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Abstract

The terahertz range, which spans 0.1 to 10 THz of the electromagnetic spectrum, has
significant potential for numerous diverse uses including high-volume short-range
communications, non-invasive and non-destructive sub-dermal medical imaging, and
safe imaging of personnel and postal items for security applications. These capabilities
are identified due to the unique properties of terahertz radiation; terahertz waves are
of high carrier frequency relative to conventional wireless communications, are able to
transmit through dry, non-polar substances, and yet are non-ionising. However, owing
to factors including a lack of available power and significant atmospheric attenuation,
it is challenging to maintain sufficient signal power over a realistic propagation dis-
tance for terahertz waves. For this reason, the terahertz range is presently lacking in
practical applications, and hence it occupies an under-utilised portion of the electro-
magnetic spectrum. As unused spectrum is a valuable resource, the development of

technologies to exploit the terahertz range is a highly desirable goal.

Beam-control techniques—the capacity to shape and steer electromagnetic radiation—
can prevent radiated power from being lost to undesired directions. Thus, techniques
of this variety have the capacity to address the aforementioned obstacles to the realisa-
tion of practical terahertz technologies. This thesis is therefore centred around the de-
velopment of terahertz beam-control devices that satisfy two criteria. Firstly, the beam
manipulation operation must be highly efficient, as much of the motivation of this
work is to mitigate the constraints upon power. Secondly, planar devices are prefer-
able, as this is a requirement for compact systems. With these restrictions in mind,
various techniques are explored for their viability in future applications of terahertz
technology, including various forms of metallic and dielectric resonators, 3D printing,
and composite materials with effective properties. The advantages and drawbacks of

each approach are evaluated.
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Chapter

Introduction

HE terahertz range is a portion of the electromagnetic spectrum with
significant potential for applications including communications,
medical imaging, security screening, and pharmaceutical quality
control. However, this range is presently under-exploited due to practical
challenges. This introductory chapter offers a brief definition of the tera-
hertz range, and discusses unique properties, prospective applications, and
associated challenges. The research focus of this doctoral program is de-
fined, and a summary of the motivations for pursuing this topic is given.

Additionally, an outline of the thesis structure is provided.
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1.1 Terahertz range

1.1 Terahertz range

This doctoral thesis is concerned chiefly with the manipulation of terahertz radia-
tion, and hence a definition of this frequency range must come foremost. In terms
of classification, the terahertz range is loosely defined as the frequencies from 0.1
to 10 THz (Abbott and Zhang 2007). As shown in Figure 1.1, this frequency range
is situated between the microwave and infrared ranges of the electromagnetic spec-
trum, with some overlap. At the lower-frequency end, there is overlap with the mil-
limetre wave and sub-millimetre-wave ranges, which span from 0.03 to 0.3 THz, and
from 0.3 to 3 THz, respectively (Wiltse 1984). At the higher-frequency end, the ter-
ahertz range overlaps with the far infrared, which is typically defined as ranging
from 3 to 20 THz (Vatansever and Hamblin 2012). Despite this overlap, the terahertz
range as a whole is considered a distinct field of study. This “terahertz” paradigm has
stemmed both from sub-millimetre-wave and far-infrared study. Whilst these ranges
are typically accessed with technologies that employ incoherent emission and detec-
tion, much of the progress in the terahertz range is due to the advent of terahertz time-
domain spectroscopy (THz-TDS) (Cheung and Auston 1986, Van Exter et al. 1989b,

Frequency, f

1GHz  10GHz 100GHz 1THz  10THz  100THz 1PHz
| |||||||! | |||||||! | |||||||! | |||||||! | |||||||! | |||||||!

i Terahertz range

TR I I T
| | | | | |
300 mm 30 mm 3 mm 300 pm 30 pm 3 pm 300 nm

Free-space wavelength, Ag

Figure 1.1. Electromagnetic spectrum. The terahertz range in the electromagnetic spectrum,
showing overlap with microwave and infrared frequencies. The sub-millimetre-wave
range, a subset of terahertz frequencies, is also shown. Overlap of this sort in designa-
tions of the electromagnetic spectrum is not unique to the terahertz range, as there is

a similar overlap between the X-ray and <y-ray bands, at higher frequencies.
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Figure 1.2. Overview of sources. lllustration of the issue of low available power in the tera-

hertz range, in terms of the output power of various forms of radiation source. Af-

ter Moloney et al. (2011).

