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Abstract

In the past decades there have been significant advances in millimetre-wave technologies such that
commercial systems are now entering the market and being incorporated into the 5G telecommunications
network. Simultaneously, optical photonic systems have also seen widespread adoption, with fiber
optic networks forming the backbone of the global telecommunication network. Between these two
are terahertz waves, a vast, but underutilised band of electromagnetic spectrum commonly defined
from 0.1 to 10 THz. In part it is neglected due to technical challenges, namely, limited available
power from practical sources and the lack of efficient devices. Nevertheless, though these challenges
exist, overcoming them will unlock increasingly valuable spectrum, well suited for high-speed, short
range wireless communications, and non-destructive evaluation. Recently, advances in diode, frequency
multiplier, and photonic based terahertz sources have made terahertz generation more accessible,
bringing practical terahertz devices substantially closer to reality. To compliment these modern sources,
efficient components and complimentary techniques for analysis are required to enable widespread
adoption.

In recent years, all-dielectric waveguides, and specifically substrateless silicon waveguides, have
emerged as a candidate foundation for compact and efficient terahertz integrated systems. Through
the etching of high-resistivity silicon wafers, waveguides and a wide array of passive components can
be realised monolithically. This is achieved by employing effective medium techniques to locally vary
the permittivity through a process of micro-patterning with sub-wavelength lattices. Conventionally,
rotationally symmetric lattices are employed, resulting in in-plane isotropic effective mediums. Here,
substrateless anisotropic effective mediums are employed to realise a so called extreme-skin depth
waveguide, enabling compact circuitry by suppressing crosstalk between adjacent waveguides. More
broadly, a scheme for including substrateless anisotropic effective medium is demonstrated which brings
an additional degree of freedom to all-silicon devices. More generally, there are many components
which are desirable but yet to be realised on this substrateless platform. Of these, an arbitrary ratio
power divider, a thermo-optic phase shifter, a wideband endfire antenna, and a leaky-wave antenna
are presented here. These contributions span foundational techniques, passive, and tunable devices,
bringing a wide range of necessary functionality to a fundamentally efficient platform.

While passive components are foundational, they are not solely sufficient for practical terahertz
systems, they must be integrated with active components and supported by signal processing techniques.
For this reason, leaky-wave radar and terahertz swept-source optical coherence tomography, two signal
processing techniques for terahertz sensing are described here to address current deficiencies. First, to
circumvent the need for beam-forming, which has proved to be an ongoing challenge in the terahertz
regime, leaky-wave radars have emerged but are still in their infancy. Theoretical analysis of these
systems based upon the leaky-wave antenna employed is presented, showing the intrinsic link between
field of view, operating bandwidth, depth, and angular resolution. This analysis is complemented by
experimental demonstrations of the technique for real-time scene acquisition. Additionally, such that
incoherent detectors can be deployed in place of more costly coherent detectors in sensing applications,
an analysis of multi-layer systems with terahertz swept-source optical coherence tomography is detailed,
specifically focusing on sensing in-container liquids. Together, these signal processing techniques
facilitate the simplification of functional systems without severely compromising performance.

vii



viii Abstract

The efficient integrated components and complimentary signal processing techniques proposed
seek to address some of the practical limitations which currently prohibit the widespread adoption
of terahertz technologies. Specifically, by enhancing the functionality with new components and
implementation of signal processing techniques which enable hardware simplification, we expect that
practical terahertz systems for sensing and communications systems will emerge.



Declaration

I certify that this work contains no material which has been accepted for the award of any other degree
or diploma in my name, in any university or other tertiary institution and, to the best of my knowledge
and belief, contains no material previously published or written by another person, except where due
reference has been made in the text. In addition, I certify that no part of this work will, in the future,
be used in a submission in my name, for any other degree or diploma in any university or other tertiary
institution without the prior approval of the University of Adelaide and where applicable, any partner
institution responsible for the joint award of this degree.

I also give permission for the digital version of my thesis to be made available on the web, via the
University’s digital research repository, the Library Search and also through web search engines, unless
permission has been granted by the University to restrict access for a period of time.

I acknowledge the support I have received for my research through the provision of an Australian
Government Research Training Program Scholarship.

Harrison Lees 7/2/2025

ix






Acknowledgements

This thesis and the research there in would not have been possible without the support of
Withawat Withayachumnankul. T started working with Withawat in the Summer of 2018 as a research
intern trying to measure the refractive index of thin films, and have worked continuously in his
Terahertz Engineering Laboratory ever since—as an intern, an Honours student, and since 2021, a
doctoral candidate. Withawat’s unrivaled commitment to terahertz research is beyond all else,
inspiring, an evergreen spring of motivation for aspiring researches, myself included. I would like to
thank Withawat for his time over the years and look-forward to continuing our work together.

In 2021, Daniel Headland joined my supervisory panel as my long-distance co-supervisor. Daniel has a
unique approach to research, and has earned a reputation for his creativity and unconventional sense
of humour, traits that I readily tried to integrate into my own outlook. When working with Daniel
there is an unexplainable aura, a sense that with enough careful, first-principles thought,
finite-element analysis, and raw electromagnetic intuition, all problems can be solved—and in many
cases a solution emerges. I would like to thank Daniel for his dedicated supervision and look forward
to what will come.

The Terahertz Engineering Laboratory has been my second home for the past 6 years and in this time
I have been joined by many excellent colleagues. To Wendy S. L. Lee and Weijie Gao who mentored
me as an undergraduate student, your foundational lessons have stayed with me. To, Xiaolong You,
Mohamed Shehata and Stephen Li, my predecessors who contributed so much fruitful discussion
throughout my candidature. A special thanks, to Panisa Dechwechprasit whose friendship and
camaraderie was always appreciated. To Linxi Chen, Sakib Quader, Mariam Abdullah, Miantong Sun,
James Tam, Chenchu Ma, and Komal Igbal, it has been a privilege to watch and learn from you all.
Finally, a special thanks to Bryce Chung, I estimate that we have spent more time in the lab together
than any other pairing, it would have been impossible without your dedicated support.

Beyond my direct supervisors and colleagues I have also been joined by a host of other supervisors,
hosts, and mentors throughout my research, and I am thankful to them all. Christophe Fumeaux,
Shengjian Jammy Chen, Nghia Nguyen Trong, and their students have all influenced me throughout
this time. Matthew Ibrahim, for his regular insights throughout my candidature. From University of
New South Wales, Shaghik Atakaramians who hosted my visit to Sydney. From the Univeristy of
Duisburg-Essen, Jan C. Balzer, Niels Benson, Andreas Klein, and their respective groups, who hosted
my stay in Duisburg. From Osaka University, Masayuki Fujita, whose assistance has been greatly
appreciated. From Universidad Carlos III de Madrid, Guillermo Carpintero del Barrio, for his
kindness in hosting my short visit to Madrid.

I would like to acknowledge the fabrication experts and technical staff who very literally made my
research a reality. At the University of Adelaide, Danny Di Giacomo and Brandon Pullen. From
Australian National Fabrication Facility at The University of Sydney, Jacky He and Gloria Qiu. From
The Royal Melbourne Institute of Technology, Rajour Tanyi Ako. From Osaka Research Institute of

xi



xii Acknowledgements

Industrial Science and Technology, Shuichi Murakami. From the University of Duisburg-Essen,
Masoud Sakaki. Without you all, my work is entirely theoretical.

More broadly, I would like to thank the terahertz community. Contrary to some people’s perception
academia is very social, so to everyone I have collaborated with, or simply had dinner, a beer, or a
conference coffee with, I cherish your time, and hope that we can see each other in the future.

To my family, who have supported my academic endeavours for 22 years now. My mother,
Marie-Louise, and father, Graham, have always been a source of inspiration academically, but their
ongoing emotional support and nurture has been their greatest gift. My brothers, Tim and Ethan, are
my closest confidants and frequently inspire me beyond my research.

To my partner, Imogen Larcombe, your support throughout my candidature, as in life, has been
unwavering. It is impossible to quantify your impact on this Thesis, but without you I am certain it
would be lesser.



Conventions

Typesetting
This thesis is typeset using BTEX.

Referencing

IEEE style is employed for referencing and citation in this thesis.

System of Units

The International System of Units is used.

Spelling
Australian English spelling is adopted.

Terminology

Terminology is derived from recent, relevant academic literature. Due to the subject matter being
between two mature fields, microwave electronics and integrated optics, where each field describes the
same fundamental concept with different terminology an explanation is made.

xiii






Publications

First Author Journal Publications

e Harrison Lees, Cameron Hayes, and Withawat Withayachumnankul, Terahertz coherence
tomography for in-Container liquid characterization, Journal of Selected Topics in Quantum
Electronics, vol. 29, no. 5, art. no. 8600408, (2021).

Contribution: HL contributed theoretical analysis, experimentation, data processing, and
manuscript writing.

e Harrison Lees, Daniel Headland, Shuichi Murakami, Masayuki Fujita, and
Withawat Withayachumnankul, Terahertz radar with all-dielectric leaky-wave antenna, APL
Photonics, vol. 9, art. no. 036107, (2024).

Contribution: HL contributed theoretical analysis, device design, experimentation, data
processing, and manuscript writing.

e Harrison Lees, Daniel Headland, and Withawat Withayachumnankul, Terahertz extreme skin-
depth waveguides, IEEFE Transactions on Terahertz Science and Technology, vol. 14, no. 5, pp
758-767, (2024).

Contribution: HL contributed theoretical analysis, device design, experimentation, data
processing, and manuscript writing.

e Harrison Lees, Masoud Sakaki, Daniel Headland, Niels Benson, Jan C. Balzer, and
Withawat Withayachumnankul, Terahertz stepped-height waveguide with 3D-printing, IEFEE
Transactions on Microwave Theory and Techniques, Early Access, (2024).

Contribution: HL contributed theoretical analysis, device design, experimentation, data
processing, and manuscript writing.

Contributing Author Journal Publications

e Jie Liang, Weijie Gao, Harrison Lees, and Withawat Withayachumnankul, All-silicon terahertz
planar horn antenna, IEEE Antennas and Wireless Propagation Letters , vol. 20, no. 11, pp
2181-2185 (2024).

Contribution: HL contributed experimentation and data processing.

e Panisa Dechwechprasit, Harrison Lees, Daniel Headland, Christophe Fumeaux, and
Withawat Withayachumnankul, 1-to-IV terahertz integrated switches enabling multi-beam
antennas, Optica, vol. 10, no. 11, pp. 1551-1558 (2023).

XV



xvi Publications

Contribution: HL contributed device design, experimentation, and data processing.

e Jade Carter, Harrison Lees, Qigejian Wang, Shengjian Jammy Chen, Shaghik Atakaramians,
and Withawat Withayachumnankul, Terahertz Properties of Common Microwave Dielectric
Materials, Journal of Infrared, Millimeter, and Terahertz Waves, vol. 44, no. 11, pp. 873-884
(2023).

Contribution: HL contributed experimentation, and data processing.

e Daniel Headland, Ashish Kumar, Harrison Lees, Withawat Withayachumnankul, and
Guillermo Carpintero, Matched dielectric slot waveguide as an all-dielectric terahertz magnetic
dipole, Optics Letters, vol. 49, no. 5, pp. 1361-1364 (2024).

Contribution: HL contributed experimentation, and data processing.

First Author Conference Publications

e Harrison Lees, Daniel Headland, and Withawat Withayachumnankul, Integrated, broadband,
arbitrary-ratio power division based on air-silicon effective mediums, 46th International
Conference on Infrared, Millimeter, and Terahertz Waves, (2022).

Contribution: HL contributed theoretical analysis, device design, and manuscript writing.
Submission was presented as an oral presentation.

e Harrison Lees, Cameron Hayes, Vladimir Jiranek, and Withawat Withayachumnankul, In-
container evaluation of ethanol content with terahertz technology, Australian Wine Industry
Technical Conference, (2022).

Contribution: HL contributed theoretical analysis, device design, experimentation, and
manuscript writing. Submission was presented as a poster presentation and was awarded the ‘In
the Wine Light’ People’s Choice and Judge’s Choice awards.

e Harrison Lees, Daniel Headland, and Withawat Withayachumnankul, Substrateless terahertz
integrated platform: low-cross-talk waveguide crossing, International Symposium on Future
Trends of Terahertz Semiconductor Technologies (TST2022), (2022). (invited)

Contribution: HL contributed theoretical analysis, device design, and manuscript writing.
Submission was presented as an invited oral presentation by Withawat Withayachumnankul.

e Harrison Lees, Masoud Sakaki, Daniel Headland, Niels Benson, Jan C. Balzer, and
Withawat Withayachumnankul, Single-mode rib waveguide for the terahertz range using 3D
printed alumina, 47th International Conference on Infrared, Millimeter, and Terahertz Waves,
(2023).

Contribution: HL contributed theoretical analysis, device design, experimentation, and
manuscript writing. Submission was presented as a keynote oral presentation and was recognized
as an outstanding student paper, and runner-up in the student paper competition.

e Harrison Lees and Withawat Withayachumnankul, Terahertz antenna measurement techniques,
Australasian Symposium on Antennas, (2024) (invited).

Contribution: HL contributed, experimentation, data processing, and manuscript writing.
This invited talk was presented at the 2024 Australasian Symposium on Antennas in the



xvii
Antenna Measurement Technique Australia workshop session.

e Harrison Lees, Daniel Headland and Withawat Withayachumnankul, Simultaneous multi-
target monitoring with terahertz leaky-wave radar, 48th International Conference on Infrared,
Millimeter, and Terahertz Waves, (2024).

Contribution: HL contributed, experimentation, data processing, and manuscript writing.
This submission was accepted for an oral presentation, though the conference is upcoming.

Contributing Author Conference Publications

e Bryce Chung, Harrison Lees, Daniel Headland, and Withawat Withayachumnankul, Broadband
and efficient terahertz beam scanning using a 3D-printed Risely prism, 48th International
Conference on Infrared, Millimeter, and Terahertz Waves, (2022).

Contribution: HL contributed experimentation, and data processing.

e Bryce Chung, Harrison Lees, and Withawat Withayachumnankul, Probing live PN junctions
with terahertz waves, 48th International Conference on Infrared, Millimeter, and Terahertz
Waves, (2023).

Contribution: HL contributed conception, experimentation, and data processing.

e Chenchu Ma, Harrison Lees, Markus Wagner, and Withawat Withayachumnankul, Design of
terahertz all-dielectric antenna via optimisation, 22nd International Symposium on
Commaunications and Information Technologies, (2023).

Contribution: HL contributed conception and device design.






List of Figures

1.1
1.2
1.3
1.4
1.5
1.6

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

3.1
3.2
3.3
3.4
3.5
3.6

3.7

4.1

State-of-the-art terahertz communications demonstrations. . . . . . . .. .. ... ... 4
State-of-the-art terahertz imaging demonstrations. . . . . . . .. .. ... ... .. .. 5
State-of-the-art terahertz sources. . . . . . . . . ... L 8
State-of-the-art terahertz detectors. . . . . . . . . . . ... L 9
State-of-the-art terahertz waveguides. . . . . . . . . . .. ... L. 11
Comparison of terahertz waveguide platforms. . . . . . . . .. ... ... 0. 14
Variants of all-silicon terahertz waveguides. . . . . . . . . ... ... ... ... .. 19
Coupling all-silicon waveguides to hollow-metallic waveguides. . . . . . . . . .. .. .. 22
All-silicon routing components. . . . . . .. ... o o 22
All-silicon evanescent couplers. . . . . . . . . ... 23
All-silicon resonators. . . . . . . ... 24
All-silicon filters. . . . . . . . . L 25
All-silicon polarisation manipulating devices. . . . . . . . .. .. .. ... ... ... 26
All-silicon antennas. . . . . . . . ... 27
All-silicon mechanically tuned devices. . . . . . . . . . .. ... 28
All-silicon devices tuned by photo-excitation. . . . . . .. .. .. .. ... ... ... 29
Hybrid integration of sources and detectors with all-silicon waveguides. . . . . . . . .. 30
Integrated systems based upon all-silicon waveguides. . . . . . .. .. ... ... ... 31
Substrateless terahertz waveguides. . . . . . . . . . ... oL 39
Analysis of the effect of cladding anisotropy on evanescent field decay. . . . . . .. .. 40
Modal distributions of extreme skin-depth waveguide. . . . . . ... ... .. ... .. 41
Mechanical support for extreme skin-depth waveguides. . . . . .. .. ... ... ... 41

Fabrication and measurement of straight extreme skin-depth waveguides of various lengths. 43

Fabrication and measurement of extreme skin-depth waveguides with different structural

supporting waveguides. . . . . . . .. L. 44
Fabrication and measurement of evanescent couplers. . . . . . . .. .. ... ... .. 45
Schematic of the rib waveguide. . . . . . . . . . .. ... 48

Xix



XX

4.2
4.3
4.4
4.5
4.6

5.1
5.2
9.3
5.4
5.5
5.6
5.7

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13

7.1
7.2
7.3

7.4
7.5
7.6

8.1

8.2

List of Figures

Modal analysis of alumina rib waveguides. . . . . . . . . . .. .. ... ... ..., 49
Schematic of WR3.4-alumina rib coupler. . . . . . . .. .. ... ... L. 51
Bending loss of alumina rib waveguides. . . . . . . . . ... oo oL 52
Design of transition between two rib waveguides with varying slab thickness. . . . . . 53
Measurement of fabricated alumina rib waveguides. . . . . . . . ... ... 0oL 54
Schematic diagram of arbitrary ratio power divider. . . . . .. .. ... .. ... ... 58
Experimental characterisation of integrated power dividers. . . . . .. .. ... .. .. 60
Thermo-optic effect on unclad silicon waveguides. . . . . . . . . ... ... .. ... .. 61
Augmented Archimedean spiral. . . . . . . . ... o oL 62
Thermo-optic phase shifter. . . . . . . . . . .. .. .. ... 63
Design of alumina ring resonator. . . . . . . . . . ... Lo o 65
Measurements of alumina ring resonator. . . . . . . . . .. .. ... 66
Proposed leaky-wave radar module. . . . . . . . ... oL o 68
Characteristics of waveguide-slab leakage. . . . . . . . .. .. ... .. ... .. ... 69
Design of the continuously leaking waveguide. . . . . . . . .. ... ... L. 70
GRIN anti-reflection structure design overview. . . . . . . . .. .. .. ... ... ... 71
Auxiliary 3D-printed COC lens. . . . . . . . . . .. . 73
Experimental setup for leaky-wave antenna characterization.. . . . . . . . . .. .. .. 74
Experimental characterization of the proposed leaky-wave antenna. . . . . . . . .. .. 76
Schematic of Galilean telescope. . . . . . . . . . ... Lo 77
Proposed Galilean telescope antenna. . . . . . . . . . . . .. ... 78
Design of tapered rod feed. . . . . . . ... L 78
Design of integrated diverging lens. . . . . . . . . . ... L L 79
Design of impedance matched Mikaelian lens. . . . . . . . ... ... ... ... .... 81
Fabricated Galilean Telescope Antenna. . . . . . . . . . . .. .. ... ... ..... 83

Visual description of the spatial mapping process used for single shot radar image retrieval. 88
Radar resolution parameters calculated from the all-silicon leaky-wave antenna. . . . . 89

Overview of leaky-wave radar system. (a) Photograph of all-silicon leaky-wave antenna,
packaged with 3D-printed COC lens and coupled to WR3.4 waveguide. (b) Annotated

photograph of laboratory system. . . . . . . . . ... oL 92
Demonstration of multi-object tracking with leaky-wave radar. . . . . .. . ... ... 93
Demonstration of liquid differentiation with leaky-wave radar. . . . . . . . ... .. .. 94
Simultaneous monitoring of time-varying targets with leaky-wave radar. . . . . . . . . 95

Visualisation of the band-unlimited profile in the time domain arising from a series of 3
interfaces, demonstrating the mathematical foundations of optical coherence tomography. 98

Description of the container system under analysis. . . . . . . ... ... ... ..... 100



List of Figures xxi

8.3
8.4
8.5
8.6
8.7
8.8

Annotated photograph of experimental setup. . . . . . . .. ... ... ... ... ... 103
Comparison of Fresnel model to measured data for drinking water. . . . . . .. .. .. 104
Experimentally measured peak amplitudes as a function of angle of incidence. . . . . . 105
Measured reflection profiles as the proportion of water to ethanol is adjusted. . . . . . 105
Reflection coefficient extracted from measurement of aqueous ethanol solutions. . . . . 106

Reflection coefficient arising from an in-container sample of wine measured in real time
at a sampling rate of 10 Hz. . . . . . . . . . . ... oo 106






List of Tables

1.1 Comparison of terahertz waveguide platforms. . . . . . . ... ... .. oL, 14

6.1 Comparison of experimentally demonstrated leaky-wave antennas and this work. . .. 75

xxiii






Part 1

Context






Chapter 1

Introduction to Terahertz
Technology

1.1 Terahertz Waves

Electromagnetic waves with frequency in the range 100 GHz to 10 THz are typically referred
to as terahertz radiation. This spectral range is situated between the microwave and the optical
far-infrared ranges. As such the technologies that inhabit this space tend to inherit properties from
both of the more mature adjacent fields: microwave electronics and optical photonics. In free space,
the wavelength of terahertz waves is typically sub-millimetre, on the same physical scale as a pencil tip,
distinguishing them from the larger millimetre waves. The terahertz range is frequently characterised
by increasing path loss experienced as the frequency scales and strong resonances with water, which
hinder free-space transmission, and lead to scarce measurement of ambient terahertz waves under
atmospheric conditions [1, 2]. Compounding this, there are few avenues for the natural generation of
terahertz waves, examples of which being red-shifted stellar sources and limited thermal and vibrational
emissions from cosmic bodies, the detection of which motivates terahertz astronomy [3-5]. At the same
time, many of the artificial, electronic and photonic, generation techniques commonly employed in
other frequency ranges, also begin to break down in this band, leading to what is colloquially known as
the terahertz gap. In recent decades there has been a concerted effort to close this gap [6-8] from both
ends of the spectrum with the development of viable sources, and functional components to harness
their output. Materially, this effort is driven by the finite nature of the electromagnetic spectrum. As
the microwave and millimetre wave bands become ever more congested, new bands are required to
satiate the ceaseless demand for additional bandwidth, primarily for wireless communications, but
also including imaging and sensing applications. Though it has been common to consider this range
holistically, owing to the wideband nature of terahertz spectroscopy [9], in practice it is nigh impossible
to develop functional devices that operate over this colossal band. As such most of the research is
focused on smaller sub-bands, typically individual or combinations of WR, bands inherited from hollow
metallic waveguides. This thesis focuses on technologies in the low-terahertz or sub-terahertz range
between 140 GHz and 1.1 THz, a range which spans the WR5 to WRI1 rectangular waveguide bands.
In this introductory chapter, the motivation for developing terahertz devices, and a broad overview of
available terahertz technologies is reviewed.

1.2 Towards Applications

Whilst originally the development of terahertz technologies was primarily motivated by the scientific
community, today the focus has shifted towards developing functional systems for societal adoption.
Specifically, sensing and communications are the two largest areas of research being conducted today.
In this section an overview of the challenges and opportunities for both streams is reviewed.
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Figure 1.1: State-of-the-art terahertz communications demonstrations. (a) Terahertz photonics based communications system,
adapted from [10] reproduced with permission from Springer Nature. (b) Terahertz communications over 1 km, adapted
from [11], (© 2020 IEEE .

1.2.1 Short-range Wireless Communications

Today, digital data traffic is still rapidly growing. This aggregate data transfer is facilitated by a
vast network of intertwined, wired and wireless, technologies. Today’s optical fibre links can achieve
truly monumental data rates, with massive bandwidths and record-breaking aggregate data rates of
22.9 PBit/s [12]. In the realm of wired communication, there is little room for terahertz communication,
optical technologies are simply superior due to the massive absolute bandwidths, aided by efficient
generators and low-loss, low-cost, transmission lines in the form of optical fiber. For example, the optical
C-band [13] alone spans 4.3 THz, broader than the entire spectrum considered in this thesis. However,
for wireless links the transition to optical technologies is difficult due to excessive free-space loss
which requires highly directional, high-power laser sources to overcome. In turn, this presents serious
challenges with alignment [14]. Compounding this, free-space optical links must be un-obstructed, and
are sensitive to atmospheric conditions [15]. Due to these issues, coupled with the inherent dangers of
the free-space propagation of high-power optical radiation, there has not been widespread adoption of
high-speed wireless optical communications [16]. As such, for wireless communications, microwave
devices have long been the default technology. The absence of high path-loss allows for low gain
antennas to be used to provide broad coverage. Here, the free-space path loss is lower, and generation
is more efficient, providing high signal-to-noise ratios that enable complex modulation schemes, though
the bandwidth is limited. As such, the natural niche for terahertz communications is broadband,
high-speed communications over short distances where a wired connection is impractical—typical
wireless LAN environments that are handled today by Wi-Fi. Simultaneously, by migrating some of this
load from microwave to terahertz, the existing spectrum can be freed for long-range applications. This
vision for terahertz communications is captured in the IEEE standard 802.15.3-2023 [17], colloquially
known as 6G.

Today, demonstrations of terahertz communications in controlled settings are commonplace, with
continuing improvements in aggregate data rates, system efficiency, and range. Broadly speaking
there are two competing approaches to terahertz communications, namely electronic and photonic [10],
though it is increasingly common to see hybrid systems [18]. Electronic systems are commonly built
around frequency multipliers used to generate terahertz power, and millimetre monolithic integrated
circuits (MMIC), and can produce power on the order of milliwatts, but contribute significant phase
noise due to the simultaneous multiplication of the intrinsic phase noise. Conversely, optical systems
that utilise photo-diodes can leverage high Q-factor optical resonators to produce terahertz power
with low phase noise [19], but with less power than most electronic sources, owing to low optical to
terahertz conversion efficiencies. Typically, this trade-off between power and phase-noise results in
higher aggregate data rates in photonic systems as they are more amenable to high-order Quadrature
Amplitude Modulation (QAM) [20], but over shorter distances. Nevertheless, with state-of-the-art
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Figure 1.2: State-of-the-art terahertz imaging demonstrations. (a) Terahertz non-destructive evaluation of fibreglass composites,
adapted from [22]. (b) Terahertz stand-off imaging with focused beam scanner, adapted from [23] Springer, (©2019 K.B. Cooper,
et al.

components and high gain antennas, communications over a kilometre is achievable in atmospheric
conditions [11, 21]. These experiments are highly encouraging, demonstrating significant progress
over the last decade. The next step towards wide-spread use of these systems is standardisation and
miniaturisation. To facilitate this and promote widespread adoption, significant innovation in sources,
detectors, integrated devices, beam-forming, and signal processing are required.

1.2.2 Imaging & Sensing

At the same time as terahertz communication has gained traction, there has also been accelerating
interest in imaging and sensing applications [24, 25|, particularly for non-destructive evaluation in
industrial settings [26]. As in communications, terahertz imaging seeks to fulfil the capability gap
between traditional optical and microwave imaging techniques. Notably, microwaves are excellent for
long range sensing, as in radar, but as resolution is intrinsically tied to wavelength cannot achieve the
level of resolution required for many applications, such as security screening which require millimetre or
sub-millimetre resolution in most cases. In contrast, optical imaging systems have excellent resolution,
but struggle to penetrate packaging or multilayer samples, or in the case of X-rays, may cause damage
to the item under test. With millimetre resolution and sufficient penetration, terahertz imaging
can provide complimentary images [23], as in Fig. 1.2(a). Additionally, evolving out of terahertz
spectroscopy, there are additional contrast mechanisms that may be unique to the terahertz range,
particularly in crystalline structures [27]. Generally, the contrast mechanism is simply the difference in
refractive index or surface profile between materials, resulting in varying reflection intensity. Here it is
important to note that many reported contrast mechanisms, particularly in the field of biomedical
imaging, are based upon extremely subtle changes in the properties that are extremely difficult to
detect outside a laboratory setting [28]. Nevertheless, examination of burns [29], monitoring of drug-
delivery [30], corneal reflectometry [31], and the detection of skin-cancers [32] are active areas of
interest. With the ability to penetrate many common paints [33], polymer coatings [34], and organic
materials [35], terahertz waves are well suited to non-destructive evaluation of industrial products [36].
With sub-millimetre resolution, defects in the structures of composite materials, shown in Fig. 1.2(b),
can be readily detected [22, 37]. The research over the previous decades has been primarily focused
on reporting these contrast mechanisms without strong consideration for building practical terahertz
imaging systems, though in recent years this has changed, with rapid improvements in imaging times
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and system footprint [38]. Here, various imaging modalities are reviewed with a focus on limitations
and potential improvements.

Focused Beam Imaging

The most rudimentary imaging systems make use of a single source, a single detector, and an
optical system to project a focused beam onto a target [39]. Then, either the target or the imaging
system is physically moved to scan this focused beam over the target. The lateral resolution of this
system is limited by the larger of the spot size of the terahertz beam or the step size of the scanning
system. The theoretical limit of the resolution is half the wavelength, where a system is described as
diffraction limited. Traditionally, the sample has been moved using a multi-axis stage to achieve a 2D
image, with the depth information reconstructed via direct time domain spectroscopy or the inverse
Fourier transform in the case of a frequency domain measurement. In this case the depth resolution is
limited by the bandwidth of the system. Today, high precision stages are commercially available and
rarely inhibit the resolution, though critically they still limit the image acquisition time. Additionally,
this scheme requires a cooperative target that is small enough to be mounted to the stage. Though the
imaging times for scanned systems have improved in recent years, they are still typically on the order
of hours, even for relatively small centimetre-scale targets. To address this, there has been growing
interest in beam-steered systems based upon, galvanometers [38], rotating mirrors [23, 40], Risely
prisms [41, 42], and telecentric lenses [43] which can rapidly scan focused beams onto a target. These
systems are much faster than traditional multi-axis stage systems but often have associated distortions
and limited scanning ranges. In spite of this, focused beam imaging still remains the dominant imaging
modality, and produces high resolution images with good signal-to-noise ratios [44].

Synthetic Aperture Radar

To address the limitations of focused beam imaging, terahertz synthetic aperture radar has emerged.
Here the optical system is removed, and through a process of mathematical correlation, full 3D
scene reconstruction is possible by simply moving the source, detector(s), or sample relative to each
other [45-47]. While physically this system is much simpler than traditional lens based systems, it
is instead computationally intensive, requiring time or high-performance computers to reconstruct
images. With enough computing power, the data acquisition and processing time can be less than the
time required for focused beam imaging.

Single Pixel Imaging

Alongside these approaches, single shot imaging techniques such as coded aperture arrays or radar
based upon frequency scanning antennas have emerged. Coded aperture imaging techniques employ
spatial light modulators to vary the illumination of the target [48, 49], while measuring the response,
then through algorithmic means the shape of the object can be reconstructed. Here no mechanical
parts or beam steering are required, which results in more compact imaging systems. Though, the
burden is shifted to the spatial light modulator, which also may limit the performance. Similarly,
to avoid mechanical beam steering, and in the absence of solid-state beam-formers, the frequency
scanning properties of leaky-wave antennas can be used to build radars [50, 51]. Here the antenna
performance becomes critical to determining the imaging performance. These single shot imaging
techniques are still emerging and while the preliminary results do not compare to the high resolution
images produced by focused beam systems, the image acquisition time is significantly better, on the
order of seconds or less, making them suitable for real-time monitoring of time-varying targets.

