginally smoother surface than aluminium with 0.4 nm average (1.0 nm rms).

Surface and line-edge roughness is known to result in current scattering in microwave

circuits. Current scattering due to surface roughness can cause up to 40% increase

the resistivity of thin films [99] which is expected to result in low efficiency.

(a) (b)

Figure 4.4: AFM images showing the surface roughness of thermal-transfer printed
traces on THERMLfilm. Aluminium trace surface morphology (a) and copper trace
surface morphology (b) [61].

4.1.2 Electrical characterisation

The TTP traces were characterised to obtain the DC sheet resistance and the fre-

quency dependant characteristics up to 10GHz.
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DC characterisation

The sheet resistance of the thermal transfer printed traces on THERMLfilm was mea-

sured by the four probe method on a 5 cm by 5 cm square patch using Agilent’s B1500

Semiconductor Device Analyzer with American Probe & Technologies’ Quasi Kelvin

Probes. The sheet resistance measured for both copper and aluminium traces show

a dependence on the direction of print. This artefact is attributed to the printhead

elements being positioned in a row across the width of the print substrate, perpendic-

ular to the direction of substrate movement. The result of which is better electrical

conduction along the row than between rows. The aluminium traces have a measured

sheet resistance of 0.16 Ω/� along print direction and 0.15 Ω/� across the print di-

rection. Copper traces have a measured sheet resistance of 0.10 Ω/� along the print

direction and 0.08 Ω/� across the print direction. Thus the highest conductivity of

the aluminium and copper traces are 2.6×107 S/m and 3.9×107 S/m respectively.

RF characterisation

Coplanar waveguides (CPW) are a good choice for use for this particular printing

technique and thin substrates because the impedance can be controlled by the lateral

dimensions unlike microstrip waveguides which are heavily dependant on substrate

thickness. Moreover, only one side print is required which simplifies fabrication by

avoiding precision alignment during assembly. For this study, two CPW lines made

from aluminium and copper were printed and then characterised from DC to 10GHz.

Coplanar waveguides of the two available CTTRs (Al and Cu) were simulated in

OpenEMS to estimate the performance of the waveguides. The dimensions of the

CPW lines are identical; center conductor 4mm, gap 210µm, length 50mm and

ground width 10mm. The fabricated CPW line are shown in Figure 4.5 with the

copper at the top of the figure and the aluminium at the bottom of the figure. The

CPW designed has a characteristic impedance of 60Ω instead of the ideal case of

50Ω due to the restriction on the width of the center conductor placed by the sepera-

tion of the ground planes on the sub-miniature version A (SMA) connectors. A 50Ω

CPW with a 210µm gap would be 10mm which is wider than the SMA connectors

available. It should be noted that a higher resolution printer will be able to reduce

the CPW gap allowing for a narrower center conductor.

The simulated and measured reflection and insertion losses of the aluminum and

copper CPW lines are shown in Figure 4.6(a) and (b) respectively. The s-parameters
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Figure 4.5: Photographs of the fabricated CPW lines with SMA connectors.

were characterised by Agilent Technologies E8362B PNA Network Analyzer cali-

brated using Agilent 3.5mm Economy Calibration Kit using the Short-open-load-

through (SOLT) calibration standard. The return losses (S11) are well below the

-10 dB through out the band even with the impedance mismatch between the SMA

connector and the CPW. The return losses of the aluminium CPW matches well with

the simulation results with a slight shift in frequency due to the presence of a backing

glassine cover at the back of the substrate that protects the adhesive. The measured

insertion losses (S21) matches well with the simulation from DC up to about 6GHz

where there is a significant divergence between the curves due to the surface and line

edge roughness of the printed waveguides. In the simulations, the metalisation is

simulated with perfectly straight edges and a smooth surface which accounts for the

difference in simulations and measurements. The surface and line edge roughness of

the printed areas is known to results in scattering and increased ohmic losses [99,100],

increasing the insertion losses. This effect gets amplified at higher frequencies as the

size of the roughness undulations become electrically significant compared to the

wavelength as shown by the difference of about 4 dB at 10GHz compared to lower

frequencies (close to DC).

The measured return losses copper CPW also agree well with simulations, staying

well below -10 dB between DC and 10GHz. The insertion losses in the copper CPW

also follow a similar trend to the aluminum CPW. The losses gets larger at higher
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(a)

(b)

Figure 4.6: Microscope images of printed traces on THERMLfilm substrate. Alu-
minium trace (a) and copper trace (b) [61].

frequencies, and are -7 dB at 10GHz which is significant. The insertion loss for the

copper CPW are much higher than those measured in the aluminum CPW despite

the fact that the copper traces have higher conductivity and thicker metal thickness.

The insertion losses of a 30mm microstrip line in [48] which were fabricated using

a photolithography process are 1.8 dB at 10GHz, which is equivalent to 0.6 dB/cm.

For comparison, the two aluminium and copper thermal transfer printed CPW lines in

this study have insertion losses of 1.0 dB/cm and 1.4 dB/cm respectively. TTP offers

a fast and low-cost fabrication process with a performance penalty on the insertion

losses compared to the microstrip waveguide in [48] which uses photo-lithographic
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technology. However, the insertion losses of TTP can be further minimised by the use

of a higher resolution printer (which are already available on the market) to improve

the printing quality in particular surface and line edge roughness and deferred for

future work.

4.2 Performance Comparison with Inkjet using

RFID tags

The performance of thermal transfer printing was then benchmarked to inkjet printing

which is one of the most pervasive method for printed electronics. This part of the

experiment was done in conjunction with a research team at Tampere University

where the inkjet printing and the tag read range measurements were taken.

4.2.1 Inkjet printing

Inkjet printing of electronics has been studied extensively as fabrication method for

large-area electronics (LAE) including but not limited to antennas, sensors and cir-

cuits [23, 25]. In this Thesis, we used a Fujifilm Dimatix DMP-2831 material inkjet

printer, with 10 pL print nozzles. The ink was Harima’s NPS-JL silver nanoparticle

ink with particle sizes of 5-12 nm with a maximum achievable conductivity in the

range of 1.6×107 - 2.5×107 S/m [101]. This particular ink was chosen because it

is commonly used, but it is worth noting that other (potentially more cost-effective)

metallic inks are available and under development [102]. The optimised inkjet print-

ing key parameters are presented in Table 4.1. Four of the sixteen jets were used

simultaneously to obtain continuous traces on THERMLfilm at a jetting voltage of

28V and a cartridge temperature of 40 oC. A high platen temperature (60 oC) was

used to reduce ink drying time, and the sample was left on the platen for two-three

minutes before sintering to partially dry the ink so as to avoid ink movement or

smearing during sample movement to the oven. The samples were then sintered for

one hour at 150 oC in an oven.

Inkjet printing produces continous traces on THERMLfilm when using the pa-

rameters in Table 4.1. As shown in Figure 4.7(a), a white light microscope image of

the printed trace shows some small discontinuities in the printed traces, which were

caused by air bubbles forming during jetting. A surface roughness measurement of

a trace was made using a Bruker Dimension Icon atomic force microscope (AFM)
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Table 4.1: Inkjet Printing Key Parameters [61].

Parameter value
Platen Temperature 60 oC

Cartridge Temperature 40 oC
Max. Jetting Frequency 9 KHz

Jetting Voltage 28 V
Drop Velocity 8-9 m/s
Drop Volume 10 pL

Drop Spacing/Pattern resolution 40 µm/635 DPI

on an area of 5×2 µm that was representative of the sample and is shown in Fig-

ure 4.7(b). The measured root mean square (RMS) surface roughness was 21.2 nm,

which is comparable to the measurements in [103] of 22.1 nm (rms) inkjet printing on

Polyetherimide (PEI), a substrate well suited to inkjet printing.

(a) (b)

Figure 4.7: Physical characteristics of inkjet printed traces. Microscope image of
inkjet trace on THERMLfilm (a) and an AFM image of inkjet trace on THERMLfilm.
Note that the trace edges are outside the edge ofthe pictures, and that the AFM trace
covers ∼ 1/100th of the the area shown in (a) [61].

The measured sheet resistance of the silver inkjet traces on THERMLfilm using

the four probe method was 0.15Ω/�. The calculated conductivity using the average

metal thickness and sheet resistance was 1.7×107 S/m. The calculated skin depth

for inkjet on THERMLfilm at 900MHz is 4.1µm. THERMMLfilm has a porous

surface and absorbs some of the ink and results in thinner metallisation for inkjet

printing. To get optimal printing for inkjet printing, Kapton was used as a substrate

for inkjet printing as a baseline for inkjet performance. Kapton is a polymide with

little ink absorption and has been used extensively for inkjet printing because it also

has good thermal properties for sintering at high temperatures. For comparison, the
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realised metal thickness on Kapton was 1.0µm while the measured sheet resistance

was 0.056 Ω/�, yielding conductivity of 1.8×107 S/m. The skin depth of inkjet on

Kapton is 3.9µm at 900MHz. Thus the metalisation is 12.9% of the skin depth

for inkjet printed traces on THERMLfilm, while it is 25.6% on Kapton. Therefore

larger ohmic losses are expected on the inkjet printed traces on THERMLfilm than

on Kapton.

Table 4.2: Key physical and DC characteristics of inkjet and TTP. Note that TTP
sheet resistance and conductivity results are reported both perpendicular (⊥) and
parallel (‖) to the direction of substrate movement [61]

Inkjet TTP Aluminium TTP Copper Inkjet
THERMLfilm THERMLfilm THERMLfilm Kapton

Metal 400-600 nm 260 nm 340 nm 1µm
Thickness
Surface 21.2 nm 20.8 nm 19.8 nm -

Roughness
(RMS)
Sheet 0.15Ω/� 0.15Ω/� ⊥ 0.08Ω/� ⊥ 0.056Ω/�

Resistance - 0.16Ω/� ‖ 0.10Ω/� ‖ -
Conductivity 1.7×107 S/m 2.6×107 S/m 3.9×107 S/m 1.8×107 S/m
Skin Depth 4.1µm 3.4µm 3.1µm 3.9µm
at 900MHz

The metal thickness realised through thermal transfer printing appears relatively

thin (260 nm for aluminium and 340 nm for copper) compared to ink-jet metal thick-

ness which can be over 1µm. This difference would appear to be critical to the

operation of a ultra-high frequency (UHF) radio frequency identification (RFID) tag

where the skin depth is ∼2µm in pure copper at 1GHz. However, the quality of the

deposited metal (represented by its conductivity or sheet resistance) is also a deter-

mining factor, as is the influence of substrate on adhesion of the ink, surface and line

edge roughness, substrate losses and mechanical flexibility. An overall performance

comparison between thermal transfer printing and inkjet is obtained by characterising

a set of three UHF RFID antennas with different designs that use a representative

mixture of thick and thin line widths. The comparison is limited to single layer prints

of the designs using both inkjet and thermal transfer printing on the same substrate.

Then determining from measurements, the maximum read range of the antennas give

a direct comparison of the printing techniques for RFID IoT applications.
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4.2.2 RFID antenna designs

To compare the effect of changing the technique for printing the metal antennas and

circuit traces, the tags were kept as similar as possible. In particular, the same an-

tenna designs, the same electronic circuit, and the same substrate were used. The

use of the same substrate allows us to eliminate sources of variation arising from

differences in the thickness, dielectric constant, dielectric loss, and surface roughness.