Grischkowsky et al. 1990, Withayachumnankul and Naftaly 2014), which is both coher-
ent! and broadband. The unique properties of electromagnetic radiation in this range,

as well as particular challenges associated, will be discussed in this chapter.

1.1.1 Terahertz gap

The terahertz range is noteworthy for being one of the least-utilised portions of the
electromagnetic spectrum, despite close to a century of scientific interest (Nichols and
Tear 1925, Siegel 2002). Indeed, in the late 19th century it was identified that, whilst
light and radio waves exist as phenomena on the same spectrum, there is a technol-
ogy gap that separates them (Rubens and Nichols 1897, Chamberlain 2004). However,
the development of terahertz technology had not been intensively studied until recent
decades, and the level of attention that the terahertz range receives at present is driving

rapid progress.

1 The term “coherent” can be used to refer to different properties of a signal, depending on the
context. In some cases, this means a signal has a high degree of uniformity in frequency and phase,
i.e. it is very narrow-band. In this case, however, coherence refers to the ability to measure both the
amplitude and phase of a broadband signal, rather than just amplitude, which is an attractive feature of
THz-TDS.
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Figure 1.3. Atmospheric absorption. Attenuation of electromagnetic radiation by atmospheric
gases. After ITU-R (2013).

A key challenge in the terahertz range is the development of sources capable of gener-
ating adequate terahertz power. At frequencies below the terahertz range, electronics-
oriented techniques are most commonly employed to generate power, such as two- and
three-terminal semiconductor devices (Huang et al. 1997, Eisele and Haddad 1998).
However, such approaches are increasingly ineffective at higher frequencies, due to
the parasitic reactances inherent to electronic devices, and the tendency for such reac-
tances to produce a low-pass response (Sedra and Smith 2004). Additionally, typical
semiconductor response times are not well-suited for operation in the terahertz range.
Therefore, electronics-oriented devices experience a gradual decrease in output power
with respect to increase in frequency, to the point where they are typically unusable
at moderate terahertz frequencies. At frequencies above the terahertz range, lasers are
well-established as a power source. However such devices require gain media with
the appropriate energy level transitions, and media with energy level transitions cor-
responding to terahertz frequencies become thermalised (Williams 2007, Abbott and
Zhang 2007). Due to limitations such as these, it is notoriously challenging to gener-
ate a significant amount of power in the terahertz range, as illustrated in Figure 1.2
(Moloney et al. 2011).

To compound issues arising from the absence of sufficient available power, terahertz
radiation attenuates rapidly in the atmosphere. As shown in Figure 1.3, atmospheric

attenuation of terahertz radiation can exceed several thousands of dB/km (ITU-R 2013),
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thereby making it challenging to maintain adequate signal strength over any reason-
able propagation distance. This extreme attenuation is partly due to the fact that sev-
eral key molecules such as water resonate in the terahertz range, and hence humid
and rainy environments are particularly problematic. However, Figure 1.3 also shows
several absorption windows, most notably at ~250 GHz, ~650 GHz, and ~850 GHz.
Whilst the atmospheric attenuation is still strong in these windows, it is significantly
lower than the absorption peaks. Therefore, any practical terahertz application will

need to be informed by knowledge of these windows.

Jointly, the issues of low power and high attenuation have inhibited the development
of practical technologies that exploit terahertz frequencies. Thus, the terahertz range
is often termed the “terahertz gap,” and has remained near-exclusively in the realm of

research for decades.

1.1.2 Applications of terahertz waves

Whilst practical applications of the terahertz range are presently limited, its unique
properties make it attractive for numerous potential uses. Therefore, if the key chal-
lenges discussed in Section 1.1.1 were to be successfully addressed, it would constitute

a veritable breakthrough, with numerous benefits for human society at large.

Terahertz radiation is non-ionising, in that individual terahertz photons do not possess
sufficient energy to liberate electrons from their atoms. Additionally, in soft materials
(eg. dermal tissue, plastic foams, etc.) where X-rays provide poor contrast, terahertz
techniques provide a complementary capability. The wavelength of terahertz radiation
is less than a millimetre, which is sufficient to produce images of adequate resolution
for a number of applications. Therefore, terahertz radiation has been demonstrated in
applications in safe medical imaging (Reid et al. 2010, Yu et al. 2012, Suen and Padilla
2016), security screening (Luukanen et al. 2013), and non-destructive investigations of

priceless artefacts and art (Jackson et al. 2011, Walker et al. 2013), as shown in Figure 1.4.