Terahertz Cameras

Terahertz focal plane detector arrays, so-called terahertz cameras, have emerged as a scalable
solution to the issue of imaging with a single detector [52-56]. Instead of individually sampling points,
hundreds of thousands of pixels may be simultaneously detected promising to drastically reduce imaging
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times. However, this is an entirely new modality of imaging for the terahertz domain. Though it is
physically analogous to visible light photography there are key distinctions to be made. First, without
strong natural sources, room-temperature terahertz cameras are reliant on the use of a dedicated
source to illuminate the scene. Second, unlike at optical frequencies most of the reflection experienced
is specular, and most materials do not diffusely scatter terahertz waves, resulting in poor lighting
conditions for imaging. In this case, beam homogenising illumination systems must also be implemented
to achieve effective lighting [57]. Many reports of imaging with a terahertz camera make use of back
lighting, essentially imaging the silhouette of an object placed in front of a terahertz source [58, 59]. In
some cases, for example with cooperative targets in an airport, this may be practical, but in many
cases this is simply impossible. With this in mind, the utility of the imaging modality is limited.
Additionally, though mega-pixel terahertz cameras are available, the physical size of the sensors remain
small. This poses issues for imaging, consider that in a full-frame optical camera the sensor is typically
36 x 24 mm, with 6048 x 4024 pixels, or a pitch of 6 um, or approximately 10 free-space wavelengths.
At terahertz frequencies where the wavelengths are on the order of 1 mm, to achieve the same spacing
would require a 6 m x 4 m sensor. Instead, in terahertz cameras by maintaining small sensor sizes,
despite the large number of pixels the imaging is simply diffraction limited, producing blurred images
at low terahertz frequencies. On top of these constraints, bolometer based cameras are unable to
detect the phase information of the received signal, so new signal processing techniques, such as
interferometric or holographic [60] techniques, are required to recover the depth information, which
incidentally is readily available in time-domain spectrometer or coherent detector systems. At present,
the quality of imaging available with camera based systems is hardly comparable to focused or synthetic
aperture based systems. There is still a disconnect between the images that are visible in the literature,
sometimes acquired over hours with a focused beam system, and what is practically achievable in
real-time with existing cameras. While the arrival of terahertz cameras is a significant step towards
practical terahertz imaging, the technology is still developing, and dedicated research is still required
to attempt to address the limitations.

1.3 State of Terahertz Technologies

In the previous section, the various applications of terahertz technology were discussed.
Underpinning both streams of application are state-of-the-art components; sources, detectors, and
functional components. Broadly, there are two approaches to realising terahertz technologies, those
that are dependent on electronic principles, effectively scaling down microwave devices, and those that
are photonics inspired. In modern systems, there are typically both electronic and photonic
components, forming hybrid systems, employing various semiconductor platforms, photonic sources,
and electronic detectors. Next, the state of the underlying hardware is surveyed. Here, the focus is on
integrated technologies, with strong preference for technologies that have prospects for widespread use,
so compact, room-temperature, devices are preferred, while bulky, cryogenic devices are excluded.
Additional considerations such as cost, fabrication infrastructure, and commercial availability are also
important considerations for constructing practical terahertz systems.

1.3.1 Sources

Terahertz sources are a technological bottleneck. There is a perennial dearth of high power and
high efficiency sources owing to fundamental limitations in scaling mature technologies to the terahertz
range. In recent years there has been continuous marginal gains in semiconductor based sources,
frequency multipliers, and resonant sources, which will be expounded upon in the following sections.

Photonic Generation

Photonic generation of terahertz waves employs non-linear rectification of the optical signal to
produce terahertz waves, a process of frequency down-conversion. A variety of non-linear devices
including photo-conductive antennas [63, 64], PIN diodes [65], non-linear crystals [66], and photo-
diodes [61, 67], depicted in Fig. 1.3(a), can be used to achieve this. These devices have the advantage
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Figure 1.3: State-of-the-art terahertz sources. (a) Uni-travelling carrier photo-diode terahertz source, adapted from [61],
© 2016 IEEE. (b) Resonant tunnelling diode array capable of generating 10 mW at 450 GHz, adapted from [62], © 2022 IEEE.

that they can leverage mature optical technologies; optical resonators, mode-locked lasers, optical
modulators, and fibre amplifiers. Though the conversion efficiency is typically low, high-power lasers
can be used to generate terahertz power on the order of milliwatts [68, 69]. Of course, such high power
lasers are impractical for everyday use, while more modest laser power may be sufficient for short-range
applications. Alongside the lasers themselves, the full suite of photonic integrated devices also becomes
available. This includes electro-optic modulators for producing phase- and amplitude-modulated
terahertz signals [10]. One key advantage of these sources is their phase stability as, through the use
of mode locked lasers and optical resonators, the produced terahertz waves are remarkably stable,
which is beneficial for communications applications [19]. As such, photonic terahertz sources are widely
used for communications demonstrations with many of the highest aggregate data rate demonstrations
employing high-order phase modulation schemes which are dependent on this phase stability [20].

Frequency Multiplication

From microwave electronics, frequency multipliers employ non-linear effects to up-convert the input
frequency to the terahertz range. This is typically achieved through a multiplier chain [70, 71] realised
in the form of an integrated circuit, resulting in compact sources. Additionally, both microwave and
terahertz amplifiers can be integrated along the multiplication chain to produce output powers on the
order of 10s to 100s of milliwatts. However, through this process of multiplication the phase noise of
the system is amplified, proportional to Nlog/N, where N is the multiplication factor. Unfortunately,
this phase noise is detrimental to communications systems employing phase-modulation. As some of
the most mature terahertz devices, they are commercially available and are widely used across imaging
and communications.

Resonant Sources

Beyond frequency conversion, terahertz waves can be generated directly through fundamental
oscillators, namely through the use of resonant tunnelling diodes [72]. These semiconductor sources
are compact, require low bias voltages, are frequency tunable [73], and compatible with amplitude
modulation [74]. Additionally, they can also function as sensitive envelope or coherent detectors [75].
The power of single resonator is limited but through array-based techniques as shown in Fig. 1.3(b),
based techniques the total output power can reach 10 mW [62]. Though the output power diminishes
as the operating frequency increases, resonant tunnelling diodes up to 2 THz have been reported [76].
Together these factors have seen resonant tunnelling diodes used across communications [77] and
sensing [78] applications.

1.3.2 Detectors

While the available power from compact sources has remained low, there has been increasing
emphasis on compensating for this through sensitive detectors. As such detectors across a wide range of
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Figure 1.4: State-of-the-art terahertz detectors. (a) Terahertz bolometric detector, adapted from [55], reproduced with
permission from Springer Nature. (b) Terahertz heterodyne receiver, adapted from [80], © 2014 IEEE.

mechanisms have been developed. Mirroring sources, these detectors draw upon established optical and
microwave detection methods; photo-conductive antennas, bolometric detection, heterodyne detection,
and envelope detection. Broadly these methods may be characterised as coherent or incoherent
detectors [79], where the defining characteristic is the preservation (or lack thereof) of phase in the
detected signal.

Incoherent Detectors

Incoherent detectors, or sometimes called power detectors, respond to the power incident on the
detector and as such the phase and amplitude of the incident wave are lost. These detectors have
found widespread use in the terahertz domain where coherent detection can prove challenging owing
to the added complexity of heterodyne or electro-optic sampling. Instead compact and cost-effective
incoherent detectors are often employed where the complexity is prohibitive or avoidable. The two
most common incoherent detectors are bolometers and envelope detectors.

Bolometric detection is based upon measuring the change in temperature that is incurred by the
absorption of the incident wave. As such, these detectors are generally comprised of an absorber
coupled to a thermometer circuit or probe. Here, the absorber can be tailored for frequency dependence
to reduce cross-talk as the thermal detection itself is indiscriminate, allowing for narrow or wideband
detection [81]. The detection itself is most commonly performed by measuring the change in resistance
that occurs due to Joule heating, often with either amorphous silicon [82] or with a vanadium
oxide [83]. Typically, these bolometers are compact and can operate at room temperature, making
them attractive for detector arrays, to form so-called terahertz cameras [55, 58]. Relying on thermal
modulation, the response times of these detectors are typically slow, on the order of kilohertz at room
temperatures [84], with the fastest operating at tens of megahertz [85]. Fast bolometric detection is
possible at cryogenic temperatures with hot electron bolometers available up to 4.7 THz [86], though
the need for cryogenic cooling typically precludes these devices for practical applications [87, 88].
Nevertheless, their simplicity and low cost ensures that bolometers are widely used detectors in cases
where slow-detection is acceptable.

As a fast alternative to bolometric detectors, envelope detectors based upon self-mixing inside of
diodes have emerged. Envelope detectors are frequently used in the terahertz domain to detect and
demodulate amplitude modulated signals. Most these receivers are instantiated with a zero-biased
Schottky barrier diode [89] (SBD). Though recently Fermi-level managed barrier diodes [90] have
emerged as a competitive alternative and more generally other non-linear diode with a fast response
time, such as resonant tunnelling diodes [91], may be purposed as detectors. Schottky detectors are
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commercially available up to 1.7 THz, with output bandwidths up to 40 GHz and responsivities on
the order of 2000 V/W [92], making them excellent receivers for communications applications [93].
The output bandwidth of the module is rarely limited by the diode detector itself but rather the
external electrostatic discharge protection and amplifiers necessary to protect the sensitive junction
from damage. Though the receiver itself is incoherent, through additional digital signal processing
the phase can be recovered through the implementation of a Generalized Kramers-Kronig receiver
so long as the modulated signal is analytic [94]. The high responsivity and broad output bandwidth
have made these envelope detectors an indispensable part of most laboratories conducting terahertz
telecommunications research. With few drawbacks, beyond incoherence and some non-linearity, these
compact and sensitive room temperature detectors are very practical and can be readily integrated to
form systems on compact chips for widespread adoption.

Coherent Detectors

In contrast to incoherent detectors, coherent detectors preserve the amplitude and phase information
of the detected signal. This has advantages in communications applications where the phase is critical
for many common modulation schemes and in sensing applications where the phase information is
conventionally used to imply range or complex permittivity information. Further, coherent detectors
can provide fine spectral resolution through precise tuning of the local oscillator frequency [95]. These
advantages do come at a cost though, with coherent receivers requiring many, more complex components
compared to the simpler incoherent detectors, as well as the supply of a local-oscillator signal. In the
terahertz range two coherent detection schemes are commonly employed, electro-optic sampling and
heterodyne receivers.

Electro-optic sampling makes use of ultra-short optical pulses, typically a femtosecond laser, to gate
the detection of the incoming terahertz signal using a photo-conductive antenna [96] or another optical
rectification element such as a ZnTe crystal [97]. In this way the instantaneous magnitude of the
electric field is imparted onto the pulsed laser which is detected with a photo-diode. Then by delaying
the optical pulse, the detection gate is passed over the terahertz wave to indirectly reconstruct the
signal in the time domain. This process forms the basis for time-domain spectroscopy where broadband
pulses can be accurately measured [98]. It is important to note that though this detection is coherent,
it is relatively slow, relying on a physical delay to construct the time domain response, which renders it
impractical for most communications applications. Nevertheless, electro-optic sampling is still widely
used in laboratory settings, and with the arrival of more compact fibre coupled electro-optic sampling
engines these devices are certainly more practical than they once were [99, 100].

As an alternative to electro-optic sampling, heterodyne receivers can be employed as is common in
microwave systems. Heterodyne receivers are centred around the concept of down-conversion using a
mixer aided by a local oscillator [101, 102] and augmented with various filters [103], amplifiers, and
demodulators, to form the recognisable superheterodyne architecture [104]. At terahertz frequencies,
many of these components suffer from significant losses in passive devices and poor conversion efficiency
in active devices. Additionally, to reduce the load on the baseband hardware typically a high frequency
local-oscillator is used, requiring a dedicated source, typically a signal generator connected to a series
of frequency multipliers. En face, this seems to result in complexity approaching that of electro-optic
sampling but in practice, advances in monolithic millimetre integrated circuits (MMICs) have produced
impressive, compact heterodyne receiver modules [80, 105] as depicted in Fig. 1.4(a), though the
efficiency is still improving. While many of the conversion losses are unavoidable, the use of planar
metallic waveguides, while convenient for monolithic integration, does introduce significant attenuation.

1.3.3 Platforms for Systems

Alongside the sources and detectors, various candidate waveguiding platforms have emerged.
Waveguides are the foundation of integrated technologies, facilitating the connection of various
components. Though it may be intuitive to simply select a waveguiding platform that is compatible
with the source or detector, these materials often result in high losses. However, considering the
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Figure 1.5: State-of-the-art terahertz waveguides. (a) Hollow metallic waveguide. (b) Substrate integrated non-radiative guide,
adapted from [106],© 2023 IEEE. (c) Co-planar waveguide, adapted from [107], (© 2021 IEEE. (d) 3D printed cyclic-olefin
copolymer (COC) waveguide, adapted from [108], (© 2024 Optica Publishing Group under the terms of the Optica Open Access
Publishing Agreement .

low-available power, these high waveguide losses are untenable. As such a hybrid integration modality
has emerged, where sources and detectors are embedded within external waveguiding platforms where
the efficiency, design flexibility, or physical robustness is improved.

Hollow Metallic Waveguides

Today, the most commonly used waveguides in laboratory sub-terahertz systems are hollow metallic
waveguides. Their flanged interfaces, visible in Fig. 1.5(a), make them convenient for building modular,
reconfigurable systems by hand, while with micromachining broadband waveguides with relatively low
loss can be achieved. The leading cause of loss in these waveguides is Ohmic loss, and as such this loss
depends on the metal of choice. In addition to this, surface roughness loss also contributes additional
loss, so the surface finish of the internal walls is critical. For metalisation, high conductivity metals,
such as gold or copper, are preferred to reduce losses. This is because, unlike at microwave frequencies,
the thin oxidation layer that arises on silver components begins to contribute additional dielectric
losses. The fabrication of these waveguides is primarily achieved in three ways; 3D printing [109-113],
milling [114, 115], and through micromachining [116-118]. Of these, 3D printing, either directly with
metals or with polymers and subsequent surface metalisation results in the poorest surface finish
and hence the highest loss, on the order of 3 dB/cm in the 220-330 GHz range with additional
polishing [109]. Similarly, mechanical milling is usually performed on aluminium to build split-blocks
which are then gold coated, and assembled to form the completed waveguide. These waveguides have
reported losses on the order of 0.6 dB/cm in the 500-750 GHz range [116]. Finally, to achieve the best
surface finish, deep-reactive ion (DRIE) of several silicon wafers which are then bonded and metalised,
with low losses in the range 0.2-0.8 dB/cm in the 220-325 GHz range [117]. These three techniques
represent three drastically different costs and fabrication complexities. A polymer 3D-printer can be
operated by a lay-person and costs on the order of hundreds of dollars, while a precision CNC mill may
require a dedicated technician and dedicated infrastructure. In contrast, the DRIE etch fabrication
infrastructure is highly specialised, and the fabrication of these waveguides requires the etching and
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bonding of multiple wafers with micro-scale precision. This places the fabrication complexity on-par
with semiconductor waveguides. As such, most commercially available hollow metallic waveguides are
milled split-block form. Beyond this frequency band, the losses continue to scale with frequency as
surface roughness is exacerbated relative to wavelength. Today, these waveguides are widely used by
the terahertz community with a wide array of sources [119], detectors [120], active components [121],
passive devices [113], and antennas [122], housed within or coupled to, hollow metallic waveguides.
Part of the value is the modularity afforded by the flanged interface, allowing systems to be temporarily
arranged from a library of components manually by lay-people. While this capability is invaluable in
an experimental setting, it is not critical for widespread adoption, where device footprint and efficiency
are more highly valued. This trend is evident in microwave electronics where planar waveguiding
technologies and monolithic integrated circuits dominate today. However, to compete with this mature
technology, the same range of components with improved performance must be available.

Planar Metallic Waveguides

Planar waveguides are the basis for modern integrated technologies, where many devices are
compiled on a single monolithic structure. As such, there have been attempts to scale microwave planar
waveguides to terahertz frequencies. As in hollow metallic waveguides, the presence of metals leads to
unavoidable Ohmic losses. However, here there are also additional substrate losses to consider. There
has been an active search to find suitable dielectric substrates with low loss at terahertz frequencies,
ideally within the range of existing microwave substrates, but so far it seems that many widely available
substrates contribute considerable losses [123]. In spite of this, a wide array of terahertz transmission
lines based upon planar metallic waveguides have been demonstrated including, co-planar waveguides
(CPW) [107, 124-126], micro-strip lines [51, 127, 128], substrate integrated guides (SIW) [106, 129-131]
depicted in Fig. 1.5(b), and Goubau lines [124, 132, 133] depicted in Fig. 1.5(c). Generally, the loss of
these waveguides is significantly higher than the aforementioned hollow metallic waveguides, with loss
typically exceeding 1 dB/cm, but can be higher than 10 dB/cm.

Though the transmission losses of these waveguides are excessive, planar metallic waveguides are
commonly combined with high-electron mobility transistors (HEMT), to form monolithic microwave
integrated circuits (MMIC). Owing to the convenience of the homogeneous integration these circuits
have emerged as the dominant modality for active devices in the terahertz range. Utilising traditional
semiconductor manufacturing techniques, MMICs can be used to integrate frequency multipliers [134],
detectors [135], filters [136], mixers [134], modulators [137], and amplifiers [138, 139] monolithically.
To date, many typical semiconductor platforms, including silicon, indium gallium arsenide, indium
phosphide and gallium nitirde, have been explored in the sub-terahertz range. Though the efficiency is
low, the primary benefit of this scheme is functionality. Owing to low efficiency, these chips are typically
dense, and once the functional elements are realised the wave is coupled to another, more efficient
waveguiding platform such as a hollow-metallic waveguide [140, 141]. The functionality afforded by
these semiconductor integrated circuits is indispensable to modern terahertz science and is unlikely to
be replaced in the future. Still, frequent and substantial improvements in the efficiency and cut-off
frequency of these components are being made as semiconductor devices are optimized for terahertz
operation and fabrication quality improves. Nevertheless, to realise efficient terahertz systems the
amount of planar metallic waveguiding should be minimised to avoid these significant losses.

Dielectric Waveguides

So far, the waveguides considered have employed metals to confine and guide the wave. As discussed,
this introduces unavoidable frequency scaling losses, which diminish the efficiency. Beyond the terahertz
range, in optics, these effects are amplified further, so outside free-space transmission, the dominant
waveguiding modality has long been dielectric waveguides [142]. While the most recognisable dielectric
waveguide is the now ubiquitous optical fibre [143], there has been accelerating interest in planar
dielectric waveguides for application in photonic integrated circuits (PIC) [144-146]. In line with
this reasoning, terahertz planar dielectric waveguides and fibres emulating these optical waveguides
have emerged as an alternative to metallic guides. Though electromagnetically these devices scale in
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size naturally, and fabrication is often more forgiving at the micro than the nano scale, the material
choice must be re-evaluated as devices are migrated from optical wavelengths to terahertz frequencies.
As an example, silicate glasses, are commonly used for optical fibres and as substrates for silicon on
insulator (SOI) planar waveguides, as they are almost loss-less at 1550 nm, but exhibit significant
loss at terahertz frequencies [147]. As such, a wide variety of alternate materials have been trialled to
replace lossy optical materials with suitable terahertz materials.

For low permittivity materials, typically used as optical fibres and substrates, the properties
of many polymers and glasses have been measured, with loss tangents on the order of 1072 [123,
148-153], making them too lossy for waveguiding over an appreciable distance. A notable exception is
cyclo-olefin-copolymer (COC), which has a frequency stable permittivity of 2.34 and a loss tangent less
than 5 x 1072 across the terahertz band [108]. Nevertheless, many low-index terahertz fibres, such as
the one shown in Fig. 1.5(d), have been demonstrated, with broadband, low-loss performance [154-159].
Still, while the low-loss, broadband performance of the fibres is impressive, their general utility is
limited due to the limited range of integrated devices which can be embedded and difficulties with
input and output coupling. Additionally, on a technological level, as a long-distance transmission
lines they are outclassed by optical fibres. There have been demonstrations of low permittivity planar
waveguides but the weak mode confinement generally makes them inferior to high permittivity guides.

High-permittivities are generally preferable for planar waveguides as the contrast between the
waveguide and the surrounding free-space leads to strong confinement. This has lead to widespread
utilisation of intrinsic semiconductors and ceramic materials. Of these, intrinsic, high-resistivity,
float-zone, silicon has been the most widely used owing to its minimal loss and low-dispersion, which in
high-resistivity samples has been measured at 3 x 107° [160]. As such, intrinsic silicon is the natural
choice for low-loss terahertz waveguides, and various architectures including silicon-on-insulator, and
more recently substrateless guides have emerged as premier technologies, with losses significantly lower
than even the best hollow metallic guides. Beyond silicon, ceramics such as alumina [161], zirconia [162],
titanium dioxide [163], and low-temperature co-fired ceramics (LTCC) [123] have been profiled, with
some waveguiding demonstrations. Though generally the losses here exceed those of silicon, there may
be practical benefits to ceramic waveguides. Particularly the ability to 3D-print ceramics, leads to
greater design freedom than the strictly planar silicon guides.

For highly efficient terahertz integrated circuits, dielectric waveguides are necessary to mitigate
the unavoidable metallic losses, though the choice of material is critical to ensure that the Ohmic
losses are not simply substituted for dielectric losses. Here, as in optics, silicon is a natural choice for
planar waveguiding, with minimal loss, a moderate permittivity, and low dispersion [164]. All-silicon
waveguides will be discussed at depth in the following chapter.

Evaluation of Terahertz Waveguides

The waveguide is the foundation of integrated technologies. As such, due consideration is needed
to select the most appropriate modality, with a summary of the waveguides reviewed in this section
presented in Table 1.1 and depicted in Fig. 1.6. In the microwave range, hollow and planar metallic
guides are dominant and provide excellent performance well into the millimetre-wave regime. Further,
Ohmic losses continue to scale with frequency and eventually, as in optics, dielectric waveguides become
a necessity for highly efficient waveguiding. Beyond efficiency, practical considerations including
fabrication complexity and the availability of sources and detectors are important considerations.
As such, the inclusion of metals will always be necessary for source, detector and active device
integration due to the need for electrical contacts. This suggests that hybrid systems, comprised of
active metallic components and dielectric passive components is a promising candidate for efficient,
functional, terahertz integrated circuits.
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Table 1.1: Comparison of terahertz waveguide platforms.

‘Waveguide Centre 3-dB Attenuation

Platform Frequency (GHz) Fractional Bandwidth (dB/cm)
3D Printed Cu Hollow [109] 275 40% 8
Split-block Al Hollow [114] 342 10% 2
DRIE Au Hollow [117] 275 40% 0.2
Au CPW on PET [124] 925 38% 6.8
Au CPW on BCB [126] 420 38% 27
Au Microstrip on COC [51] 275 40% 3.7
Cu MSTL on SiO, [128] 250 40% 3.5
Au SIW on GaAs [129] 400 - 3.9
Au SIW on Si [131] 275 40% 4.3
Au SIW on Al;O3 [130] 285 31% 0.75
Au Goubau on PET [124] 925 38% 1.3
COC Strip [158] 120 - 0.63
Si on Silica [165] 585 15% 0.5
Si on BCB [166] 540 15% 0.46
Substrateless Si PhC [167] 330 1% 0.04
Substrateless Si TIR [168] 275 40% 0.05
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Figure 1.6: Comparison of terahertz waveguide platforms, using data in Table 1.1. Error bars represent the reported bandwidth.
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1.4 Outline of Thesis

As terahertz technologies mature, integrated technologies must emerge to translate laboratory
capability to widespread adoption. The limited available power from compact terahertz sources, and
frequency scaling free-space and Ohmic losses, necessitate the efficiency be a primary concern of
candidate integrated platforms. As such, dielectric waveguides, formed from low-loss silicon without a
substrate, have emerged to fill the role.

This thesis is divided into 3 parts, which are subdivided into 10 chapters. In Part I, context for
the following parts is provided in 2 chapters. This chapter is a broad review of the state of terahertz
technology, and second, a focused review of substrateless silicon waveguides. Part II, composed of 4
chapters, contains original contributions relating to integrated waveguiding and components. Part III,
composed of 2 chapters, contains original contributions relating to imaging and sensing techniques
that are compatible with integrated technologies. The final chapter provides a conclusion and outlook.
The outline of each chapter is as follows,

Chapter 2 (Context) is a review of substrateless silicon waveguides, previous demonstrations
and outlook. This chapter identifies gaps in the existing literature, separating under-researched
components from fundamental constraints. From this, four areas are identified to be addressed in Part
IT of this thesis: unwanted evanescent coupling, wideband waveguides, unrealised components, and
frequency-scanning antennas.

Chapter 3 (Original Contribution) presents substrateless terahertz extreme skin-depth
waveguides. To overcome unwanted evanescent coupling that arises in unshielded dielectric waveguides,
anisotropic cladding can be introduced to tightly confine the guided mode to the core and suppress the
evanescent fields. Here, this technique is applied to substrateless silicon waveguides at terahertz
frequencies. These waveguides are fabricated, and the loss, dispersion, and coupling suppression
characteristics are experimentally verified. The contents of this chapter are published in [169].

Chapter 4 (Original Contribution) presents terahertz rib waveguides. In photonic integrated
circuits, rib-waveguides are widely used for their fabrication simplicity and wide single-mode bandwidth.
Rib waveguides from 3D-printed alumina are designed and experimentally validated. Though the
dielectric losses exceed those of silicon waveguides, the loss is lower than planar metallic waveguides,
and many hollow metallic waveguides. Here, 3D-printed alumina is used for its practical advantages
and as a foundational waveguide for future truly 3D devices.

Chapter 5 (Original Contribution) is focused on the development of integrated components.
The extreme skin-depth waveguide from Chapter 3 is used to build a compact and efficient arbitrary
ratio power divider, exploiting the evanescent coupling suppression. This device is published in [169].
Next, a silicon delay line and coupled to a thermo-electric heater to realise a thermal delay line. These
components address critical deficiencies. Finally, the 3D-printed alumina rib waveguide from Chapter
4 is used to build a ring resonator. Here, the ring itself doubles as a well for a liquid analyte such that
it is functionally a liquid sensor.

Chapter 6 (Original Contribution) presents two terahertz antennas. First, a frequency
scanning leaky-wave antenna based upon slab-mode leakage is designed, fabricated, and
experimentally demonstrated. This device is published in [170]. Second, a rib-waveguide, this time in
silicon, is used to construct a wideband antenna, based upon an integrated Galilean Telescope
architecture. Here, wideband, integrated optics and the wide single-mode bandwidth of the rib
waveguide are employed to realise an antenna with simulated 3-dB bandwidth of 220-500 GHz,
spanning two traditional metallic waveguide bands. The antenna is fabricated and experimentally
characterised over the 220-330 GHz band.

Chapter 7 (Original Contribution) presents leaky-wave radar techniques. This chapter
comprises a theoretical and an experimental component. The theoretical contribution, is an analysis of
the depth and angular resolutions of leaky-wave radar, proposing a more strict limitation than that
which exists in the literature. Then, utilising the antenna proposed in Chapter 6, leaky-wave radar
experiments are performed, including multi-target tracking, simultaneous liquid sensing of two targets,
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and multi-target vibrometry. These results are published in [170].

Chapter 8 (Original Contribution) presents liquid sensing with terahertz swept-source
coherence tomography. At present, many of the compact, integrated detectors available do not capture
the phase information, as such to differentiate targets at different depths, coherence tomography
techniques are required. Here, analysis of in-container liquids is used as an example of the ability to
recover material properties at depth without access to the phase information in the reflected signal.
The underlying principles outlined are broadly applicable to terahertz imaging beyond integrated
technologies, including terahertz cameras. These results are published in [171].

Chapter 9 (Summary and Outlook) concludes the thesis.



Chapter 2

Substrateless Silicon Waveguides

Abstract

Substrateless silicon waveguides have emerged as a viable pathway towards terahertz integrated circuits
that can exploit the vast, underutilised terahertz bands with high efficiency. For this reason, in recent
years there has been rapid development at all levels; the foundational waveguides, passive components,
tuneable devices, and the development of fully integrated systems with hybrid integrated sources and
detectors. In this chapter the state of the substrateless silicon waveguide platform is reviewed. The
focus of this review is contextualising the subject by identifying the fundamental physical limitations
of silicon as a material and how it has been leveraged to this point. The various waveguiding schemes
available are described, along with an overview of the passive components that have been already
achieved on the platform. Next the outlook for tuneable silicon waveguides is given, with an overview
of various physical effects that could be employed to further these capabilities. Finally, state-of-the-art
terahertz integrated circuits are examined, with a particular interest in the integration of sources and
detectors on the platform to build stand-alone systems. This review and the limitations of the research
hitherto, inform the research directions expounded in Part 2 of this thesis.

2.1 Introduction

2.1.1 Silicon

Silicon has become one of the most widely used materials in modern electronic and photonic
systems, with widespread uses across power, micro, and nano-electronics. As such there exists vast
fabrication infrastructure dedicated to the manufacture of crystalline silicon and silicon devices, in
facilities known as foundries. Today, intrinsic silicon is readily available in crystalline form as a wafer,
with a plethora of n-type, p-type, and intrinsic carrier concentrations. At room temperature and under
atmospheric conditions it is a stable solid and only forms a 3 nm oxidation layer [172]which is negligible
compared to the millimeter scale wavelengths considered in this thesis. For waveguiding applications its
dielectric properties are of critical interest. Importantly, in the terahertz range it is almost completely
non-dispersive, with a very stable permittivity of 11.68 [160] at room-temperature. The electromagnetic
attenuation is dependent on a variety of factors, including temperature, dopants, and the presence of
imperfections, but is principally determined by the free carrier concentration, typically on the order
1.45x10° ecm~3 at ambient temperatures [173]. To produce very high purity monocrystalline silicon
the float-zone process [174] is employed, resulting in wafers with resistivities exceeding 20 k) cm,
corresponding to loss tangents on the order of 3x1075 at terahertz frequencies [160]. This exceptionally
low loss and stable permittivity makes silicon a near ideal dielectric for waveguiding. In this case, the
majority of losses arise from coupling and device insertion losses, determined by design choices.

In this section the existing literature on terahertz substrateless silicon waveguides is reviewed. While
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much of the existing literature is oriented towards devices operating in the 220-400 GHz range, the
WR3.4 and WR2.8 bands, these techniques generally scale well to higher frequencies, as the properties
of silicon remain stable well above 2 THz. The preferred fabrication method is deep-reactive ion etching,
which employs photolithographic techniques to pattern the wafer, as such features down to the micron
scale are possible. The limiting factor is generally not patterning resolution but rather wafer thickness,
with thicker wafers requiring longer etch times to produce small features, which leads to significant
over-etching of large features. As the operating frequency scales, the permissible wafer thickness
shrinks, in turn facilitating smaller feature sizes. At present, the highest frequency experimental
demonstration of all-silicon waveguiding is in the WR1 band [175], spanning 750-1100 GHz, though in
principal even higher frequencies are possible. As such, I emphasise that all-silicon waveguides are not
just a practical solution in the sub-terahertz bands, but more generally for terahertz systems.