The only substrate available to us that could achieve consistent results using both

techniques was THERMLfilm SELECT 21944E. Three different UHF RFID tag an-

tenna designs were chosen to highlight the benefits and limitations of the printing

techniques. As shown in Figure 4.8, the antenna designs have different geometries

featuring wide and narrow tracks that experience different conductor losses and are

expected to have different read ranges. By using three different tags, we reduce the

influence of any individual antenna design upon the results.

(a)

(b)

(c)

Figure 4.8: Schematics of the RFID tags; (a) Tag design 1, (b) Tag design 2 and (c)
Tag design 3 [61]. All dimensions in millimetres.
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NXP UCODE G2iL series RFID integrated circuits were attached to each of the

fabricated antennas using conductive silver epoxy and the read range of the tags

was measured in a 120x80x80 cm Voyantic RFID measurement cabinet (Anechoic

Chamber) using a Voyantic Tagformance RFID measurement unit. The equipment

calculates the theoretical read range d using the backscattered signal from the tag

assuming a reflection-less environment :

d =
λ

4π

√
EIRP

PthLiso

, (4.1)

where λ is the wavelength of the transmitted signal to the tag, Pth is the measured

threshold power required to activate the tag, Liso is the measured path loss, and

EIRP is the effective isotropically radiated power which is limited to 3.28 W accord-

ing to the European regulations [104].

4.2.3 Simulation and measurement results

The material properties outlined in Table 4.2 were used to simulate the performance

of each antenna design. THERMLfilm and Kapton films were modelled as 50µm thick

substrates with relative dielectric constants of 3.2 and 3.0 respectively. The conduc-

tive tracks of the antennas were modeled using the layered impedance boundary in

HFSS. A lumped port with 50Ω source impedance was used as excitation at antenna

terminals. Read range of the tag was computed using Friis free-space equation as:

Rrange =
( λ

4π

)√τ ·GTg · EIRP

Pchip

, (4.2)

where λ is the wavelength, τ is the power transmission coefficient, GTg is the gain of

the tag, EIRP is the equivalent isotropic radiated power and Pchip is the minimum

power required to wake up the microchip. The power transmission coefficient depends

on the antenna input impedance and the input impedance of the microchip as shown

by the expression,

τ =
4RARC

(RA +RC)2 + (XA +XC)2
, (4.3)

where RA + jXA is the complex input impedance of the antenna and RC + jXC is

the complex input impedance of the chip. The equivalent circuit model of the NXP

microchip developed in [105] was used to obtain the chip impedance across various

frequencies.
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The read range estimates computed using Equation (4.2) are plotted against fre-

quency as shown in Figure 4.9(a), 4.9(b), and 4.9(c) for tag design 1, design 2 and

design 3 respectively. From the simulations, inkjet printed silver and thermal transfer

printed aluminium on THERMLfilm substrate are expected to have very similar read

range for all the tag designs. Inkjet printed silver on Kapton surface has the highest

estimated read range, which is due to its higher thickness though its conductivity is

lower. Thermal printed copper is expected to have a comparable albeit lower read

range to inkjet printed silver on Kapton.

The average theoretical read range of tag design one fabricated by the two printing

methods is presented in Figure 4.10. TTP copper antennas on THERMLfilm achieve

a maximum read range of 6.6m, while TTP aluminium antennas achieve 4.4m read

range. The difference of 2.2m in the read range between the copper and aluminium

TTP antennas is attributed to the higher conductivity of the copper traces and a

thicker metalisation profile. These properties together with the narrow tracks of the

antenna design results in significant conductor losses in the aluminium antennas and

results in shorter average read range. The inkjet printed antennas on Kapton achieves

a maximum read range of 5.9m at 930MHz. Inkjet printed antennas of THERMLfilm

achieves a read range of 4.2m, which is a 1.7m less than the baseline performance.

The difference is due to the suboptimal printing surface which results in thinner met-

alisation profile due to absorption of ink. The narrow metal tracks of the antenna

design magnify the effects of the thin metalisation by increasing the ohmic losses,

resulting in the significant reduction in reading range. The copper TTP antennas

manages an improvement of 0.8m in read range over the inkjet antenna on Kapton.

The average read ranges of antenna design two are shown in Figure 4.11. The

printed examples all achieve relatively similar read range, which we attribute to the

thick lines of the design reducing the conductor losses and masking the difference in

conductivity. Inkjet printed tags on THERMLfilm achieves 7.9 m read range which

is 0.7m less than the baseline due to the afore-mentioned suboptimal substrate prop-

erties. Aluminum TTP antennas on THERMLfilm achieve a read range of 7.7 m,

which is similar to inkjet on THERMLfilm with a difference of 0.2m. The copper

TTP antennas on THERMLfilm achieve peak read range of 9.0m which is 0.4m more

than the baseline inkjet printed antenna. The inkjet on Kapton antennas achieve a

maximum read range of 8.6m at 960MHz. The performance improvement of TTP

copper over the baseline inkjet read range is due to the higher conductivity of the
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(a)

(b)

(c)

Figure 4.9: Simulated read ranges for antennas using material properties in Table 4.2
(a) Tag design 1, (b) Tag design 2 and (c) Tag design 3 [61]
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Figure 4.10: Measured theoretical reading range of tag design 1 fabricated by inkjet
and thermal transfer printing methods [61]

copper traces (see Table 4.2).

The average read range of tags of design three are shown in Figure 4.12. There is

more spread in the read range (2.3m), similar to design one (1.2m) due to the nar-

row and longer metal traces highlighting the effects of the conductor losses. Inkjet

printed tags on THERMLfilm achieve a maximum read range of 9.2m which is 1.6

m less than the baseline due to the suboptimal substrate. TTP aluminium antennas

on THERMLfilm achieve a peak read range of 9.8m, while the TTP copper antennas

on THERMLfilm achieve a peak read range of 10.6m. The inkjet tags on Kapton

achieves a maximum read range equal to TTP copper tags on THERMLfilm of 10.6m

at 930MHz.

A summary of the measured maximum read ranges is presented in Table 4.3.

The achieved maximum theoretical read ranges by aluminium TTP antennas is equal

to inkjet printing on THERMLfilm for the three designs in this study. The copper

ribbon achieves better read range due a higher conductivity and a thicker metalisation

compared to the aluminium ribbon leading to lower conductor losses, which gives an

overall performance similar to inkjet on Kapton. The simulation results suggest that

inkjet printing on Kapton could be slightly better than thermal transfer printing

with copper, but these simulations do not take into account all of the fabrication

parameters due to modelling the metallised regions with idealised smooth surfaces

and edges. In practice, however, these surfaces have irregular edges and surfaces that
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Figure 4.11: Measured theoretical reading range of tag design 2 fabricated by inkjet
and thermal transfer printing methods [61]

Figure 4.12: Measured theoretical reading range of tag design 3 fabricated by inkjet
and thermal transfer printing methods [61]

lead to increased ohmic losses which can only be incorporated by measuring reading

range of RFID tags. In such measurements, where all practical effects are included in

the results, the thermal transfer printed labels outperform the inkjet printed labels

by between 15-60 % compared to inkjet printing on THERMLfilm and up to 10% on

Kapton.
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Table 4.3: Measured Theoretical Read Range [61]

Printing Method
Measured Theoretical Read range (m)
tag design 1 tag design 2 tag design 3

and substrate (940MHz) (960MHz) (920MHz)
Thermal Transfer
Printing (Al)

THERMLfilm 4.4 7.7 9.8
Thermal Transfer
Printing (Cu)

THERMLfilm 6.6 9.0 10.6
Inkjet (Ag)

THERMLfilm 4.2 7.9 9.2
Kapton 5.8 8.6 10.6

4.3 Chapter summary

In this Chapter, the thermal transfer printing (TTP) method was characterised for

physical and electrical properties that influence the performance of printed electron-

ics. The smallest feature size achieved by TTP is 155µm while the minimum gap

size between prints attainable is 210µm. Surface and line edge roughness for thermal

transfer printing are 20 nm and 10µm respectively. These feature sizes were achieved

using a 300 dpi printer and are expected to be improved by use of higher resolu-

tion printers which are already available on the market. The aluminium and copper

traces achieve sheet resistances of 0.15 and 0.08Ω/� respectively. High frequency

characterisation of thermal transfer printed coplanar waveguides up to 10GHz shows

insertion losses of 1.0 dB/cm and 1.4 dB/cm for aluminium and copper prints respec-

tively. The higher insertion losses of the copper prints at high frequencies are due to

surface and edge roughness as well as cracks due to the prototypical material used.

Thermal transfer printing was also benchmarked against inkjet printing, which is

the most pervasive method of printing electronics, by means of RFID antenna read

range. Our results indicate that thermal transfer printing using copper is able to

equal or outperform inkjet printing with silver inks, regardless of whether the ink

jet printing was conducted on the same substrate as the thermal printing, or on a

substrate specially developed for inkjet printing. Our study used three different tag

designs, representing antennas with a mix of thick and thin features to minimise the

influence of a particular antenna geometry on the results. Across the three designs,

the thermal transfer printed labels outperform the inkjet printed labels by between

15-60 % (1-10 %) compared to inkjet printing on THERMLfilm (Kapton). Therefore
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our results indicate that TTP potentially has a role to play in printed electronics

more generally.
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Chapter 5

Application of Thermal Transfer

Printing in Internet of Things

In this Chapter, the thermal transfer printing (TTP) method is studied as a vi-

able low-cost fabrication method of antennas on flexible substrates. Rapid manu-

facture and prototyping of antennas is demonstrated by utilizing the speed of the

TTP method for on-demand manufacture of antennas. A low cost frequency agile

antenna produced by TTP is also designed, fabricated and characterised. An ultra-

wideband (UWB) monopole antenna with operational bandwidth of up to 7.5GHz

is demonstrated and characterised under mechanical static bending conditions. This

shows that thermal transfer printing can be used to fabricate electronics at microwave

frequencies under a variety of deployment scenarios for IoT applications.

5.1 On-demand printing of antennas

The work presented in this Section has been published in [106] Kgwadi, M.; Vourch,

C. J.; Harrison, D. J.; Drysdale, T. D., “On-demand printing of antennas for TV

white-space communications,” in Antennas and Propagation Conference (LAPC),

2014 Loughborough , vol., no., pp.553-556, 10-11 Nov. 2014 and is reproduced with

permission from IEEE.

New communications bands are becoming available in the frequency range 300MHz

to 3GHz, and in particular the 470-790MHz band which was previously reserved for

analogue terrestrial television (TV) transmissions [107]. Due to the attractive propa-

gation characteristics at this frequency range, it is attractive for low power, low cost

and short-range communications ideal for IoT applications. Thus it is conceivable
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that it will be used for communications between nodes in ubiquitous computing net-

works and IoT. Opportunistic use of unused spectrum between licensed bands called

TV white spaces (TVWS) has been proposed as one way of utilising this part of the

pectrum. A consequence of this approach is that a user’s frequency allocation will

evolve both with their location and over time. This necessitates either designing a

wide-bandwidth antenna with consequent cost, size, and efficiency compromises, or

taking a new approach. The use of modern metallic thermal printing techniques [97]

offer the prospect of low-cost antennas that can be printed on demand, at or near

the point of use, with a design that is customised to suit the locally available TVWS

communications bands.