Many substances of interest exhibit molecular resonance in the terahertz range, includ-
ing water, explosives, and many proteins and drugs (Taday et al. 2003, Xu et al. 2006,
Davies et al. 2008). Owing to these spectral features, the terahertz range presents a
valuable opportunity to study a broad variety of substances. Terahertz spectroscopy
has therefore been successfully employed in investigations of materials (Naftaly and

Miles 2007, George and Markelz 2012), pharmaceutical quality control (Zeitler et al.
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Figure 1.4. Terahertz applications. Some demonstrations of potential imaging applications in
terahertz range (a-d) detection of hidden weapons for security screening at 94 GHz,
350 GHz, 600 GHz, and in a broadband 0.2-1.0 THz range respectively, after Luuka-
nen et al. (2013). (e) Sub-surface imaging at 150 GHz of partly covered gold leaf
pattern in artwork, after Gallerano et al. (2009), and (f) imaging of breast tumor tissue,

employing a pulsed system with 0.1-3.0 THz bandwidth, after Fitzgerald et al. (2006).

2007, Shen 2011), and probing water content of samples (Banerjee et al. 2008, Balakrish-
nan et al. 2009).

Lastly, the terahertz range has been identified as having potential for communications
applications (Song and Nagatsuma 2011, Kleine-Ostmann and Nagatsuma 2011, Na-
gatsuma et al. 2016a). It is well known that data traffic increases exponentially. Indeed,
worldwide mobile data traffic is expected to grow to 30.6 exabytes by the year 2020,
which is an eightfold increase over 2015 levels, as shown in Figure 1.5 (Cisco 2016).
In order to support this growth, the raw bandwidth offered by the air-interface tech-
nologies of future communications links is of crucial importance. Given that the fre-
quencies typically allocated to terrestrial mobile data services are both saturated, and
stringently regulated, it is difficult to provide suffficient bandwidth with the carrier

frequencies available for current technologies.
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Figure 1.5. Cisco forecast. Projection of global mobile data traffic growth from 2015 to 2020
After Cisco (2016).

Whilst the use of higher carrier frequencies entails practical challenges, it is naturally
suited to higher bandwidth, and hence higher data-rates. For instance, a theoretical ter-
ahertz communications link using a carrier frequency of 1 THz, with 1% bandwidth,
occupies 10 GHz of spectrum in total. This absolute Hertz-value is greater than the
carrier frequencies of all commonly employed mobile telephony technologies in the
world (Fernandes 2015a, Fernandes 2015b, Sundberg 2015), and is therefore far in ex-
cess of the spectral bandwidth provided by such carrier frequencies. A wireless link
with such a spectral bandwidth is, in principle, capable of data rates comparable to
fibre-optics. Thus, if coupled directly to a fibre-optic connection, a terahertz link will
provide the last portion of an end-to-end multi-Gbps internet connection. Terahertz

frequencies are therefore envisioned for high-volume, short-range communications.

To-date, most noteworthy demonstrations of terahertz communications links have been
limited to carrier frequencies at or below 0.4 THz, achieving reliable transmission with
data rates of several tens of Gbps (Nagatsuma et al. 2009, Song et al. 2012, Koenig et al.
2013, Song et al. 2014, Nagatsuma et al. 2016a). Additionally, higher carrier frequencies
have been demonstrated (Ishigaki et al. 2012, Kitagawa et al. 2016), and with advances
in source technology, as well as multi-level modulation schemes, it is anticipated that
carrier frequencies up to and beyond 1 THz will become viable for high-volume com-

munications links.

Note that frequencies higher than the terahertz range are also envisioned for high-

data-rate communications over relatively short distances. This follows naturally from
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the aforementioned consideration that available bandwidth is relative to carrier fre-
quency; why not bypass the terahertz range altogether, and aim for carrier frequencies
that are higher still? A significant amount effort has been dedicated to the optical fre-
quency range to serve this purpose, including both infrared (Barry 2012) and visible
light ranges (Armstrong 2009, Arnon 2015). Furthermore, optical frequencies are not
hampered by the transmit-power and atmospheric-absorption constraints discussed in
Section 1.1.1.