2.1.2 Evolution from Silicon on Insulator Waveguides

The favourable properties of silicon have seen it become one of the most widely used materials
in optical photonic integrated circuits, particularly in the telecommunications bandwidth centred
at 1550 nm [176]. Here thermal oxidation of the silicon can be used to grow a thin layer of Silica
Glass (SiO3) [177] which can form a substrate for the waveguide. At 1550 nm, the loss of the silica is
negligible and forms a near ideal substrate material, mechanically supporting the silicon waveguide
which is formed by etching away the silicon wafer to form nano-scale structures [178]. However, at
275 GHz, this substrate loss is no longer negligible, as is evident in a variety of terahertz silicon on
insulator waveguides [165, 166, 179, 180] and time domain spectroscopy of silica glass [147]. For
this reason terahertz substrateless silicon waveguides [164] have emerged, leveraging the properties of
silicon without the additional losses from the substrate material, to realise extremely low loss terahertz
waveguides.

2.2 Waveguide Variants

To realise a substrateless waveguide two conditions must be simultaneously met, first a method
of confining the propagating wave to the waveguide core, and second, the core must be mechanically
supported. In this section various schema for achieving these objectives which have been presented
in the literature are discussed. These techniques are not mutually exclusive and combinations of
these waveguides may be present within a single monolithic system, employed where their individual
properties are most suitable.

2.2.1 Slab

The most elementary waveguide, depicted in Fig. 2.1(a), is simply a thin slab of material, such as a
silicon wafer, by which the wave is confined out-of-plane by total internal reflection and the wave is
unconstrained in-plane [181]. This mode must be managed through collimation, allowing for use in
beam-forming [182], and for other devices such as beam-splitters [183]. These are achieved through
the design of integrated optics [184], regions of effective medium that are used to emulate traditional
free-space refractive devices. The simplicity of the slab waveguide and its broadband nature make
them useful in many cases. With this in mind, the primary drawback is the physical footprint; as in
free-space optics in order to maintain a collimated slab mode its beam waist must be sufficiently large,
resulting in large centimetre scale devices [185]. As such these devices sit between free-space devices
and true waveguides, whereby they are monolithically integrated, but it is still difficult to integrate
many components.

2.2.2 Band-Gap Photonic Crystal

The earliest substrateless silicon waveguides were based upon band-gap photonic crystals, periodic
structures composed of air and silicon which inhibit wave propagation of the slab mode [186]. This



2.2. Waveguide Variants 19

w

Figure 2.1: Variants of all-silicon terahertz waveguides. (a) Slab waveguide, defined by the thickness of the slab. (b) Band-gap
photonic crystal, defined by the thickness of the slab, the core width, the lattice period, and the hole diameter. (c) Effective-
medium clad waveguide, defined by the thickness of the slab, the core width, the lattice period, and the hole diameter. (d)
Unclad waveguide, defined by the thickness of the slab and the core width. (e) Slot waveguide, defined by the core width, the
slot width, and the thickness of the slab. (f) Rib waveguide, defined by the rib height, the rib width, and the slab thickness.
(g) Hollow rectangular waveguide, defined by the width and height of the rectangular waveguide, drawn to scale.
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photonic crystal confines the propagating wave to the waveguide core which is formed from a defect in
the photonic crystal lattice as illustrated in Fig. 2.1(c) [167, 187]. Thus, the operating bandwidth of
the waveguide is constrained by the band-gap of the supporting lattice structure, which is typically
a fractional bandwidth no greater than 20% [188] and is accompanied by strong dispersion. The
band-gap is strongly dependent on the lattice parameters, and often this is highly restrictive for realising
complex devices as there are limited avenues for tuning the device which do not compromise the mode
confinement. Nevertheless, there have been demonstration of routing components, evanescent couplers,
and filters [189]. Most recently, so called topologically protected waveguides have emerged [190,
191], with very similar performance and properties to the prior band-gap photonic crystals based
on hexagonal lattices. Here however, the criteria required to generate the waveguide is even more
restrictive, severely limiting the range of possible components that can be realised, while presenting
few practical advantages, notably tight bends and back-scattering protection, over other waveguiding
schemes.

2.2.3 Effective-medium Clad

Similar to the band-gap photonic crystal waveguide, the core of the waveguide can be clad by an
air-silicon lattice structure as in Fig. 2.1(d). However, distinct from the band-gap photonic crystal the
period of this lattice is deeply sub-wavelength such that it is experienced as an effective medium [192].
This effective medium then facilitates field confinement to the core via the refractive index contrast
between the silicon core and the cladding [193]. Crucially, this effect applies in the broadband, so long
as the operating wavelength is sufficiently large. The effective permittivity of this lattice is anisotropic
and dependent on the ratio of air to silicon in the lattice, controlled by the hole radius and lattice
period. To realise a waveguide, these variables should be selected such that the refractive index contrast
between the silicon core and the surrounding medium is sufficient to promote total internal reflection,
with the strongest confinement achieved when the index contrast is maximised [194]. Though strong
confinement is advantageous this contrast need not always be maximised, leaving some flexibility to
tune the permittivity of the cladding for the realising devices. The dimensions of the waveguide are
often selected to ensure single-mode propagation across the operating band, with the upper frequency
limit defined by the onset of the higher order mode. As a dielectric waveguide, there is no strict lower
frequency cutoff for the fundamental mode, in contrast to hollow metallic waveguides. Instead, as
the frequency decreases the mode confinement becomes ever weaker, and when the mode is weakly
confined it will be readily radiated. Typically, by appropriately choosing the dimensions the fractional
bandwidth of the waveguide will approach 40%, able to cover entire hollow metallic waveguide bands.
Additionally, if the height and width of the waveguide core is approximately equal, two orthogonal
modes will be supported, allowing for polarisation multiplexing and dual polarisation devices [168]. As
such these effective-medium clad waveguides have all but superseded the band-gap photonic crystals as
the design freedom and broadband operation makes them more suitable for most operations. However,
these two schemes need not be mutually exclusive; while the waveguide clad with effective medium is
generally superior, regions of band-gap photonic crystal can still be utilised where required to achieve
frequency selectivity.

2.2.4 Unclad

The previously discussed waveguides rely on complete cladding of the waveguide. However, silicon
is mechanically strong enough such that it is self-supporting even for microscale ribs which can be
tethered to other supporting structures to form the unclad waveguide shown in Fig. 2.1(f). An early
instantiation of this approach was to use ribs to physically support a ribbon waveguide [195]. The ribs
should be selected such that their spacing is sub-wavelength to avoid incidental Bragg-grating effects,
though even with sub-wavelength spacing the effect of scattering is non-negligible. Instead, the ribbon
waveguide can be tethered to an effective-medium clad waveguide which effectively frames the now
unclad ribbon waveguide [196]. This is advantageous as the high index contrast between the silicon
core and the surrounding air results in strong field confinement to the waveguide core, but also grants
significant design freedom without having to conform to a lattice cladding structure.
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2.2.5 Slot

In the previous sections the focus has been on the cladding material of the waveguide, but the
core of the waveguide can also be modified to adjust the propagating mode. In these waveguides
the solid core confines the mode, with limited evanescent fields in the surrounding air and cladding
regions. If intense fields in air are desired, such as for sensing applications, a slot waveguide, depicted in
Fig. 2.1(e), can be realised by maintaining the cladding material and simply splitting the core to realise
a narrow air gap [197]. The propagating mode of this waveguide is such that it is concentrated in this
air gap, with field intensities beyond the evanescent field intensities observed in other waveguides. This
property can be useful for sensing applications [198] or for point source emulation [185]. Additionally,
the dispersion of this waveguide is also different from other waveguides and can be simply tuned by
adjusting the width of the narrow slot.

2.2.6 Rib Waveguides

Unlike the index-contrast guides described previously, wave propagation inside the rib, or
occasionally referred to as ridge, waveguide depicted in Fig. 2.1(b), is maintained through the index
contrast between the fundamental rib mode and the fundamental mode of the surrounding slab.
Additionally, the guide is protected from higher-order modes by this mechanism, as higher order
modes are readily leaked into the surrounding slab [199]. As such the single-mode bandwidth of this
waveguide can exceed that of the total-internal reflection guides of the previous sections. However,
this confinement mechanism is weaker than the waveguides previously mentioned, requiring gentle
gradients between waveguide sections and large bend radii, leading to large device footprints to avoid
significant radiation losses. This waveguide can be realised through the partial etching of a wafer [200].
Though, to realise this waveguide as well as other structures, which require complete etching
simultaneously, multiple etching stages are required, complicating the fabrication process. The partial
etching leads to a 2.5D device with out-of-plane asymmetry, which stand in contrast to the strictly
planar waveguides mentioned previously.

2.3 Passive Components

Beyond the waveguide itself, the functionality of the platform is determined by the range of available
components. These components are used to manipulate the guided mode to achieve various functions;
routing, frequency selectivity, polarisation control, and interfacing with external systems either through
coupling interfaces or antennas. In this section a review of the range of previously demonstrated
components is presented.

2.3.1 Coupling to Hollow Metallic Waveguides

Currently, the dominant waveguiding modality is that of the hollow metallic waveguide. Most
commercially available components come with hollow metallic waveguide ports, as they are physically
robust and can be simply used to construct modular systems. As such for characterisation of waveguides
in a laboratory setting and for future packaging of devices, a transition to hollow metallic waveguides
is a necessity. As such, most demonstrations of substrateless waveguides propose the use of a spike
taper, depicted in Fig. 2.2(a-b), to interface between the two [164]. The efficiency of the coupling is
dictated by the length of the tapered rod, where a longer rod results in a more gradual taper, and
hence better broadband index matching. Ideally, the tip of the taper is infinitesimally small, but in
practice the tip is more reliably fabricated if a finite tip width is included. One notable feature of
these tapers is their fragility, as they are long and very thin, they are prone to breaking when the
waveguide is handled, or when the taper is manually inserted into the waveguide without due care.
As a result, there has been an effort to realise alternative coupling structures, one such approach is
illustrated in Fig. 2.2, where the rod is truncated, and an additional matching structure is used to
improve coupling [201]. Though these structures typically narrow the operating bandwidth, they are
significantly more robust, with similar coupling efficiency.



22 Chapter 2. Substrateless Silicon Waveguides

(a) (b) Wiip (©)
Hollow Metallic &slot

Waveguide _EFI 2

taper

Silicon Waveguide

b
Il
|

Figure 2.2: Coupling all-silicon waveguides to hollow-metallic waveguides. (a) Insertion of a coupling taper into a hollow
metallic waveguide. (b) Standard linear taper coupling spike. (¢) Truncated coupling structure, as in [201].

Figure 2.3: All-silicon routing components. (a) Effective medium clad circular bend, adapted from [168] © 2021 IEEE. (b)
Effective medium clad waveguide crossings, with permission from [202] ©Optical Society of America.

2.3.2 Routing

For dense integration, routing components are necessary for connecting functional components. The
most essential of these is the bend, but also in some cases additional crossings may also be necessary.

Bending

The most essential routing component is the waveguide bend, as it is nigh impossible to construct
compact systems without them. At the same time the act of bending the guided wave is also
foundational for many other components including ring resonators amongst others. Typically, circular
bends, depicted in Fig. 2.3(a), are employed [168], presumably as they are the most simply designed,
although they have been shown to be sub-optimal for compact, low-loss waveguides bends [203].
Nevertheless, the minimum bending radius of the platform should be selected such that the bending
loss is minimised while considering that extremely large bends will result in increasing material losses.
For silicon waveguides where the material losses are nearly negligible, often the minimum bending
radius is selected for reasons of compactness, noting that the device footprint is strictly limited by
the wafer size acceptable by the foundry. Bending loss arises from radiation losses from the outer
edge of the waveguide, and is typically related to the mode confinement of the waveguide. For
total internal reflection guides, the bending loss is dependent on the core-cladding contrast, while
for band-gap photonic crystals tight bends can be readily achieved as the slab mode is prohibited
from propagating [190]. Investigations have shown that bends with radii on the order of 10 guided
wavelengths can be achieved with minimal bending loss.
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Figure 2.4: All-silicon evanescent couplers. (a) Out-of-plane evanescent coupler, adapted from [204], (©)2019 Optica Publishing
Group under the terms of the Optica Open Access Publishing Agreement . (b) In-plane evanescent coupler, adapted from [196],
©2020 IEEE.

Crossing

A more niche routing component is the waveguide crossing, which facilitates the intersection of
two waveguides, with suppressed crosstalk between the waveguide. For planar circuits, as the density
of components increases it may become necessary to include crossings to avoid labyrinthian circuit
routing. Fortunately, compact crossings, such as the one depicted in Fig. 2.3(b), with insertion loss
less than 1 dB, average crosstalk less than 39 dB, and a footprint of 4\ can be readily included by
leveraging effective medium techniques [202].

2.3.3 Evanescent Couplers

The un-shielded nature of dielectric waveguides makes them naturally susceptible to evanescent
coupling, the phenomenon by which a wave propagating in a waveguide may tunnel into an adjacent
waveguide via its evanescent field [205]. This phenomenon is dependent on the dimensions of the
two adjacent waveguides, as well as the operating frequency. As such this phenomenon is frequently
used to build frequency diplexers [189, 196, 206] as depicted in Fig. 2.4(a), as a broadband input
signal can be divided losslessly based upon which frequencies couple to the adjacent waveguide and
which remain in the original waveguide. Typically, this has been demonstrated in-plane, though this
effect can also be used to couple between two waveguides separated out of plane [204], as shown in
Fig. 2.4(b). Though in optical integrated circuits evanescent couplers can be used to realise compact
power dividers, owing to the frequency dependence of the coupling effect this scheme does not scale
well to terahertz frequencies where the fractional bandwidths are typically much larger. More broadly,
evanescent coupling as a phenomenon plays a vital role in many other functional components which
are expounded upon in the following sections.

2.3.4 Resonators

Resonant structures are one way on introducing frequency selective behaviours to a broadband
platform, critical for filtering and frequency-division multiplexing, but also can be useful for enhancing
light-matter interactions for sensing. Until now the focus has been on two specific resonators, 1D
photonic crystal cavities and disc, or ring, resonators, with many variants of these principles
demonstrated.

Photonic Crystal Cavities

To realise a photonic crystal a periodic array of air holes can be etched in silicon. As in the
cladding of a band-gap photonic crystal waveguide, the periodicity of these holes creates a band-gap
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Figure 2.5: All-silicon resonators. (a) 1D photonic crystal cavity, adapted from [207], (©2021 IEEE. (a) Ring resonator, with
permission from [208] (©Optica Publishing Group

which inhibits the propagation of select frequencies through the photonic crystal region, resulting in a
band-stop effect. By creating a defect in this array, a resonant cavity is formed allowing a narrow band
of frequencies to pass through the photonic crystal via tunnelling, resulting in a very narrow band-pass
filter as in Fig. 2.5(a) [207, 209, 210]. These filters are extremely compact, with footprints completely
inside the core of the waveguide, and lengths of only a few guided wavelengths. The limitation of this
technique is that the rejected wave is not separated from the initial waveguide and is simply reflected
back to the input. This reflection should be carefully managed as the strong reflected power may lead
to damage in some cases. Nevertheless, the low intrinsic loss of the silicon allows for very high Q-factor
resonances to be realised with photonic crystal cavities, producing narrowband band-pass-filters with
minimal insertion loss.

Ring Resonators

Ring resonators exploit evanescent coupling effects to draw power out of the input waveguide into
a large disc or ring, where resonant modes are excited. At the resonant frequency the field drawn into
the ring interferes with the field which remains in the waveguide, constructively interfering resulting
in a stop-band effect visible in Fig. 2.5(b), which is analogous to a multi-pass interforemeter [211].
This stop band effect is frequency periodic, with the resonance period, known as the free-spectral
range, dependent on the circumference of the resonator. Unlike the 1D photonic crystal cavity the ring
resonator can be augmented such that the rejected frequencies can be siphoned from the main line
by introducing a second waveguide tap to the disc resonator. The output of the second waveguide,
observed over a single resonance resembles that of a photonic crystal cavity, with a narrow pass
band. This device then acts as a natural frequency multiplexer, though it is essential to note that the
multiplexed frequencies are narrowband and periodic [212]. The width of the resonance, measured
by the @Q-factor, is dependent on resonator circumference but is affected by balancing the coupling
coefficient between the waveguide and the ring with the losses arising from the ring through a process
known as critical coupling [213]. Due to the low intrinsic loss of silicon, and the tight bending available
on total internal reflection based waveguides, compact, high-Q resonators can be realised [208]. Other
substrateless ring resonators based on rib waveguides have also been proposed, albeit with significantly
lower Q-factors owing to the increased bending losses [214-216]. Though there has been demonstrations
of simple ring resonator architectures at terahertz frequencies, there also exists a significant body
of more complex architectures which could be readily adapted from 1550 nm photonic integrated
circuits [217], for realising more complex functionality.

2.3.5 Filters

The aforementioned resonators result in narrowband frequency selective behaviour, but broadband
frequency selectivity is also important, most critically for telecommunications to reduce inter-channel
interference on the receiver, and for standard compliance on the transmitter [220]. Though, the
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evanescent couplers seemingly fulfil this role, they often have very slow frequency roll-off rates. So,
typically they are combined with resonant cavities or other filters to enhance their performance, as
in Fig. 2.6(a) [218]. To expand from diplexing to multiple channels, evanescent coupling to a nearby
slab can be used, relying on the dispersion of this effect to form frequency channels [221, 222]. For
channelisation widely tunable bandpass and bandstop filters are critical. To realise this Bragg-grating
filters, shown in Fig. 2.6(b), have been employed [219, 223], as their structure combined with the
flexibility of effective-mediums facilitates vast flexibility for designing filters with varying bandwidths
and centre frequencies. As with 1D photonic crystal cavities a Bragg grating filter alone is unable to
recover the rejected frequencies and this is still an ongoing area of research, though in optics, system
architectures to overcome this limitation have been proposed [224].

2.3.6 Polarisation Control

As both effective-medium clad and unclad waveguides support dual-polarisation propagation, it is
necessary to design devices to manage and control the two modes. Most importantly in order to make use
of both modes simultaneously, they must be separated through a process of de-multiplexing. Attempts
using evanescent couplers often result in narrowband performance, owing to the previously discussed
frequency dependence [227, 228]. Conveniently, the anisotropy of the effective-medium cladding
facilitates some degree of polarisation control by ensuring the two fundamental modes propagate
with distinctive modal indices. This can be leveraged to realise a polarisation multiplexer [225, 229],
depicted in Fig. 2.7(a). Similarly, a broadband polarisation rotator would be a valuable component,
though traditionally these devices have been realised with 2.5D devices, to introduce asymmetry to
the waveguide core, a process which would require multiple etching stages [230]. Though this is not a
physical limitation, this process would introduce significant fabrication complexity which is otherwise
necessary. For now, only simulated results for a proposed polarisation rotator, shown in Fig. 2.7(b),
are available [226].

2.3.7 Antennas

Whether it is for telecommunications or imaging applications, antennas are indispensable
components as they form the interface between guided waves and free-space transmission. For
terahertz antennas the primary focus has been broad-bandwidth, high-directivity and high-efficiency
to utilise widebands, offset the unavoidable losses, while preserving the limited power available from
current terahertz sources. For systems based around hollow metallic waveguides, this has lead to the
wide-spread use of horn antennas, with gain typically on the order of 25 dBi [235]. Alternatively, many
sources are often directly coupled to hemi-spherical lens antennas with similar gain profiles [236].
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Hence, waveguide integrated antennas have sought to emulate this performance through integrated
optics, with large planar apertures, depicted in Fig. 2.8(i-i), to maximise the gain [231, 232]. The
planar aperture does present an obstacle to building high gain waveguide integrated antennas, as the
1D aperture limits the aperture size, resulting in a fan beam. To correct for this an auxiliary optic,
such as the parabolic mirror in Fig. 2.8(c), is introduced [233, 237]. In this configuration the low gain
silicon antenna acts as the divergent lens of a Gallilean telescope. If an auxiliary lens is acceptable
then a large integrated antenna is redundant and the silicon footprint can be reduced. Then, the focus
of the antenna design can be shifted to designing compact antennas, as in Fig. 2.8(d), despite their
lower gain [234]. Looking forward, as the focus of integrated antenna design transitions from gain
maximisation, antennas with additional functionality such as frequency scanning, ultra-wide
bandwidth, or tunable beam-forming become of interest.

2.4 Tunability

Though a wide range of functions can be achieved with passive components, advanced capabilities are
enabled by tunable components. Tunability refers to the ability to reconfigure or adjust the performance
of the fabricated device with an external stimulus. It is important to distinguish between two primary
use cases of tunability, low speed tuning with speeds on the order of seconds to microseconds, and high
speed tuning, with speeds of microseconds to nanoseconds. Of course high-speed switching is always
preferable, but it may not always be necessary. For example, an equaliser used to balance amplitude
and phase of a communications channel may only need to change slowly to adjust to changing channel
environments. However, for a modulator the maximum modulation speed is directly determined by the
switching speed. Tunability of the device may be achieved by modulating the phase, the amplitude,
or both independently, to achieve so-called vector modulation. Typically, these effects are typically
entangled, and most modulations will result in an effect on both the amplitude and phase. Most often,
this is detrimental and interpreted as a phase shift at the cost of an unwanted attenuation. At present,
high-efficiency phase shifters are of particular interest to the community as they are enabling devices
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Figure 2.9: All-silicon mechanically tuned devices. (a) Mechanically tuned polariser, adapted from [238], (©2022 IEEE. (b)
MEMS phase shifter, adapted from [239], (©2023 IEEE.

for high value applications, particularly beam-forming. The avenues for tunability are determined
by the material properties of silicon. In this section various methods of tuning substrateless silicon
waveguides are discussed.

2.4.1 Mechanical

The simplest form of tunability is mechanical tuning, physically moving elements of the system to
achieve tuning. The relative fragility of the substrateless silicon waveguides makes mechanical tuning
a delicate act. Theoretically, mechanical tuning is achievable through mechanical adjustment using
external piezo-electric motors. The high drive voltages, typically on the order of tens of volts, and
micro-scale displacements make realising these systems practical is an ongoing challenge. Nevertheless,
if these practical challenges are overcome, they could be used to realise tunability at speeds on the
order of 0.1 ms, or on the kilohertz scale. In laboratory environments, various mechanically tuned
components have been demonstrated, such as the mechanical polarizer in Fig. 2.9(a) though their
scalability to practical applications may be limited [238, 240]. Instead, more success has been realised
with micro-electrical mechanical systems (MEMS), which are compatible with the fabrication systems
already in use to fabricate the waveguides. Typically, the silicon MEMS device is used in concert with
a traditional rectangular waveguide to realise a tunable phase shifters [241, 242|, switches [243], and
filters [244]. Recently, there have been demonstrations, such as those depicted in Fig. 2.9(b), which
simultaneously use MEMS based devices as waveguide and actuator [239, 245, 246]. The experimental
performance is promising, with low loss and wide tunable ranges. Though the speed of these terahertz
switches is unreported, microsecond [247] to nanosecond [248] switches have been reported.

2.4.2 Electro-optic Effect

There is no Pockel’s effect in bulk, unstrained silicon. As such the avenues for direct tuning of
all-silicon components with electric fields is limited without the introduction of electro-optic materials
to enhance this effect. Additionally, while electro-optic modulators are well established in optical
photonics [249], these devices, which exploit very small changes in refractive index, can be massive
relative to the wavelength, and yet remain physically only millimetres in size [250]. To directly
scale these devices to the terahertz domain would result in truly massive devices, on the order of
meters, which are absolutely unfabricable with existing foundry infrastructure. Still, despite significant
challenges, the electro-optic effect may be one of the few potential pathways to a direct terahertz
modulator owing to the speed of the effect, though suitable materials with high electro-optic coefficients
would need to be investigated further.

2.4.3 Thermo-optic Effect

Crystalline silicon is an excellent thermal conductor with a high melting point. Under heating
the crystalline lattice expands, leading to a thermo-optic effect, whereby the modal index of the
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waveguide is changed in response to heating. In the 450-660 GHz range the thermo-optic coefficient
has been measured around 1.40 x 104K~ [251], while at 150 GHz a value of 1.26 x 107K~ was
measured [252]. In addition to this thermal expansion, as the temperature changes the intrinsic carrier
concentration, and hence the resistivity also changes leading to some excess loss. Typically, heating
effects are slow as they rely on conduction to heat and cool the device. This is exacerbated on the
millimetre scale, but typically even in 1550 nm thermo-optic devices are limited to response times
on the order of milliseconds [253]. This slow response is primarily a result of heat management. To
operate quickly the temperature must be readily controllable, which requires the ability to generate
and dissipate heat quickly. Owing to its high thermal conductivity silicon is comparably well suited
to thermal tuning. However, such a high thermal conductivity also makes it difficult to localise the
tuning, especially in a monolithic structure as is typical of a substrateless waveguide. One terahertz
thermo-optic shifter demonstrated a limited range of phase shift [254], though the short waveguide
limited the phase shift. Still, at present, there is limited investigation into the true ceiling of silicon
thermo-optic devices in the terahertz range.

2.4.4 Photo-electric Effect

Silicon has a bandgap of 1.12 eV, corresponding to photons with a wavelength less than 1107 nm.
Hence, visible light can be used to stimulate bound electrons inside the crystal lattice into their
conduction band, a process of electron emission known as photo-doping. The processes of converting
photons into free carriers, results in an increase in the free-carrier concentration inside the silicon equal
to the photon flux. This increase in free-carriers modulates both refractive index and resistivity, as is
described by the Drude model [256, 257]. Unfortunately, the plasma resonance of the photo-induced
carriers is in the terahertz range, exacerbating the losses induced [258]. Thus, this effect is always
a simultaneous phase and amplitude modulation, and the two cannot be de-coupled. Although an
optical modulator can be used to rapidly modulate the light source which stimulates free carriers,
the modulation in free-carrier concentration is constrained by the carrier-lifetime, the rate at which
liberated electrons are re-captured. In silicon at near intrinsic carrier densities has been measured on
the order of 500 ps [48]. Additionally, the localisation of this effect is governed not by the spot size of the
laser used to invoke the photo-electric but rather the carrier lifetime and the carrier velocity. Previous
numerical studies indicate that excited electron diffusion is typically on the order of millimetres [259].
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Figure 2.11: Hybrid integration of sources and detectors with all-silicon waveguides. (a) Coupling of uni-travelling carrier
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Additionally, this carrier dispersion acts to form a gradual transition from the intrinsic silicon to the
photo-excited region, limiting the in-plane reflectivity achievable. For free-space devices, the air-silicon
interface provides a natural sharp boundary such that the reflectivity can be controlled [260]. There is
an intrinsic trade-off; for deep modulation the carrier lifetime must be long to limit recombination, but
this results in slower switching speeds, and less control of localisation. Thus, techniques like surface
passivation can be used to increase the carrier life-time if deep modulation is required, at the expense
of switching speed [261]. For in-plane localisation of this effect, photo-excited and un-excited regions
must be physically separated to disable the diffusion of carriers between regions. In the presence
of a substrate, mesa like structures can be used to isolate regions [262], but it is complicated to
translate this idea to a substrateless platform, where a physical connection is necessary to maintain the
self-supported structure. Nevertheless, there has been significant investigation into photo-electric effect
based tunable integrated terahertz devices to realise, single switches [195, 255] depicted in Fig. 2.10(a),
1-to-N add-drop switches [212] depicted in Fig. 2.10(b), and variable attenuators [263]. It is important
to note here that all of these devices exploit the enhanced absorption induced by the excess free-carriers,
with the switches employing resonances to further enhance this effect resulting in narrowband devices.
Similar to thermal tuning, this effect may be suitable for low-frequency tuning of devices, especially
amplitude equalisation, but is an unlikely path towards realising a broadband, high efficiency, phase
shifter.

2.5 Hybrid Integration of Sources and Detectors

With a variety of passive and tunable components available, rudimentary integrated systems can
be realised, however they are still reliant upon external receivers and detectors. To address this there
has been active research into hybrid integration of compact semiconductor sources based upon other
semiconductor technologies such as indium phosphide (InP) [264] or gallium nitride (GaN) [265], which
are more conducive to realising these devices. In this section prior work on hybrid integration of
sources, with an eye towards fully integrated terahertz systems, is reviewed.

2.5.1 Hybrid Integrated Sources

Of the available terahertz sources, the most compact, room-temperature sources are uni-travelling
carrier photodiodes (UTC-PD) [65, 268], PIN diodes [65], and resonant tunnelling diodes (RTD) [62,
72].

The UTC-PD is a photonic terahertz source, making use of photo-mixing to generate terahertz
waves and as such can readily make use of existing 1550 nm infrastructure, including high speed
IQ modulators and tunable lasers. This can be employed to generate complex modulated signals,
with tunable carrier frequencies over hundreds of gigahertz, often limited more by the out-coupler
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Figure 2.12: Integrated systems based upon all-silicon waveguides. (a) Silicon waveguide transceiver module, adapted from [273],
(©2022 IEEE. (b) Imaging system with integrated beam-splitter, adapted from [183], (©2020 IEICE.

than the photo-diode itself [269]. These capabilities are invaluable for communications applications.
However, the typical output power from such a device is on the order of microwatts to milliwatts [68].
The hybrid integration of these sources with silicon rod waveguides has been demonstrated via the
slot-mode converter depicted in Fig. 2.11(a), which matches the microstrip line to the silicon rod with
high efficiency [266]. With the concurrent development of 1550 nm photonic integrated circuits and
terahertz integrated circuits, it can be envisioned that hybrid integrated photonic-terahertz circuits
could one day provide compact, self-contained terahertz communications systems.

In contrast to the UTC-PD, the resonant tunelling diode is an electronic source capable of
generating milliwatts of power [62, 72], significantly higher than the UTC-PD. The operating frequency
is determined by the resonant structure and is tunable [270], the tunable range is on the order of
100 GHz [271], enough to nearly cover a rectangular waveguide band. Previously RTDs have been
integrated though backside coupling [272, 273] or through a mode-converter [274] to substrateless
silicon waveguides to form compact transmission modules with a simple SMA interface [218, 275].

2.5.2 Hybrid Integrated Detectors

In some cases the same sources can also be used as detectors. Notably the RTD can serve as either a
source and detector due to its nonlinear terahertz response [276]. Beyond this, Schottky barrier diodes
have also been integrated onto silicon waveguides via flip-chip bonding, as in Fig. 2.11, where it serves
as a sub-harmonic mixer [267, 277]. In this case, the terahertz signal acts as the local oscillator in
order to demodulate an incoming modulated signal, which can then be probed via bias lines connected
to the RTD. These demonstrations show that it is possible to conveniently integrate state-of-the-art
detectors onto substrateless silicon waveguides.