Thermal transfer printing is an interesting method of producing electronics with

benefits of low-cost and fast fabrication speeds. Unlike other methods for printing

electronics like inkjet, gravure or screen printing, the printed samples can be used

immediately with no requirement for curing/sintering. Direct image printing of TTP

allows successive prints to be unique and thus cost effective for on-demand and/or

rapid prototyping electronics.

5.1.1 Antenna design

A proof of concept demonstration using a meanderline monopole operating at 800MHz

was chosen due to its compact size and omnidirectional pattern. These are desirable

characteristics for antennas in an ad-hoc network where the location of other commu-

nicating nodes are not known and can change over time. The meanderline has a total

length of 187mm (λ/2) while the overall antenna dimensions are 70mm by 30mm.

The antenna was printed in less than 2 seconds using a Zebra S4M thermal printer

of resolution 300 dpi and print rate 5 cm/sec. We used the IIMAK Metallograph alu-

minium conductive thermal transfer ribbon (CTTR) which results in metallisation

thickness of 0.26µm. The substrate used is Flexcon THERMLfilm Select 21944E

(TC-390) which has a thickness of 72µm and a relative dielectric constant (ǫr) of

3.2. Figure 5.1 shows the antenna, with the design and dimensions in Figure 5.1(a)

and a photograph of the printed antenna with an SMA connector in Figure 5.1(b).

The connection to the SMA connector was achieved via a conductive epoxy which

required drying time of approximately 5 minutes.
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(a) (b)

Figure 5.1: Monopole antenna geometry;(a) schematic and (b) photograph of printed
antenna [106].

5.1.2 Simulation results and measurements

The antenna was designed and analysed using OpenEMS with metal modelled as a

perfectly conductive layer of infinitesimal thickness to minimise the simulation times.

The return losses were measured s11 using an Agilent E8362B PNA Network Analyser

calibrated with an Agilent 85052B mechanical calibration kit. The measured and

simulated s11 are plotted in Figure 5.7 and show good agreement, with the measured

frequency (840MHz, -37 dB) shifted slightly from the simulated value (820MHz, -

21 dB). This effect is due to the the presence of a thin glassine release layer which

preserves the adhesive on the substrate. The electrical properties of the glassine

release layer are unknown and were not included in the simulations because in a

practical deployment scenario, the glassine release should be removed. The measured

fractional bandwidth below -10dB is 26%, compared to 8% for the simulation. The

slight deviation from simulated and measured return losses is attributed to the SMA

connector.

The radiation pattern of the monopole was measured using the NSI 2000 near
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Figure 5.2: Measured and simulated reflection coefficient of antenna [106].

Figure 5.3: Polar plot of normalised measured radiation pattern in horizontal and
vertical planes [106].

field spherical scanner in a 4.5×4.5×4.0m3 anechoic chamber and is shown in Fig-

ure 5.3. The farfield radiation pattern is omnidirectional and typical of a small

monopole. The measured directivity is 4 dBi. The antenna shows low radiation effi-

ciency, with a measured gain of -9.23 dBi, which we attribute to the thin metallisation

(0.26µm). At the operation frequency of 800MHz, the skin depth on a conductor of

2.7x107S/m (the measured conductivity of a thermally printed aluminium metalli-
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sation for thermal transfer printing) is approximately 3.4µm. The insertion losses

of coplanar waveguides raise exponentially as the thickness decreases below the skin

depth [108] which lowers the efficiency and realised gain of the antenna. At these

frequencies, the metallisation is 7.6% of the skin depth which results in high Ohmic

losses and low radiation efficiency is expected.

5.1.3 Gain improvement

Low radiation efficiency is typical of low profile antennas [21,109] due high conductor

losses in the thin metallisation. There are several methods to improve gain in anten-

nas with thin metallisation. In [109], the Authors demonstrate a method of increasing

the radiation efficiency by stacking meander lines to achieve an improvement of 6 dB

in antenna gain. That method could be employed in a straightforward manner using

the thermal transfer printing method due to the speed and low-cost nature of the

process although a via fabrication process would need to be developed to couple the

multiple layers. The radiation properties of antennas are also affected by the an-

tenna geometry as well [21] which provides an alternative optimisation parameter for

the design to improve the efficiency and gain by use of either high conductivity rib-

bons, wider meander line and optimised geometry. The latter two techniques for gain

improvement were explored since the thickness of the metallisation is fixed at 260µm.

Figure 5.4: The initial and improved monopole antennas [106]
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To minimise the ohmic losses along the coplanar feed, which could be as high

as 2.5 dB/cm [108] at 10% of the skin depth, the coplanar wave feed was shortened

from 40mm to 13mm. The width of the meanderline was also increased from 1mm

to 4mm to reduce the conductor losses. The gap between the ground planes and

the centre strip of the CPW was 250µm which was the smallest feature size that

allowed consistent electrical isolation between the centre strip and the ground plane

as discussed in Chapter 4. The geometry of the meanderline was also optimised

through simulation. The antenna is shown in Figure 5.4 alongside the initial proof of

concept design. The gain after the geometry optimisation is -3.9 dB, with a directivity

of 4.3 dBi. Thus an improvement of 5.3 dB was achieved without employing the gain

improvement techniques mentioned in [21] and [109]. Figure 5.5 shows the gain of

the optimised antenna compared to the initial design, highlighting the improved gain

of the optimised design. The use of thicker metal ribbons and multi-layered antenna

gain optimisation described in [109] could also be employed to improve the gain even

further.

Figure 5.5: Far-field patterns of the initial and improved monopole antennas [106]

5.2 Low-cost reconfigurable antenna on flexible

substrate

The work presented in this Section has been published in [110] Kgwadi, M., and Drys-

dale, T.D., “Diode-switched thermal-transfer printed antenna on flexible substrate”,

Electronics Letters, 2016, and is reproduced here with permission from the Institution
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of Engineering and Technology (IET).

It is reasonable to expect IoT devices to be able to handle dynamic frequency

allocation, at least in part determined by regulatory authorities according to loca-

tion [107] but also influenced by the local propagation environment favouring some

channels over others due to fading mechanisms associated with building geome-

try [111] and other radio noise sources. Hence, reconfigurable antennas are attractive

both for prototyping IoT communications networks in new locations, but also during

deployment for responding to changes in the optimal channel choice. Cognitive radio

also make reconfigurable antennas attractive to allow the radio to reconfigure the an-

tenna when conditions require such action. Reconfigurable antennas can go further

than frequency agility to include polarisation diversity [15] or beamforming capa-

bility [112]. Switching is known to introduce frequency [113] and polarisation [114]

agility into planar antennas produced using conventional printed circuit board tech-

niques on a variety of dielectric substrates. A thermal transfer printed frequency

agile antenna for IoT applications was designed and characterised, demonstrating the

feasibility of TTP in incorporating other circuit elements.

5.2.1 Antenna design and implementation

A sequentially reconfigurable frequency agile Sierpinski antenna using RF microelectro-

mechanical systems (RF MEMS) switches was achieved in [115]. The RF MEMS

in [115] require DC bias voltage of up to 17V to achieve switching. The use of high

voltage may not be cost effective or possible in low power sensor nodes which often

use small capacity, low voltage batteries. Therefore PIN diodes are an attractive

alternative for a low cost IoT approach because they can be switched with voltages

lower than 1VDC (nominal value 0.95V) [116]. A thermal transfer printed agile

Sierpinski gasket-based tunable antenna using NXP semiconductor’s general purpose

PIN diodes ( BAP50-03) as switches was designed to demonstrate the compatibility

of TTP with circuit components. The design allows a sensor node to switch between

ISM band (2400MHz) communications and the television white space (TVWS) bands

centered at (800MHz). Thus an associated sensor node could switch between the two

frequency bands depending on availability and/or network traffic conditions.

Figure 5.6(a) shows a schematic of our design, with a photograph of the final
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(a) (b)

Figure 5.6: Schematic (a) of the reconfigurable Seirpenski antenna (dimensions: CPW
center strip 3.2mm, CPW gap 0.35mm, CPW ground width 18mm ) and picture (b)
of the fabricated antenna [110].

printed version shown in Figure 5.6(b). The antenna is switched between the ‘ON’

and ‘OFF’ state by switch S, via a voltage supply fed through the vector network

analyser DC-bias port. On a microcontroller-based sensor node, the same operation

can be achieved by programming one of the output pins. For a 3.3 V output pin

voltage, a 47Ω resistor in series with the PIN diode will be required obtain the re-

quired forward bias current of 50mA. In the ‘ON’ state the diodes are forward biased

and the whole of the antenna is in operation, resonating at 800MHz. In the ‘OFF’

state the diodes are at zero bias and the antenna elements beyond the cathodes of the

diodes are effectively disconnected, yielding a short antenna structure that resonates

at 2400MHz. In practice, some residual loading remains because the diode is not a

perfect open circuit. Two surface-mount inductors are used to isolate the RF signal

from the ground shown by L1 and L2 in Figure 5.6.
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(a)

(b)

Figure 5.7: Plots of S11 parameter for the (a) simulated and (b) measured antennas,
for the diodes ON and OFF. With the diodes OFF, operation is at 2.4GHz and ON
at 800MHz (larger effective structure size) [110].

5.2.2 Simulation results and measurements

The antenna was simulated in OpenEMS with the metallisation modelled as a perfect

electrical conductor of infinitesimal thickness to obtain reasonable simulation times.

This does not affect the radiation pattern or operating frequency but prevents accu-

rate prediction of the efficiency. Lumped components were used to model the PIN

diodes and inductors in the simulations. The reverse bias capacitance of the diodes

was modelled as a 0.4 pF lumped capacitor in the ‘OFF’ state, while the forward bias

resistance was modelled as a 3Ω lumped resistor in the ‘ON’ state. The inductor

was modelled as lumped 4.7µH inductance in series with a 3Ω resistance. Figure

5.7(a) shows the simulated reflection coefficient in the two cases when the diodes are

‘ON’ and ‘OFF’. Figure 5.7(b) shows the measured S11, with the desired resonance in
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the ISM band (WLAN, 2400-2500MHz) with an S11 better than -30 dB through the

entire band and no resonance at 800MHz in the ‘OFF’ state. In the ‘ON’ state, the

resonance in UHF band is observed at 730MHz with an S11 of -28 dB and operational

bandwidth of 200MHz (S11 ≤-10 dB). The 150MHz shift in the resonance frequency

between simulation and measurements is attributed to discretization of the diagonal

lines into a staircase approximation and the presence of a 56 µm thick glassine liner

which preserves the acrylic adhesive and thus makes the structure electrically larger

than simulated (hence the resonances shifts to the lower frequencies)

.

(a) (b)

(c) (d)

Figure 5.8: Simulated normalised current densities, (a) at 800MHz in the ‘OFF’ state,
(b) 2400MHz in the ‘OFF’ state, (c) 800MHz in the ‘ON’ state , and (d) 2400MHz
in the ‘ON’ state [110].