In order to generate transmit power for optical communications, the most popular
options are light emitting diodes (LED) and lasers, which are both mature technolo-
gies. Note that LED-based lighting fixtures are already extremely common, and hence
ambient lighting fixtures can be adapted to serve both illumination and communica-
tions applications simultaneously. In such cases, the modulating signal is not per-
ceived visually as flicker, as the frequencies involved are far too great to be perceived
by human eyes. However, an individual LED-based communications channel pro-
vides data rates that are limited to tens to a few hundreds of Mbps. This is because
the modulation rate of LEDs is constrained by factors including power-bandwidth
trade-off and parasitic impedances in LED packaging (Jovicic et al. 2013). Furthermore,
LED light is incoherent by nature, which precludes sophisticated modulation schemes
(Rajagopal et al. 2012). By combining channels using multiple-input multiple-output
(MIMO) techniques, greater data rates in the order of ~1 Gbps are achievable, but this
comes at the cost of increased complexity (Pathak et al. 2015, Azhar et al. 2013). Con-
sidering that modern mobile telephony standards (including LTE and WiMAX) can
provide data rates up to 1 Gbps over a longer distance (Chang et al. 2010), the advan-

tage provided by LED-based optical wireless communication is not clear.

On the other hand, lasers will in-general provide coherence, higher power, and faster
modulation rates than LEDs. Thus, high-volume communications employing laser
sources have previously been demonstrated, with single links carrying tens of Gbps
being combined into Tbps links (Wang et al. 2012). However, such systems require well-
defined beams that are more sensitive to alignment than terahertz communications.
Additionally, whilst lasers can provide significant transmit power, in practice there are
restrictions imposed by safety considerations; excessively-high optical power is not
eye-safe, and this is particularly true for infrared beams, as humans are unprotected
by aversion response. Lastly, atmospheric effects such as turbulence, fog, and smoke

affect optical communications more significantly than terahertz, and hence terahertz

Page 8



Chapter 1 Introduction

links are likely to be preferred in short-range outdoor environments in which such

effects cannot easily be controlled (Federici and Moeller 2010).

Ultimately, there are advantages and disadvantages to both frequency ranges. The
option that sees widespread adoption in practical applications will depend on how
well current and future technological challenges are addressed, as well as deliverable
data rates, reliability, and cost. Furthermore, devices utilising these different frequency
ranges will not mutually interfere, and can therefore be seen as supplementary to each
other. In the future, we may find terahertz and optical communications links work-
ing in tandem to deliver high-volume data over short distances, and finding synergy

between the strengths of both options.

1.2 Motivation for efficient beam control

Due to the previously-discussed constraints of low available power and high atmo-
spheric attenuation, practical terahertz communications links must waste as little radi-
ated power as possible. It is therefore crucial to minimise the amount of power that is
projected into directions in which it will not be received. This is typically achieved with
high-gain antennas, which concentrate the radiated power into a given desired direc-
tion, with little angular distribution, and hence have high directivity. In general, em-
ploying more directive antennas will result in higher received power, provided proper
alignment is observed. This illustrates the need for high-gain antennas in terahertz
communications links. Link-budget analysis of terahertz communications links at fre-
quencies in the range from 300 to 900 GHz show that, if adequately-high-gain antennas
are employed, data rates of several tens of Gbps are achievable over distances of up to
1 km (Schneider et al. 2012).

A crucial concern to achieving high antenna gain is antenna aperture. This is defined as
the total projected area, with normal vector in the direction of propagation, which in-
tercepts the same amount of power as the receiving antenna. It is well-known that an-
tenna gain is directly proportional to antenna aperture (Balanis 2016), which is closely
related to physical antenna size. For this reason, highly directive radio and microwave
range antennas are commonly implemented with devices such as reflector dish-based
antennas, which occupy a large area. A typical reflector dish antenna consists of a
curved, reflective dish, and a primary feed that illuminates the dish with a divergent

beam. The curvature of the dish re-directs the divergent beam such that all reflected
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Figure 1.6. Dish antenna. High-directivity dish antenna concept.
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Figure 1.7. FAST radio telescope. Example of a large-aperture radio telescope, showing (a) basic
geometry, and (b) a 3D graphic of the yet-to-be completed structure. After Nan et al.
(2011).

rays are collimated, and hence the antenna has high directivity, as illustrated in Fig-
ure 1.6. An example of such an antenna is the under-construction Five-hundred-metre
Aperture Spherical radio Telescope (FAST), with a range from 70 MHz to 3 GHz, and
a 300 m spherical reflector radius, shown in Figure 1.7. This antenna is intended for a
radio-astronomy application, and hence it requires high directivity to survey a specific

portion of the sky.