2.6 Integrated systems & Applications

With a range of components, sources, and detectors available, it is logical that application
demonstrations are beginning to emerge. Of the most interest are imaging, sensing, and
communication systems. Currently, the cost of sources and detectors is still restrictive and as such it is
not viable for every demonstration to use integrated sources and detectors, although the technology
exists. As such coupling to sources embedded within hollow metallic waveguides is still the most
common technique, but as mentioned this an economic not a technological decision. In this section
applications oriented integrated systems are reviewed.
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2.6.1 Integrated Sensing Systems

Integrated sensors are used to detect and differentiate between analytes. Often, this is achieved
through contact with the waveguide to induce a phase or amplitude change in the guided wave. The
simplest integrated sensor is simply a straight waveguide augmented with external micro-fluidics,
where the transmitted phase and amplitude can be used to infer the properties of the analyte [278].
The sensitivity of this kind of sensor is dependent on the strength of the evanescent fields, where
stronger fields result in enhanced interaction effects. Where weak evanescent fields are present, a long
waveguide may be required to detect a measurable phase change, resulting in bulky structures and
large required analyte volumes. At the same time, for aqueous analytes which are often lossy, long
interaction lengths will result in significant attenuation to the signal and sensitive detectors must be
employed. Alternatively, sensing based on reflection can be performed, where an interface between
the guided mode and the analyte is formed and the reflection from the interface is measured [185].
This has the advantage that the interaction length is very short, and hence lossy analytes may be
sensed with less sensitive detectors. In both of these cases the magnitude and phase of the signal must
be measured to reconstruct the complex permittivity of the analyte. For compact sensors, for which
only the magnitude spectrum must be measured, resonant structures can be employed to enhance the
interaction without increasing the footprint [198, 279]. In this case the properties of the resonance,
namely, the resonance frequency and resonance depth, are used to infer the complex permittivity of
the analyte. As a low-loss waveguide silicon can be used to construct compact resonators with very
high Q-factors, and hence very high sensitivity.

2.6.2 Integrated Imaging Systems

Imaging systems are used to collect spatial information about a sample under-test, most commonly
in a reflection configuration. At terahertz frequencies, scanned focus beam imaging systems are
widespread. Being comprised of discrete free-space components these systems often occupy a large
footprint. Here, integrated devices can be used to replace some elements of a bulky imaging system.
Particularly, by integrating the source, detector, and beam-splitter onto a single chip the system
footprint can be reduced significantly [183]. In this configuration it is difficult to integrate the lenses as
large apertures are necessary to generate tight focal spots, the source of imaging resolution. However,
low-gain antennas are advantageous for generating rapidly diverging beams, significantly reducing the
optical path lengths required before a collimating lens. As an alternative to focused beam systems,
near field imaging can also be performed [280]. Here integrated technologies are invaluable, as without
the obligatory lenses the systems can be made to be extremely compact with integrated sources and
detectors. However, both of these systems require raster scanning the sample, a time-consuming
process, with scan times often on the order of hours, and multi-axis stages required to manage the
scanning. Here there is an opportunity, inspired by microwave radar techniques, to reduce image
acquisition times significantly, utilising antennas with functionality beyond that of the existing end-fire
antennas.

2.6.3 Integrated Communication Systems

Integrated communications systems are likely the application of terahertz waves with the most
immediate value. With the announcement of IEEE standard 802.15.3d [220] the future of terahertz
communications is being defined. To date, many impressive terahertz communications demonstrations
have focused on achieving high aggregate data rates without considering channelisation or bandwidth
constraints [281], while making use of offline techniques to process huge volumes of data. As such
the hardware is often stripped back to just a high gain antenna connected directly to a source, with
amplifiers to maximise received power at the receiver [282]. These communication systems often make
use of incredibly large, expensive, and powerful real-time-oscilloscopes to directly measure incoming data.
More modest communications demonstrations using substrateless silicon components are abundant [185,
193, 196, 218], with a focus on demonstrating their general suitability for communications. The data
rates in these cases are rarely limited by the silicon devices themselves but due to the external
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equipment; modulators, oscilloscopes, detectors and the like. For practical applications, hardware, and
particularly integrated components will play an increasingly important role in breaking down the data
stream such that it can be processed on portable hardware. For this reason, multiplexers and filters will
be of particular importance. On the transmission side, while power available from each source remains
low, the aggregate channel power can be improved through the use of multiple sources, also requiring
multiplexers. For now, these postulations remain theoretical, though preliminary investigations have
been performed [222].

2.7 Conclusion

In the last decade substrateless silicon waveguides have emerged as a promising avenue for unlocking
the potential of terahertz technologies. Primarily, this is due to silicon as a material providing
exceptionally low material losses and dispersion in the terahertz range, along with moderate permittivity
for field confinement. Its mechanical strength and compatibility with high precision manufacturing
techniques have enabled micro-patterning critical to provide the flexibility to realise a wide range
of devices. Though a comprehensive library of components have been demonstrated there are still
unexplored avenues, with select passive components, power dividers, and antennas with broader
operating bandwidths and frequency-scanning radiation still unavailable, these missing components
will be critical to future integrated systems. Beyond this, there are still more foundational matters
to address including the compactness of the platform. With most discrete components occupying
millimetre scale footprints we should endeavour to develop techniques to shrink devices and decrease
footprints where possible such that future integrated systems can be fabricated with existing foundry
infrastructure. In this thesis I seek to address these shortcomings through proposing a variety of
passive components alongside a new variant of the silicon substrateless waveguide and an investigation
of 2.5D devices with alumina, a ceramic alternative to silicon. To compliment this, contributions to
imaging and sensing techniques compatible with the integrated sources and detectors are made.
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Chapter 3

Extreme Skin-Depth Waveguides

Abstract

All-silicon substrateless waveguides have become a leading contender for terahertz device integration
owing to their broad operating bandwidth and exceptional efficiency. However, without metallic
confinement these un-shielded waveguides are susceptible to evanescent coupling, requiring that
waveguides be placed sparsely to resist unwanted interactions. This sparsity remains a critical
obstacle to compact devices and integrated systems. To counter this, substrateless extreme skin-depth
waveguides are proposed, utilising a self-supporting anisotropic cladding that markedly reduces the
evanescent field penetration into the surrounding cladding, and hence suppresses cross-coupling between
waveguides. Here we achieve 20 dB cross-talk suppression across the WR3.4 band, 220-330 GHz,
a 40% fractional bandwidth, with less than half a free-space wavelength separations and coupling
lengths exceeding 10 free-space wavelengths. Integrable with existing all-silicon devices, I foresee these
techniques enabling the dense integration of terahertz systems with substrateless silicon waveguides.

3.1 Introduction

Dielectric confinement mechanisms, either photonic band-gap or total internal reflection, permit
strong evanescent fields outside the waveguide core which enables evanescent coupling between adjacent
waveguides. In many cases this phenomenon can be harnessed to realise useful devices; uni-directional
couplers [204, 218], ring resonators [212] or in-slab beam-formers [283]. However, strong evanescent
fields come at the cost of integration density. To avoid these unwanted evanescent coupling, waveguides
must be placed sparsely, on the order of multiple wavelengths, leading to enlarged system footprints
and limited opportunities for the realisation of devices where sub-wavelength waveguide spacing is
critical, such as antenna arrays. Though undesirable, enlargement is tolerable in visible or infrared
optics where wavelengths are on the order of 1 um and packaged devices are on the order of 1 mm,
but at terahertz frequencies directly scaling these same devices would result in a footprint of 1 m,
which is completely impractical. Beyond this, the long-term commercial viability of a platform is
dependent on the device yield per wafer, which in turn reduces the cost per device as the devices
get smaller. For these reasons, coupling suppression strategies for integrated circuit technologies at
terahertz frequencies will become essential as the system complexity and fabrication volume increases.

Since Marcatili’s initial description of the dielectric waveguide coupler [194], coupled mode
theory [205] emerged to describe complex coupled systems. Arising from this, various schemes for
coupling suppression have been proposed including photonic crystal fencing [284], superlatice
techniques [285], and adiabatic elimination [286]. Though these techniques provide solutions to the
problem of unwanted evanescent coupling under specific conditions, they do not address the
underlying cause of coupling, i.e. the strong evanescent field that exists outside the waveguide core. A
more general solution is an all-dielectric waveguide that strongly suppresses the evanescent field such
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that two identical waveguides can exist in proximity without significant coupling.

The primary mechanism for evanescent coupling is the physical overlap between the evanescent
field and the coupled waveguide, and so the decisive factor in suppressing evanescent coupling is the
concentration of evanescent fields as close as possible to the guide’s core—away from the core of an
adjacent guide. The evanescent field distribution is affected by a range of parameters including core
dimensions relative to wavelength, confinement mechanism, and cladding material. Waveguides with
cores that are large relative to wavelength have stronger wave confinement compared to smaller ones,
but to ensure single-mode operation the core enlargement must be balanced against the onset of
higher-order modes. For a single-mode guide, a recent analysis revealed that cladding anisotropy can
enhance the field confinement further for in-plane-polarised modes [287]. In nano-photonics, this led
to the development of the so-called extreme skin-depth, or E-Skid, waveguides, which exploit total
internal reflection confinement with an anisotropic cladding, suppressing the evanescent field beyond
the level expected for the index contrast. Here, the term skin-depth is used atypically, referring to the
penetration of the evanescent field into the dielectric cladding, not to the skin-effect in conductive
materials. Usually, this anisotropy is realised through a sub-wavelength periodic grating of micro-
beams that runs parallel to the waveguide core [288-292]. Previously, in nano-scale waveguides these
microbeams have been mechanically supported by the substrate. However, as discussed previously in
Chapter 1, in silicon on insulator waveguides at terahertz frequencies the quartz or silica substrates
result in additional losses, with waveguide losses measured as 0.46 dB/cm [166] and 0.40 dB/cm [179]
respectively, more than 8 times the loss of the substrateless structures. Previously, silicon microbeams
tethered to effective-medium lattices have been shown to be mechanically self-supporting [196], forming
a pathway to realise extreme skin-depth waveguides on a substrateless waveguide platform. Here I
design and fabricate, single-mode, substrateless, extreme skin-depth waveguides and experimentally
validate their transmission properties and resistance to evanescent coupling.

3.2 Theory and Design
3.2.1 Coupling Suppression with Anisotropic Cladding

A comprehensive analysis of the effect of anisotropy on evanescent coupling is available in the
supporting information of [287]. Here, for completeness, I reproduce some key results in the context of
our substrateless platform. Consider the waveguide depicted in Fig. 3.1(a) supporting the fundamental
E!' mode, with in-plane-polarisation, propagating in the z direction of an infinite rectangular dielectric
waveguide constructed from a core with width w, and isotropic permittivity ecore. The waveguide is
surrounded by an anisotropic homogenous dielectric with permittivity tensor € = (e4,64,€;). The
z-component of the electric field is given by,

E _ B[ Acos(kycorer)e R x| < w/2 1
w(x’z) - " B ke cladding® p— k=2 (3 )
weg | et sleIR=2, |z] > w/2
v

where ky core and Ky cladding are the wavenumbers in the core and the cladding respectively. These
parameters, which determine the modal distribution, can be determined by applying boundary matching
and continuity conditions at the core-cladding interface, resulting in the following equations which can
be solved simultaneously,

2 k2 2
k’2 =+ k2 Wee - ﬂ(ecore - Er) 9 (32)

x,core z,cladding 45Z 4

3
ikr,claddingtan(km,cladding) . (33)
T

km,corc =

According to Eq. (3.1), kg cladding, should be maximised to maximise the decay of the evanescent fields,
and thus minimise coupling. Critically this parameter depends on the in-plane-anisotropy, i.e., €,
and e, of the cladding material. Through the simultaneous solution of Eq. (3.2) and Eq. (3.3) it was
established that high parallel permittivity, €., relative to perpendicular permittivity, €., leads to strong
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Figure 3.1: Substrateless terahertz waveguides. (a) Illustration of a dielectric waveguide clad with artificial, homogenous
anisotropic effective medium. (b) Schematic drawing of the extreme skin-depth waveguide with realised anisotropic cladding.
(c) Schematic drawing of the effective medium clad waveguide with in-plane-isotropic hexagonal lattice effective medium
cladding [168].

evanescent field decay [288]. This result is underpinned by the concept of relaxed total internal reflection
in anisotropic materials, by which mode confinement is solely induced by the permittivity contrast
between the core permittivity, €.ore, and the perpendicular component of the cladding permittivity,
€z- As this condition is independent of the parallel component of the cladding permittivity, €., mode
confinement can be achieved with cladding materials with high parallel permittivities, inducing rapid
evanescent field decay.

Though the innate anisotropy of common materials is minimal, and is all but absent in silicon,
anisotropy can be introduced through sub-wavelength patterning to form effective mediums [293]. One
such anisotropic effective medium, as in Fig. 3.1(b), can be formed by interleaving parallel strips of two
materials to form an effective medium with the requisite in-plane-anisotropy. This anisotropy can be
understood through various effective medium theories [192, 294] such as Rytov’s original formulation
of stratified media [295], quasi-static effective medium theory, as in [293], or the Maxwell-Garnett
effective medium theory, as in [288], which predicts the permittivities parallel, £, and perpendicular,
€z, to the waveguide core as,

€, =¢&y =cegip+ean(l —p), (3.4)
Esi
g = ———, 3.5
T p+ (- pesi (3:5)
where p is the silicon filling factor,
Asi
== 3.6
P~ R+ A (3.6)

and Ag; and Aa;, are the stripe widths of the two constitutive materials, air and silicon. In Fig. 3.2(a),
we compare the effective permittivity tensors of two effective medium configurations, the anisotropic
alternating strips depicted in Fig. 3.1(b) and the hexagonal lattice proposed in [168] and depicted
in Fig. 3.1(c). I note that, in both cases, a wide range of permittivities can be achieved by varying
the fill factor. In Fig. 3.2(a) I highlight the in-plane-anisotropy that occurs in the strip effective
medium, compared to the complete isotropy of the hexagonal lattice medium. Critically, in Fig. 3.2(b)
I calculate the evanescent field decay rate for both cases, noting the significantly higher decay rate for
the anisotropic case, in line with the findings of [287]. Here I follow the convention of [288] in applying
Maxwell-Garnett approximations, but to interrogate this convention I compared the Maxwell-Garnett
approximation to Rytov’s formulation which explicitly considers stratified media [295], only to find
that in this case they are identical. In accordance with Fig. 3.2(a), I select a fill factor of 0.5, or
A = Asi = Aair, to maximise the anisotropy and hence the evanescent decay rate. In this case
the precise values of A are a free variable so long as it is deeply sub-wavelength, but fabrication
considerations place a lower limit on this variable at A = 20 pm. This device is simulated using
the commercially available FIT solver CST Studio 2023. In Fig. 3.2(a) a cross-section of the modal
distribution at 220 GHz is shown for the fundamental mode, while Fig. 3.2(b) shows the intersection of
the cross-section with the y = 0 plane, compared to equal size waveguides clad with effective medium
cladding as depicted in Fig. 3.1(c). Highlighting the rapid decay of the evanescent fields within a core
width of either side of the waveguide core.
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Figure 3.2: Analysis of the effect of cladding anisotropy on evanescent field decay. (a) Comparison of the permittivity tensors
of hexagonal lattice, in Fig. 3.1(c), and alternating strip, in Fig. 3.1(b), effective mediums (left axis) and in plane anisotropy
ratios, €. /e, for the alternating strips (right axis). (b) Evanescent field decay rate in colourplot and manifested as kg cladding-
This decay rate is a function of the in-plane-permittivities, €, and ., or the parallel and perpendicular permittivities. Line
traces are for the permittivities of the hexagonal lattice (blue) and extreme skin-depth (red) claddings as the silicon fill factor
is varied from 0 to 1. In these calculations the waveguide core has a height, h of 250 um and a width, w of 225 pm, such that
these results are comparable to previous substrateless silicon waveguides designed for the same frequency range.

3.2.2 Supporting Effective Medium

As there is no substrate material, the micro-beam structure must be mechanically tethered to a
frame to provide mechanical support. Previously in [196], this frame was an effective-medium clad
waveguide [168]. Here ‘hex’, refers to the hexagonal lattice of cylindrical through holes which clads the
waveguide core, as depicted in Fig. 3.4(a). Though this is generally effective, in this case the modal
discontinuity between the effective medium waveguide and the extreme skin-depth waveguide does
introduce coupling loss on the order of 1-2 dB at low frequencies where the field is most weakly confined
to the core. Here I propose an alternative structure to mitigate the coupling loss while maintaining
mechanical support.

Ideally, to transition between dissimilar waveguides as depicted in Fig. 3.4(a—c), the modal index
and modal distribution of the two waveguides should be as similar as possible to avoid reflections and
scattering. The modal distribution of the extreme skin-depth wave guide is distinctly different from
that of the effective-medium clad waveguide, in particular due to the strong electric fields that exist in
the air gaps between the silicon strips. To mimic this effect while creating a self-supporting lattice at
the same time, I introduce linkages between micro-beams with subwavelength spacing, as illustrated in
Fig. 3.4(c). It is critical that the linkage spacing be sub-wavelength to avoid Bragg grating effects.
With these linkages a distorted hexagonal lattice is formed, which is self-supporting. I refer to this
cladding lattice as ‘pill’, as the shape of the air-holes resemble a typical pharmaceutical product.
Modal analysis presented in Fig. 3.4(d) shows that this waveguide supports a fundamental mode with
a similar modal index to the hexagonal lattice clad waveguide, as the silicon volume proportion of the
two waveguides is similar. This implies that the modal index discontinuity remains, this is unavoidable
as the introduction of the linkages introduces additional silicon which loads the propagating mode.
However, as shown in Fig. 3.2(b) the waveguide mode more closely resembles that of the extreme
skin-depth waveguide, improving the coupling between the frame and the waveguide. A comparison
of full-wave simulations in Fig. 3.4(f-g), highlights this effect, with scattering visible in the hex to
E-skid transition, but is suppressed in the ‘pill’ to E-skid transition. I note that introduction of the
linkages partially compromises the anisotropy of the cladding which reduces the coupling suppression
properties of the cladding, though it still out-performs isotropic cladding. Nevertheless, the primary
advantage of this pill cladding is as a frame it can significantly reduce the coupling loss while providing
mechanical support.

3.3 Results

Sample waveguides, shown in Fig. 3.5(a), are fabricated from 250 pum high-resistivity (>20 kQ-cm)
float-zone silicon wafers through deep-reactive ion etching (DRIE). Measurements are performed with
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Figure 3.3: Modal distributions of extreme skin-depth waveguide. (a) Electric field distribution of the extreme skin-depth
waveguide at 220 GHz. (b) Cross-section of (a) in logarithmic scale, with comparisons to the modes of unclad, hexagonal
lattice, and ‘pill’ lattice effective medium clad waveguides of the same dimensions.
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Figure 3.4: Mechanical support for extreme skin-depth waveguides. (a) Effective medium clad waveguide based upon a
hexagonal lattice effective medium. This cladding is in-plane-isotropic and is mechanically self-supporting. (b) Extreme
skin-depth waveguide with in-plane-anisotropric cladding. This cladding must be mechanically supported by tethering the ends
of the waveguides to another waveguide. (c) Proposed mechanically self-supporting cladding which more closely resembles the
anisotropic cladding of the extreme skin-depth waveguide. (d) Modal indices of each of the waveguides described in (a—c).
The simulated E-field distributions at the junction between the extreme skin-depth waveguide and (e) hexagonal lattice and
(f) proposed alternative supporting lattice at 220 GHz. I highlight 220 GHz, as at this point where the wave is most weakly
confined to the core, so the choice of cladding has the largest impact. Here I note the mode conversion and scattering induced
by the mismatch between the two waveguides in (e) and the smooth transition between waveguides in (f).
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a Keysight N5222B Vector Network Analyser with WR3.4 VDI extension modules. Data is recorded
after 40 consecutive measurements are made with the in-built averaging functionality of the vector
network analyser. An IF bandwidth of 100 kHz was used. The extreme skin-depth waveguides are
mechanically supported by an effective medium clad waveguide frame and terminated with a linear
tapered rod. The silicon waveguide is coupled to the hollow metallic waveguides by inserting the
tapered end of the silicon waveguide into the hollow waveguide aperture. As shown in Fig. 3.5(b),
samples are placed into an alignment jig 3D printed from polylactic acid (PLA), which supports only
the frame of the waveguide leaving the waveguide itself suspended in air, such that the jig does not
interfere with the wave propagation. Then micrometer stages are used to manually align the waveguide
in order to maximise the coupling. All measurements are normalised to a reference measurement of the
metallic waveguides in a back-to-back configuration. For this back-to-back measurement of flangeless
waveguides, the micrometre stages are used to align them such that the transmission is maximised. I
acknowledge that misalignment in this back-to-back measurement will exaggerate the transmission
performance of the silicon waveguides. However, the results remain valid for cross-coupling analysis,
which is the focus of this work. Measured results are compared to simulations performed in the
commercially available CST Studio Suite 2023, using a permittivity, eg; = 11.68 and loss tangent
tand = 3 x 1075 [160].

3.3.1 Propagation Properties

Straight waveguides with 10 mm, 15 mm, and 20 mm extreme skin-depth waveguide sections
are measured in order to extract the complex propagation constant of the waveguides through a
process of de-embedding. As depicted in Fig. 3.5(a), these waveguides are fabricated with a standard
effective-medium clad frame as in [196], such that these results are comparable to previous all-silicon
waveguide measurements [167, 168, 196]. In Fig. 3.5(c), the measured transmission results are shown.
Due to the low loss of silicon, the losses incurred over 5 mm of propagation are small, in fact magnitudes
smaller than the fluctuations arising from multiple reflections generated during coupling. The measured
amplitude is thus the superposition of these multiple reflections, giving rise to interference fringes.
As the period of these interference fringes changes with waveguide length, they are not annulled by
the cut-back method, leading to sections of apparent gain, or negative attenuation. Nevertheless, in
Fig. 3.5(d) T calculate the propagation loss of the waveguide. As expected, I observe strong variance,
but the overall trend is aligned well with simulated results, and an underlying absorption coefficient on
the order of 0.1 dB/cm is calculated. This result is also aligned with previous measurements of other
all-silicon waveguides [167, 168, 196], indicating that the anisotropic cladding does not produce any
unexpected losses. With the uncertainty in these results, I cannot definitively state the attenuation
coefficients of these waveguides. Longer waveguides are required, so the cumulative attenuation is
greater than measurement uncertainty. Additionally, in Fig. 3.5(e), the phase constant is calculated.
Although, the phase constant at 220 GHz is unknown, I plot the measured results offset to match the
mode simulation, and observe that the de-embedded value is closely matched to the value calculated
with a numerical mode-solver in this case, though we acknowledge that in reality these curves could be
further offset.

Though the observed propagation loss is low, as is evident in Fig. 3.5(c), I observe strong coupling
loss from the hexagonal lattice frame, particularly at low frequencies. To demonstrate the efficacy of the
proposed alternative distorted hexagonal lattice frame, two 10 mm samples, depicted in Fig. 3.6(a—b)
are fabricated to compare the performance of the two framing techniques. In Fig. 3.6(c), improved
return loss is observed, by suppressing the reflections which arise from the frame. Hence, the coupling
loss is reduced at low frequencies and the transmission is improved on the order of 1 dB, as visible
in Fig. 3.6(d). Based upon the value of the absorption coefficient measured above, the coupling loss
for these samples can be estimated at < 1 dB for the pill design, and < 2 dB for the hex design at
220 GHz, and close to 0.1 dB at 330 GHz for both designs. This simple enhancement ensures that the
absolute transmitted power of the waveguide is high and comparable to other all-silicon waveguides.
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Figure 3.5: Fabrication and measurement of straight extreme skin-depth waveguides of various lengths. (a) Photograph of
20 mm extreme skin-depth waveguide sample, highlighting the waveguide itself, the hex lattice effective medium frame, and the
coupling spike which is inserted into the WR3.4 waveguide. (b) Photograph of experimental setup, showing the feed metallic
WR3.4 waveguides coupled to the silicon waveguide under test. The twists are necessary to feed the waveguide with the in-plane-
polarised TE mode. The silicon waveguide is packaged inside a 3D-printed PLA holder. (c) Measured transmission coefficients
for waveguides of various lengths. (d) Estimation of attenuation coefficient implied by (c), the solid line estimates the mean
attenuation, while the grey region displays the variance of the attenuation. I attribute this strong variance and negative
attenuation to error introduced from the manual alignment between the silicon and metallic waveguides. (e) Phase constant
de-embedded from the measurement of multiple waveguides. Due to the unknown phase offset at the minimum frequency, there
is an offset between our measured result and the mode simulation. I plot our de-embedded value offset to match the mode
simulation.
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Figure 3.6: Fabrication and measurement of extreme skin-depth waveguides with different structural supporting waveguides.
(a) Micrograph of extreme skin-depth waveguide framed with hexagonal lattice effective medium. (b) Micrograph of extreme
skin-depth waveguide framed with the proposed pill shape effective medium. I note that the etched regions are partially blind
resulting in poor optical contrast between the etched and un-etched regions. (c) Reflections from the waveguide presented in
the time domain to highlight the reduction in the reflections arising from the mismatch between the frame and the extreme
skin-depth waveguide. (d) Transmission coefficients of the waveguides shown in (a) and (b). These are compared to the result
from full-wave mode simulation.

3.3.2 Coupling suppression

Next, the coupling suppression properties are experimentally validated. The two 2x 2 uni-directional
couplers in Fig. 3.7(a—b) are fabricated with a coupling length of 10 mm and waveguide separation
of 420 um (0.46 Ao at 220 GHz), the first with extreme skin-depth waveguides and the second with
un-clad waveguides. To measure these multi-port devices with our 2-port vector network analyser,
sequential measurements must be made. Here, two opposite ports are coupled to the metallic waveguide
ports of the vector network analyser, and the remaining ports are left with coupling spikes. These
coupling spikes match the silicon waveguide silicon to free space, where the power radiates and gets
partially absorbed by nearby absorbers. As such, these ports can be considered as though they are
approximately matched loads. In Fig. 3.7(c—d), the through and cross transmission results are presented.
The unclad coupler shows the strong frequency-dependent response typical of a uni-directional coupler,
with frequencies centred around 245 GHz coupling strongly to the cross-port whilst higher frequencies
are retained in the through port. As in Fig. 3.7(d), the extreme skin-depth waveguide shows strong
coupling suppression, on the order of —25 dB or 0.3% of the original coupled power, maintaining
strong, broadband transmission across the operating band. This key result shows the feasibility of
substrateless extreme skin-depth waveguides for achieving broadband coupling suppression in all-
dielectric waveguides. We observe blue-shifting of the coupling frequency arising from unintentional
over-etching of the waveguide. I note that above 310 GHz, the cross-coupling of the extreme skin-depth
guide exceeds the unclad guide, this arises from scattering at the frame interface, which results in
spurious fields inside of the cladding. These fields are not readily radiated or absorbed, and eventually
re-enter the waveguide where they are eventually measured as cross-talk. In contrast, the unclad
waveguide has no such cladding to capture and propagate the scattered field.

3.4 Conclusion

In this chapter, I experimentally demonstrate substrateless extreme skin-depth waveguides at
terahertz frequencies. The presented waveguides operate over the same band and with comparable
loss to previously all-silicon waveguides which have been clad with isotropic effective mediums or air,
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Figure 3.7: Fabrication and measurement of evanescent couplers. (a) Micrograph of extreme-skin-depth waveguide evanescent
coupler. (b) Micrograph of unclad waveguide evanescent coupler. These couplers are framed with effective-medium clad
waveguides. Measured and simulated transmission at the (c) through and (d) cross ports of the evanescent coupler. A blue-
shift in the coupling frequency of the unclad coupler is observed, which is attributed to unintentional over-etching during the
fabrication process.

while suppressing the evanescent coupling between adjacent waveguides 0.46\( spacing with crosstalk
suppression above 20 dB. This level of suppression should be sufficient for most applications, ensuring
that intended transmission is almost unaffected across the operating bandwidth, and most importantly
removing strong transmission loss due to evanescent coupling. Importantly, these waveguides open
a pathway towards the dense integration of broadband components on the substrateless all-silicon
waveguide platform, without incurring Ohmic losses from metallic shielding or the bandwidth limitations
of photonic bandgap effects. This circuit density is critical for reducing the footprint of devices and
increasing the device yield for wafer, factors which are critical for widespread adoption.






Chapter 4

Rib Waveguides

Abstract

The rib, or ridge, waveguide has been a staple at optical wavelengths for decades owing to its large
single mode bandwidth and simple fabrication, but has been scarcely utilised in the terahertz domain.
The strictly planar substrateless waveguides discussed to this point are advantageous due to their
strong, broadband mode confinement and high efficiency, but the bandwidth achievable with these
waveguides is fixed due to the onset of higher order modes as the frequency increases. In this chapter, rib
waveguides are employed to expand the single-mode operating region beyond the achievable range with
previously described waveguides. Beyond this, the 2.5D nature of these waveguides opens additional
design freedoms through adapting the height. To assess the practicality of this scheme, metallic
waveguide coupling, bending, and slab thickness transitions are explored. Finally, terahertz waveguides
manufactured with 3D-printed alumina are experimentally characterised over the 220-330 GHz range.

4.1 Introduction

In many cases, the substrateless waveguides discussed previously are sufficiently broadband, typically
a 40% fractional bandwidth, that they are not the bandwidth-limiting factor. Notably, they can cover
a single traditional metallic waveguide band, which is convenient for coupling to waveguide coupled
sources and detectors. However, optical sources, such as the uni-travelling carrier photo-diode, can
operate over far broader bandwidths than a single metallic waveguide band, and so ultra-broadband
devices serve a special utility in this case. Ultra-broadband integrated systems are of interest for both
sensing and communications applications. In sensing, the broadband absorption information can be
used for spectroscopy to identify spectroscopic signatures or in radar applications where the depth
resolution is directly proportional to the system bandwidth. For communications, ultra-broadband
devices, particularly front-end devices such as antennas, act as the interface between free-space and the
integrated circuit, where passive signal processing can be employed to receive the broadband signal.

To date, ultra-broadband waveguiding has been achieved through the use of over-moded rod
waveguides [266, 296], which support higher-order modes. Typically, the utility of these rods is limited,
as any asymmetry in the guide readily excites these higher order modes which are then difficult to
suppress. As an alternative to this, I propose that rib waveguides are a more practical approach to the
realisation of a single-mode ultra-broadband integrated waveguide platform.

Beyond their broadband single-mode propagation, rib waveguides are also of interest as they are
2.5D devices, in contrast to the strictly 2D waveguides discussed previously. This additional degree of
design freedom is useful in devices that require out-of-plane asymmetry such as polarisation rotators.
Of course, this advantage comes at a cost, notably that to manufacture these waveguides through
DRIE, multiple stages of lithography and etching are required, increasing the complexity and cost.

47
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Figure 4.1: Schematic of the rib waveguide. (a) Isometric drawing of the rib waveguide. Electric field distributions of the rib
waveguide with (b) hgab = 150 pm and (¢) hgiab = 75 pm and the same rib height of 300 pum. (d) Modal analysis of the rib
waveguide, highlighting that only the fundamental mode propagates with a higher modal index than the slab mode, leading to
single mode propagation. (e) The simulated attenuation of each mode in waveguides with 75 pm and 150 pm slabs, showing
that in the thicker slab the attenuation of the second mode is strong even at 500 GHz, while in the thinner slab, leakage of the
higher-order modes is weak above 350 GHz.

Some foundries employ a dual-etch process for DRIE of relatively thick silicon wafers and in this
case this process can be employed for the fabrication of rib waveguides without additional complexity.
With this in mind, there is interest in exploring alternative fabrication techniques, notably additive
manufacturing for manufacturing waveguides. Although the polymer materials typically associated
with additive manufacturing are poor choices, recently ceramics such as alumina have become available,
which are physically strong, have a moderate and stable permittivity, and critically, have competitive
attenuation [161]. Previously, silicon based rib waveguides have been demonstrated [297, 298]. So
the focus of this chapter is the realisation of rib waveguides with 3D-printed alumina and broadband
analysis. That said, the analysis and designs contained are generalisable to both alumina and silicon
waveguides, with slight parameter changes to compensate for the change in permittivity.