Figure 5.8 shows the normalised surface current distribution in both ‘ON’ and

‘OFF’ cases at the two design frequencies. In the ‘OFF’ state the current density at

800 MHz is limited to the lower part of the antenna as shown in Figure 5.8(a). The

current distribution at 2400MHz shown Figure 5.8(b) shows a higher intensity in the
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active part of the antenna compared to 800MHz in Figure 5.8(a) signifying resonance.

Some currents also appear on the inactive part of the antenna in the ‘OFF’ state,

due to fringing capacitance. In the ‘ON’ state, the 800MHz current is distributed

through out the whole antenna as shown in Figure 5.8(c) and shows higher intensity

than in the ‘OFF’ state. This shows the antenna resonating at 800MHz in the ‘ON’

state. Figure 5.8(d) shows the current distribution at 2400MHz.

(a) (b)

(c) (d)

Figure 5.9: Simulated and measured radiation patterns. (a) simulated radiation pat-
tern at 800 MHz in the ‘ON’ state and (b) simulated radiation patterns at 2400MHz
in the ‘OFF’ state; (c) corresponding measured radiation pattern in the ‘ON’ state at
800MHz and (d) measured radiation pattern in the ‘OFF’ state at 2400MHz. The
arrow marks a null caused by the bias line [110].

The radiation pattern was measured using an NSI 2000 near field spherical scan-

ner described previously in Chapter 3. The normalised simulated far-field radiation

patterns for 800MHz (‘ON’) and 2400MHz (‘OFF’) are shown in Figure 5.9(a) and

Figure 5.9(b) respectively. The corresponding normalised measured far-field radia-

tion patterns at 800MHz (‘ON’) and 2400MHz (‘OFF’) are shown in Figure 5.9(c)
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and Figure 5.9(d) respectively. The measured radiation patterns in the ‘ON’ state

are omnidirectional with a measured gain of -5.3 dBi and a directivity of 3.1 dBi at

800MHz. The low measured gain is attributed to the conductor losses due to thin

metallization (0.07 of the skin depth) typical of printed antennas [21] and losses in

the resistances of the forward biased PIN diodes and RF blocking inductors. The ra-

diation pattern is however consistent with the simulated radiation pattern in Figure

5.9(a). The measured radiation pattern at 2400MHz (‘OFF’) shows omnidirectional

radiation pattern as shown in Figure 5.9(d), with a measured gain of 6.7 dB and

directivity of 5.2 dB. There is an unexpected null in the measured pattern in the

E-Plane at 150o which we attribute to the presence of bias line of length 2 cm which

is significant compared to the wavelength at 2400MHz (0.16λ) although this is of

negligible consequence at 800MHz (0.05λ).

5.3 Compact ultra-wideband antenna on flexible

substrate

The IEEE 802.15.3a channel which covers 3.1GHz to 10.6GHz has been allocated for

short-range, low power communications by the Federal commununications commis-

sion (FCC). The available total bandwith (7.5GHz) allows up to 1Mbs data-rates

making the channel attractive for wireless personal area networks (WPAN) and wire-

less sensor networks (WSN) [117, 118]. The FCC limits the effective radiated power

to a maximum of -41 dB/MHz [119] within this channel which is necessary for co-

existance with other licenced users. These power level constraints make the IEEE

802.15.3a suitable for low power, short range indoor communication applications.

The higher frequencies of the IEEE 802.15.3a channel allows for compact antenna de-

signs suitable for unobtrusive incorporation into wearables, smart labels, and sensors

compared to UHF frequencies. There have been several studies to improve the IEEE

802.15.3a channel characteristics including multiple-input-multiple-output (MIMO)

solutions [42, 120] to mitigate multipath, shadowing effects, low-power constraints

and increase channel capacity. It is therefore conceivable that the IEEE 802.15.3a

will play a role in the IoT. Thermal transfer printed flexible and conformal electron-

ics are well suited for unobtrusive integration either worn directly on the skin or are

placed on clothing and are thus expected to be deployed under mechanical stress.

Mechanical stress caused by bending is known to affect performance of flexible elec-

tronics [121] and these effects on thermal transfer printed electronics are yet to be
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determined. The effects of static mechanical bending on thermal transfer printed

antennas is studied subsequently.

5.3.1 Compact UWB antenna design

A compact coplanar-fed monopole antenna based on a design in [122] was designed

and optimised using OpenEMS for operation in the IEEE 802.15.13a range (3.1 -

10.6GHz). The optimized dimensions (in millimetres) of the UWB monopole design

are shown in Figure 5.10(a). The coplanar gap was kept at the minimum achievable

gap of 250µm. The antenna was thermal transfer printed on THERMlfilm using

the aluminium CTTR with printer settings as previously discussed in Chapter 3.

A photograph of the printed antennas with an SMA connectors attached is shown

in Figure 5.10(b). The overall dimensions of the antenna and the SMA connector

are 44mm by 32mm. A photograph thermal transfer printed antennas with SMA

connectors attached is shown in Figure 5.10(b) under different mechanical bending

scenarios.

(a) (b)

Figure 5.10: A compact ultra-wideband monopole (a) schematic (all dimensions in
mm) and (b) TTP printed antennas with SMA connectors under varying degrees of
mechanical bending scenarios.

5.3.2 Experimental results

The most anticipated deployment of flexible antennas are under mechanical static-

bending where an antenna is attached to an object as a label or worn on a quasi-static

part of the body. It is difficult to envisage an application where an antenna would

be subject to repetitive mechanical bending which warrants dynamic-bending test.

Thus, the static bend is sufficient for characterising thermal transfer printed antennas
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under mechanical stress. To determine the performance of thermal transfer printed

antenna under different mechanical static-bending conditions, the antenna was sub-

jected to three possible deployment scenarios where the antenna has to conform to

the shape of an object and/or person wearing it. In the first scenario, the antenna

is flat with no mechanical bending while the in other two scenarios, the antenna was

attached to cylinders with radii 19mm and 40mm as shown in Figure 5.10(b).

The antennas shows ultra-wideband performance covering the entire IEEE 802.13a

frequency range. The measured return losses of the flat antenna are below -10 dB from

2.8GHz to 11.0GHz as shown by the solid black line in Figure 5.11 and matches well

with the simulation results. Simulations were performed for the flat case only. The

measured fractional bandwidth of the monopole is 122%. The antenna with the

40mm radius of curvature experiences a reduction in the bandwidth with the return

losses below -10 dB from 3.1GHz to 9.5GHz. The performance is still broadband

with only 1GHz of bandwidth difference from the flat deployment scenario. The

total available bandwidth due to mechanical flexing of the antenna is 85% of the

total bandwidth in the IEEE 802.13a band. As the radius of curvature is reduced to

19mm the bandwidth is reduced even further from 3.5GHz to 8.8GHz. The total

available bandwith however is still 5.3GHz which is 70% of the total bandwidth in

the IEEE 802.13a band.

Figure 5.11: Return losses of the printed antenna under different mechanical flexing
conditions.

The measured E-plane far-field radiation patterns for selected frequencies in the

IEEE 802.15.3a band are shown in Figure 5.12 along with the simulated radiation pat-
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(a) 3GHz (b) 4.5GHz

(c) 6GHz (d) 7.5GHz

(e) 9GHz (f) 10.5GHz

Figure 5.12: Normalised simulated and measured far-field (E-plane) radiation pat-
tern for the compact UWB monopole under different static mechanical flexing condi-
tions at select frequencies in the IEEE 802.15.3a band; (a) 3.0GHz,(b) 4.5GHz, (c)
6.0GHz, (d) 7.5GHz, (e) 9.0GHz, and (f)10.5GHz.
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terns. The radiation pattern shows omni-directional radiation and matches well with

the simulated pattern for the frequencies up to 6GHz for all the different mechanical

bending scenarios. The radiation pattern of the antenna under 40mm radius of cur-

vature bend closely follows the flat radiation pattern due to the small difference in

curvature from the flat deployment scenario. The smaller radius of curvature shows

more deviation from the simulated pattern and the measured flat deployment sce-

nario. Above 6GHz, the radiation pattern diverges from theory due to the influence

of the SMA connector whose dimension (1 cm × 1 cm) become significant compared

to the wavelength (5 cm). Thus as the wavelength gets short with higher frequency,

the effect of the SMA connector on the radiation pattern becomes significant as shown

by radiation patterns for 7.5, 9.0 and 10.5GHz. The overall radiation pattern is how-

ever still omnidirectional and in an application setting, the SMA connector would be

eliminated by directly bonding the communication modules to the antenna.

5.4 Chapter summary

In this Chapter, application of the thermal transfer printing method in fabricating

IoT antennas was demonstrated. Exploiting the speed, low-cost and direct printing of

thermal transfer printing, on-demand printing of highly custom antenna designs and

or prototyping can be performed. TTP was also demonstrated capable of producing

reconfigurable antenna using low-cost off the shelf components. Demonstrating that

thermal transfer printing can be combined with switching elements (or any other

circuit elements e.g. light emitting diodes, transistors, microprocessors) to make low-

cost, flexible, reconfigurable antennas and in general, low cost flexible electronics

in a very short time. An ultra-wideband, flexible antenna ideal for short-range, high

datarate communications was also fabricated and characterised under varying degrees

of static mechanical bend. The thermal transfer printed UWB antenna maintained

UWB characteristics and minimal radiation pattern deviations under acute static

mechanical bend (4mm radius bending). This demonstrates that TTP can be used in

large area electronics to produce low-cost, flexible electronics on renewable substrates.
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Chapter 6

Slot-ring Multi-port Driven

Antenna for Integration with RTD

Oscillators

This Chapter presents a study of a slot-ring multi-port driven (MPD) antenna for

the purposes of integration with resonant tunelling diode oscillators. The slot-ring

antenna is described and then the geometry is optimised to improve air-side radia-

tion and reduce lateral radiation on electrically thick substrates. Validation of the

design is experimentally verified at 5GHz. The work presented in this Chapter has

been published in [123] Kgwadi, M., Alharbi, K., Wang, J., Wasige, E.; “Slot-Ring

Multiport Driven Antenna with Improved Airside Radiation for Terahertz Commu-

nications,” European Microwave Week (EuMC), London, 3-7 October 2016. and is

reproduced in part with permission from the publishers.

6.1 Analysis of slot-ring antenna

The slot-ring MPD antenna is a complementary structure of the ring MPD travelling

wave radiator described in Chapter 2. Slot antennas less complex geometry which

simplifies fabrication by minimising the number of metal layers during fabrication

thereby lowering costs. For this reason, the state of the art integrated antennas with

RTD oscillators use slotted geometries [37, 84, 85]. Unlike other single-port anten-

nas, multi-port driven antennas allow power combining from multiple sources on a

single antenna structure [43] allowing for compact integrated designs and in the pro-

cess eliminating losses associated with transmission lines and/or matching networks.
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Power combining capabilities by the antenna structure is an attractive property for an

integrated solution due to the low power output of RTD oscillators where the target

output power of 10mW is realistically going to be achieved by more than one oscil-

lator. In an MPD, multiple oscillators can be coupled to a single power combining

antenna in a similar way as [43] where up to 8 sources were driving a single antenna.