The dish portion of the dish antenna is an example of a beam-shaping, or beam-control,
device. In general such devices collect, manipulate, and re-radiate a given beam,
and this is most often performed to enhance overall gain. A beam-shaping approach
presents significantly greater design freedom than a primary radiator alone, and hence
this approach has high versatility and customisability. For this reason, beam-shaping
techniques are favoured for the realisation of high-gain terahertz antennas, and are

crucial to the realisation of practical terahertz communications links.
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In the terahertz range, the wavelength is several orders of magnitude smaller than in
radio frequencies, and hence a large electrical aperture is achievable with relatively-
small physical size. For instance, if an antenna with equivalent directivity to the afore-
mentioned FAST radio telescope were theoretically scaled to terahertz frequencies,
with a range from 100 GHz to 4 THz, its reflector radius would be ~21 cm. This is a
consequence of the fact that all physical dimensions of electromagnetic devices are rela-
tive to the size of a wavelength, and hence by scaling up the frequency, the wavelength
and device dimensions are proportionally scaled down. Therefore, a key advantage
of the terahertz range is the ability to achieve high-gain antennas of modest physical
dimensions. Additionally, the scale of a terahertz wavelength is such that strong inter-

action is possible with structures of sizes accessible to microfabrication techniques.

In order to be deployed in a practical terahertz communications link, a beam-shaping
device must meet certain key requirements. Firstly, it is crucial that the beam-shaping
operation is highly efficient. This is because the main motivations for investigating
terahertz beam control pertain to difficulties in generating and transmitting significant
power, and hence an inefficient beam control mechanism defeats the purpose. Sec-
ondly, compact devices are generally preferable for communications applications, and
hence flat-profile beam shapers are desirable. Additional to these concerns, it is also
of interest to produce devices of reasonable bandwidth, as this is required for high-
volume communications. Lastly, whilst this is not a strict requirement, it is attractive
to have polarisation-sensitive devices, in order to increase the overall throughput of a

given terahertz beam-shaping device.

1.3 Application concepts

In the terahertz range, the paradigm of “coverage” is dissimilar to radio frequencies,
as terahertz radiation propagates in narrow beams. A consequence is that, whilst a
point-to-point link may be established, terahertz radiation is not capable of generally-
available service over a broad area, like wi-fi and mobile telephony coverage. This
drawback is significant, but it is compensated by the high available bandwidth. Tera-
hertz communications links are therefore best suited to high-volume, on-demand ap-
plications, when a significant amount of data must be transmitted between two dis-
crete devices in a short amount of time. Another drawback of terahertz radiation

is that its range is limited, but this has hidden benefits. Firstly, interference from
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other transceivers is a significant challenge in mobile telephony, and hence empha-
sis is placed upon multiplexing schemes that mitigate this problem. In the terahertz
range, however, radiation from different transceivers is unlikely to be of sufficient
signal strength to cause interference. Secondly, terahertz communications links are
inherently secure, as power will not travel sufficiently far to be intercepted by mali-
cious parties. Owing to these facts, terahertz radiation provides an opportunity to em-
ploy relatively simple modulation schemes for communications, without much cause

to encrypt the signal, or share bandwidth with other users, which further increases the
achievable data rates. Bearing in mind the above properties and limitations of terahertz

radiation, the following applications of terahertz communications are conceptualised.

() Fibre-optic connection

Terahertz transmitter

- |

Public T-ray

access point
4 ! 30 Gbps wireless

downloads inside
1 ]

red boundary
1

Fixed footprint area

Figure 1.8. Public terahertz access point. Terahertz public data shower concept, to enable high-

volume downloads to users within a limited, well-defined area.
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1.3.1 Public data shower

Given the high market penetration of smartphones and other mobile, internet-accesible
devices, the provision of data coverage in public spaces is becoming increasingly com-
mon, either in the form of mobile data service (eg. GPRS, UMTS, LTE), or wi-fi “hot
spots” that are made accessible to the general public. However, such services are typ-
ically congested, as they are shared with a large number of users. Additionally, in the
case of mobile data, usage of these services for large volumes of data can come at sig-
nificant fiscal expense to the user. Therefore, such services are not amenable to rapid
transmission of large-volume data traffic, and terahertz technology has the potential to

address this absence.