In this chapter, ultra-broadband terahertz rib waveguides are designed alongside the fundamental
components required to form an integrated circuit. An analysis of coupling to metallic waveguides and
bending is presented over the 220-500 GHz range, spanning two traditional rectangular waveguide
bands, a fractional bandwidth of 75%. These waveguides are then fabricated from 3D-printed alumina
and experimentally characterised over the 220-330 GHz band, with estimations of the attenuation
coefficients and propagation constants extracted from these measurements.

4.2 Analysis
4.2.1 Modal Analysis

The rib waveguide, depicted in Fig. 4.1(a), has long been a mainstay of optical dielectric waveguides
owing to its simple fabrication and robust performance [199, 299]. The waveguide is controlled by
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Figure 4.2: Modal analysis of alumina rib waveguides. (a) Modal index contrast between the fundamental mode and the slab,
indicated by square markers, and the higher order mode and the slab mode, indicated by triangle markers. This highlights
the trade-off between fundamental mode confinement and protection from higher order modes as the slab height is varied.
(b) Modal index as the thickness of the slab is swept in the range 75-225 pm, with rib width and rib height 300 pm. (c)
Modal index as the rib width is swept from 200-300 pum, with rib height 300 um and slab thickness of 150 pm. The dash line
represented the slab mode of the surrounding slab. (d) Modal index as the rib width is swept from 200-300 pm, with rib height
300 pm and slab thickness of 75 pm.
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three determining parameters, the thickness of the slab, the width of the rib, and the height of the rib.
By carefully selecting these parameters, a single mode waveguide is realised [300]. The fundamental
mode, shown in Fig. 4.1(b—c¢), is confined to the core by total internal reflection, so even though the
mode may propagate in the surrounding slab, the contrast between the fundamental and slab mode
maintains the confinement. Intuitively, higher order modes are unable to propagate in the waveguide
as they lack this contrast and are progressively leaked into the surrounding slab. This understanding
is supported by full-wave modal analysis of the structure presented in Fig. 4.1(d), where it is clear
that the fundamental mode is the only mode that exists above the slab mode of the surrounding
membrane, resulting in the continuous leakage of higher order modes into the surrounding slab in
the case they arise. As shown in Fig. 4.1(e), this higher order mode protection depends on the slab
thickness, with thicker slabs providing stronger leakage at higher frequencies, while for thin slabs
the leakage may only exist across a single waveguide band. In Fig. 4.2(a) we show the relationship
between slab height, fundamental mode confinement and higher-order modes. Although a thin slab
results in stronger contrast between the guided mode and the slab mode and hence stronger mode
confinement, the protection from higher-order modes is concurrently reduced, indicated by the weak
contrast between the slab mode and the second-order modes, an effect that is exacerbated at higher
frequencies. For devices manufactured additively, the thickness of the slab can be adjusted across
the design without incurring additional fabrication steps, allowing high modal index contrast to be
realised when necessary such as for bending, whilst thicker slabs can be used on straight sections. For
single-mode operation over the 220-330 GHz band we select a rib width and height of 300 um. In
Fig. 4.2(b—d) the effect of slab thickness and rib width on propagation properties are analysed with
full-wave simulation in CST Studio 2023. The material properties of 3D-printed alumina are taken
from previously published experiments, with an alumina permittivity, €.1umina = 9.5 and a loss tangent,
tan § = 7.5 x 10~* [161]. In Fig. 4.2(c-d), we show the ability to tune the modal index by varying the
rib width and slab height. Based upon these results, I concentrate on waveguides with w,;, = 300 pm,
hein = 300 pm and hglap, = 75 — 150 wm. In this range, the fundamental mode is well confined to the
rib and the thin slab is fabricable.

4.2.2 Coupling to WR3.4 Waveguide

At present, many commercially available sources and detectors are housed within micro-machined
packages that offer an external terahertz-range interface in the form of a hollow metallic waveguide. As
such it is necessary to couple to hollow metallic waveguides for characterisation of the waveguide. In
conventional ribbon waveguide platforms, this is achieved by a tapered spike that is inserted into the
metallic waveguide to gradually match the two waveguides [164, 301]. This is effective for waveguides
where the propagating mode exists mainly within the core of the waveguide. However, in the case of
the rib waveguide where the mode is significantly larger than the width of the rib, this spike fails to
launch the mode efficiently, owing to the sudden introduction of the slab, effectively introducing a step
transition from a ribbon to a rib waveguide. Instead, as depicted in Fig. 4.3(a), a two stage solution is
required, first a spike is used to transition from the hollow metallic waveguide to a ribbon waveguide,
then in the second stage the slab is gradually introduced to launch the fundamental mode of the rib
waveguide. This edge coupler is parameterised by three variables; the length of the spike, the length of
the slab taper, and the width of the slab taper. The width of the slab taper should be sufficiently large
that the edge of the mode does not interact with the edge of the slab as the mode is launched, and at
220 GHz where the mode is the largest, 2000 um is sufficient to meet this criterion. It is intuitive that
the longer the spike and the slab taper, the more gradual the transition will be and hence the lower
the coupling loss will be. However, longer length will incur additional material losses, and additionally
a long spike becomes increasingly fragile. Together these factors define an optimisation problem. To
address this fragility we constrain the maximum length of the spike to 2000 um and examine the
coupling loss as the length of the slab taper is varied, with results presented in Fig. 4.3(c). Based upon
these results we conservatively select a slab taper of length 3600 wm, corresponding to a coupling loss
of 0.3 dB per taper, compared to almost 1 dB per taper with just the spike.
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Figure 4.3: Schematic of WR3.4-alumina rib coupler. (a) Conceptual drawing, showing the tapered coupler inserted into a
WR3.4 waveguide. (b) Schematic of the coupler, highlighting design parameters. (c¢) Mean coupling loss as the length of the
tapered rib is swept, at spike length of 2000 pum, with slab width of 850 pum, rib width and rib height of 300 pm, and a slab
thickness of 150 pum. (d) Coupling loss and reflection from a tapered structure with length 3600 pm, at spike length of 2000 pm,
with slab width of 850 pum, rib width and rib height of 300 pm, and a slab thickness of 150 pm.
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Figure 4.4: Bending loss of alumina rib waveguides. Mean loss per bend of rib waveguides with varied slab thickness in the (a)
WR3.4 and (b) WR2.2 frequency bands. (c-d) Frequency dependent loss of selected bends from (a-b).

4.2.3 Bending

One disadvantage of the rib waveguide compared to other waveguide configurations is its bending
loss [302]. Owing to the modest modal index contrast between the fundamental mode and the
surrounding slab mode, the waveguide will readily leak into the slab at bends. This effect is exacerbated
at low frequencies where the confinement is weakest, and when the bend radius is small. These losses
can be mitigated by simply increasing the bending radius, sacrificing compactness for efficiency, as is
illustrated in Fig. 4.4. However, owing to material losses, the loss per bend also gradually increases
concurrently [203, 303], leading to a lower boundary for the bending loss, irrespective of bending radius.
These competing factors lead to the existence of an optimal bend radius, and a non-monotonic trend
in the bending loss. Alternatively, the bending performance can be improved by decreasing the slab
thickness, increasing the contrast between the guided and slab modes. By increasing the contrast, the
mode confinement to the rib is increased, reducing the radiation losses throughout the bend. However,
this may permit higher order modes at sufficiently high frequencies, as previously discussed. Moreover,
this technique is not typically employed as it requires multiple etching stages, which would otherwise
be necessary, increasing the fabrication complexity. In this case, additive manufacturing addresses the
second issue as the fabrication readily facilitates multiple slab thicknesses without additional cost. As
previously discussed in Section 4.2.1, even with slabs as thin as 75 um the single mode condition is
maintained over the 220-330 GHz region for waveguides with heights and rib widths of 300 pm. For
these reasons the bending loss of waveguides with slab thicknesses of 75 wm, 125 um, and 150 pm are
presented in Fig. 4.4. For slab thickness of 75 um the permissible bending radius can be as small as
2500 um or 2\, while a bending loss of less than 1 dB per bend is incurred, with little advantage in
increasing the bend radius beyond this point.

To realise the above-described bend, a slab-thickness transition, as depicted in Fig. 4.5(a), is
necessary. As in Fig. 4.5(b), the two regions cannot be simply concatenated without introducing
additional loss. As such a gradual transition is necessary. During fabrication the structure is assembled
by the sequential deposition of 19 pm-thick layers, which after shrinkage during sintering become
15 um layers, ensuring that the transition must be discretised. For a transition from 150 pm to 75 pm,
4 additional layers must be introduced. As in the case of bending there is an upper limit to the
transition length owing the material losses, I determine that 400 pwm per layer is sufficient, with an
average loss per height transition of 0.12 dB in the WR3.4 band and less than 0.20 dB in the WR2.2
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band. This loss is far below the loss incurred from bending with thick slabs, and the footprint of the
transition is only 1200 pum, ensuring that compact bends with minimised loss are achievable.

4.3 Experimental Characterisation

Samples are fabricated through a lithography-based ceramic manufacturing (LCM) technique. A
Lithoz CeraFab 7500 printer [304] in combination with Lithalox 360 [305] slurry are used to create the
samples. The printer has a pixel size of 25 um and a layer height of 19 wm. After printing, the samples
are cleaned and sintered at 1600°C over a period of 10 days. To correct for deformation during the
sintering process, the samples are ironed by pressing the sample between two flat plates and heating to
1500°C. Following fabrication the sample waveguides are characterised. Measurements are performed
with a Keysight N5222B vector network analyser (VNA) with Virginia Diodes WR3.4 VNAX extension
modules. The VNA with extension modules was calibrated with a manufacturer provided calibration
kit using the TRL method as only a single transceiver and a receiver are available. For characterisation,
five straight waveguides of varying lengths are fabricated, as well as an S-bend depicted in Fig. 4.6(a),
which include the coupling tapers, bends, and a straight waveguide section. The straight waveguides
were designed with rib widths and rib heights of 300 um and a slab thickness of 150 pum, while
the S-bend samples had designed slab thickness of 75 um. After fabrication these dimensions were
measured with an optical microscope. For both the straight and S-bend samples, the measured rib
width is 310 wm, slightly larger than designed. For the straight samples the measured slab height is
145 pum and the rib height is 285 um, slightly smaller compared to the designed height. Similarly, in
the S-bend samples, the measured dimensions are smaller than designed, with a rib height of 240 um
and a slab height of 80 um. I attribute these discrepancies to shrinkage that occurs during the sintering
process and anticipate that this issue could be improved with further calibration and pre-compensation
for these sintering effects. Electromagnetically, I expect that these reduced heights will degrade the
low-frequency performance of the waveguides, particularly in the case of the S-bend samples where
leakage to the slab is increased. The fabricated waveguides are held with a package 3D-printed from
polylactic acid (PLA), as shown in Fig. 4.6(b). This supporting structure is designed such that this
support does not interact with the guided wave. In Fig. 4.6(c), I present the transmission amplitude
over the measured band, showing the 3 dB bandwidth exceeds the measurable bandwidth. These
measurements are normalised to the transmission magnitude of the metallic waveguides in back-to-back
configuration. To make this measurement, flangeless waveguides are aligned with micrometer stages.
To de-embed the attenuation constant, «, and phase constant, 3, of the alumina waveguides, I compare
the amplitude and phase change of the various lengths of the waveguides, presenting the mean and
standard deviation of all combinations. I observe that the relative loss of some waveguide combinations
is negative, which I attribute to variance in the fabricated couplers. In the future, alternative coupling
structures to the spike [201] could be employed to improve the fabrication consistency. Nevertheless, I
observe attenuation on the order of 0.2 dB/cm and a propagation constant of 14 rad/mm at 275 GHz,
as in Fig. 4.6(d) and (e) respectively, albeit with significant uncertainty. The propagation constant is
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approximately linear, indicating low dispersion across the WR3.4 band, this is typical of rib waveguides,
for which the constitutive material is non-dispersive, though the dispersion is expected to increase at
higher frequencies [306]. I observe that the loss in our measured samples is lower than our simulated
results based upon the loss tangent extracted from previous experiments [161]. T understand that
one cause of loss in 3D-printed alumina is remnant polymer that is not expelled during the sintering
process. Furthermore, I speculate that in these thin samples there is little remnant polymer and hence
the material losses are lower than expected, but this requires further investigation. From these results
I can also infer that the bending loss is on the order of 1 dB per bend, in line with the simulated result
in Fig. 4.4.

4.4 Conclusion

The fundamental components of a terahertz rib waveguide platform fabricated from 3D printed
alumina have been analysed and experimentally demonstrated. The loss of these waveguides is measured
on the order of 0.2 dB/cm, lower than most planar metallic waveguides and comparable to the ubiquitous
hollow metallic waveguide. This loss is >4 times the loss of comparable silicon waveguides but the
practical advantages and lower fabrication costs, could compensate this for applications where small
additional losses are not critical. Further, optimisation of the printing process may reduce losses further.
The moderate permittivity and loss characteristics of alumina allow 3D-printing to be leveraged to
build 2.5D integrated circuits, which are difficult to fabricate with semiconductor based manufacturing.
In the future I anticipate the development of true 3D devices, further leveraging the capabilities of
3D-printing to develop high gain antennas, polarisation rotators, and other high value devices that are
typically difficult to realise on strictly 2D waveguide platforms. Beyond 3D-printed alumina, silicon
rib waveguides can be used to span multiple traditional waveguide bands with single-mode operation,
providing extra utility when compared to over-moded rod waveguides that are currently employed.






Chapter 5

Guided Wave Components

Abstract

Guided-wave components bring necessary functionality to a waveguide platform allowing for complex
functional, manipulation of the wave. To date, many passive components have been developed for
substrateless waveguide platform. Having demonstrated extreme skin depth waveguides and analysed
rib waveguides in the previous chapters, here I seek to leverage their advantages to realise new
components. In this chapter three components are proposed. First, I propose that the coupling
suppression afforded by the extreme skin depth waveguide in tandem with isotropic effective medium
techniques can be employed to realise efficient, arbitrary ratio power division. Then, a low-loss,
thermo-optic phase shifter is proposed based upon an Archimedean spiral waveguide coupled to a
resistive heater. Finally, utilising the rib-waveguide, a ring resonator is designed for use as a liquid
sensor where the rib membrane acts as a liquid well to better contain the analyte. These components
are simulated, fabricated, and experimentally tested, validating their performance. These components
are the building blocks of future all-integrated terahertz systems.

5.1 Arbitrary Ratio Power Divider

Having demonstrated the low-loss and coupling suppression of the extreme skin-depth waveguide in
Chapter 3, we look to exploit these and other advantages to build compact passive components. Power
division is one of the most elementary functions of a waveguide platform, allowing for a single source
to be used to feed many channels as is common in large antenna arrays [307], or for a reference signal
to be siphoned from a main signal for channel monitoring in communications applications [308] or for
chip-integrated interferometry [309]. In nano-photonics, uni-directional couplers [310] and multi-mode
interferometers [311-313] are mature implementations of this functionality. For uni-directional couplers,
their aforementioned frequency dependence makes them unsuitable for broadband power division
in the fractionally broad terahertz bands, where they are more commonly employed as frequency
diplexers than as power dividers [218]. Similarly, multi-mode interferometer based power dividers
can be used to realise arbitrary ratio power division across a narrow fractional bandwidth, though
design with either parametric optimisation [314-316] or inverse design [317], requires a time-consuming
optimisation for each required extinction ratio. A broadband alternative with intuitive design is a
simple Y-branch. However, without modification only equal power division is possible with a symmetric
junction. Addtionally, significant radiation losses, particularly at low frequencies, can be incurred
when tight bends are used to create a compact structure [196]. We propose an extreme skin-depth
waveguide Y-branch for compact and broadband power division leveraging the suppressed bending
loss, with an additional modification to enable arbitrary ratio power division.

o7
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Figure 5.1: Schematic diagram of arbitrary ratio power divider. The extinction ratio between the two ports can be tuned by
adjusting the ratio of the hole diameter and lattice period d/a. Electric-field at 220 GHz for (b) extreme skin-depth power
divider, and (c) unclad power divider. (d) Extinction ratio of each power divider defined at |t21|?/(|t21|? + [t31]%). (e) Power
efficiency defined as |ta1]? + |t31]%.

5.1.1 Design

In order to enable arbitrary ratio power division, the symmetry of the Y-branch must be broken,
which in this case is achieved by the introduction of a partially transparent obstruction to one port
as shown in Fig. 5.1(a). This obstruction, an effective medium region formed from a sub-wavelength
hexagonal lattice of cylindrical exclusions, serves a dual function. First, to partially limit power from
coupling into one port, and second, to guide the deflected power into the second port. With this
technique the extinction ratio can be tuned by adjusting the fill factor of the hexagonal lattice effective
medium, defined as ¢ = (7d?)/(2v/3a?), by changing the hole diameter, d, relative to the lattice period,
a. Practically, this ratio is limited by two factors, first, the minimum fabricable hole diameter, in
this case 20 wm, and second, the diameter of the holes must be smaller than the lattice period. The
importance of the extreme skin-depth cladding is highlighted when comparing the simulated E-field
distributions in Fig. 5.1(b-c), where we observe that in the unclad case, the mode is not obstructed by
the inclusions, and simply couples across the air gap immediately following the divider. In Fig. 5.1(d-e),
we describe the splitters in terms of two properties derived from the linear transmission magnitude
t = |5, first the extinction ratio which quantifies the proportion of power that enters the primary port,

7fm in 2
Extinction Ratio = % , (5.1)
|tmain| + |tsidc|
and second the power efficiency,
Power Efficiency = |tmain|® + |tside|” - (5.2)

We observe that, at low frequencies, where evanescent coupling is most pronounced, the extreme
skin-depth coupler outperforms the unclad coupler owing to suppressed leakage.
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5.1.2 Fabrication & Experimental Verification

To validate our design, power dividers as in Fig. 5.2(a), without an obstruction, shown in Fig. 5.2(d),
and with obstructions of 25 and 45 pm, shown in Fig. 5.2(b—c), are fabricated to characterise their
performance. As with previous samples, the extreme skin-depth waveguide power divider is framed by
an effective medium for structural support. To facilitate the measurement, the ports must be separated
by a significant distance, to give clearance for the coupling hollow metallic waveguide. Hence, the
fabricated power dividers are not as compact as those presented in Section IV-A. Nevertheless, this is
sufficient for experimental validation of the compactness advantage presented in Fig. 5.1. To characterise
each sample, 3 measurements are made, the reflection generated by the divider, the transmission to the
primary port, tmain, and the transmission to the secondary port, ts4.. Due to practical constraints,
these measurements are not made simultaneously, but rather they are measured sequentially for each
sample, with some manual realignment required between each measurement. In Fig. 5.2(e), we observe
that the measured extinction ratio is consistent with those obtained through full-wave simulation, with
an achievable range between 50:50 and 95:5, with minor frequency dependence across the 110 GHz
operation bandwidth. The power efficiency, presented in Fig. 5.2(f), is comparable to that of an equal
length straight waveguide and aligns well with expectations from simulation. The maximum insertion
loss is less than 1 dB for equal power splitting, while this insertion loss becomes negligible for higher
extinction ratios. The back-scattering arising from the power divider is also measured. To isolate the
reflections from the dividing structure, time gating is applied to the time domain spectrum shown in
Fig. 5.2(g) to determine the frequency domain response shown in Fig. 5.2(h). We observe additional
reflections from the inclusion of the power divider, especially at low extinction ratios, though at higher
extinction ratios these reflections become negligible.

5.2 Thermo-optic Phase Shifter

To-date, many passive components have been proposed covering a wide range of capabilities. In
contrast, there have been very few tunable devices developed for terahertz silicon waveguides. As
discussed at length in Section 2.4, this is likely due to the fact that there are very few viable mechanisms
for tuning silicon. The most thoroughly explored avenues for tuning are mechanical [238, 240] and
photo-excitation [207, 212], neither of which have produced practical phase shifters to-date. With this
in mind, thermo-optic tuning is relatively under-explored.

Thermo-optic phase shifters employ the change in modal index incurred as the temperature of
the waveguide is changed to generate a tunable phase shift. In bulk silicon, the room-temperature
permittivity is on the order of 11.68, while the first-order thermo-optic coefficient is on the order of
1.40 x 10~* K~! [251]. Though the thermal coefficient is small, over a long propagation distance the
effect can be appreciable. To demonstrate this, I calculate the temperature-varying modal index of the
in-plane mode through full-wave simulation, across a 50 K temperature change. These simulations,
presented in Fig. 5.3(a), are performed across the 220-330 GHz range to measure the frequency
dependence. Though the change in bulk index is broadband, the effect on the modal index varies
with frequency, as the field distribution changes with frequency. Based upon the calculated modal
index, the phase accumulated through waveguide with length [ is given by ¢ = —pl. In Fig. 5.3(b), I
show the relative phase change at 275 GHz resulting from the temperature change. These theoretical
results show that a continuously tunable, broadband, terahertz phase shifter with a 360° tuning range
is achievable within a modest footprint and reasonable temperature range.

Though temperature change is inherently slow, the temperature could be accurately and efficiently
controlled with a thermostat and a compact heater, producing an economical tunable device. Recently,
a thermo-optic phase shifter was produced and used to form a two-element antenna array, but these
waveguides were far too short to introduce large phase shifts [254], resulting in a narrow steering angle.
Naturally, this phase shift can be increased by simply extending the length of the waveguide. To
achieve this compactly, a space-filling curve can be implemented to maximise the path-length for a
given footprint. Theoretically, any space filling curve is suitable, but to minimise the bending loss, an
augmented, double Archimedean spiral is a natural choice which has been widely employed in optics.
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Figure 5.3: Thermo-optic effect on unclad silicon waveguides. (a) Change in modal index in response to a temperature change.
(b) Thermally induced phase shift at 275 GHz.

In this section, a double Archimedean spiral waveguide with a path length of 25 cm is fabricated and
experimentally demonstrated. This spiral is thermo-coupled to a resistive heater, and the phase shift is
measured experimentally. To address the limitations of this initial design, improvements are proposed
for future designs.

5.2.1 Augmented Double Archimedean Spiral Waveguide

The Archimedean spiral was first described in 225 BCE [318] as a spiral with a constant separation
between concentric arms, and is commonly described mathematically in polar coordinates as r = bf.
Here, the variable b controls the distance between concentric points on the spiral, and as b approaches
0, the curve becomes space-filling. For waveguiding, the principal concern of employing this spiral
directly is bending loss. At the centre of the spiral, the curvature of the spiral approaches infinity
and this is impractical, so the spiral is usually truncated at the minimum bending radius, ryi,. To
produce a delay line, the spiral is then inverted to form the exit path, as depicted in Fig. 5.4(a), which
is connected in the centre by an S-bend. To increase the path length, the spiral is then cut along
one axis and extended by inserting straight sections of length [. The augmented spiral depicted in
Fig. 5.4(a) is no longer a true Archimedean spiral, but a discrete approximation. I define this spiral by
the minimum bending radius, r,;, and the straight section length [. The variable b is replaced by the
separation between the arms of the spiral d, which have a waveguide width w. Then the path length
of the augmented spiral L, is given by the equation,

N
L=L,+2) (2mri+1), (5.3)
i=0
where N is the number of rotations, Ly is the length of the central S-bend,
T min

Ly=—, 5.4
L (5.4)

and r; is determined recursively by the equation,
rigr=ritd+w, (5.5)

and the initial value is 79 = Tmin + 2£%. The footprint of the spiral is given by the equation,

A= (2rny + D) (2ry +1). Of these variables, two are fixed by the properties of the waveguide. The
separation distance d should be selected to avoid cross-coupling between waveguides, while the smallest
bend radius 7y, should be selected to avoid bending losses. Then the straight section length I and
the number of loops N can be selected to tune the length of the delay line. With this in mind, the
most compact spiral, with compactness defined as L/A, is achieved when d and 7y, are minimised.
As a proof of concept, an unclad waveguide spiral is fabricated with, w = 225 pm, ry;, = 1500 pm,
d =660 pm, [ = 17000 um, and N = 3, providing a path length of 302 mm inside a 10.3 mmx26.4 mm
footprint. According to Fig. 5.3(b), this length should be sufficient to achieve a 360° phase shift with
as little as 20 K temperature change.



62 Chapter 5. Guided Wave Components

(b) 1 cm

min

Ir

0
©

S
g
z
Z o . .
& : :
= : 3-dB Band :

220 240 260 280 300 320

Frequency (GHz)

Figure 5.4: Augmented Archimedean spiral. (a) Design of the augmented Archimidean spiral, depicting the key design
parameters. (b) Fabricated spiral waveguide, indicating damaged regions. Measured transmission parameter of the spiral
waveguide. (¢) The measured transmission of the spiral waveguide, with the largest 3-dB bandwidth highlighted.

5.2.2 Resistive Heater Phase Shifter

The fabrication of this waveguide is performed through the DRIE of a high-resistivity silicon wafer
with thickness 250 um. I note that this fabrication is challenging due to the extremely long, thin
waveguide which is attached to the frame at only two positions and as such is very fragile. This fragility,
combined with incidental over-etching resulted in damage to the fabricated sample. Nevertheless,
this fabricated sample could be measured but only with the support of a substrate. To act as a
substrate a 3D printed mount COC mounting plate is produced and the sample is carefully placed
upon it. Although the additional loss from the substrate is not negligible, it is minimised through
3D-printing by producing a mount with low infill percentage, in this case 15%. In Fig. 5.4(b), the
fabricated sample is depicted. Measurements, shown in Fig. 5.4(c) are made over the 220-330 GHz
range with a Keysight N5222B vector network analyser (VNA) in combination with Virginia Diodes
WR3.4 VNAX extension modules. Flangeless waveguides are used to launch the in-plane polarised
fundamental mode. Due to the strong evanescent coupling between the adjacent unclad waveguides,
the lower frequency cutoff of the prototype is 270 GHz, as the strong cross-coupling between adjacent
lines leads to poor transmission. I note the resonances above 300 GHz arise from misalignment of
the waveguide causing resonances to appear where the coupling spike touches the inner surface of the
hollow metallic waveguide. This is unavoidable considering the damage to the frame of the sample.
Nevertheless, the average insertion loss, in the ranges unaffected by coupling or misalignment, is low.
The combined loss of the long waveguide, the coupling loss, and the additional substrate loss, is on
average 2 dB.

To realise a thermo-optic phase shifter the prototype spiral waveguide is thermo-coupled to a 12 Q
resistor which functions as a heater. To achieve this, the 3D-printed mount is adapted to include a
CNC milled aluminium block can be inserted to thermo-couple the frame of the silicon waveguide to
the resistor, as shown in Fig. 5.5(a). The assembled module is shown in Fig. 5.5(b). This is necessary
as the 3D-printed mount itself functions as a thermal insulator. A source-meter (SMU) is used to
supply 6 V and 0.5 A, corresponding to 3W of dissipated power. I note that this arrangement is not
thermodynamically optimised and relies on the physical contact between the elements. Though the
aluminium via and the silicon waveguide are good thermal conductors, the contact could be further
improved through the use of a thermal adhesive. The consequence of this is slow heating and cooling
of the sample and as such, a slow response time. The measurement procedure described previously is
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Figure 5.5: Thermo-optic phase shifter. (a) Schematic drawing of the assembled thermo-optic phase shifter. (b) Photograph of
the assembled thermo-optic phase shifter under measurement. (¢) Amplitude change under heating from ambient temperature.
(d) Phase change under heating from ambient temperature. In (c¢) and (d), a 20 sample moving average is applied to reduce
the sample-to-sample noise.

repeated with the assembled phase shifter module, and measurements are made are acquired at a rate
of 15 Hz as the sample is heated over a period of 10 minutes, until device reaches thermal equilibrium.
In Fig. 5.5(c—d), the phase and amplitude change as the module heats from room-temperature is
shown. The phase change between ambient and maximum temperatures is greater than 360°, while
the additional loss compared to the ambient spiral is less than 1 dB. Though the exact temperature of
thermal equilibrium is unknown, based upon the previous calculations in Fig. 5.3(b), I suggest that
it is in the range of 20-30 K above the ambient temperature. These results indicate that low-loss,
broadband phase-tuning is achievable through thermo-electric tuning of all-silicon waveguides.

Though this result is encouraging, there are several obvious flaws in this design. First, the bandwidth
is limited by the evanescent coupling between adjacent unclad waveguides and the unclad waveguides
themselves are fragile and are prone to breaking. Both of these issues may be addressed by replacing the
unclad waveguide with the extreme skin-depth design proposed in Chapter 3. Though the extreme-skin
depth waveguide design would provide maximal coupling suppression, the structural instability remains,
and fabricating such long thin ribs has proven to be challenging. Alternatively, the pill cladding would
provide structural support while simultaneously improving the coupling suppression. Additionally, the
prototype result shows phase change in excess of the necessary 360°, indicating that the length could
be reduced to further improving the footprint. Further, thermodynamic improvements should also
be made including an investigation of the use of micro-Peltiers in combination with smaller resistive
elements which can be directly thermo-coupled to the silicon waveguide via the frame. This would
remove the need for the aluminium via which contribute significant thermal mass, damping the thermal
response of the system.

In this section a thermo-optic phase shifter based on an augmented Archimedean spiral is proposed,
fabricated, and experimentally tested. Though the thermal tuning is slow, the phase shift is larger than
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360°, while the insertion loss is below 1 dB, opening the way for future low-loss terahertz phase tuning.
To improve upon this initial demonstration, modifications are proposed to increase the response time,
the bandwidth, and the physical robustness of the device. I emphasise that thermo-optic tuning is
enabled by the extremely low-loss of silicon waveguides, whereas replication of a similar design, such a
metallic waveguide filled with a thermo-optic material, may incur severe losses over the propagation
distance.

5.3 Ring Resonator for Liquid Sensing

Ring resonators make for convenient sensors as information about both the real and imaginary
components of the permittivity can be deduced from the amplitude spectrum [319]. The 2.5D nature of
the rib waveguide from Chapter 4 makes it well suited to use as a liquid sensor, as the ring resonator can
serve a dual purpose, both as the waveguide and as a well for the analyte as illustrated in Fig. 5.6(a).
This exists in contrast to purely 2D ring resonators which cannot physically contain the analyte [208].
The ring resonator is parameterized by two key variables, the ring radius and the separation from
the feeding waveguide, which we denote as rying and dgep respectively in Fig. 5.6(b). The radius
of the resonator is constrained by the minimum bending radius of the waveguide but is ultimately
determined by the desired free-spectral range (FSR) of the resonator, with larger radii resulting in
smaller free-spectral ranges [217], as determined by the equation,

02

FSR = ——
SR= 773

(5.6)

where ng is the modal refractive index, f is the frequency, L is the path-length of the ring, and c is
the speed of light in free-space. For liquid sensing applications the desired FSR is determined by the
analytes of interest, as the FSR limits the maximum change in resonance frequency for unambiguous
detection. We select a resonator radius of 5000 pm, which corresponds to a FSR of 3 GHz in simulation
and a well volume of 17.1 pL. To achieve a high @ factor resonance the critical coupling condition
should be sought [213], which is achieved by tuning the separation between the waveguide and the
ring such that the transmission through the resonator is equal to the circulation losses of the ring.
If the separation is too small, then the resonator will be over-coupled, while too large a separation
results in under-coupling. Both cases result in diminished @)-factor. This is an important consideration
for sensing, where a narrow, high ) resonance is required in order to measure subtle changes in the
resonant frequency.