A slot-ring antenna for 135GHz operation on a 250µm silicon substrate, (0.41λ) was

presented in [44] with less complicated fabrication process than the equivalent ring

and spoke geometry.

The slot-ring antenna is a complementary structure of the microstrip annular ring

antenna. The modes in a microstrip annular ring antenna have been studied in the

literature [124–127] and the modes are shown to be TM. The dominant mode for

the annular microstrip ring antennas is the TM11 and results in non-zero far-field

radiation patterns at boresight. High-order modes result in nulls at boresight [127]

and are not considered in this thesis. Since the annular slot-ring is a complementary

structure, the slot cavity has the electric field reversed to the magnetic field resulting

in TE modes.

Figure 6.1: Electric field distribution of the first resonance in an annular slot-ring
antenna.

Consider an annular slot-ring antenna lying on the x-y plane as shown in Figure 6.1

with an average circumference equal to the guided wavelength λg. The instataneous

electric field distribution along the slot is thus sinusoidal with virtual shorts along
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the y-axis shown by the arrows in the Figure. The electric field is transverse to the

direction of propagation and thus the dominant radiating mode is a TE wave. If

the slot width w is much smaller than the guided wavelength (w ≪ λg) such that

the electric field only has azimuthal variation, the slot-ring can then be viewed as a

magnetic current loop with a current distribution [128];

M(φ) = Mocos(kgrφ) (6.1)

where kg is the phase constant in the slot and r is the radius of the slot and φ is the

angular measurement from the x-axis. For a dual port slot-ring antenna with phase

differential equal to the propagation delay between the feeding points, the resulting

electric field propagates along the slot creating radiation.

The far-field radiation pattern can be calculated by the Hankel transform of the

magnetic current distribution in the slot [129]. The far-field electric field of the

annular slot-ring is thus given by [128];

Eθ(θ, φ) ≃ J ′
1(ker · sin(θ)) · sin(φ) (6.2)

Eφ(θ, φ) ≃
J1(ker · sin(θ))
ker · sin(θ)

· cos(θ) · cos(φ) (6.3)

where ke = kd = 2π/λd for the dielectric side or ke = ko = 2π/λo, and J1(x) is

the first order Bessel function of the first kind and J ′
1 denotes its first derivative.

6.2 Slot-ring multiport driven antenna on

electrically thick substrate

The effects of electrically thick susbstrate (≥ 0.41λ) on the slot-ring antenna are yet

to be established and these are investigated in this Chapter to determine their effect

on the performance of the slot-ring MPD. Electrically thick substrates (thicker than

a quarter wavelength) are known to support numerous substrate modes which con-

fine the energy within the substrate, and thus reducing their radiation efficiency [39].

Moreover, these substrate modes interfere with the radiated energy when they exit

the sides of the substrate causing undesired lateral radiations and side lobes. In some

cases, the substrates cannot be thinned due to materials used, manufacturing and

packaging constraints. Some substrates such as indium phosphide (InP) on which

the RTD epitaxial layers are grown are extremely fragile, making thinning the sub-
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strate a difficult process.

Figure 6.2: Radiation pattern of a MPD slot-ring on an electrically thick substrate

A 300GHz slot-ring MPD antenna was designed using the criteria described in

Chapter 2 and simulated in OpenEMS to investigate the effects of electrically thick

substrates on the radiation pattern. The designed slot ring has a radius of 45µm

(g = 1 at 300GHz), a slot aperture of 5µm, while the substrate dimensions are

1000×1000×635µm. Four sources separated by a quarter wavelength were placed

along the slot ring and driven with a quarter period delay (quadrature driven) from

each other as shown in Figure 6.2. The resulting radiation pattern of the slot-ring

is shown as well in Figure 6.2 and the effects of an electrically thick substrate are

evident by the backward and lateral radiation. The radiated energy is on the back-

side of the substrate as is was the case in [43] but with significant lateral radiation

due to a thicker substrate. The electrically thick substrate supports more substrate

modes which exit the substrate at the edges and cause lateral radiation which is also

emphasized at the corners of the substrate. Due to the fragile characteristics of InP,

thinning the substrate is not feasible and this necessitates a different approach to

improve airside radiation.
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6.3 Air-side radiation improvement

The low power output of RTD oscillators requires efficient antennas to achieve rea-

sonable communicating and/or imaging distances. Highly directive antennas are also

desirable in millimetre-wave bands to counter the effects of attenuation. To adopt the

MPD slot-ring antenna for integration with RTD oscillators, the undesirable radiation

characteristics have to be improved. The improvements made on the initial design

in this Thesis are to address; 1) air-side radiation, and 2) minimise lateral radiation

at the edges of the substrate. This was achieved by modifying the geometry of the

outer ground plane from a square that covers the entire face of the substrate to a

circle. An additional ground plane placed on the backside of the substrates acts as a

reflective plane and refocuses the energy that would otherwise propagate downwards

into the substrate upwards in to the airside. A similar backing ground plane on a ring

and spoke MPD was shown in [43] uses a ground plane on the backside of the sub-

strate. The solution in [43] however places a quarter wavelength substrate thickness

requirement to guarantee coherent integration of the waves reflected from the ground

for effective radiation. In this Thesis a 2.25λ (9 quarter wavelengths) thick substrate

is used which is the standard thickness of the InP wafer on which RTD oscillators

are grown. An odd number of quarter wavelengths is sufficient to ensure that the

reflected waves do not add up destructively with the incident wave on the backing

ground plane. A similar solution was demonstrated using diced bow-tie antennas on

a large backing ground plane in [86] where the ground plane was used to refocus the

energy to the airside.

Figure 6.3(b) shows the modified slot-ring MPD antenna. A circular outer ground

plane minimizes the lateral radiation by allowing a purer circular travelling wave

around the outer ground plane as shown in Figure 6.4 without corners which result

in undesired radiation. Figure 6.3(b) shows the radiation pattern and directivity of

the improved structure. There is an improvement on the directivity from 7.9 dBi to

10.8 dBi (approximately a 3 dB increase) and the radiation is directed to the air-side.

6.4 Optimisation of modified slot-ring MPD

The initial results suggest that there should be an optimal size for the outer ground

between the smallest value (thin loop surrounding the slot) to the maximum (covering
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(a) (b)

Figure 6.3: MPD slot ring with backing ground plane for improved air-side radiation.
(a) side and topview showing the propagation of energy within the structure and (b)
the resulting far field radiation pattern

the entire top surface). The geometry of the modified slot-ring MPD was varied in

discrete steps to obtain the maximum directivity. To keep a nomenclature consistent

with one used in Chapter 2 and for a general solution, define H = 2πRg/λg as the

ratio of the circumference of the outer ground plane to the guided wavelength, where

Rg is the radius of the outer ground plane and λg is the guided wavelength. An

optimisation criteria was then to maximise the directivity by varying Rg and subse-

quently H ∈ (1, N ], where N is limited by the total area of the antenna which was

limited to 1000×1000µm2.

Simulations of the structure at discrete values of the outer ground plane were per-

formed and the directivity was observed. A selection of normalised far-field radiation

patterns for ground sizes of H=2, 4, 6, 8, and 10 are shown in Figure 6.5. Figure

6.6 shows the dependence of directivity on the size of the outer ground plane. The

directivity increases as the size of the outer ground plane is increased from the initial

value of 8.60 dBi at H=2 and achieves a maximum value of 10.9 dBi at H=4 and

reduces to a value of 6.4 dBi at H=6. This suggests that the optimum outer ground

radius for maximum directivity is approximately Rg = 4λg/2π.

The front-to-back lobe ratio also shows a dependence on the size of the outer

ground plane as shown by Figure 6.7. The modified slot-ring MPD shows a good
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(a) (b)

(c) (d)

(e) (f)

Figure 6.4: Simulated electric field distribution showing the circularly polarised trav-
elling wave within the modified slot-ring MPD at consecutive timesteps, (a) t=0 ,(b)
t=2,(c) t=4, (d) t=6, (e)t=8, and (f)t=10.

front-to-back lobe ratio of between 13 dBi and 14.8 dBi in the range H ∈ [2, 5] beyond

which a significant part of the radiation is directed to the back and laterally.
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Figure 6.5: Simulated maximum directivity versus the size of the outer ground plane

Figure 6.6: Simulated normalised maximum directivity versus the size of the outer
ground plane

The input impedance at each port of the modified slot-ring antenna at the design

frequency of 300GHz also shows a dependence on the size of ground plane as shown in

Figure 6.8. The input impedance is inductive with the reactive part of the impedance

between steadily increasing with H from 70Ω and 95Ω when H ∈ [2, 6] and reducing

there after. The resistive part shows a relative steady value around 25Ω forH ∈ [3, 5],

reaching a peak of 40Ω at H=6 and then reducing to 11Ω for H greater than 9. The

dependence on the input impedance gives a designer a parameter to manipulate for

integration with RTD oscillators for matching purposes to maximise power transfer

and design of oscillation frequency by adjusting the effective inductance.
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Figure 6.7: Simulated front-to-back ratio versus the size of the outer ground plane

Figure 6.8: Input impedance versus the ground size

6.5 Experimental validation of modified slot-ring

antenna

A slot-ring MPD antenna was designed, optimised and fabricated for 5GHz opera-

tion to validate for the first time the concept of a slot ring antenna with a backing

ground plane. The 5GHz frequency was chosen for proof of concept due the ease of

fabrication and less sensitivity to fabrication errors. Figure 6.9 shows the fabricated

antenna on 762µm thick Rodgers laminated board (εr = 3.48) with 1µm thick cop-

per. The optimal dimensions were derived based on the formulation described in the

preceeding section for maximum directivity. The optimal parameter are: of H=4,

with the outer circle radius of 25.41mm, slot radius, r = 7.57mm and a slot width of

3mm on a 100mm×100mm board. The fabricated antenna was fed at two locations
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Figure 6.9: Fabricated slot ring antenna for 5GHz operation

quarter wavelength apart. The quadrature phase difference at the feeding points was

achieved by using two coaxial cables with a quarter wavelength difference in length

connected to a Tee coupler as shown in Figure 6.9.

Figure 6.10 shows the measured and simulated return losses of the fabricated an-

tenna. There is shift in the resonation frequency from 5GHz to 5.4GHz due to frabri-

cation tolerances. The measured impedance bandwidth of the antenna is 500MHz

which is an increase of 200MHz to the simulated bandwidth. The measured frac-

tional bandwidth of the MPD slot ring is thus 18.5%. The phase difference at the

two ports was achieved by the use of a quarter wavelength differential in the length

which is also subject to errors. A more robust passive fabrication would include the

use of integrated circuit (IC) phase shifters. However, since the purpose of this study

is to obtain an integrated solution, it was unnecessary to use phase shifters. Using

the concept of mutual synchronisation of oscillators driving a common load, the indi-

vidual oscillators should synchronize in phase and oscillation frequency as previously

demonstrated in [130].

The theoretical and experimental farfield radiation patterns are shown in Figure

6.11. The measured patterns matches simulated pattern with an unexpected null

appearing at the angle 0o. The unexpected null is attributed to the coaxial cables
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Figure 6.10: Return loss

that run across the front of the antenna. Feeding the antenna from the back through

the use of narrower cables is expected to eliminate the effects of the cables. The mea-

sured directivity of the antenna is 10.2 dBi, which is similar to the simulated value of

10.8 dBi.