In the “data shower” concept, a small area is designated for terahertz coverage, and
a terahertz transmitter is installed above. Using beam-shaping technology, the radia-
tion pattern of the terahertz transmitter can be engineered so as to provide a precise,
well-defined footprint. The terahertz transmitter is fed directly by a fibre-optic cable,
resulting in wireless internet access with download speeds of several tens of Gbps.
Therefore, if a member of the public has need of a large-volume download, they can
simply step into the footprint area, point their device to the transmitter, and download
several GB of data in a matter of seconds. For instance, a standard (i.e. single-layer)
Blu-ray disc contains around 25 GB of data (Blu-ray Disc Association 2012), and hence
a link supplying ~50 Gbps, as reported in Nagatsuma et al. (2016b), can transfer the
entire contents of such a disc in ~4 seconds. Note that in the aforementioned demon-
stration, the carrier frequency is 330 GHz, and the link distance is between 1 and 2 m,
which is amenable to the data shower concept. This concept is illustrated in Figure 1.8.
Terahertz radiation is both eye-safe and non-ionising, and the transmit power required
for a short-range link such as this is well below that which can cause hazardous heat-
ing effects in the human body (Kristensen et al. 2010). Thus, such a service poses no
health risks to the public, and can be installed in well-populated locations. Addition-
ally, this concept can be implemented in outdoor areas, without the added complexity
of background-subtraction techniques, where ambient light contributes significant in-

terference to light-based communications links (Grobe et al. 2013).
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Figure 1.9. Terahertz indoor communications. Terahertz indoor communications link, covering

several devices individually.

1.3.2 Indoor communications

If a terahertz transmitter is combined with a dynamically-scannable beam-control de-
vice, the directionality of the device can then be reconfigured in real-time. This poten-
tially allows for on-the-fly adjustment of the alignment of a terahertz link. Therefore,
such a device can possibly service multiple devices individually, as per immediate re-
quirement. Feedback to the beam-scanning mechanism can potentially be provided
over a more general, lower data rate technology such as wi-fi, in order to facilitate au-
tomated tracking. As with the data shower concept, the terahertz transmitter is fed by a
direct fibre-optic link, resulting in wireless download speeds in excess of several tens of
Gbps. One can visualise such a terahertz transmitter installed in the ceiling of an office
environment, enabling on-demand, high-volume downloads to a variety of electronic
devices, as illustrated in Figure 1.9. Furthermore, in an indoor office environment, at-
mospheric effects such as high humidity can be controlled, and more damaging effects
such as rainfall are entirely non-existent. This results in overall lower attenuation, and

hence higher signal to noise ratio and link reliability.
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Figure 1.10. Terahertz VLPI communications. Potential for VLPI terahertz communications to

be deployed in a battlefield environment.

1.3.3 Defence and secure communications

The inherent security of a terahertz communications link is advantageous in situations
in which it is of critical importance that communications are not intercepted, such as
in defence and diplomatic applications. Wireless communications at lower frequencies
are inherently vulnerable to interception, as such frequencies are capable of penetrating
walls, and travelling long distances. Additionally, antennas of moderate physical size
at lower frequencies are not capable of providing a directive radiation pattern. These
issues are typically mitigated at the modulation level, with schemes such as wide-
band code-division multiplexing, such that the detection and decryption of a given
signal is highly challenging for an unintended third-party recipient. Such techniques
are termed low probability of intercept schemes (LPI) (Simon et al. 1994).

If wireless communications are only required over short distances, terahertz commu-
nications are a possible alternative to lower-frequency channels. Such communications
links must employ extremely directive antennas, which concentrate radiated power in
a narrow angle, and exhibit minimal sidelobes. Therefore, it is only possible to receive
sufficient power in the direct path of the terahertz beam, making covert interception
near-impossible. This additional information security is provided at the physical link
level, which may be utilised in tandem with LPI modulation schemes, in order to re-

alise very low probability of intercept communications (VLPI).
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The requirement for a covert, strategic, ultra-high bandwidth communications link
from an unmanned air vehicle (UAV) to a ground terminal, mobile or otherwise, high-
lights the benefits of a terahertz link to best effect. The UAV can potentially collect
surveillance, tactical intelligence, and real-time video, and relay this information both
to a nearby command centre, and also directly to ground forces. Due to the high data
rate, minimal compression of transmitted data is required, which increases the use-
fulness of the gathered data, and reduces processor load of the UAV. Additionally,
although the terahertz link is prone to intermittent fading, the high data rates associ-
ated may potentially ensure that an adequate mean data rate can be maintained. This

concept is illustrated in Figure 1.10.