Due to the 25 pum resolution of the 3D-printer, we simulate separations of —25, 0, and 25 um with
ethanol in the well of the resonator, where a negative separation implies the structures are overlapping.
These simulated results are presented in Fig. 5.6(c), and to have a critical coupling point close to the
centre frequency of 275 GHz we select a minimal separation distance, of —25 um. The fabricated ring,
depicted in Fig. 5.7(a), is measured in the same way as other waveguiding structures presented in
this thesis. We compare the measured and simulated results in Fig. 5.7(b), and observe the expected
series of resonances with the designed free spectral range. though we note some red-shifting which
we attribute to fabrication tolerances. Additionally, the critical coupling point is highly sensitive to
all fabrication tolerances and material properties, such as the permittivity and loss tangent of the
material, and as such it is expected that the measured critical coupling point is shifted relative to the
simulation. The Q-factor, calculated as f./A fs.ap, of the critically coupled resonance at 223.75 GHz
is 880 when the resonator is empty, and 216 at 274 GHz when loaded with ethanol, a decrease that is
expected due to the dampening effects of the analyte. This Q)-factor is comparable to some reported
integrated ring resonators realised with silicon, especially those with rib waveguides, Q@ = 355 [214],
Q = 305 [215], and @ = 1210 [216], despite the additional material losses. However, this value is much
lower than state-of-the-art integrated silicon resonators which have achieved measured Q-factors of
9146 [208] and 57700 [210], while non-integrated resonators can reach @Q-factors of 15000 [320].

To measure the sensitivity of our ring resonator sensor we select two analytes with very similar
complex permittivities, ethanol and isopropyl-alcohol (IPA), previously reported as 2.70 — 0.765 [321]
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Figure 5.6: Design of alumina ring resonator. (a) Conceptual drawing of ring resonator with an integrated liquid well filled
with analyte. (b) Schematic view of ring resonator with critical parameters identified. (c) Simulated transmission through the
ring resonator with a ring radius rying of 5 mm and ring separations of —25, 0, and 25 um. We observe that at the centre
frequency, with 25 pum the resonator is under-coupled, while at 0 pm the resonator is over-damped.

and 2.61 — 0.295 [322] respectively at this frequency range. We note that the real component of
the permittivites are similar, while the absorption resulting from the imaginary component is more
pronounced. Hence we expect a small change in resonance frequency and a more pronounced shift
in critical coupling point. A pipette is used to dispense a single drop, approximately 20 uL, of the
analyte into the centre of the ring resonator and the VINA is used to measure the spectrum, though in
this case the number of measurement points is increased to 9009, to achieve a frequency resolution of
12 MHz. To further test the sensitivity, we mix ethanol and IPA to form an even mixture of the two.
In Fig. 5.7(c), we observe a large shift in the critical coupling point, but we can also distinguish the
two liquids on the basis of the very slight difference using a single peak as in Fig. 5.7(d). We observe a
resonance shift of 110 MHz, representing a sensitivity of 2.44 GHz/RIU, and a critical coupling shift of
10.85 GHz.

5.4 Conclusion

In this Chapter three guided-wave components are proposed, fabricated, and experimentally
demonstrated. These components span both passive and tunable devices, across different underlying
waveguides. In principle, each of these components are compatible with each other, all realisable on
an all-dielectric waveguide platform, whether that is silicon or alumina. The primary advantage of
these components is their efficiency, with an emphasis on minimising the device insertion loss, such
that the efficiency of the underlying waveguides is preserved. These components join a growing library
of all-dielectric terahertz devices, which can be combined to form integrated terahertz systems for
high-performance sensing and communications applications.
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Figure 5.7: Measurements of alumina ring resonator. (a) Photograph of the fabricated sample. (b) Comparison between
measured and simulated transmission for empty resonator and resonator filled with ethanol. (c) Transmission spectra for

resonator filled with ethanol, isopropyl-alcohol and a mixture thereof, observing the shift in critical coupling points across the
3 measurements. (d) Close-up of a single resonance, showing the shift in the resonance frequency as the analyte changes.



Chapter 6

Antennas

Abstract

Antennas are the interface between integrated circuits and free-space, and as such at least one antenna
is present in almost all wireless systems. To date, the focus of antennas on the substrateless silicon
platform has been high-gain endfire antennas with bandwidth covering the single mode operating region
of the underlying waveguide. These high-gain antennas are well suited for communications applications
where point-to-point links are desired, but without mechanical actuation, the antennas do not provide
coverage of an area for radar applications. To realize this capability, a frequency scanning leaky-wave
antenna is proposed, based upon fast-wave leakage from a silicon waveguide into an adjacent slab, from
which it is radiated into free-space via a progressive index-matching structure. On the other-hand,
while existing antennas cover traditional rectangular waveguide bands, modern photonic sources such
as uni-travelling carrier photo-diodes can provide excitation over far broader bands, and as such there
is desire for multi-band antennas which can support these sources. Traditionally, over-moded rod
waveguides have been used. However, a delicate feed design is required to ensure single mode antenna
excitation, and furthermore, the gain of these antennas is limited. Instead, an integrated Galilean
Telescope based upon slab-mode integrated optics fed by a single-mode rib waveguide is proposed
to operate over the 220-500 GHz band, equivalent to two waveguide bands, i.e. WR3.4 and WR2.2.
These antennas are described, simulated, and experimentally characterized over the 220-330 GHz
band. These two original antenna designs are distinctly tailored for their intended final applications,
the Galilean Telescope for communications and the leaky-wave antenna for radar applications.

6.1 Leaky-wave Antenna

Previously, terahertz leaky wave antennas have been proposed for a variety of platforms, including
hollow metallic waveguides [50], terahertz microstrip line [323], parallel plate waveguides [324, 325],
spoof surface polariton waveguides [326], all silicon [327, 328], silicon on insulator [329], 3D-printed
cyclic olefin co-polymer (COC) [159], 3D-printed alumina [330], and indium-phosphide [127, 331, 332].
Many of these antennas utilize metals for mode confinement, hindering the maximum realized gain due
to Ohmic losses incurred. Those that do not include metals are narrow band due to frequency dependent
coupling mechanisms [327-329], or reliance on photonic crystals [330]. Alternatively, waveguides realized
monolithically from high-resistivity float-zone silicon could be utilized to instantiate a leaky wave
antenna. In recent years, substrateless silicon waveguides [164, 168, 188], have been used to realize a
range of passive components [219, 333] including a variety of high gain end-fire antennas [231, 232, 334].
This approach is attractive as the intrinsic material losses of these devices are nearly negligible ensuring
very high radiation efficiency so long as coupling to free space is managed carefully. In this context, I
aim to consolidate the practical advantages of frequency scanning antennas for radar applications with
a high efficiency dielectric waveguide platform, focusing on the development of a high gain, frequency
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Figure 6.1: Proposed leaky-wave radar module. A schematic drawing of the proposed leaky wave radar package, highlighting
the various components, including the fast-wave leakage channel, the GRIN anti-reflection coating, and the auxiliary cyclic-
olefin-copolymer (COC) lens. These elements are mounted in a fixture, 3D printed from polylactic acid (PLA), designed such
that it does not interfere with the device operation.
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scanning antenna.

The proposed antenna, illustrated in Fig. 6.1, utilizes continuous fast-wave leakage between a
dielectric waveguide and an adjacent dielectric slab [283, 335-337]. This negates the need for scattering
elements typical of a periodic LWA. This is critical for a substrateless, dielectric, leaky-wave antenna
where the lack of a metallic ground plane for shielding makes it difficult to suppress the undesired
symmetry that arises from the radiating elements, which results in a halving of the power radiated in
the desired direction. In infrared photonics, this can be partially addressed through the use of apodised
grating structures [336], though to realize this asymmetry a multi-stage etching process would need to
be employed, increasing the fabrication complexity.

Here, I provide information about the design of this all-dielectric leaky-wave antenna, design an
auxiliary lens, and experimentally validate its performance. The antenna is intended for mono-static
radar applications, as such gain should be maximised to increase both received and transmitted signal
power and the operating frequency should be broad to improve the depth resolution.

6.1.1 Antenna Design

Previously, an integrated frequency division multiplexer was developed based upon in-slab beam-
forming of slab modes launched by fast-wave leakage from an unclad dielectric waveguide into an
adjacent dielectric slab [283]. In this case, the leakage rate and radiation angle are controlled by the
separation between the waveguide core and the slab. As the guided waves propagate in the dielectric
waveguide, they undergo phase change with respect to distance in addition to gradually leaking power.
This translates to a wide aperture distribution with linearly ramped phase. In the cited work, in-slab
focusing at a desired point is achieved by compensating for this change in phase by progressively
shortening the distance from the slab edge to that point, resulting in convex curvature. Thus, the leaked
terahertz waves that enter the slab via this convex-curved boundaries will constructively interfere at
the aforementioned point, forming a focus. Critically, due to the dispersion of both the waveguide and
slab modes the location of this focus is frequency-dependent, resulting in a frequency-scanning focus
that may be collected at different points in the slab, thereby achieving frequency-division multiplexing.
By placing the focus in the far-field, a collimated frequency-scanning beam, depicted in Fig. 6.1(b), is
launched, rather than a focused beam, and this is scanning-mechanism of the antenna.

The antenna is composed of 3 connected stages as depicted in Fig. 6.1. The leakage channel is
a dielectric waveguide which guides the fundamental E1! mode as it is continuously leaked into an
adjacent dielectric slab. On the other side, this slab is bordered by a GRIN anti-reflection structure
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Figure 6.2: Characteristics of waveguide-slab leakage. (a) Leakage rate from guided to slab mode for various waveguide-slab
separations. (b) Phase constant of waveguide mode when loaded by slab at various separations. (c¢) Launch angle of the slab
mode arising from leakage from the waveguide.

realized by etched holes in the silicon slab, to facilitate the conversion of the slab mode into free-space.
Then an external astigmatic lens is used for H-plane collimation, designed to enhance the far-field gain
of the antenna package. The following sub-sections describe the design of each component individually.

Uniform Leakage Wave Tunneling

A slow-wave waveguide will not leak energy into free space without radiating elements that introduce
a discontinuity, as is commonly utilized in scatterer based, periodic leaky-wave antennas [338]. In
lieu of scattering elements, an intermediary medium is required to induce power leakage, and in this
case a dielectric slab serves this purpose. This slab is capable of supporting its own guided slab mode
with a slower wave speed than the channel waveguide mode, which induces a gradual power transfer
from the waveguide mode, into the slab mode, by a process of evanescent coupling, also known as
wave-tunnelling.

It is intuitive that, as the separation between the waveguide and the slab is reduced, the degree of
overlap of the evanescent fields will increase, accelerating the rate of leakage and increasing modal
index of the waveguide which is now loaded by the nearby slab. Previously, a theoretical analysis of
the leakage between a dielectric waveguide and adjacent slab was presented to quantify these relations,
and was later verified by full-wave simulation [339, 340]. In Fig. 6.2(a—c) the critical outcomes of this
analysis for the E!! waveguide mode are presented for a high-resistivity float-zone waveguide core
of width 200 um and adjacent slab, both with a thickness of 250 um, with separations varying from
20-200 um. Here, I adopt a realistic permittivity of 11.68, and neglect material losses as the loss
tangent, tand, is known to be less than 1.5 x 1075 at these frequencies [160].

The leakage profile is indicative of the effective aperture of the antenna—a larger aperture
corresponds to a higher gain. In this case, a uniform-leakage profile is desired, with an aperture of
14.5 mm. This design process is performed at the center frequency, 275 GHz, and as such the
performance degrades as the operating frequency deviates from this point. From Fig. 6.2(a), at low
frequencies the rate of leakage accelerates rapidly, causing rapid leakage and thus a poor aperture is
formed. At high frequencies, the rate of leakage is limited, leading to residual power in the guide even
with long trailing channels at the minimum fabricable separation, 20 wm, limiting the efficacy of the
antenna at these frequencies.

In Fig. 6.2(b), the dispersive nature of this leakage mechanism is observed, and from the phase
constants of the slab and the waveguide loaded by the nearby slab, the leakage angle as shown in
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Figure 6.4: GRIN anti-reflection structure design overview. (a) Effective medium GRIN anti-reflection coating used to match
the slab mode into free space. (b) Quintic gradient curve used to design this anti-reflection structure, showing the cropping
due to fabrication constraints. (¢) Broadband transmission and (d) transmission angle of the GRIN structure derived through
discretized ray tracing method.

Fig. 6.2(c) is derived as,
6Waveguide
Bsiab
The combination of these factors limits the maximum achievable bandwidth of this scheme.

sin eLeakage = (6 1)

Using the relationship between separation, leakage rate, and leakage angle, the iterative design
algorithm described in [283] can be implemented to determine the necessary separation and waveguide
curvature required to project a beam into the far-field. The separation between the waveguide and the
slab is designed in 3 sections in order to achieve the leakage profile shown in Fig. 6.3(a). First, the
waveguide is gradually introduced to the slab to avoid a sudden index discontinuity, while allowing low
frequency components to leak. Then the separation is tailored to induce a uniform leakage profile, to
achieve this the separation is gradually decreased until the minimum possible separation is reached.
Finally, a long trailing section with the minimum viable separation is introduced, as this is critical
to improve performance at higher frequencies where slow leakage results in residual power in the
waveguide after the uniform leakage region. The separation between the waveguide and adjacent slab
across the length of the channel is shown in Fig. 6.3(b). Beamforming is achieved by a lateral offset of
the waveguide relative to the feed as shown in Fig. 6.3(c). This offset compensates the accumulated
phase as the wave propagates along the feed waveguide, ensuring that the phase profile of the leaked
wave is ramped, generating a collimated beam at the output which is essential for realising high farfield
gain.

GRIN Anti-Reflection Structure

In this antenna, the dielectric slab acts as an intermediary medium for broadband, scatterer-free
leakage, but ultimately acts as an obstacle to the effective transfer of terahertz power from the waveguide
to free space. The Fresnel losses at the edge of slab increase with the incident angle, until ultimately
total internal reflection occurs, at the critical angle 6. ~ 18°, calculated as . = arcsin(ng/ns;) by
assuming the slab modes shares the same modal index as bulk silicon. To overcome this, the boundary
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of the slab is angled such that the centre frequency is normally incident, ensuring that across the
operating band the incident angle remains below the critical angle and Fresnel losses are minimized.
However, still these losses are still not negligible, even at small incident angles. Compounding this,
the component of the beam that is reflected at this interface will continue to propagate internally,
until it is eventually radiated forming undesirable side lobes, or is dissipated at the input as additional
reflection loss. For these reasons, an anti-reflection scheme is essential.

In optics, a related problem arises in the design of solar cells. In order to couple light into high-index
dielectrics as the sun passes through the sky varying the incident angle, GRIN structures are utilized to
overcome weak transmission at oblique incident angles [341-343]. Specifically, quintic index transitions
have been shown to be a simple, compact, and effective mechanism to realize efficient matching over a
broad range of incidence angles. In this case, a gradient index can be realized through the perforation
of the silicon slab with cylindrical holes arranged in a hexagonal lattice, as long as the lattice period has
a deeply sub-wavelength period, hence the lattice period, a=125 pum is selected. The Maxwell-Garnet
approximations [192] in combination with the transcendental solution for the slab mode index [344] can
be used to derive the range of achievable indices. Then, using these values the quintic gradient index
distribution can be calculated [342]. Due to fabrication constraints, the minimum possible hole diameter
is 20 um, and in order to maintain the mechanical stability of the structure, the maximum diameter
is limited to 115 wm. At 275 GHz these correspond to modal indices of 3.00 and 1.28 respectively,
incurring some residual discontinuity between the slab mode, the GRIN structure, and free space. In
Fig. 6.4(a), this matching scheme is outlined with a single unit cell of the GRIN anti-reflection coating
highlighted, with hole diameters corresponding to the gradient in Fig. 6.4(b).

To validate the performance of this design, a ray-tracing model is implemented to simulate the
transmission of slab mode through the gradient index structure at various incident angles. The GRIN
structure is discretized into 30 segments modeling the transition from silicon into free-space via the
GRIN structure, with each segment’s refractive index corresponding to the modal index of a silicon
slab perforated uniformly with holes of diameter shown in Fig. 6.4(b). Then Snell’s Law and Fresnel
coefficients are applied iteratively at each interface to calculate the final transmission magnitude and
transmitted angle. This process is repeated at each frequency to account for the slab mode dispersion,
yielding results shown in Fig. 6.4(c-d) respectively. Here, transmission efficiency is in excess of 95%
for incident angles up to 17°, corresponding to a maximum transmitted angle after refraction of 70°,
incidentally expanding the field-of-view of the antenna.

3D-Printed COC Lens

Whilst in-plane the antenna aperture is wide, and hence directive, the out-of-plane radiation
pattern of the all-dielectric leaky-wave antenna is fundamentally limited by the small physical aperture
created by the thin edge of the silicon wafer. This results in a so-called fan-beam, typical of other
antennas which use the slab’s edge as a radiating aperture [231, 232, 334]. For many applications
this is undesirable for two reasons; firstly, it limits the maximum achievable gain of the antenna, and
secondly, the out of plane power can easily result in spurious reflections from the environment, leading
to multipath interference. To compensate for this, the transverse aperture is expanded with free space
optics to form a module with a two-dimensional radiating aperture [233]. In this case, a cylindrical
plano-convex lens is designed with a bespoke ray-tracing algorithm and manufactured from 3D printed
cyclic-olefin-copolymer (COC) [42, 345]. This lens is designed to correct the fan-beam effect in the
out-of-plane dimension while maintaining the frequency scanning beams in plane, and so a cylindrical
lens is the natural choice to correct this astigmatism. In this design process I assume COC is a lossless,
dispersion-less material with a permittivity ecoc = 2.31, in line with previously reported results [346].
Though the focal length of this lens is a free-variable, for many applications a compact module is
desirable, so a lens cross-section of 12 mm and a focal length of 15 mm is selected. These values were
determined by observing the field distribution 15 mm from the antennas radiation centre in full-wave
simulation. Further, the numerical aperture of the lens should be moderate to minimise the effect of
defocusing due to the migrating phase centre of the silicon antenna. In this case, simulations indicate
that the phase centre migrates axially on the order of 20 mm across the 220-330 GHz range. In this
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Figure 6.5: Auxiliary 3D-printed COC lens. (a) Output from optimization of the parabolic surface via a ray tracing algorithm,
with a focus at 15 mm. (b) Optimized lens profile comprising a quadratic surface and a fixed offset, d = 1 mm, where a = 0.0583.
(c) Photograph of cylindrical lens 3D printed from COC.

case the Raleigh length is 2 mm, significantly smaller than the apparent phase centre migration, so the
performance may be degraded at the edges of the band due to defocusing. This can be mitigated with
a longer focal length lens if needed. Then, 2D ray-tracing is applied to optimize the parabolic lens
profile y, by varying a in the expression y = ar? + d. Here a parabolic lens is used to avoid spherical
aberrations. The Nelder-Mead method is used to minimize an objective function which considers
weighted factors arising from the ray-tracing algorithm; the distance between the mean of all ray
intersections and the desired focus, and the thickness of the lens.

In Fig. 6.5(a), the outcome of this optimization process is presented. As the desired lens is
cylindrical, the optimized lens profile is simply extruded to form a 3D solid. The in-plane resolution of
this process is limited by the width of the 0.4 mm extrusion nozzle, while the printing layer height
is set to 50 um. In Fig. 6.5(c), the surface and internal finish of the lens are imperfect resulting
in a cloudy appearance. It has been shown that this has a small impact on lens performance, as
this cloudiness arises from the presence of air in the printed material which results in the aggregate
refractive index [347, 348], though this can be compensated for during the lens design process.

6.1.2 Leaky-wave Antenna Characterization

Measurement Setup

To validate this design, the device is fabricated from a 250 um float-zone, high-resistivity, silicon
wafer with a single mask, deep reactive ion etch process. Experiments are performed with a Keysight
N5222B Vector Network Analyser with WR3.4 VDI frequency extension modules. The largest dimension
of the physical aperture of the antenna is 35 mm without the lens and 51 mm with the lens, implying a
Fraunhofer distances of 1.1 m and 4.8 m respectively. Due to practical limitations, and the lack of a 2D
near-field scanning system, the radiation pattern is not measured in the far-field. Instead, I measure
the radiation pattern in the radiative near-field at a distance of 200 mm. As shown in Fig. 6.6(a), the
antenna module is placed atop a rotating stage such that the phase centre of the antenna is centered
above the rotating axis. Figure 6.6(b) shows the fabricated silicon device supported by the 3D printed
fixture and coupled to the metallic waveguide feed and COC lens. A computer is used to synchronize
the VNA and rotating stage to automatically measure the radiation pattern as the antenna is rotated.
In Fig. 6.6(c), the fabricated device is shown with inset micrographs highlighting the key features
of the antenna. To measure the realized gain, S3; is measured across the frequency range at each
transmission angle with the silicon antenna as the transmitter and another diagonal horn antenna with
known gain, in the range 22—25 dBi across the measured range, as a receiver. This measurement is
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Figure 6.6: Experimental setup for antenna characterization. (a) Overview of experimental setup, showing VDI extension
modules aligned with antenna module on top of motorized rotating stage for automated radiation pattern measurements. (b)
3D printed antenna module with packaged antenna, integrated COC lens, and rectangular waveguide alignment flange. For
practical reasons, the antenna is packaged in a 3D printed polylactic acid (PLA) mount, such that the alignment to the
feed waveguide and external lens are fixed in place. The mount is designed such that the PLA does not interfere with the
electromagnetic wave guiding. (c) Side view of radar module, highlighting key parameters. (d) Top view of radar module,
highlighting the distance from the antenna to the lens. Note that the radiation center of the antenna exists within the slab,
such that the edge of the slab is not at the focal length of the lens. (e) Macroscopic image of fabricated sample with micrographic
inserts, (i) feeding taper to be inserted into rectangular waveguide for efficient coupling, (ii) unclad waveguide section, (iii) fine
resolution features including the leakage channel and anti-reflection structure—with some damage visible arising from incidental
over-etching during fabrication.

compared to a reference measurement in which the same measurement is performed with a diagonal
horn antenna in place of the leaky-wave antenna. The the realized gain is calculated as,

G(f,0) =|S21,Lwa (f, )| — [S21,H0m (f, 0)]

+ Grtoa(£.0) + 2oz S22 (B, 02
Horn
where, So1 pwa (f, 0) is the measured transmission with the proposed antenna as a transmitter at a
distance of dpwa from the reciever, while S21 o (f,0) is the measured transmission with a horn
antennta with gain, Guom(f,0), at a distance of dygorn. These measured results are compared to
full-wave simulation in the commercially available CST Studio Suite 2023, but only in the case without
the lens as the lens’ large electromagnetic size makes full-wave simulation impractical.

Results

In Fig. 6.7(a), I present the measured reflection, which is below —10 dB across the measured
band, highlighting good coupling between the feed and the silicon antenna with reflections in line with
the simulated results. Notably, there is no significant increase in reflection due to the inclusion of
the external lens. This is expected as the index of COC is low resulting in low reflection amplitude,
and compounding this the divergent beam is primarily reflected away from the antenna aperture.
Figure 6.7(b) is the realized gain map of the antenna, showing the frequency sweeping characteristic
of leaky wave antennas, with select frequencies plotted in polar coordinates in Fig. 6.7(c). Then,
Fig. 6.7(d) contains the maximum gain at each frequency with and without the inclusion of the COC
lens. With the COC lens, an average increase in gain of 6.5 dB is observed suggesting that this lens is
effective at collimating the H-plane component as intended. Although the Raleigh length of the COC
lens is narrow, their appears to be little evidence of de-focusing due to the migrating phase centre
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Table 6.1: Comparison of experimentally demonstrated leaky-wave antennas and this work.

‘Waveguide Max Fractional Centre Field External
Platform Gain Bandwidth Frequency of Integrated Lens
(dBi) (GHz) View

Hollow Metallic [50] - - 415 51° Yes No
Silicon Photonic Crystal [327] - 2% 325 - Yes No
Silicon Slab [328] - 2% 320 - Yes No
Silicon Rib [329] - 1% 194 - Yes No
COC Rib [159] - - 120 - Yes No
Alumina Photonic Crystal [330] - 10% 105 - Yes No
Microstrip Line [51] 18 32% 275 38° Yes No
Parallel Plate [325] - - 225 35° No No
Spoof Plasmon Polariton [326] 16 41% 182.5 30° Yes No
Substrate Integrated [331] 154 15% 60 18.2° Yes No
Indium Phosphide [127] 11 16% 275 40° Yes No
Indium Phosphide [332] 23 16% 275 33° Yes Yes
This Work 25 19% 275 34.3° Yes Yes

of the silicon antenna, as evidenced by the stable frequency response. The maximum gain of 25 dBi
is on-par with that of a standard horn antenna. In Fig. 6.7(e), the approximately linear frequency
scanning behavior is described.

Here I note the fabricated sample shows minor deviation from the simulations, namely a 3-dB
bandwidth of 53.5 GHz as compared to 61.7 GHz in simulation, while the field-of-view is then
compressed to 34.3° compared to 40.0° in simulation. I ascribe these effects to fabrication tolerances,
notably incidental overetching leading to a narrower than designed waveguide and oversized holes
in the GRIN structure. As a result, this changes the dispersion relation at the core of the design
methodology. A thinner waveguide drives faster leakage from the waveguide as the phase constant
of the waveguide diminishes while the relative dispersion between the slab and waveguide is also
changed—hence these changes to the leakage profile and scanning angle outside of the design frequency.
As visible in Fig. 6.6(c,iii), overetching also results in some damage to the anti-reflection structure
which may hinder the matching at oblique angles, further suppressing the realised gain. However,
generally the measured simulations confirm the antennas ability to generate a high gain beam with
quasi-linear frequency scanning.

In Table 6.1, this antennas performance is compared to other experimentally demonstrated leaky-
wave antennas in the literature. Of these antennas in this table, the antenna presented in this thesis
has the highest gain. This is attributed to two factors; the use of silicon results in high-efficiency, and
an auxiliary lens enhances the directionality, together resulting in high-gain. Though the measured
3-dB bandwidth is less than simulated, and less than the best performing antenna in the table [51],
the roll-off is slow, and the less stringent 10-dB bandwidth is close to the full WR3.4 band, from
240-330 GHz. Similarly, the 3-dB field-of-view is constrained, but the linear frequency scanning is
maintained across a broader range, from 240-330 GHz, across a close to 70 degree field of view. Though
the 3-dB level is an accepted standard for comparison, it may not reflect the actual performance
limit. This is especially true in sensing, where so long as the recieved power is above the noise floor,
some information can be recovered. In the following chapter, a thorough examination of antenna
performance in sensing applications is presented.

An all-dielectric leaky-wave antenna module is designed, fabricated, and experimentally
characterised. The key utility of this antenna is its frequency scanning radiation pattern that presents
beam-forming capability without the need for mechanical actuation, or phase shifters which have
proven difficult to realise efficiently at terahertz frequencies. The silicon antenna is combined with a
3D-printed lens, to form an economical and compact module without compromising the performance.
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Figure 6.7: Experimental characterization of the proposed antenna. (a) Measured reflection coefficients to demonstrate efficient
coupling to free space over the measured frequency range. (b) Radiation pattern measurement without lens over frequency
and angle of interest showing frequency scanning behavior. (c) Radiation pattern measurements at selected frequencies across
the operating band. (d) Maximum gain over frequency, with and without the external COC lens. (e) Angle of the maximum
gain over frequency describing the angular frequency scanning behavior, at either end of the operating band the relationship
between angle and frequency breaks down, resulting in the sudden discontinuities observed in this plot, as a similar gain is
observed across a wide range of angles.
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Figure 6.8: Schematic of Galilean telescope. The three stages of the antenna are depicted; the feed point, the diverging lens,
and the collimating lens. The role of the diverging lens is highlighted by the comparison of Fg to Fy the focal length of the
collimator in a Galilean system and in a single lens system respectively, showing that a much larger aperture can be achieved
with a smaller footprint.

In Chapter 7 this antenna is employed to realize a leaky-wave radar.

6.2 Galilean Telescope Antenna

In Chapter 4, a broadband rib waveguide with a single-mode bandwidth of 220-500 GHz was
proposed. However, beyond the waveguide itself, ultra-wideband components are also necessary to
make use of the expanded bandwidth. To date, typically over-moded rib waveguides are used for these
ultra-wideband systems [266, 296], and tapered rods make for simple low-gain antennas. The gain of
these travelling wave antennas is tied to the length of the rod, and so to enhance the gain, the rod
must be made longer, simultaneously increasing the fragility. Previously, for other silicon guides this
issue has been addressed through the use of integrated endfire antennas, either in the form of lens
antennas [231, 232] or planar horns [334]. These antennas provide enhanced gain through a 2D-aperture
and are formed in three sections; a waveguide feed, a divergence region, and a phase-correction to
collimate the beam before it is radiated. In principle, this scheme scales well to ultra-broadband use as
the antenna employs the slab-mode, which is single-mode in broadband. However, to ensure operation
in broadband, the frequency dependent effects of each element must be compensated appropriately. In
this section I propose an ultra-wideband endfire antenna based upon a integrated Galilean Telescope,
instantiated with a rib waveguide feed and effective-medium integrated lenses. The elements of this
antenna are described, simulated, and a prototype of this antenna is fabricated and experimentally
characterised over the 220-330 GHz band. The antenna could not be experimentally characterised in
the 330-500 GHz band due to the lack of available facilities.

6.2.1 Antenna Design

The Galilean Telescope, depicted in Fig. 6.8, is a two-element, refractive optical system, comprised
of a successive diverging and converging lens, used to provide magnification of distant objects. The
diverging lens increases the illuminated area of the larger converging lens, providing a compact, large
aperture system. In essence, this system is a high-gain optical antenna, providing highly directional
imaging. To realise the integrated instantiation of this antenna depicted in Fig. 6.9, each of the
elements is designed and combined to form a monolithic silicon module.

Rib Waveguide Feed

The gain of an endfire antenna is determined by its aperture relative to wavelength. So, to provide
an even gain across a broad bandwidth, the effective aperture must vary with frequency. To realise
this, frequency dependence must be introduced as the modal dispersion of the slab-mode alone is not
sufficient to compensate for the required change in apertures. With this in mind, I elect to use a
tapered rod-feed to launch the slab mode from the rib waveguide. Tapered rods are dispersive elements,
with the lowest frequencies readily radiated, while the highest frequencies remain confined until the
end of the rod as depicted in Fig. 6.10(a—c). Thus, the length of the tapered rod can be used to
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Figure 6.9: Proposed Galilean telescope Antenna. The three stages of the antenna are depicted; the tapered feed, the integrated
diverging lens, and the Mikaelian lens.