Figure 6.11: Simulated and measured normalised far-field radiation pattern of the
5GHz slot ring antenna

The simulated axial ratio of the 5GHz antenna is shown in Figure 6.12(a) as a

function of elevation angle. The axial ratio is below the -3 dB level for approximately
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±45o around boresight of the antenna at 5GHz. The simulated axial ratio remain

below the -3 dB level at boresight through the -10 dB impedance bandwidth as shown

in Figure 6.12(b) from 4.85GHz to 5.68GHz. Thus the slot ring antenna has a -3 dB

axial ratio bandwidth of approximately 830MHz.

(a)

(b)

Figure 6.12: Simulated axial ratio of the slot-ring antenna at 5GHz (a) and axial
ratio as a function of frequency at boresight (b).

6.6 Chapter summary

An improved slot-ring multi-port driven antenna with air-side radiation for operation

at 300GHz was demonstrated through simulation. Modifications to the original slot-

ring antenna geometry are made to include a backing ground plane to focus the

energy out of the substrate and into the airside. An optimal design for the improved

antenna geometry is also achieved along with relations of the directivity and input
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impedance on the geometry of the antenna. A maximum simulated directivity of

the improved slot-ring MPD antenna is 10.8 dBi with a side-to-back lobe ratio of

14.8 dBi. The concept of the slot-ring was experimentally verified by a fabricated

antenna for 5GHz operation showing the expected performance with directivity of

10.2 dBi (simulated directivity of 10.8 dBi) and a fractional bandwidth of 18%.
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Chapter 7

Resonant Tunnelling Diode

Oscillator Based Millimetre-wave

Communications Systems

This Chapter presents experimental work in which resonant tunnelling diode (RTD)

oscillators were modulated with data for the purposes of data communications over

a wireless channel in the millimetre-wave band. The work in this Chapter establishes

the groundwork for building and optimising transceiver systems for millimetre-wave

radio frequency (RF) front-ends for 5G user electronics in ubiquitous communucations

scenarios. The high output power (approximately 1mW) RTD oscillators reported

in [78] and [82] are used in this Thesis as part of millimetre-wave transmitter systems.

The oscillators are characterised and modulated with data to determine the achiev-

able datarates. Wireless transmission is demonstrated with the use of millimetre-wave

commercial antennas. The baseband signal is recovered by a combination of detectors

and off-line signal processing using Matlab. The bandwidth limitations and limiting

factors of the oscillators are established and recommendations to improve the mod-

ulation bandwidth for RTD oscillators to achieve data-rates commensurate with 5G

targets are made.

7.1 Resonant tunnelling diode oscillators

The operation of resonant tunnelling diode’s (RTD) negative differential region (NDR)

allows them to be used in compact oscillator design. When the self capacitance Cn

formed by the top and bottom contacts of the RTD is connected in parallel with
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an inductor L an L-C tank is formed which oscillates when the RTD is biased in

the NDR. The oscillation frequency is given by Fosc = 1/(2π
√
CnL). The RTD and

RTD-based oscillators were described in Chapter 2.

The oscillator circuits used for experiments in this Thesis are shown in Figures 7.1

and 7.2. The circuit schematic including the bias network are also shown alongside

each topology. Topology 1 has two individually biased oscillator circuits with one

RTD each. The design was optimised for high radio frequency (RF) output power

which is around 1mW realised by power combining from the two individual oscillator

circuits. The inductance L is realised by the co-planar waveguide of length 710µm

which forms an L-C tank with the self-capacitance of the RTD, Cn. The length of

the inductor is a design parameter for oscillation frequency which is varied to obtain

different oscillation frequencies between 28GHz and 40GHz. A stabilising resistor Re

is employed to suppress bias oscillations. The capacitor Ce is designed to be a short

circuit at the design frequency and thus isolate the biasing network (Rb and Lb) from

the LC tank and avoid power dissipation across the stabilising resistor Re. Deploying

two oscillators to drive a common load allows power combining with power up to

1mW reported in [78]. The oscillators with topology 1 were designed for 28-43GHz

operation which is at the lower end of the millimetre-wave band. This frequency range

is a good candidate for edge/last-mile connectivity or pico-cells because of relatively

lower atmospheric attenuation compared to other millimetre wave frequencies.

(a) (b)

Figure 7.1: Oscillator topology 1 (a) microscope picture oscillator [131] and (b) circuit
schematic including the bias network and load.

The second oscillator circuit (topology 2) used in this study is shown in Figure

7.2. The design oscillation frequencies range from 220GHz to 300GHz covering the

upper end of the millimetre-wave band. The high atmospheric attenuation at the
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these frequencies makes this channel ideal for short-range communications. The key

difference to topology 1 is that a single oscillator circuit is used, and the inductance

L realised by use of a microstrip line of length l µm instead of a CPW. The stabilising

resistor Re in the second topology is realised by two 30Ω resistors in parallel. The

components Re and Ce have the same functionality as described for topology 1. A

summary of the oscillators key parameters is presented in Table 7.1.

(a) (b)

Figure 7.2: Oscillator topology 2 (a) microscope picture oscillator [82] and (b) circuit
schematic including the bias network and load.

Table 7.1: Summary of RTD oscillators key circuit components.

Parameter Topology 1 Topology 2
Operation Frequency 33-43GHz 220-300GHz
Output RF power 1 dBm [78] 1 dBm [82]
Number of RTDs 2 1

RTD size 4×4µm2 5×5µm2

Re 20Ω 15Ω
Ce 16 pF 10 pF

7.2 Oscillator characterisation

The RTD oscillator of topology 1 were characterised to obtain the response to the bias

voltage. The bias voltage was swept across the negative differential region (NDR)

and the oscillation frequency and the RF power output was observed on a spectrum

analyzer. Figure 7.3 shows the response of oscillation frequency and output power
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as a function of bias voltage of a 43GHz oscillator. The frequency shows a relatively

flat response to bias voltage from 1.42V to 1.75V after which the frequency has an

abrupt transition from 43.62GHz to 43.28GHz. The flat response of the frequency

is attributed to the two independently biased oscillators injection locking each other

when coupled to the same load. The output power shows a direct relation to the

bias voltage in the first part of the NDR steadily increasing with an increase in bias

voltage until a maximum output power is reached. The output power reduces with

increase of bias voltage as the RTD is taken out of the NDR. This behaviour sug-

gests that circuit can be used as a voltage-controlled oscillator (VCO) controlling

the intensity of the RF signal by varying the bias voltage. The output power and

bias voltage have a quasi-linear relationship between 1.45V and 1.65V. This makes

it possible to perform amplitude modulation of the carrier signal by varying the bias

voltage because the modulating signal has a one-to-one relationship with the output

intensity which allows the modulating signal to be recovered.

(a) (b)

Figure 7.3: Frequency of oscillation (a) and output power (b) as a function of bias
voltage for the 43 GHz oscillator

The oscillators of topology 2 were also characterised for the relationship of the

output power and oscillation frequency to the bias voltage. A particular oscillator

used in subsequent experiments chosen due to its high output power is presented sub-

sequently. The oscillator has a free running oscillation frequency around 240GHz.

The relation of the oscillation frequency and the bias voltage is shown in Figure 7.4(a)

while the output power relation to the bias voltage is shown in Figure 7.4(b). The

oscillator showed oscillation under negative bias only, which is a result of fabrication

process variations and different materials from the circuits of topology 1. The fre-

quency varies steadily with the bias voltage as it is swept across the NDR as shown
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in the figure. The output power steadily increases and reaches a maximum and then

reduces as the bias voltage reaches the end of NDR.

(a) (b)

Figure 7.4: Frequency of oscillation (a) and output power (b) as a function of bias
voltage for the 238 GHz oscillator.

7.3 Modulation bandwidth characterisation

Operating the RTD oscillator as a voltage controlled oscillator (VCO) within the

region where the output power has a liner response allows one to perform amplitude

modulation (AM) as shown in Figure 7.5. In this setup the RTD is used as a mixer

with the modulating signal appearing as sidebands around the carrier signal. The

43GHz frequency independence of the bias voltage allows straight forward coherent

detection with a fixed local oscillator (LO) at the receiver end used with a mixer.

The time domain output of the modulated signal is shown in Figure 7.5 on the right.

The output signal is a carrier signal at the free running oscillation frequency with an

amplitude that follows the shape of the modulating signal. Other forms of AM like

amplitude shift keying (ASK) can also be used to send digital data which is more

robust to noisy channels.

7.3.1 Amplitude modulation experiments

To establish the modulation bandwidth of the RTD oscillators of topology 1, the

43GHz oscillator was biased at a fixed voltage of 1.55V. A -17 dBm sinusoid was

superimposed via a bias tee as shown in Figure 7.6 to perform AM modulation as de-

scribed and shown in Figure 7.5. The modulated output was observed on a spectrum

analyzer and a snapshot is shown in Figure 7.7(a). The distance of the sidebands

from the carrier frequency follows the modulation frequency in a graph of slope 1 as
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Figure 7.5: Amplitude modulation of a voltage-controlled oscillator.

shown in Figure 7.6(b) confirming that the sidebands observed on the spectrum an-

alyzer are the mixed products of the free running oscillator and the modulating signal.

Figure 7.6: Experiment set up for modulation bandwidth determination.

The modulation frequency was swept from 100MHz to 1GHz and the power of the

sidebands was monitored as shown in Figure 7.8. The lower frequency of modulation

was determined by the bias tee used which had a lower cut-off frequency of 100MHz.

The modulation bandwidth of the oscillator is defined as the frequency at which

the power of the sidebands is half of the initial power. The power of the sidebands

fall below the 3 dB point of the initial value at approximately 300MHz as shown in

Figure 7.8. Thus the modulation bandwidth of the oscillator is 300MHz, which gives

a theoretical limit on the achievable data-rate of 428Mbps.
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(a) (b)

Figure 7.7: Frequency domain output (a) mixed signal showing carrier at 43GHz
oscillator and sidebands and (b) sideband separation from carrier as a function of
modulation frequency.

Figure 7.8: Modulation bandwidth of 43 GHz oscillator.

7.3.2 ON-OFF keying modulation

The modulation bandwidth calculated previously provides a theoretical datarate

achievable by the oscillator. To determine the actual datarate achievable by the RTD

oscillators, a random bit pattern was used to simulate data transmission to observe

the limit. On/Off Keying (OOK) allows a straight forward method of modulating the

oscillator by switching the RTD in and out of the NDR by adjusting the bias voltage.

OOK significantly simplifies the design of the receiver since non-coherent detection

is possible, with only an envelope detector required to retrieve the baseband signal.

To perform On/Off keying, the oscillator was biased just outside the NDR as shown

in Figure 7.9 at -1.95V. A non-return to zero (NRZ) pseudo random bit sequence
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(PBRS) with an amplitude of 0.5V was superimposed on the bias voltage via a bias

tee. This has the effect of switching the VCO on and off based on the incident bit as

shown by Figure 7.9.

Figure 7.9: ON/OFF keying of an RTD oscillator.