Note that, as this is a field environment, there are challenges that are not present in
the previous two application concept examples, which pertain to indoor and domes-
tic environments. Firstly, the distances associated with this type of environment are
upwards of 1 km; significantly larger than indoor communications channels. Fur-
thermore, detrimental effects such as atmospheric humidity cannot be controlled in
such an outdoor environment. Thus, terahertz communications links employed in
this way must exploit atmospheric transmission windows, such as those at ~250 and

~650 GHz, as shown in Figure 1.3.

1.4 Qutline of thesis

This thesis is divided into four major parts, containing two to three chapters each, as
well as a summary chapter, making ten chapters in total. This structure is outlined in
Table 1.1.

Part I: Context The first three chapters provide the scientific context for this study.
Chapter 1 provides definitions, and explains the motivations for pursuing beam con-
trol in the terahertz range. Chapter 2 gives a brief overview of relevant beam control
theory, with a focus on techniques that are employed in this work. Chapter 3 is essen-
tially a literature review of previous work in the field of beam control in the terahertz
range, including limitations of each approach. Section 3.7 of Chapter 3 covers a par-
ticular body of work in more detail than all others, as this work was undertaken at
The University of Adelaide, and hence the contributions of this thesis build directly

thereupon.
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Table 1.1. Thesis structure. Structure of thesis, with chapters grouped into two major sections,
as well as a summary in the final chapter. Part | provides the research context for
this study, including motivation, basic underlying principles, and related work reported
in the literature. Part Il provides any work pertaining to metallic resonator-based de-
vices. Part Il details devices based on of high-resistivity silicon on metal microstructures.

Finally, Part IV covers path length-oriented devices.

Chapter 1 Introduction
E Chapter 2 Theory
Chapter 3 Background
= Chapter 4 Doped polymer for efficient metallic resonators
E Chapter 5 Polarisation-converting transmitarray for flat lens
= Chapter 6 Fabrication and characterisation of dielectric resonator antennas
E Chapter 7 Dielectric-resonator-based reflectarray
> Chapter 8 Characterisation of 3D-printed metal for terahertz optics
E Chapter 9 Hole lattice zone plate
Chapter 10 Thesis summary

Part II: Metallic resonators The overall objective of this part is to improve the effi-
ciency of metallic resonator-based terahertz beam-control devices. Chapter 4 details
efforts to modify the material properties of the polymer dielectric known as poly-
dimethylsiloxane (PDMS) in order to reduce loss. In Chapter 5, an innovative metallic
resonator-based transmissive structure that exhibits enhanced efficiency is devised and

experimentally demonstrated.

Part III: Silicon-on-gold microstructures This part presents a lower-loss alternative
to metallic resonators, namely dielectric resonator antennas. In Chapter 6, a homoge-
neous array of silicon-on-gold microstructures is fabricated and experimentally char-

acterised. Subsequently, Chapter 7 makes use of dielectric resonators of the same sort
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in order to realise a reflectarray—a form of reflective terahertz beam-control device—

with efficiency far greater than the transmitarray that is the subject of Chapter 5.

Part IV: Path-length techniques Previously-mentioned contributions have focused
on resonator-oriented beam-control techniques. By contrast, this part of the thesis
details contributions to efficient terahertz beam control that make use of no form of
resonator, but rather employ optical path length to achieve beam control. In Chap-
ter 8, 3D printing of metals is employed in order to realise a reflector device bearing
a topology engineered for the manipulation of terahertz radiation. Chapter 9 presents

an effective-medium approach with an all-silicon dielectric lattice design.

1.5 Summary of original contributions

This thesis contains several contributions to terahertz technology, in the form of new
approaches to beam control and improvements upon existing techniques, as declared

in this section.

Elastomeric polymers are useful materials for terahertz devices, but they are also quite
lossy dielectrics in the terahertz range. Lower-loss dielectric materials are available,
but are not directly amenable to microfabrication techniques such as spin-coating. A
technique is presented to reduce the loss of a polymer dielectric in the terahertz range
by doping with a lower-loss powder material (Headland et al. 2015c). Such a technique
is intended to reduce the intrinsic loss of terahertz metallic resonators constructed us-
ing a polymer dielectric. In another contribution, polarisation-converting metallic res-
onators embedded in a polymer dielectric are employed to realise a flat lens that op-
erates in the terahertz range (Chang et al. 2017). Whilst similar resonators have previ-
ously been demonstrated for beam deflection in the terahertz range (Grady et al. 2013),

the flat lens device is more amenable to practical applications.