Max]

1 mm 1 mm

1 mm
220 GHz — 360 GHz

(d)

3-dB Divergence Angle (deg.)
N
W

220 260 300 340 380 420 460 500
Frequency (GHz)

Figure 6.10: Design of tapered rod feed. Simulated electric-field at (a) 220 GHz, (b) 360 GHz, and (c) 500 GHz for a tapered
rod of length 3 mm. (d) 3-dB divergence angle of the tapered rod feed across the 220-500 GHz range.



6.2. Galilean Telescope Antenna 79

(a 4820 um

560 um

s

T 24 pum
"T23 pum
"T22 um
"T21 um

<
|
Q
2
NNl

BGOIGEEZ - Tapered Feed -15 -10 -5 0

— Lens Directivity (dB)

Figure 6.11: Design of integrated diverging lens. (a) Lens schematic. (b) Simulated E-field pattern of the combined tapered
feed and diverging lens. (c) Launched slab-mode patterns with and without the diverging lens at 360 GHz, each normalised to
their respective maximums.

tune this effect to provide the frequency dependent aperture required for an even gain profile. The
waveguide feed is a silicon rib waveguide with rib width of 325 pum, a rib thickness of 250 um, and a
slab thickness of 175 wm. The taper length is 3000 pm, and has a tip width of 20 wm. This results in
a launched slab mode with a divergence angle ranging from 35° at 220 GHz to 55° at 500 GHz, as
shown in Fig. 6.10(d). Alongside this change in divergence angle, the phase centre of the launcher
migrates towards the tip of the taper, from 300 wm from the base of the taper at 220 GHz, to 1000 um
from the base of the taper at 500 GHz. This change in phase centre reduces the dispersion of this
element, by resulting in further expansion of the launched mode at 220 GHz, as it is launched first,
while at 500 GHz the mode is confined for longer, but diverges more rapidly once launched.

Integrated Diverging Lens

The first lens after the feed is the diverging lens. This lens functions to enhance the divergence of
the feed, which facilitates a more compact antenna by reducing the feed-length while maintaining the
wide aperture necessary for high-gain. To produce divergence through refraction, an effective medium
region is introduced by perforating the silicon with through-holes in a sub-wavelength lattice. The
modal index of the slab mode can be solved numerically as described in [232]. The refractive power
of the lens is proportional to the difference between the indices of the slab-mode in the perforated
and un-perforated region. On the other hand, this difference determines the resultant reflection at the
interface. To facilitate high refractive power with suppressed reflections, a gradient index transition is
introduced, analogous to an anti-reflective coating in an optical system. The minimum hole size is
constrained by fabrication to d =20 pwm, while the largest holes in this lens are d = 25 um. The lens
profile is defined by the quadratic with the equation z = 2280 — (3 x 10~*)2? pum. In Fig. 6.11(a), the
lens with anti-reflection structure is depicted. The lens is placed 3 mm from the tip of the tapered
feed, with the curved face towards to the feed. The simulated E-field of the combined elements is
depicted in Fig. 6.11(b). In Fig. 6.11(c), the propagation pattern of the launched slab mode with and
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without the additional lens is included to show the enhanced divergence.

Impedance Matched Mikaelian Lens

In principle, any converging lens can be used to collimate the diverging slab mode before it is
radiated. A curved surface is simple, but introduces strong reflections at the interface between the
platform and free space without additional anti-reflection. Though anti-reflective structures were
developed in Section 6.1.1, these rely on a small angle of incidence to avoid total internal reflection.
Additionally, the curved surface also provides a fragile overhang which is prone to breaking. For
these reasons, I prefer Mikaelian lenses [349] as they are more physically robust without sacrificing
performance. Previously, Mikaelian lenses were employed with profiles derived from phase-front
correction. These lenses are designed by calculating the phase profile of the beam at the aperture, and
then imposing a transmissive phase mask to correct for the heterogeneity. The principle drawback of
this approach is that it does not provide innate index matching, so additional reflections are unavoidable.
In [231], the reflection is simply incurred on the feed side, while a rod array is used to provide index
matching on the radiating end. In [334], a numerically optimised lens was used to reduce the reflections,
but an analytic technique was not proposed. Here, I outline an analytic technique for deriving an
integrated Mikaelian lens with anti-reflective matching layers. An overview of this lens, which occurs in
three contiguous stages as depicted in Fig. 6.12(a), with the function of each stage visible in simulated
electric fields presented in Fig. 6.12(b).

As with other Mikaelian lenses, the design begins by considering the phase profile of at the input
to the lens, commonly given by the equation,

¢feed(‘r) = _ﬂ( \% F2 —|—.’K2 - F) +¢0 ) (63)

where (3 is the propagation constant of the slab mode, F' is the focal length of the lens, in this case
the distance from the lens to the feed, and ¢q is a normalizing factor, which represents the phase
accumulated over the length of the feed at the centre of the lens, given by,

¢o = BF . (6.4)
Previously [231], the propagation profile of the corrective lens is given by,
¢ T )fee
Bla) = - Xt (65)

where L is the thickness of the corrective lens, under the assumption that the phase profile is homogenous
along the propagation direction. It is this homogeneity that does not permit for the inclusion of
anti-reflection layers. Instead, I propose that the homogeneity can be broken by iteratively calculating
the phase change as the wave propagates in the lens, and then constraints may be implied on the
range of permissible 8 to produce an overall gradually-changing structure that is innately robust to
the undesired reflections produced by index mismatch. To describe this process, I begin by defining
the thickness of the corrective lens, L, and discretising this length into IV slices, each with a thickness
of a, such that L = Na. The slice thickness a corresponds to the lattice period of the effective medium
used to implement the gradient index structure. Then, as the wave propagates through each slice, it
accumulates a phase change,

¢i(x) = —Pi(x)a, (6.6)

such that over the the entire lens, the wave accumulates the aggregate phase change,

N
qj)lens = Z(bz(x) . (67)

By approriately selecting 3;(z) a corrective lens can be developed. The simultaneous optimization
of 8;(z) for all rows is complicated, instead the process can be performed iteratively, on each slice
sequentially, by tracking the residual phase change after propagation through each row,

¢residual,i+1 - qbresidual,i (37) - d)lens,i ) (68)
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Figure 6.12: Design of impedance matched Mikaelian lens. (a) Lens overview, highlighting the transition, correction, and
matching regions. (b) Simulated E-field pattern as the wave propagates through the lens. (c¢) Weighting function, maximum
and minimum hole radius constraints over the length of the lens. (d) Resultant gradient index profile. (e) Simulated residual
phase response at the lens aperture.
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then desired § of the next row is determined as,

«
ﬁdesired,i (QC) = _g(bresidual 5 (69)

where « is a weighting term. This weighting is introduced to avoid rapid changes, essentially limiting
the gradient of the profile. This term can be any distribution. In this case I selected a skewed Gaussian
distribution, shown in Fig. 6.12(c), to force a large proportion of the phase correction to the centre of
the lens, leaving the edges oriented towards index matching. To force index matching at the start and
end of the lens, the range of § is constrained by limiting the hole radius of the effective medium, as
shown in Fig. 6.12(c). On the feed side, the maximum value is constrained to force index matching
from the silicon slab to the effective medium region. On the opposite end, the minimum value is
constrained to force the gradual transition from the effective medium to free-space. The resulting
limits are applied following the calculation of Bgesired,i to yield 5;. This process is repeated for each
row to produce the propagation constant profile of the entire lens, which in-turn is in used to calculate
the gradient index distribution.

To calculate this profile the various input paremeters should be selected. First, the row constant
a, is determined by the lattice constant of the effective medium, in this case the lattice constant is
selected as 80 um such that this value is smaller than the slab-mode wavelength at 500 GHz, so the
separation between rows is @ = 80cos(7w/6) um. The length of the lens is, in principle, a free variable
but should be sufficiently long to avoid sharp changes in 3, in this case L=6 mm. The width of the
lens is selected as 10 mm to provide a sufficiently large aperture. The focal length, F', is determined by
simulating the antenna with various values to find the optimal length, in this case the optimal value is
determined as 10 mm. Due to the negative focal length of the diverging lens and the migrating phase
centre of the feed, this distance is not simply fixed across frequency or the point-to-point distance from
the lens to the feed, which is 11.5 mm, highlighting the footprint contraction brought by the addition
of the lens. With these values, the gradient index profile is calculated, and is presented in Fig. 6.12(d).
The lens is simulated from the feed through the aperture, and the phase profile is measured at the start
of the lens and in the free-space immediately after the lens aperture, depicted in Fig. 6.12(e). Here, I
observe that the phase correction is imperfect but the non-uniformity is significantly reduced to less
than 100° across the 220-500 GHz range. Since the optimization is performed at a single frequency,
360 GHz, dispersive effects are the primary cause of non-uniformity in this case. In this case, 360 GHz
is selected as it is the mid-band frequency. However, optimisation at 300 GHz, the frequency that
represents the mid-point of the waveguides modal refractive index, may have been more appropriate.

6.2.2 Prototype Measurements

The antenna is fabricated from a 250 wm high-resistivity silicon wafer using a two stage DRIE
etch process. First, the through-holes are etched on one side to a depth of 175 wm. Then the wafer is
flipped, and the entire wafer, except for the ribs, is etched to a depth 75 um. The antenna is placed in
a mount, as shown in Fig. 6.13(a), 3D-printed from poly-lactic acid (PLA), ensuring that a suitable
gap is left to separate the functional elements of the antenna from the PLA. In this case experimental
demonstration is limited to the 220-330 GHz range by the availability of equipment. Nevertheless, a
Keysight N5222B vector network analyser in combination with WR3.4 Virginia Diodes vector network
analyser extension modules is used to make measurements across this band. As in previous Chapters,
the silicon device is fed by hollow rectangular waveguides, which are manually aligned to couple the
silicon and metallic waveguides. The reflection coefficient is measured, as shown in Fig. 6.13(b), showing
decreased reflection compared to simulation, well below —10 dB across the measured frequencies. I
attribute this to incidental overetching of the GRIN lens, which causes improved impedance matching
from silicon to free-space. However, this improved transition compromises the phase compensation,
so is ultimately undesirable. The antenna mount is placed on a rotating stage, with the radiation
centre of the antenna, approximately the position of the tapered feed, placed at the rotation centre
of the stage. The receiver, terminated with a standard WR3.4 diagonal horn antenna with known
radiation characteristics, is placed 20 cm from the silicon antenna, further than the Fraunhofer distance
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Figure 6.13: Fabricated Galilean Telescope Antenna. Simulated data spans 220-500 GHz, measurements are constrained by
available equipment to 220-330 GHz. (a) Photograph of the fabricated sample. (b) Measured and simulated antenna reflection
coefficient. (¢) Measured and simulated gain over frequency. (d-f) Measured and simulated radiation patterns.
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of 17.8 c¢m, calculated using the illuminated lens aperture at 330 GHz. Python code is used to control
the rotating stage and vector network analyser to automate the radiation pattern measurement. The
gain is calculated as described in Section 6.1.2. In Fig. 6.13(c), the maximum gain measured across
the WR3.4 band is shown, while Fig. 6.13(d) shows the radiation patterns at 220-330 GHz, noting the
highly directional patterns with low side-lobes. There is good alignment between measurement and
simulation in this band.

6.3 Conclusion

Two all-silicon terahertz antennas are proposed, fabricated, and experimentally demonstrated.
These antennas move beyond the previous generation of single-band end-fire antennas that have been
demonstrated previously, bringing ultra-wideband performance and passive beam-forming through
frequency-scanning, while maintaining the high-gain through high-efficiency that is inherent to all-
silicon antennas. While these antennas function as standalone components, the next step is to employ
their integrability to fully realize their potential by integrating them with sources, detectors, and other
passive components to built fully integrated systems for communications and imaging applications.
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Chapter 7

Leaky-wave Radar

Abstract

To circumvent the problem of realising terahertz beam steering without mechanical actuation, so called
leaky-wave radars have emerged. Conceptually, by using the frequency-scanning beam of a leaky-wave
antenna, the angular position of objects can be determined by correlating the frequency-dependent
reflections from targets with the known spatial-spectral mapping of the antenna’s beam pattern. To
determine the axial position or the range, an inverse-fast-Fourier transform is applied, building a 2D
position map of objects. These two properties can be obtained with a single frequency sweep over the
operating bandwidth, which with modern frequency multiplier sources can be performed on the order of
milliseconds, enabling real-time acquisition. Previously, to infer the angular position from the received
signal, a process of frequency windowing based on a linear approximation of the frequency scanning
behaviour has been used. In this Chapter, I propose that instead, the measured radiation pattern of
the antenna can be used to more-appropriately correlate the measured reflection. Additionally, the
Chapter includes a theoretical analysis of leaky-wave radar, deriving the relationship between the field
of view and operating bandwidth of the antenna and the angular and depth resolution of the realised
radar. This analysis reveals an intrinsic relationship between the angular resolution, depth resolution,
field-of-view, and operating bandwidth of the leaky-wave radar, which places an upper-bound of the
achievable performance of leaky-wave radar systems. Finally, these principles are employed in a series
of experimental demonstrations including multi-target tracking, liquid sensing and vibrometry, all
using the all-silicon leaky-wave antenna proposed in Chapter 6.

7.1 Introduction

The use of terahertz frequencies for radar applications offers unique opportunities in terms of
resolution and object penetration. Specifically, the shorter wavelength compared to traditional
microwave radar enables resolutions on the order of millimetres as opposed to meters. Additionally,
terahertz waves have the ability to penetrate non-metallic, dry materials, many of which are typically
opaque to light detection and ranging (LIDAR) [350]. The combination of these properties defines a
niche where terahertz waves are uniquely suited for the detection of small targets which are optically
hidden from the viewer.

The earliest terahertz radars were based upon terahertz time domain spectroscopy [351, 352], using
optically pumped photo-conductive antennas in combination with a mechanical delay line to realise
ultra-broadband systems with depth resolution on the order of microns. However, there exist several
fundamental barriers to the practical deployment of these systems. First, they rely on mechanical
actuation to realise in-plane beam scanning, which when combined with long integration times, results
in impractically long acquisition times for real-time tracking. Second, these systems are typically bulky
and far from portable, while only producing microwatts of terahertz power, which is rapidly dispersed
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Figure 7.1: Visual description of the spatial mapping process used for single shot radar image retrieval. (a) Illustration of the
physical setting showing the coordinate reference. (b) Magnitude of received signal windowed by the directivity measured at
each angle to map the components of the received signal to direction. (c) Inverse Fourier transform is then applied to each
complex-valued, windowed component of the received signal to estimate the time domain signal arriving from each angle. In
this case one component shows an empty spectrum (red), while the other component shows a peak at 225 mm (green) and
250 mm (blue). (d) 2D map in Cartesian coordinates, built from this process applied for all angles and then converted from
polar to Cartesian coordinates. Here the recovered radar image is shown alongside the corresponding ground truth, 3 optical
posts arranged in a triangle.

due to path loss, stringently limiting the effective range. The combination of these factors makes the
prospect of widespread adoption of such a system for ranging and localisation improbable.

In competition with terahertz time domain spectroscopy, terahertz frequency modulated continuous
wave radars have emerged [353-355], capable of improved range due to higher output powers at the
expense of bandwidth, and hence depth resolution. To realise beam steering, a quasi-optical reflector is
typically mechanically actuated with a piezo-electric or otherwise mechanical stage. This mechanism is
much faster than raster-scanning but still results in an inherent trade off between achieved resolution
and measurement times. Specifically, the range is proportional to the chirp time, which then limits
the speed that the beam can be scanned. Additionally, phase noise becomes increasingly critical for
high-accuracy systems [356].

These points were addressed through the use of leaky-wave antennas in combination with a frequency
swept terahertz transceiver as a terahertz radar [50, 357, 358]. Without mechanical parts, the size and
complexity of the system is significantly reduced whilst the innate frequency scanning of leaky-wave
antennas enables single shot imaging of a single plane with wide field of view—a critical capability
in the terahertz regime where broadband, efficient, and integrated phase-shifters for the realisation
of phased arrays are still elusive. Hence, for applications where reduced resolution is permissible,
particularly for localisation, the practical advantages of an integrated system are significant.
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Figure 7.2: Radar resolution parameters calculated from the all-silicon leaky-wave antenna. (a) Correlation between the gain
measured at each angle and the gain measured at every other angle, describing the angular resolution of the system. In this case,
a strong correlation with other angles indicates poor angular resolution as the signal at a given angle is poorly distinguished
from other angles. (b) Depth resolution as defined in Eq. 7.3 and the angular resolution defined as range of angles for which
the similarity between the central angle and the surrounding angles is greater than 0.5. (¢) Product of the depth and angular
resolution.

7.2 Theoretical Analysis of Performance

Fundamentally, leaky-wave radar is underpinned by the correlation between the received reflections
and the mapping between frequency and beam angle. In previous works [359, 360], the received
frequency-domain spectra were discretized with fixed windows in order to derive the spatial mapping.
Importantly, this approach highlights the fundamental trade-off between depth and angular resolution,
with narrower frequency domain windows resulting in higher angular resolution at the expense of range
resolution, which is derived from the bandwidth of the window. In [50], the angle of the target is
mapped by calculating the frequency at which the maximum change in reflection occurs. In both cases,
the range is determined by inverse-Fourier-transform. I propose that the directivity of the antenna
can be used to window the received reflection in the frequency domain in order to achieve angular
resolution limited by the beam angle and depth resolution limited by the dispersion of the antenna. In
this way, the spatial mapping can be expressed as,

A0,d) = F (D0, 1) - Sn), (7.1)

where A(6,d) is the 2D radar mapping and D(6, f) is the antenna directivity.

In Fig. 7.1(a), an example S1; measurement is shown with the corresponding measured reflection
in Fig. 7.1(b), this value is multiplied by the radiation pattern shown in Fig. 6.7(b) and the inverse
Fourier transform is applied to form the range map for each angle, with two angles shown in Fig. 7.1(c),
which when applied to all angles results in the 2D mapping in polar coordinates as shown in Fig. 7.1(d).

Based upon this approach the angular and depth resolutions are estimated based on the antenna’s
radiation pattern. In Fig. 7.2(b), the depth resolution is calculated from the 3-dB bandwidth, BW, at
each angle with the equation as per depth resolution of an OCT system [361],

B 2In2 c

" BW(1-B%)

Az (7.2)
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And when the fractional bandwidth available at each angle is limited this can be further simplified to,

B 2ln2 ¢

Az=02 ¢ .
T T BW (73)

In order to achieve the finest possible angular resolution, the frequencies propagated in each
direction must be unique such that they can be distinguished from all other angles. In other-words,
frequency provides a one-to-one mapping to angle. Conversely, to achieve the best possible depth
resolution, the entire available bandwidth should be directed uniformly across the field of view, as broad
bandwidth is required to distinguish between subtle differences in time delay. This is a fundamental
limitation of leaky-wave radar; a direct and unavoidable tradeoff between angular and depth resolution.
I attempt to quantify this trade-off by analysing the cross-correlation between received signals to
retrieve an intuitive definition of the angular resolution of the system. In Fig. 7.2(a), the similarity
matrix of the radiation pattern is depicted, defined as,

> D(fr,0:) - D(f,0;)
Po:6; = ’
VEn DU 02 /S5, D(fi 0,)?

(7.4)

where a strong correlation between signals when i # j implies poor distinguishability and hence poor
angular resolution. From this, the angular resolution is defined as the range of angles for which the
correlation between the centre angle and adjacent angles exceeds 0.5, as highlighted in Fig. 7.2(a).
In Fig. 7.2(b), I compare the depth and angular resolution and observe their inverse relationship,
postulating that the product of the depth and angular resolution as shown in Fig. 7.2(c) should be
approximately constant, approaching a theoretical limit in the operating region of the antenna.

To quantify the interrelation between depth and angle resolution, first consider the frequency
scanning behaviour as a linear relationship between the angle of transmission § and the central
frequency, f. such that,

dfe
fo= (0605 1 (75)

where ng is the rate at which the central frequency changes with respect to beam angle. In actuality,
this relationship is implicit in Eq. 6.1 for small angles, though as observed in Fig. 6.2, the relationship
over this frequency range is approximately linear. Then, the radiation pattern of the antenna is
approximated such that at each angle it is a unity-amplitude Gaussian in the frequency domain with
width wg such that the FWHM is equal to the channel bandwidth BW, then,

RV
D(0, f) = exp <—;(ch8<£6))> , (7.6)

where,

BW
2v/2In2’

Then, assuming a constant beam width with respect to centre frequency, the directivity at one angle
can be expressed as the directivity at any other angle, with the centre frequency shifted such that,

wo = (77)

D(0s, f) = D(0;, f + Afe). (7.8)

Then, the similarity between the radiation pattern at any two angles, §; and 6; is contained within the
auto-correlation function of D(0;, f), denoted as D(f) x D(f)(Af.), which can be calculated as,

D(f)* D(f)(Af) = / D(F)D(f + AL)df, (7.9)
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where A f. then comes to represent the difference in centre frequency between any two angles. Continuing

by expanding Eq. 7.9,
1 f2 L(f+ Afc)2 r
/e p(—2w(2))€ p(—ng 4,

— exp (_1 (f + Afc)Q) '

D(f) > D(f)(Afe)

(7.10)

2 (V2uw)?

From here, the full width at half maximum, which is defined as the boundary for similarity, can be
easily extracted from the auto-correlation as it is similarly a Gaussian function,

FWHM(f.) = V2 BW. (7.11)

This can be interpreted as the distance from the central frequency required to reduce the auto-

correlation to less than 0.5. Hence, by inverting Eq. 7.5, this expression can be linked to the angular

resolution, whereby the received signals at each angle are sufficiently distinguishable from adjacent

angles. Re-writing this in terms of scanning angle yields an equation linking the bandwidth to the

angular resolution A6,

_df
dfe

Finally, as the depth and angular resolution can both be derived from the bandwidth and central
frequency, it is natural to combine them. Then, by combining Eq. 7.3 and Eq. 7.12, when the channel
bandwidth is sufficiently small, the product of the depth and angular resolutions becomes,

A9 V2 BW. (7.12)

AzAO = 2v/2In2 d—ac, (7.13)
dfe
or, consider this condition in terms of device bandwidth and field of view,
2v/2In2 F
Azag = 222 FOViwa (7.14)
BWrwa

This intuitive result implies that, in order to achieve the best possible resolution product, the ratio
of bandwidth to field-of-view should be maximised, and so the only way to expand the field-of-view
without degrading the resolution is to simultaneously increase the operating bandwidth.

Here I arrive at a consistent but stricter limitation for the depth-angle uncertainty than previously
presented [51], as T apply a more-stringent depth resolution criterion and consider the differentiability of
each angular component from the broadband signal. I note that the presented condition is still the best
achievable value under ideal leaky-wave frequency scanning, as variable bandwidth, non-linear frequency
scanning, non-Gaussian gain profiles, and the presence of side lobes all degrade the performance. In
Fig. 7.2(b-c), I observe the impact of these effects by comparing the theoretical values derived here to
measured values. I postulate that the presence of side lobes in the antenna radiation pattern is the
primary cause of this difference as these effects are not accounted for under ideal conditions.

7.3 Multi-Target Tracking

The most elementary application of a terahertz radar module is for the detection and ranging
of objects. In contrast to a microwave radar, the shorter wavelength enables the detection of small
objects, while maintaining the ability to penetrate some common obstructions such as plasterboard or
thin screens which may block monitoring with LIDAR or an ordinary camera. Due to the previously
outlined limitations, this technique is not suitable for multi-layer imaging of fine structures typically
associated with terahertz technologies. The system is shown in Fig. 7.3, and is comprised of the
aforementioned leaky-wave antenna coupled to the calibrated VNA with attached VNAX transceiver
module. The VNA performs a continuous 1001 point frequency sweep across the 220-330 GHz band at
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3D Printed Lens

Figure 7.3: Overview of leaky-wave radar system. (a) Photograph of all-silicon leaky-wave antenna, packaged with 3D-printed
COC lens and coupled to WR3.4 waveguide. (b) Annotated photograph of laboratory system.

a rate of approximately 15 Hz. The IF bandwidth of this sweep is 100 kHz. Radar data processing
as described in Section 7.2 is performed on the computer using Python code, and is displayed in
real-time on the GUI. Here, I produce a simple system demonstration; tracking multiple moving
targets simultaneously. As shown in Fig. 7.4(a), 4 metallic optical posts with diameter of 12 mm are
placed on a rotating stage at varying radii from the rotation centre. Then measurements are made
continuously through a full 360° range of motion, with speeds ranging from 0.5° to 10° per second.
This demonstrates suitability for real time tracking. In Fig. 7.4(b—e), a selection of the single-shot
frames captured throughout the rotation show that, throughout the scan, multiple objects at various
depths and angles can be simultaneously resolved clearly. To quantify the localisation accuracy, a 2D
peak finding algorithm is applied to each frame to find the position of each post, and the positions
determined are shown in Fig. 10(f-g). In Fig. 10(h), this information is used to calculate the localisation
error of each post. The error is dependent on the angular position of the post, with higher errors at
the edge of the field of view, in line with the angular resolution calculated in Fig. 7.2(b). Within the
3-dB field-of-view, the localisation error is below the diameter of the post, but beyond this range, the
localisation accuracy is degraded due to the effect of image smearing as the linear relationship between
angle and frequency breaks down. Finally, the mean and standard deviation of the error are calculated
at various motor speeds, up to the limit of our rotation stage, showing only a small increase in error at
these low velocities. To accompany this demonstration, I supply a video showing real-time tracking of
an optically obscured object, visible in Supplementary Material 1 of [170]. In this video, an optical
post is hidden behind a sheet of paper. In this case both the obstruction and the optical post can be
localised.

7.4 Liquid Sensing

A second potential application is in a front-line test for the differentiation of liquids that appear
identical under visual inspection or are obscured by an opaque container. In contrast to common
chemical analysis this technique is non-destructive, and as the radiation is non-ionizing this technique
can be applied without the need for shielding. Reflectometry is a common technique for quickly
differentiating liquids based upon contrast in their reflection or transmission characteristics. Here,
I apply this technique qualitatively to mixtures of two common liquids [321, 362, 363]; ethanol,
NEthanol = 1.70 — 0.217, and water, nwater = 2.52 — 1.115 contained within High Density Polyethylene
(HDPE) film canisters [364], nuppr = 1.53. Without the depth resolution to distinguish the reflection
from the air-HDPE interface from the HDPE-liquid interface, the measured amplitude must be
considered as the sum of the two individual reflections from each surface. In line with previous work
on this topic [171, 321, 362, 363] I model the normalised reflection magnitude as,

Er
T = |po,uDPE| + |T0, HDPETHDPE,0 PHDPE,Sample| » (7.15)
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Figure 7.4: Demonstration of multi-object tracking with leaky-wave radar. (a) Experimental setup for demonstration of multi-
object tracking. (b—e) Recovered reflection profiles obtained in real time as the posts are rotated around a common axis,
where ¢ is the rotation stage angle. (f-g) z and y coordinates of each post, recovered from the radar data using a 2D peak
finding algorithm. Black dashed lines represent the actual position of the posts, determined by their known radius and angle.
Discontinuities in the measured data occur where a post is shadowed by another post. (h) Error between the recovered and
actual positions. I note that this dependency on angle is consistent with the angular resolution determined in Fig. 9(b). (i)
Position error with increasing motor speeds, noting that for the measured speeds the error is unchanged.
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Figure 7.5: Demonstration of liquid differentiation with leaky-wave radar. (a) Experimental setup for demonstration of ability to
differentiate between in container liquids. (b) Reflection profile of two HDPE containers, both containing water. (c) Reflection
profile when one container contains a 50%v/v ethanol solution and the other contains water. (d) Reflection profile when one
container contains ethanol and the other contains water. (e) The peak amplitudes of each container as the water/ethanol
proportion of Container 1 is varied.

where the first term represents the reflection from the air-HDPE interface at the outer surface of the
container, and the second term the reflection from the inside surface of the container. The Fresnel
coefficients p; ; and 7; ; are the Fresnel reflection and transmission coefficients respectively calculated
as,

My — 10 2n;
T Ti5 =
n; +nj

pij = (7.16)

1 4 10 '
I assume that the loss from transmission through the thin HDPE is negligible and ignore the curvature
of the container. I model the aqueous ethanol solutions with an empirically derived triple Debye
model [363]. To determine the maximum sensitivity of our system, various mixtures of ethanol and
water are measured. As shown in Fig. 7.5(b-d), one container is filled with pure water, while the
second container is filled with various mixtures of water and ethanol. The ethanol proportion is varied
non-linearly to assess the minimum step size that can be differentiated with steps from 50% to 2.5% by
volume. In Fig. 7.5(e) the results of this measurement are presented. Container 1 contains water (green
marks), while Container 2 contains various ethanol-water mixtures (blue marks). These results are
normalised to the maximum amplitude observed. I observe experimental results in line with Eq. 7.17
and a minimum differentiable step of 5%. With further calibration I believe this result could be
improved.

7.5 Vibrometry on Multiple Targets

Due to the speed of acquisition, I propose that a niche where leaky-wave radar may be advantageous
is the monitoring of time-varying systems, such as object tracking or vital sign monitoring, where
the angular resolution is not as critical as in applications such as security screening. Previously, a
leaky-wave radar was used to monitor a single target over time [50], I seek to extend this ability to
monitor multiple targets simultaneously. To this end, I present a proof of concept demonstration, using
a leaky-wave antenna to monitor the time-varying reflection of two targets simultaneously.
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Figure 7.6: Simultaneous monitoring of time-varying targets with leaky-wave radar. (a) Photograph of the experimental setup,
showing the antenna module facing towards two speakers. (b) Recovered angle-depth map of the scene. (¢) Trace of the signal
over time at the two angles of interest. (d) Fast-Fourier transform of (¢) showing that the source of the two signals can be
discriminated.

As a proof-of-concept, I arrange two speakers, fed independently by two channels of a signal
generator as targets. As shown in Fig. 7.6(a), the speakers are placed 40 cm in front of the antenna
module, and are separated by 35 cm. The measurement procedure described in Section 7.1 is performed,
and the scene in Fig. 7.6(b) is recovered, showing the two targets at the expected 40 cm from the
antenna. As an example, I feed one speaker with a 0.5 Hz sinusoid and the other with a 2 Hz sinusoid,
then monitor these signals continuously over a 30-second period at the aforementioned rate of 15
samples per second with the leaky-wave radar, with the time domain response in Fig. 7.6(c), showing
the reproduced sinusoidal signals. The FFT of these two signals is produced in Fig. 7.6(d), showing
signal-to-noise ratios on the order of 20 dB, and the expected 0.5 Hz and 2 Hz frequency peaks.

I present a proof-of-concept demonstration for the monitoring and localisation of time-varying
signals, arriving from multiple targets with leaky-wave radar despite limited angular and depth
resolution. Moving forward, this work should be expanded to assess the feasibility of remotely detecting
vital signs on human targets, where movement and the irregular shape of the torso will further degrade
the signal-to-noise ratio. Additionally, though typically the breath cycle is approximately sinusoidal
and does not exceed 4 Hz, for other vital signs, such as ECG or EEG, where the pulse shape is more
complex, the sample rate will need to be improved for accurate signal recreation. One method for
achieving this is through the use of more course sweeps once a vibrating target is found, this will
allow for faster acquisition. In the case where the range of the target is not of interest, single tones
corresponding to the specific angle of arrival can be used to further reduce the data acquisition time.