Figure 7.10 (b) shows the modulated output of the oscillator observed on a real-

time oscilloscope showing an On/Off keyed RF signal. The modulation datarate of

10Mbps from an Anritsu pseudo random bit sequence (PRBS) generator was the

slowest achievable datarate. To demodulate the signal and recover the original data,

an envelope detector is required at the receiver end. A Matlab script was written

to perform the envelope detection and retrieve the modulating bit pattern from the

modulated signal. The envelope detection was performed by taking the magnitude

of the signal (i.e. full wave rectifier) and a low pass filter. The same (or equivalent)

operations can be realised in hardware on a field programmable gate array (FPGA)

or as a custom integrated circuit (IC) for a dedicated compact receiver module. Fig-

ure 7.10(b) shows the demodulated baseband signal at 100Mbps by the use of offline

signal processing in Matlab.

The transitions between on and off state show some transients as shown in the

figure. Close-ups of the ON and OFF transients are shown in Figure 7.11(a) and (b)

respectively. There are apparent setting times on the transitions between a 1 bit and

a 0 bit. The transition from the Off state to the On state takes 2 ns for the oscillator

to settle in a constant envelope and frequency as shown in Figure 7.11(a). The tran-
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sition from On to Off also takes approximately 2 ns. The rise and fall settling times

place a constraint on the minimum bit duration of at least 4 ns to allow the oscillator

to switch from Off to On and Off again. If the oscillator is driven with pulses smaller

than 4 ns the oscillator will not be able to switch accordingly and provide a modulated

millimetre wave signal. These rise and fall settling time determine the modulating

datarate using ON/OFF keying at 250Mbps.

(a)

(b)

Figure 7.10: OOK modulated signal from the 33GHz oscillator (a) and the demodu-
lated baseband signal (b) at 100Mbps.

A common way of measuring the fidelity of a received signal in communications

is the use of eye diagrams. Eye diagrams give a measure of how difficult it is to

distinguish between a zero bit and one bit. A wide eye with distinct levels for zero

and one mean that the decison is easy and low probability of error. Eye diagrams

at selected datarates presented in Figure 7.12 shows the fidelity of the demodulated
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(a) (b)

Figure 7.11: Bit transitions of the oscillator during On/Off Keying; (a)Off-to-On
transient and (b) On-to-Off transient.

signals. Figure 7.12(a) shows the eye diagram at 10Mbps, with distinct levels of 0

bit and a 1 bit shown by the vertical opening of the eye of approximately 8mV which

allows error-free detection of the modulating signal. Figure 7.12(b) shows the eye

diagram at 40Mbps modulation which also shows good signal fidelity with a wide eye

diagram with about 4mV vertical opening. Figure 7.12(c) and (d) show the demod-

ulated signal at 100Mbps and 200Mbps respectively. The eye diagrams still show

small eye opening but also show some jitter which causes timing problems and inter-

symbol interference between successive bits. The jitter is attributed to the phase

noise of the oscillator. The On and Off transients shown in Figure 7.11 have more

impact at higher modulation frequencies and make two levels for logical 1 symbols as

shown in Figure 7.12(d) at 200Mbps which makes the decision between a zero and a

one difficult and subject to errors.

The G-band oscillator modulation bandwidth were characterised using a Schot-

tky barrier diode (SBD) detector due to the unavailability of oscilloscopes capable

of capturing signals at 225-325GHz. Schottky barrier diodes used as detectors are

capable of detecting the intensity of millimetre and sub-millimetre (terahertz) waves.

These detectors are can perform envelope detection of very fast switching signals up

to approximately 40GHz [132]. An experiment as illustrated in Figure 7.13 using a

Virginia Diodes Inc. (VDI) WR3.4ZBD-F40 zero bias SBD detector (220-325 GHz)

was performed to characterise the achievable datarates of the 240GHz oscillator.

The SBD detector output is the demodulated baseband signal and the output was

observed on a real-time oscilloscope without further processing. Eye diagrams of the

recovered signal are shown in Figure 7.14 at selected datarates. Figure 7.14(a) shows

the eye diagram at 2Mbps with good fidelity of the signal shown by the wide opening
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(a) (b)

(c) (d)

Figure 7.12: Eye diagrams of the recovered data at select frequencies; (a) 20Mbps,
(b) 40Mbps, (c) 100Mbps, and (d) 200Mbps.

of the eye. The eye gradually gets smaller with increasing modulation speed as shown

by Figure 7.14(b) and (c) at 8 and 10Mbps respectively. The maximum achievable

datarate from the 240GHz oscillator is 15Mbps as shown in Figure Figure 7.14(d)

as shown by a very small eye opening. A small eye opening implies that the decision

between a 1 bit and 0 bit is difficult to make. The decision would be even harder

over a noisy channel (e.g wireless transmission). The small modulation bandwidth

of topology 2 oscillators is attributed to the suboptimal bias network which is domi-

nated by a large decoupling capacitor Ce of 10 pF.

7.4 Wireless communications using RTD

oscillators

This Section presents experimental work using the oscillators discussed previously in

wireless data transmission experiments.
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Figure 7.13: Modulation bandwidth experiment using a Schottky barrier diode de-
tector.

(a) (b)

(b) (d)

Figure 7.14: Demodulated baseband eye diagrams at selected datarates (a) 2Mbps,
(b) 8Mbps (c) 10Mbps, and (d) 15Mbps.

7.4.1 K-band communications

A wireless transmission experiment was set up as shown in Figure 7.15 over the K-

band at 33GHz using On/Off keying as discussed previously. The oscillator was

biased just outside the NDR and a pseudo-random bit sequence was used to switch
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Figure 7.15: OOK modulation experimental set up for the 33GHz oscillator

the oscillator on and off via a bias tee. The output of the oscillator was then con-

nected to a Farran 26-40GHz horn antenna. An identical horn antenna was placed

5 cm away from the transmitter in line-of-sight (LOS) conditions. The received RF

signal was then mixed down from 33GHz to 1GHz using an HP 11970A 8th har-

monic mixer using an Anritsu frequency synthesizer at 4GHz as the local oscillator.

The mixed down signal was then recorded on a real-time oscilloscope. The baseband

signal was recovered by offline processing using Matlab using envelope detection. En-

velope detection was achieved by taking the magnitude of the signal and then low

pass filtering as described previously.

The eye diagrams at select datarates are shown in Figure 7.16. Figure 7.16(a)

shows the demodulated baseband signal at 20Mbps with high signal fidelity as shown

by distinct levels of each symbol and an open eye. The eye diagrams at 30Mbps still

show distinct levels of each symbol but show some jitter between symbols which

leads to timing issues and inter-symbol interence as shown by the eye closing in the

horizontal axis. This behaviour attributed to the use the general purpose HP 11970A

mixer which is not designed for high speed switching. The effect is more pronounced

at 40 and 50Mbps as shown by the closed eye diagrams in Figure 7.16(c) and (d)

respectively.

7.4.2 G-band communications

To achieve wireless data transmission with the the 240GHz oscillator, the output was

connected to a G-band horn antenna. A commercial quasi-optical Schottky barrier

diode (SBD) detector - from Tera-Tech Components- was placed approximately 3 cm
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(a) (b)

(b) (d)

Figure 7.16: Eye diagrams of the demodulated baseband signal transmitted wireless
at 33GHz;(a) 20Mbps, (b) 30Mbps, (c) 40Mbps, and (d) 50Mbps.

Figure 7.17: Schematic of air 240GHz communications experimental set up using a
quasi-optical Schottky barrier diode detector

in line of sight conditions with the horn antenna with a micro-positioner as shown in

Figure 7.18. A schematic of the experiment set up is shown in Figure 7.17. The quasi-

optical SBD detector performs non-coherent envelope detection of the modulated RF

signal and gives the baseband signal with no requirement for further processing. The

demodulated signal was observed on a real-time oscilloscope (RTO) with an input

resistance of 1MΩ and eyediagrams of the recovered baseband signal at selected
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Figure 7.18: Air 240GHz communications experimental set up using a quasi-optical
Schottky barrier diode detector

datarates are shown Figure 7.19.

(a) (b)

(b) (d)

Figure 7.19: Eye diagrams of the filtered quasi-optical SBD detector output at se-
lected datarates;(a) 1Mbps, (b) 2Mbps, (c) 3Mbps, and (d) 5Mbps.

The wireless transmission channel at 240GHz introduces some noise into the sys-

tem resulting in a noisy received signal. The SBD detector has bandwidth of above

40GHz and thus records the fluctuations of the received signal due to noisy channel
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up to those frequencies. A low-pass filter was used to remove the high frequency

components noise and improve the fidelity of the signal by off-line processing in Mat-

lab thus improving the eye diagrams of the SBD detector. The recieved signal at

1Mbps as shown in Figure 7.19(a) shows distinct levels for each of the two symbols

received shown by a well defined eye diagram. There is evidence of multiple levels

for each symbol as shown by the thick line at the top and bottom of the eye which is

not apparent in the eye diagrams shown in Figure 7.14. Figure 7.14(b) and (c) show

the eyediagrams of the received signal at 2 and 3Mbps, showing error free detection

evidenced by open eye diagrams. The limit of the achievable datarate in this setup

is 5Mbps as shown in Figure 7.14(d) by an almost closed eye diagram. The lower

datarates achieved in this experiments are attributed to the noise introduced by the

wireless channel.

7.5 Chapter summary

In this Chapter, the modulation bandwidth of the high power resonant tunnelling

diode oscillators fabricated for ubiquitous communications applications were char-

acterised. Wireless transceiver systems at 28-40GHz and 240GHz were build using

combinations of horn antennas and quasi-optical Schottky barrier diode detectors.

The modulation bandwidth of the oscillators were found to be limited to 300Mbps

and 16Mbps for the 28-40GHz oscillators and 220-300GHz oscillators respectively.

The low modulation bandwidth of the oscillators was due to the fact that the oscilla-

tors were optimised for high RF output power as part of the initial study and process

optimisation and not modulation bandwidth which forms part of future work. The

suboptimal bias network features an oversized decoupling capacitor which effectively

forms a low pass filter network that slows down the response of the overall transmitter

system. Wireless millimetre-wave communications systems were build by a combina-

tion of horn antennas, quasi-optical Schottky barrier diode detectors and some offline

signal processing using Matlab to recover the baseband signal. Error free wireless

communications over short distances were achieved at low datarates. The 28-40GHz

oscillators managed to achieve up to 30Mbps error-free wireless transmission over a

distance of 5 cm using commercial horn antennae although the datarate was limited

by the slow response of the mixer used in the receiver subsystem. The 220-325GHz

oscillators managed to achieve 3Mbps error-free wireless transmission at a distance

of 3 cm.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In this Thesis, low cost communication solutions to enable the next generation of

mobile communications (5G) and/or Internet of Things (IoT) devices are presented

and studied. The work was divided into three different fields all aimed at low-cost

solutions of enabling 5G and IoT. The first part of the study involves study of low-

cost fabrication of antennas and radio frequency (RF) guided wave structures up to

10GHz using the thermal transfer printing technique on renewable, light weight, flex-

ible and low-cost substrates. The second part involves design and optimisation of a

multi-port driven slot antenna for purposes of integration with resonant tunnelling

diode (RTD) oscillators for high datarate millimetre-wave communications. The third

part is an experimental study of modulating RTD oscillators to determine and im-

prove achievable modulation bandwidth to meet 5G demands. Significant academic

contribution was made with the publications that resulted from this study and future

work recommendations are made subsequently in this Chapter.