7.6 Conclusion

Leaky-wave radar is a viable technique for the short range monitoring of a scene in real time owing
to its millisecond scale scene acquisition time. This rapid acquisition comes at the cost of depth and
angular resolution, in both respects it is deficient when compared to state-of-the-art mechanically steered
systems. The analysis here stipulates that this is due to the interrelation between field-of-view, operating
frequency, depth, and angular resolution. Critically, I propose that the depth-angle resolution product
can only be improved by reducing the field of view or by increasing the operating bandwidth. Owing
to these factors, the use cases for leaky-wave radar is not a direct substitute for mechanically steered
systems, but is best used for tracking multiple targets in real-time, as demonstrated experimentally
here, where multiple small targets can be observed in real-time. More generally, similar analysis could
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be applied to other systems which employ leaky-wave antennas, critically to communication systems,
where an analogous derivation for the relationship between antenna factors and carrier capacity may

be possible.



Chapter 8

Terahertz Swept Source Coherence
Tomography

Abstract

For on-site measurements, large, expensive, conventional terahertz pulse time domain systems for
non-destructive evaluation will potentially be superseded by compact electronic-based terahertz systems.
However, common incoherent electronic detectors are not capable of detecting the phase of received
signals, complicating the characterisation of multilayer samples. I propose a practical method for the
characterisation of in-container liquid samples using swept-source terahertz coherence tomography in
reflection configuration. I demonstrate this technique in the 220-330 GHz frequency band to quantify
the principal components of common alcoholic beverages, namely, water, sugar, and ethanol, with
sensitivity to ethanol concentration below 0.4%v /v, whilst simultaneously recovering information
about the container. Additionally, the method allows real-time observation of dilution in the mixtures.
The proposed method facilitates measurement with significantly reduced experimental overhead and
critically, is compatible with incoherent terahertz cameras for quantitative imaging.

8.1 Introduction

In recent years, terahertz non-destructive evaluation has received significant interest from industry
for its suite of advanced applications including, security screening [365], biomedical imaging [32],
analysis of pharmaceutical products [366], agricultural inspection [367], and even archaeology [368].
To this end, terahertz time-domain spectroscopy (THz-TDS) has been the regularly employed [369],
driven by ultra-short lasers these systems are capable of measuring time-resolved responses over
exceptionally broad frequency bands, yielding high spatial and depth resolution for sub-millimetre
multi-layer applications [36, 370, 371]. Additionally, the application of the Fourier transform also
facilitates frequency domain analysis, with the unique spectral signatures of materials over broad
bandwidths offering simple contrast mechanisms for frequency domain imaging [372]. However, as
widespread adoption of terahertz technologies approaches, the cost and complexity of these laser-based
systems becomes prohibitive for portable applications.

To address these hindrances, integrated semiconductor technologies have emerged as a competitive
alternative, with a range of bolometers [373], photo-diodes [374], resonant tunnelling diodes [72, 375], and
Schottky diodes [183, 376] acting as versatile, compact terahertz sources and detectors. Complimentary
to this, recent advances in terahertz CMOS have facilitated the integration of bolometers [377] or field
effect transistors [56, 378] into vast detector arrays to realise terahertz cameras capable of real-time
imaging with practical resolutions [379, 380]. These incoherent cameras motivate the development of
new data processing techniques capable of recovering crucial depth information without the presence

97
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Figure 8.1: Visualisation of the band-unlimited profile in the time domain arising from a series of 3 interfaces, demonstrating the
mathematical foundations of optical coherence tomography. (a) Series of 3 Dirac-Delta functions in the time domain, analogous
to the reflection from a series of Fresnel interfaces under illumination by a band-unlimited pulse as described in Eq. 8.1. Only
the primary reflections are considered. (b) Magnitude of Fourier transform of (a) as described in Eq. 8.3, | E(w)|?, decomposed
into its principal components, revealing a series of cosine functions in the frequency domain with phase determined by the time
delay between Dirac-Delta functions in (a). (c) Inverse-Fourier transform of |E(w)|? as described in Eq. 8.4, highlighting the
recovered Dirac-Delta functions

of the phase information.

In optics, such phase-less analysis is commonly implemented through coherence
tomography [381-384] or other interferometric techniques. In the terahertz domain, demonstrations of
coherence tomography can be divided into two categories, time-domain, and frequency-domain
coherence tomography. The first utilises a phase-varied reference path and a narrow-band source to
produce an interference profile over a range of phase delays. Then, this profile can be used to recover
the depth profile of the target [385]. Alternatively, a fixed phase delay can be implemented and
instead, the frequency can be tuned to produce a frequency domain interference profile. Then through
use of the inverse-Fourier transform the depth profile can be recovered in a technique known as
swept-source optical coherence tomography [50, 386-389]. Importantly, the absence of efficient
terahertz phase-shifters limits time-domain terahertz coherence tomography to mechanically tuned
phase delays. Instead, focussing on frequency-domain terahertz coherence tomography, where a
swept-frequency source and incoherent detector array could instead be used to realise a compact
non-destructive evaluation module, without the need for mechanical or electrical actuation. Further,
in the past the focus of such systems has been for imaging, here I extend the analysis to quantifying
the component proportions of the sample under examination, making the monitoring and evaluation of
multi-layer samples feasible without a large laser-based system.

I propose a technique based on swept-source optical coherence tomography combined with Fresnel
analysis for extracting key information from multi-layer systems. This technique only requires
measurement of reflection magnitude in the frequency domain with a frequency-tunable terahertz
source. Section 8.2 provides an illustratory derivation of the Fresnel model of a simple reflectometer.
In Section 8.3 this technique is applied experimentally in the 220-330 GHz band, to the inspection of
aqueous ethanol solutions in-container to demonstrate the sensitivity of the system and comparable
performance to a common phase sensitive technique.



8.2. Sample Characterisation with Frequency-Domain Terahertz Coherence Tomography 99

8.2 Sample Characterisation with  Frequency-Domain
Terahertz Coherence Tomography

8.2.1 General concept of Swept-Source Terahertz Coherence Tomography

Frequency-domain coherence tomography refers to the process of extracting depth and material
information about target from the absolute value of the frequency domain signal. To outline this
method, first consider a band-unlimited profile in the time domain arising from a series of IV interfaces,
results in a finite sum of Dirac-Delta functions with amplitude |E’Z| at time step t;, where t; encapsulates
the phase due to propagation, as depicted in Fig. 8.1(a),

N—
Z 5(t —t;) (8.1)

=0

This equation neglects the phase responses at the interfaces for simplicity. Then consider E (w), the
Fourier-transform of E(t),

N-1

N—
Z ilexp(—jwt;) . (8.2)

=0 i=0

sk

With knowledge of the complex spectrum, the inverse-Fourier transform can be applied to provide
a direct mapping between the frequency and time domains, with each sinusoidal component in the
frequency domain corresponding to a Dirac delta function in the time domain. However, if only
the magnitude of this spectrum is measured, then such a direct Fourier mapping does not exist.
Alternatively, important information can still be recovered from the inverse-Fourier transform of the
magnitude spectrum. To demonstrate this, first, the closed form of the magnitude spectrum can be
derived from Eq. 8.2 as,

N—-1 N—-11i—1
EW)? = |Ei*+2 |Ei||Ej|cos(wAt;j) (8.3)
i=0 i=1 j=0

where At;; is the time difference between peak ¢ and peak j. This is visually described in Fig. 8.1(b).
Then applying the inverse Fourier transform to Eq. 8.3,

=

—1:—1

N—
FH|E(w) Z +2 \Eil| E;10(t + Atyj) . (8.4)
=0 i=1 j=0

This result can be decomposed into two groups of components, first each physical interface contributes
to the peak measured at ¢ = 0 and second each interface pair results in a corresponding peak at the
phase difference between the two reflections, ¢ = At;;, and with amplitude, 2|El| \Ej|, twice the product
of the two generating interfaces. In other words, any pair of reflections interfere with each other and
gives rise to a new peak as shown in Fig. 8.1(c). In practice, Gaussian-like pulses are observed in place
of Dirac delta functions in the time domain and hence the ability to distinguish between adjacent
peaks is limited by the width of the received pulse, as determined by the operating bandwidth of the
system. This constraint is expressed by the well known optical coherence tomography axial resolution
equation [381],
2-In2 c (fmax+fmin)2
™ 4nfmin fmax fmax - fmin ’
where n is the refractive index of the medium and f.;, and funi, are the lower and upper bounds of

the system bandwidth respectively. These relationships provide a limited mapping between the time
and frequency domains, in the absence of phase information.

Az — (8.5)
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Figure 8.2: Description of the container system under analysis. (a) Simple normal incidence terahertz reflectometer consisting
of a transceiver, a lens to collimate the beam, and the sample under test. (b) System described in (a) decomposed into a series
of Fresnel interfaces. A plano-convex lens with refractive index, 7n;, and thickness, d; is used to illuminate a liquid sample with
refractive index, 7, inside a container with thickness, d. and refractive index, f.. Generally, the distances and the refractive
index of the lens and container can be obtained in advance while the refractive index 75 is to be determined through this
process. (c) Time-domain signal derived from Fresnel equations with realistic variable values.

8.2.2 Characterisation of In-container Liquid with Known Phase
Information

First, the relationship between material properties and reflection profile are derived through normal-
incidence Fresnel analysis of the complex valued reflection profile [390]. This process is well-known [362]
and summarised here only to provide some background for the optical coherence tomography process
in Section 8.2.3. Consider the system described in Fig. 8.2(a,b), the reflection profile consists of four
primary reflections, arising from the four interfaces, air-lens, lens-air, air-container, and container-
sample. R R R R R

E((JJ) = EO,I(UJ) + Ely()(&)) + Eoyc(W) + Ec,s(w) . (86)

Interfaces past the sample can be ignored under the assumption that the sample is sufficiently absorptive,
and sufficiently thick. In this illustratory analysis, secondary reflections are ignored, though I note
that their inclusion does improve model accuracy. Further, it is presumed that the curvature of the
nominally convex face of the lens is negligible, and instead assume normal incident conditions. Given
that the lens is located at distance, dy, from the transceiver these components can be expressed as,

Eo,i(w) = Eo(w)po,iexp(—2jkodoto) , (8.7a)
Ero(w) = Eo(w)To.1p1.07.0 - exp(—2jko(doio + difir)) ,

Eyo(w) = Eo(w)T3,7000.c - exp(=2jko(doo + difu + di,co))

Eoo(w) = Eo(w)TngfoTo,cPc,sTc,o -exp(—2jko(dotio + difyy + dy o + defie))

)

Here, Ey is the input signal and p and 7 are the normal-incidence Fresnel coefficients at the relevant
interfaces given by the proceeding equations,

flg — 7y 270
= 8.8 e =—— 8.8
por=poat (88) Te=ge (880
iy — Mg 2f.
= 8.8b = 8.8f
P10 Py + Fg ( ) Te,0 fo + oo ( )
ﬁO — ﬁc Q’ﬁ,o
pre=mimt (880) =t (88g)
Ac - As 2A
Pes =t (8.84) o = (8.8h)

Ne + Mg fLo—Fﬁl.
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Hence, from the ratio of Egs. 8.7(c) and 8.7(d), so long as only 75 is unknown, the reflection coefficient,
pe,s and complex refractive index, 75, can be determined as,

Ec s  Po,c . ~
es = =—— ————exp(2jkod.ne) 8.9
P E())C Te,070,c ( 0 ) ( )
1- c,s
Ry = flortO8 (8.10)
1+ pes

where EQS and EQC can be isolated from the complex frequency-domain spectrum through time
gating as described previously. The equation above allows us to accurately calculate the complex
frequency-dependent refractive index of the sample, given that complex refractive index of the container
is known a priori.

8.2.3 Characterisation from Absolute Reflections Spectrum
(Swept-Source Terahertz Coherence Tomography)

Estimation of sample properties

In conventional implementations of coherent tomography, a reference path and Mach-Zehnder
interferometry is used to gauge absolute distances [385]. However, for applications where only the
thickness or material properties are of interest this is ‘absolute’ range from the receiver is superfluous
information, and the ‘relative’ distance from the inverse-Fourier-transform can be used to characterise
the desirable information. Next, it is demonstrated that part of this information can be recovered from
only the amplitude of this spectrum. Through Eq. 8.4 I observe that, the desirable reflections, |E’07c|
and |EC75\7 can be recovered from the amplitude spectrum as,

FHIE@PYH oo = 2Er0l Bl | (8.11)

FHIEWI A, , = 21ErollEesl - (8.12)

Such that,
Bea)] _ T HE@M (5.1
|E070(t)| ?71{|E(w)|2}|ﬁto,cu,o

Eq. 8.13 can be used to recover the refractive index as in Eq. 8.9 and 8.10. I note that through analysis
of the magnitude spectrum, only the amplitude of the reflected peaks are recovered such that,

o |Ec,s

|pe.s| =

_ | — e
|75 + 7|

|p0,c
‘EA‘O,C| ‘TC,O |7—0,c|

lexp(25kodeiie)| (8.14)

Through Eq. 8.14 alone, a direct mapping to refractive index of the sample,ng is not possible without
further assumptions. For example, in the case that both container and the sample have negligible
absorption, i.e., ng > ks and n. > k., then the equation becomes invertible such that,

(8.15)

Though, in practice this assumption is not widely applicable. However, for practical applications the
knowledge of the innate refractive index is not important so long as a robust correlation between
reflection coefficient, |p. s| and mixture content can be empirically developed as is common in near-
infrared or mid-infrared spectroscopy [391-393].
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Estimation of container properties

Finally, the only prerequisite is knowledge of the container refractive index, 7., and thickness, d..
In practice, the refractive index of most common container materials could be readily catalogued, and
a thickness measurement can be readily obtained. Nevertheless, a viable estimate of the container
properties can be derived from the sample measurement itself. To develop this information, the
interference between the fixed optic and the air-container reflections can be used. The magnitude of
the container reflection coefficient, |pg .|, is derived from Fresnel analysis, from Eqs. 8.7(b) and 8.7(d)
such that,

lpodl  |Boel _ |fe — ol
cl = 2 — 2 = — — 5 8.].6
1P, 1702|7102 o [fie + fo| ( )
where,
3 FHIEW)}|
FEy (¢ c.s]0,¢
| 0, ( )| _ Ate,s)o, ] (817)

Bl FHIE@)PY

Then, assuming the container material is dispersion-less and given the container thickness, d., is known,
the real component of n. can be estimated from the location of the interference peak arising from the
container. A
N CAlco|c,s
R(ne) = ———= . 8.18
( C) 2dc ( )

Then from Eq. 8.16,
(R*(ne) = 1)(10F el — 1) + 2R(72c) (|03 | + 1)

T2 (h,) = ) 8.19
(e) SPE (8.19)

Unlike the sample index, these complex properties of the container can be estimated from the amplitude-
only data, because the information of the wave traversing and being reflected from the container is
fully available.

Impact of Secondary Reflections

In the previous sections only the primary reflections are considered, though secondary reflections can
be observed in the time domain spectrum at a delay corresponding to the thickness of the container plus
the round trip distance between the lens and the container. While the magnitude of these reflections is
small, their impact can be observed in Fig 8.7, where the swept-source terahertz coherence tomography
measurements are systematically reduced in comparison to the complex spectrum analysis. Through
Fresnel analysis these reflections are described as,

Eoc1.e(w) = Eo.c(w)poipo.cexp(—2ikod.cho) (8.20a)

Ec,sJ,c(W) = Ec,s(w)pOJpO,ceXp(_2jk0dl7cﬁ0) P (820b)

Then the peak at t = Aty oo, = 2d;,./c is expanded due to the interference from these secondary
peaks, from Eq. 8.13 this is derived as,

F B gy e = T UE@P gy + T HE@P o+ T HIE@PH

+ 2| Ees|| Ecst.c

c,sle,s,l,c

= 2|Ey0l| Eo,c| + 2| Eo.cl| Eo.cpc

= 2| Epol|Eo.el + [po1l1p0.c|(|Eoc* + [ Eesl?)
(8.21)

This impacts the recovered reflection coefficient as |E(w)|2’Atl N is unaffected while \E(w)\2|ml oo

is increased, and hence the reflection coefficient is suppressed. The impact of the secondary peaks is
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Figure 8.3: Annotated photograph of experimental setup. (a) Terahertz path containing a diagonal horn antenna attached
to VDI WR3.4 extension module, a single Thorlabs PTFE LATO075 plano-convex lens, and the sample container supported
by a 3D printed housing. (b) Dimensions of the PMMA sample container used throughout this work. While the system is
phase-sensitive only the amplitude data is processed in this demonstration.

dependent on three factors, the refractive index of the lens and the container, which can be determined,
but also the refractive index of the sample, which is not immediately determinable. To quantify the
impact, I analyse the ratio of the peak with and without the inclusion of secondary reflections,

—101 B N2 . . X A
F {|E(W)| }’Atdz,c/c _ 2|El70||E07c| + 2|p0,l |p070|(|EO,c 2 L ‘Ec,s|2)
FHIE@IH ag, 0. 2110l | Eo.c|
|E0 C|2 |Ec s|2
=14 poillpoc] | =—=—+ ==
|EiollEo.cl  [ErollEo.c (8.22)
|Eo.c| B, 52
=1+ |pollpoel | ==+ ==
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=1+ |roallmol(lpo.c|® + 175 ol sll7ollexp(—4skodec)]) -

Evaluating Eq 8.22 with the lens and container refractive indices used throughout this work,

B@Ply,,
TR Lt = 1.029 + 0.41|p. |2 (8.23)
B 5t 0.

From here, it follows that the secondary reflections lead to a systematic under-estimation of peak
ratio and hence and under-estimation of reflection coefficients.

8.3 Application to In-Container Liquids

One potential application of this technique is for the monitoring of ethanol content during the
fermentation, bottling, and storage of alcoholic beverages. During the production process the ethanol
content is measured frequently to monitor the rate at which sugars are converted to ethanol. These
routine measurements are commonly performed manually, requiring sample extraction, then either
specific gravity testing, or infrared spectroscopy are used to determine ethanol concentration. In the
bottling process, water is frequently used to flush pipes while switching varieties. Though, residual
water leads to dilution in the end-product immediately following this flushing. To mitigate this, sample
bottles are repeatedly removed to test for dilution, reducing the overall production efficiency. Here, a
series of experiments are conducted, applying the previously described techniques to detect variation
in ethanol content with three different sample types, aqueous ethanol solutions, ethanol-grape juice
solutions, and finally dilution of wine with water. All measurements presented are the average of
40-consecutive measurements, with zero-padding, and data processing performed offline.

To verify the theoretical framework outlined in the Section 8.2.3, I apply this technique
experimentally. A Keysight N5222B Vector Network Analyser equipped with VDI WR3.4 extension
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Figure 8.4: Comparison of Fresnel model to measured data for drinking water. (a) Time-domain information recovered with
inverse-Fourier-transform from complex valued spectrum, as described by Eq. 8.1. (b) Time-domain information retrieved from
the magnitude of the spectrum, as described by Eq. 8.4. The model derived previously is extended to contain most significant
secondary reflections and reflection from the horn antenna for completeness. Amplitudes of both models are normalised to the
largest peak. The container and sample are assumed to be dispersionless.

modules is used to acquire S71, the complex-valued frequency-domain reflection spectrum over the
frequency range 220-330 GHz. The transmitted output power of this system is 1 dBm. After 40
consecutive measurements, the dynamic range is 85 dB, measured from the noise floor to the system
maximum. The system is arranged as shown in Fig. 8.3(a), and after the lens, the resulting collimated
beam has a measured width of 28.5 mm at 220 GHz and 22.5 mm at 330 GHz. With reference to
Eq. 8.5, this operating frequency corresponds to a free-space depth resolution of 1.25 mm, with a
Fourier time-domain resolution (c¢/fs, where fs = 660 GHz is the effective sampling frequency, equal
to double the maximum measurable frequency) of 0.45 mm. The container and sample are assumed to
be dispersionless. Time gating is applied to the complex spectrum to remove artefacts arising from the
vector network analyser, then the phase information is discarded to perform the swept-source terahertz
coherence tomography. It should be noted that such artefacts from an electronic-based system can be
calibrated out in practical scenarios. Additionally, I reiterate that this VNA system is not
representative of a compact or portable terahertz system, but is an illustrative tool for highlighting a
technique which could ultimately be realised with a less-sophisticated system based around a swept
source, such as a tunable resonant tunnelling diode [73] and an incoherent detector array.

The sample, depicted in Fig. 8.3(b), is placed into a 3D-printed housing and mounted on a motorised
rotating stage, these aid the precision alignment of the sample while ensuring a consistent position
over many measurements. To validate the model previously outlined, the container is filled with water
and a measurement made. Previously, the average refractive index of water in this frequency range
was found to be 7y = 2.52 — 1.115 [363]. Fig. 8.4 demonstrates there is strong agreement between
this model and the experimentally measured data. The peak labelled Ez,o has been manually scaled
to account for the curved surface of the plano-convex lens, though this reflection is not used in any
further analysis.

Based on the physical geometry and normal incidence assumption, this technique will be naturally
sensitive to alignment. Note that in this case a relatively thick, d. = 1 c¢m, rectangular container is
used which exacerbates this effect. In practice, liquid containers are often round, with sub-millimeter
thickness, which alleviates some of this sensitivity. Nevertheless, Fig. 8.5, highlights an admissible
misalignment tolerance of approximately +1 degree either side of normal incidence, where the ratio
between the two signals of interest is relatively stable.

The relationship between ethanol concentration and refractive index in the terahertz band has
been analysed previously [321, 363]. Here, mixtures with ethanol concentrations ranging from 0-
100%v /v are created from bottled drinking water and laboratory grade ethyl alcohol using a volumetric
pipette. In Fig. 8.6(a), I show the measured frequency domain signal, and in Fig. 8.6(b-c), the
time-domain information recovered from the complex and absolute valued spectrums respectively. In
Fig. 6(a), I present the measured frequency-domain signal, and in Fig. 8.6(b-c), the time-domain
information recovered from the complex and absolute valued spectrums respectively. In this case, the
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Figure 8.5: Experimentally measured peak amplitudes as a function of angle of incidence. The ratio of peaks (green) is consistent
within a 1 degree deviation from normal incidence. There is some asymmetry in this measurement which is attributed to a
slight asymmetric curvature in the surface of our acrylic container.
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Figure 8.6: Measured reflection profiles as the proportion of water to ethanol is adjusted. (a) Measured frequency-domain
reflection amplitude. (b) Measured time-domain information recovered with inverse-Fourier-transform from complex valued
spectrum. (c¢) Measured time-domain information retrieved from the magnitude of the spectrum.
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Figure 8.7: Reflection coefficient extracted from measurement of aqueous ethanol solutions. (a) Aqueous ethanol solutions
in the water proportion range 0-100%. (b) Aqueous ethanol solutions in the water proportion range 80-100%. (c) Ethanol
solutions dissolved in water (blue) and grape juice (purple).
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Figure 8.8: Reflection coefficient arising from an in-container sample of wine measured in real time at a sampling rate of 10 Hz.
At 180 seconds elapsed, 100 nL of water is added to the 25 mL wine sample, and the diffusion of water through the sample is
observed, in turn increasing the reflection coefficient before the system stabilizes to its final state.
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weakest reflection of interest occurs at 100%v/v ethanol concentration, with a magnitude of —45 dB. In
Fig. 8.7(a), measurements are taken at 10%v /v intervals, demonstrating the strong physical relationship
between ethanol concentration and measured reflection. There is strong alignment between traditional
and measurements derived through swept-source terahertz coherence tomography. Fig. 8.7(b) highlights
sensitivity in the low ethanol proportion region, where most common fermented beverages exist. In
this region, there is a systematic discrepancy between with-phase and swept-source terahertz coherence
tomography arising from the impact of secondary reflections, as discussed previously. In Fig. 8.7(a-c),
these measurements are compared to the phenomenological model proposed in [363] and observe general
agreement with these results. However, I note that this phenomenological model was derived from the
average result of measurements in the range 0.15-1.0 THz, and hence I expect the measurements to
exceed this model as the permittivity of both ethanol and water decrease with increasing frequency,
resulting in suppressed reflection coefficient.

This experiment is repeated with grape juice as the solvent in place of water. The impact of the
presence of sugars in the solution was previously described in [363], where the imaginary component
of sugary solutions was significantly decreased compared to purely aqueous solutions. In line with
this change in index it is expected that the presence of sugars will decrease the measured peak at the
container-sample interface, and hence suppress the extracted reflection coefficient. Fig. 8.7(c) reinforces
these findings. Note that, while in this case the amplitude-only measurement does not facilitate the
determination of both the real and imaginary components of the sample refractive index necessary
to determine the proportions of water, sugar, and ethanol, for fermentation monitoring or dilution
detection, only relative deviation from the baseline is necessary.

To demonstrate dilution detection capability a 25 mL sample of wine (var. Cabernet Sauvignon,
stated ethanol concentration 13.5%v/v) is measured, and then add 100 pL of water with a volumetric
pipette, equivalent to 0.4%v/v of the total sample. This sample is measured in real-time at a rate
of 10 Hz, limited by the time taken for the VNA to acquire the necessary 1001 frequency points to
achieve an unambiguous free space range of 2.73 m, to monitor the reflection coefficient over time.
The results in Fig. 8.8 show that the addition of this small volume of water is clearly detectable, and
the diffusion of the added water through the sample is measured as a gradual change in the reflection
coefficient. This demonstration shows that this technique could be applied to real-time, in-line, process
monitoring with high sensitivity.

8.4 Conclusion

In recent years, terahertz non-destructive evaluation has received significant interest from industry
but significant cost and slow acquisition speeds have dampened mass adoption. In response to this
terahertz cameras comprised of incoherent detector arrays have emerged as a cost-effective, high speed,
imaging solution but without access to the complex valued spectrum. As such, multi-layer imaging
based on time domain discrimination of each reflection becomes impossible. I propose a technique
based on swept-source optical coherence tomography combined with Fresnel analysis for extracting
key information from multi-layer systems. This technique only requires measurement of reflection
magnitude in the frequency domain with a frequency-tunable terahertz source. This technique is
verified with experimental results and I present a comparison to modelled results.

To highlight the potential applications I apply this technique to the analysis of in-container liquids,
where the relationship between reflections at multiple interfaces can be used to derive information
about the contents without destructive evaluation or chemical testing. I present measurements of
aqueous ethanol samples at low ethanol concentration, mimicking common alcoholic beverages, and
demonstrate the ability to discriminate between these samples with changes to the mixture composition
under addition of water in volumes as small as 0.4%v /v, as well as observe the effect of the addition of
sugar.

In the future, this technique could be applied to a terahertz camera paired with a frequency-tunable
source to realise high resolution, fast-acquisition, multi-layer terahertz imaging. This extension will
allow rapid quantitative analyses of liquid content and its uniformity, and therefore potentially be a
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promising alternative to traditional destructive approaches.
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Chapter 9

Conclusion

Abstract

This chapter concludes this thesis, providing an overview of the presented works and offering outlooks
for future developments in each part. The chapter ends with concluding remarks.

9.1 Thesis Summary

The utilisation of terahertz frequencies offers a pathway to high-speed wireless communications and
valuable non-destructive imaging techniques. Although these applications have all been demonstrated in
the decade prior, they have not been widely adopted due to the prohibitive bulk and expense of existing
systems. To address this, I suggest that compact and cost-effective integrated systems, alongside
compatible techniques, must be developed before terahertz technologies will be widely adopted. To
this end I present this thesis in two interrelated parts.

The first part of the thesis presents an exploration of terahertz integrated circuits, presenting an
array of new devices including foundational waveguides, functional tunable and passives components,
as well as antennas. These compact devices all share an all-dielectric foundation, using low-loss silicon
and alumina to avoid Ohmic losses and maximise the device efficiency, while employing cost-effective
and scalable fabrication techniques suitable for mass-manufacture. Importantly, these devices address
current deficiencies, expanding the capabilities of all-dielectric terahertz waveguides toward a fully
functional system with tunable elements, beamforming capabilities, and routing elements.

The second part of the thesis focuses on applications of terahertz technologies. Here I improve
upon existing capabilities by proposing economic systems, with specialised hardware and data-analysis
techniques to reduce cost and size. Difficulties with terahertz beam-forming may be overcome through
the use of leaky-wave radar, and I expand this field through demonstrations and theoretical analysis of
the performance. Simultaneously, I propose that, in multilayer imaging applications, knowledge of the
phase information can be supplemented by analysis of the amplitude through swept-source coherence
tomography in the terahertz domain. This is a great advantage as the capability to directly extract
the phase comes at a significant cost. I note that these techniques are directly related to the previous
part, as by simplifying the required hardware these applications can be realised with more compact,
integrated, systems such as those proposed in this thesis.

In summary, I strongly contend that widespread adoption of terahertz technologies depends upon
advances in hardware and software such that these systems can be economically viable. Aligning
with this goal, I propose a variety of measures to advance integrated terahertz systems built upon
all-dielectric waveguides.

111
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9.2 Outlook
9.2.1 Terahertz Integrated Circuits

In the years prior, terahertz integrated circuits have developed substantially as fabrication
techniques have improved and new waveguides have emerged. At present there is now a wide-array of
passive components available, including all the most foundational elements; routing elements, filters,
multiplexers, and antennas. Simultaneously, the first tunable elements have been proposed, including
switches and phase-shifters, though there is still significant engineering to be done to optimise these
tunable devices. Alongside development of components, the hybrid integration of active components
has also seen significant growth with many of the most important elements, sources, detectors, and
mixers already demonstrated. This is to say, that much of the most foundational work has been
performed, and the next step is to build monolithic integrated systems. I am optimistic that the
barriers to this next step are more social and material than physical—to realise these systems,
expertise and resources across design, fabrication, and characterisation need to be brought together
alongside significant investment. To aid in this effort I believe it is necessary to standardise these
technologies across the global research community through open collaboration.  Mirroring
developments in photonic integrated circuits, system level design needs to be simplified through the
aid of software tools, such that someone designing a communication system is liberated from the
burden of understanding the inner-workings of a power divider. Though traditionally, these
engineering intensive pursuits have not been the primary focus of academic research teams, I believe
they are critical to bridging the remaining gap between technology and application for terahertz
systems.

9.2.2 Techniques Towards Applications

Following on from the previous section, there is still an obvious gap between the performance
of practical systems and some laboratory demonstrations. This is most easily observed in imaging,
where beautiful, high-resolution, terahertz images acquired over the course of days with cryogenic or
high-power pump laser systems have been available in the literature for almost two decades. At the
same time, rapidly acquired imaging systems are still yet to achieve such success. Similarly, in the
realm of communications, champion data rates in the laboratory are being routinely reported through
the use of new, more powerful hardware, without addressing the more fundamental issues, namely
beam-forming, device and source efficiency, which have long been bottlenecks in terahertz systems.
These issues require addressing at the foundational level, only through the development of hardware or
the simplification of systems can these barriers be overcome. It is my opinion that, though there are
still major innovations to be made, there are still unrealised gains in terahertz applications by focusing
on the engineering of practical systems with existing modalities.

9.3 Concluding remarks

This thesis proposes a range of components and techniques for the realisation of terahertz systems.
This broad approach is representative of the state of terahertz research, where specialised consideration
of the hardware and analysis techniques is necessary to overcome the fundamental physical barriers
posed by terahertz waves. I foresee that these contributions can be integrated into future, practical
terahertz systems employing efficient, cost-effective components, that are suitable for societal adoption.
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