The main achievements of this study are:

1. Successful demonstration and characterisation of the thermal transfer printing

method as a viable electronics fabrication method for low-cost, lightweight and

flexible large area electronics (LAE) on renewable substrates from DC to 10GHz

for IoT applications. Academic contribution was made through publications

resulting from the study in the area of low-cost, flexible printed large area

electronics for IoT applications [106,110]

2. First known benchmarking of the performance of the thermal transfer print-
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ing method to inkjet printing, which is an established method of low-cost,

lightweight and flexible printed electronics. Thermal transfer printing has been

shown to achieve similar or better read range in RFID applications. The results

of which show that the metal thickness limitation is offset by the higher con-

ductivity, making the thermal transfer printing actually an equally good choice

for performance and advantageous in terms of convenience. Contribution to the

field was made through publication in [61, 133]

3. A multi-port driven slot-ring antenna was optimised for purposes of integration

with resonant tunnelling diode oscillators with emphasis on air-side radiation.

Modifications to the original slot-ring antenna were made to include a backing

ground plane to reflect the energy travelling into the substrate airside, elimi-

nating the requirement to use bulky lenses. A design criteria for the modified

slot-ring multiport driven antenna geometry is established and verified by a

fabricated slot-ring antenna at 5GHz. The optimised fabricated slot-ring an-

tenna achieves directivity of 10.2 dBi compared to the simulated directivuty of

11.7 dBi due to the feeding structure. Contribution in this area was made with

publication in a major peer-reviewed conference publication [123].

4. Millimetre-wave communication transceiver systems using resonant tunnelling

diodes were built demonstrating that RTD oscillators as an enabling technology

for ubiquitous communications and IoT. The modulation bandwidth of high out-

put power resonant tunnelling diode oscillators was determined and they were

used to send data over a wireless link. This demonstrated that high power RTD

oscillators can be modulated, with a tradeoff in terms of the datarate achiev-

able due to the biasing network. The achievable datarates with the oscillators,

which were optimised for high high RF power were 200Mbps at 33GHz and

16Mbps at 300GHz. Recommendations to improve the achievable datarates

by optimising the oscillator bias network are made subsequently in the Future

Work section to meet the datarate targets for 5G.

8.2 Future Work

The work done in this Thesis has potential to play a major role in the next gen-

eration communications. However there are some challenges and/or improvements

that should be met to enable pervasive adoption of these technologies in IoT devices,

systems and applications. This section provides future work to improve the ther-
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mal transfer printing technique, integrating the slot-ring antenna into oscillators and

optimising the oscillators for high datarate throughput wireless communications.

8.2.1 Thermal transfer printed antennas and electronics

Thermal transfer printing is an attractive alternative to the pervasive printing tech-

niques used for electronics because it does not require sintering, thus eliminating an

additional step from the tag fabrication process, saving time and money. There are

opportunities for future work in the area of multiple-pass thermal transfer printing, es-

tablishing the fine resolution printing limits, and automating the assembly of printed

structures that incorporate passive and active electronic elements, such as switching

elements that permit antenna reconfigurability [110] or other circuit applications up

to 10GHz.

1. Higher resolution printheads and ribbon development: The printer used in this

thesis is an off-the-shelf thermal printer designed for printing bar-codes and la-

bel where the micrometre resolution was sufficient. The 300 dpi printhead was

able to achieve printing resolution of 200µm. This printing resolution is orders

of magnitude larger than that of gravure (30µm [134]) and inkjet (10µm [])

printed electronics. There are printheads of 600 dpi (double the resolution of

the printer used in this Thesis) available on the market, these should be used in

future work to establish the advantage of higher resolution. Printheads above

1200 dpi should theoretically allow resolutions around tens of micrometres as

opposed to hundreds of microns of a 300 dpi printer. Improving the printing

resolution by investigating and developing higher resolution printheads is ex-

pected to improve the achievable feature size, surface and edge roughness and

overall print quality. This should allow more compact designs, lower scattering

losses and possible application of TTP in millimetre-wave RF circuits where

higher resolution is required. The thin metallisation, surface and edge rough-

ness, and crack formation of the available conductive thermal transfer ribbons

(CTTR) requires further development to eliminate such printing artefacts so as

to improve the performance of TTP printed electronics.

2. Higher printing speeds: Although TTP can achieve printing speeds of up to

20 cm/s, it is still slower than the state of art print speeds achieved by gravure

and offset printing (up to 15 cm/s [134]). In this Thesis the printing speeds were

kept at 5 cm/s due to the compatibility of the substrate and the limited thermal
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intensity produced by the printhead. In the preliminary print tests, it was

observed that the printing quality is inversely proportional to print speed and

proportional to the heat intensity (darkness) which was kept at its maximum.

The tradeoff of printing speed on print quality and from optimal settings should

be investigated as well as the limit of the fastest achievable printspeeds using

more powerful thermal printheads and/or other thermal energy delivery systems

(e.g. lasers) should be investigated to improve the printspeeds and throughput

of TTP.

3. Multi-layer and double-sided printing: Thermal transfer prints are receptive to

subsequent re-prints. Multi-layer printing has been used in inkjet and screen

printed electronics to improve metallisation thickness and thus reducing the

ohmic losses that thin-films suffer from when the metallisation is much smaller

than the skin depth. For radio frequency identification (RFID) the skin depth

of pure copper at 1GHz is approximately 1µm. The metallisation of the copper

CTTR is 0.34µm, thus the metallisation is a fraction of the skin-depth which

to leads to significant ohmic losses which increase exponentially as the met-

allisation drops below 3 times the skin depth [108]. Figure 8.1(a) shows the

improvement of the sheet resistance with multi-pass thermal transfer printing.

However, there is an alignment problem with multi-pass printing as the sub-

strate needs to be positioned with high degree of precision for successive prints

to align. Modifying the printer or building a custom set-up that can achieve

micrometre precision alignment or better is an area of future work.

Figure 8.1: Multi-layer and double sided printing; (a) sheet resistance improvement
from multilayer thermal transfer printing and (b) misalignment of successive prints
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4. Automated high volume roll-to-roll manufacturing : Since thermal transfer print-

ing produces dry prints, the prints can immediately passed through another

processing step without risk of smudged prints unlike wet techniques such as

inkjet, gravure and screen printing. Figure 8.2 shows a high volume roll-to-

roll manufacturing scenario utilising multiple printheads arranged to perform

multi-layer and double sided printing.

Figure 8.2: Multilayer and double-sided thermal transfer printing in a high volume
roll-to-roll manufacturing scenario

5. Diversify thermal transfer printing receptive substrates: Thermal transfer print-

ing has thus far been successfully demonstrated on a few substrates (161107-

KR-100 and 161107-KR-200 from Polyonics and Thermlfilm 21940, Thermlfilm

21944E and clear polyethylene terephthalate (PET) from Flexcon due to in-

compatibility issues of the conductive thermal transfer ribbons (CTTR) with

other substrates limiting the number of substrates that can be used with this

technique. An area of future work is to investigate more substrates by treating

them using similar techniques used for screen printing and inkjet printing [135]

to diversify the substrates beyond plastic polymers to fabrics and/or paper.

6. Repetitive bending and reliability tests: In this Thesis, performance of copla-

nar waveguides and antennas under static mechanical bending were studied.

However, it is conceivable that TTP electronics will be subjected to repetitive

bending if deployed in highly dynamic systems. The performance of TTP elec-

tronics after multiple bending cycles is therefore should be established as part
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of the future work to characterise how the performance is affected by repetitive

bending and possibly improve the reliability and/or robustness of electronics

fabricated using this printing technique.

8.2.2 Integrated slot-ring antenna

Based on the findings of the study and optimisation of the multi-port driven (MPD)

slot-ring antenna, a self oscillating integrated MPD slot-ring transmitter system com-

posed of several individually biased oscillators for the purposes of power combining

is an area of future work. An integrated design with four mutually locked oscilla-

tors is proposed as shown in Figure 8.3. Such a design requires modifications to the

MPD slot-ring to incorporate bias pads, and to electrically decouple the oscillators

to allow independent bias of each oscillator. A potential solution could be realised as

shown in Figure 8.3 which shows four individually biased oscillators are arranged in a

ring. More oscillators could be integrated using optimal components sizes for power

combination and high datarate modulation.

Figure 8.3: Integrated slot-ring antenna with four individually biased and mutually
locking oscillators
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8.2.3 High datarate millimetre-wave communications using

RTD oscillators

The resonant tunnelling diode oscillators used in this Thesis were optimised for high

radio frequency (RF) output thus maximising the communication range achievable by

RTD oscillators. These oscillators were not optimised for high datarate transmission

and the next evolutionary step is to optimise these oscillators for datarates or around

10Gbps.

1. Optimisation of bias network: The decoupling capacitor in the bias network

was over-specified leading to low cut-off frequency of 200MHz. A large decou-

pling capacitor in the bias network results in a slow response as the capacitor

charges/discharges when a data signal is applied across it. The modulation

bandwidth is limited by the bias network and decoupling capacitor Ce which

forms a low-pass filter. The modulation bandwidth for the 43GHz oscillator

can be approximated by the -3 dB cut-off frequency of the lowpass network of

the bias circuitry;

BW =
1

2πRbCe

= 200MHz (8.1)

With the bias cable resistance Rb = 50Ω and Ce=16pF. A spice circuit sim-

ulation of the bias network for both the 43GHz is shown in Figure 8.4 along

with the expected datarates for optimised oscillator designs. Reducing the de-

coupling capacitor from 16 pF to 1 pF is expected to allow modulation rates in

the order of gigabit per second which would allow these oscillators to meet 5G

targets. To obtain datarates in the order of 40Gbps, the decoupling capacitor

should be around 0.1 pF which would allow modulation rates equal to the state

of the art [37].

2. Improved phase noise: The oscillators used in this Thesis were free running and

showed drift of the oscillation frequency. The drift of the oscillation frequency

makes coherent detection difficult due to the requirement of a fixed local oscilla-

tor (LO) as shown in the experiment in Chapter 7 (see Figure 7.15). Moreover,

the phase noise introduces jitter which is shown in Figures 7.19 and 7.16 which

is expected to be a significant limitation at very high datarate transmission

(i.e. 10Gbps) as the jitter becomes significant in comparison to the short bit

duration at high datarates. The oscillators can be injection-locked and this was

demonstrated experimentally improving the phase noise as shown in Figure 8.5.
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Figure 8.4: Expected modulation bandwidth limits for topology 1 ocscillators

The free-running oscillator has -60 dBc/Hz phase noise at 1MHz offset while

under locking with a -10 dBm signal the phase noise reduces by 30 dBc/Hz. The

injection locking experiment demonstrate that these oscillators can be stabilised

by mutual locking as already demonstrated in Chapter 7 where the oscillation

frequency was independent of bias voltage as a result of oscilltors injection lock-

ing each other. This allows for coherent detection where the phase/frequency

of the oscillator can be detected by the receiver facilitating more noise robust

modulation techniques.

Figure 8.5: Phase noise of 43GHz oscillator in free running and locked conditions
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