The most significant contribution of this doctoral thesis is the development of terahertz
dielectric resonator antennas (DRAs), which provide a much-needed high-efficiency
general-purpose terahertz resonator. Firstly, a technique to realise micro-scale single-
crystal high-resistivity float-zone intrinsic silicon structures is developed, and em-
ployed for a homogeneous array of DRAs (Headland et al. 2015a). This device is
demonstrated to function as an artificial magnetic conductor device, which has po-

tential for applications in compact terahertz antennas. In a subsequent publication,
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a terahertz beam-shaping reflector device, or “reflectarray” is realised using DRAs of
this type, which constitutes a highly efficient beam-control device with an operating
frequency of 1 THz (Headland et al. 2016a).

Techniques to manipulate a terahertz beam by means of control over optical path
length using structures of quasi-flat profile, rather than with resonators, are also ex-
plored. In one such study, the possibility of employing low-cost rapid-prototyping
techniques for a beam-control application is investigated. A binary-phased focus-
ing reflector device is realised in 3D-printed metal, and is subsequently characterised
(Headland et al. 2016b). Additionally, the reflectivity of the build material is charac-
terised in the terahertz range, in order to gain insight into the efficiency of the zone
plate device. In another study, the possibility of employing an effective medium is
explored, to exert local control over refractive index in a uniform-profile device. This
particular effective medium is an array of subwavelength through-holes in a silicon
slab (Headland ef al. 2013, Headland et al. 2014).

These original contributions will serve to advance the sub-discipline of beam control
in the terahertz range, which will subsequently serve as instrumental to the realisation

of applications including terahertz communications as practical technologies.

Having expounded the motivations for this investigation into efficient beam control in
this chapter, the following chapter will present aspects of theory that are relevant to
the study.
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Chapter

Theory .

N this chapter, the basic theoretical principles of wavefront engineering
are introduced. Broadly speaking, this is centred around the manipula-
tion of field distribution in order to produce some desired propagating
beam behaviour. Scalar diffraction theory and array theory are offered as
tools to better understand and quantify the associated phenomena. Some
commonly-employed techniques are briefly presented. Emphasis is placed

upon methods of beam control that are relevant to this doctoral project.
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2.1 Introduction

The aim of this chapter is to provide a sound foundation on the principles underlying
beam control of terahertz radiation, as this forms the necessary basis for later chapters.
Tools for understanding the propagating behaviour of electromagnetic radiation are
provided in Section 2.2. General approaches to explicitly prescribing and controlling
the behaviour of a given beam are subsequently presented in Section 2.3, and specific
beam-control techniques are presented briefly, with a focus on those most relevant to

this doctoral project, in Sections 2.4 and 2.5.

2.2 The Huygens-Fresnel principle of diffraction

This thesis is concerned with the manipulation of terahertz radiation, which was estab-
lished in Section 1.1 as being a portion of the electromagnetic spectrum. It is therefore
prudent to begin by developing an understanding of the behaviour of electromagnetic
radiation as it propagates through space. The physical principles that govern this be-
haviour are the same across the entire electromagnetic spectrum, and hence frequency

is treated abstractly for much of this chapter.

2.2.1 Historical background of scalar diffraction theory

The following historical background is taken from the book Introduction to Fourier Op-
tics (Goodman 2005). Christiaan Huygens posited in 1678 that a given wavefront can
be considered analogous to an array of infinitesimal secondary sources, which are now
known as “Huygens’ point sources” or “Huygens’ source radiators,” where each out-
puts a spherical wave. The wavefront at a later instant can therefore be found by con-
structing the “envelope” of the secondary wavelets. The subsequent wavefront simi-
larly generates the wavefront that follows, and so on, as the wave propagates through
space. A two-dimensional representation of this concept is illustrated in Figure 2.1,
showing plane wave propagation, refraction, and diffraction by a single slit. This the-
ory is based on the wave-like behaviour of light, and hence it failed to gain traction
throughout the 18th century, in which the field of optics was dominated by scientists
such as Sir Isaac Newton who favoured the corpuscular theory of light. However, the
19th and 20th centuries saw a renewed interest in this wave-oriented paradigm, owed

largely to James Clerk Maxwell’s phenomenal contributions to our understanding of
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Figure 2.1. Phenomenology of Huygens-Fresnel principle. lllustration of the Huygens paradigm,
showing the construction of subsequent wavefronts by the envelope of spherical wavelets,
with four different cases (a) plane wave, (b) refraction, where n, > nq, (c) diffraction
by large slit, and (d) diffraction by small slit. Incident wavefronts are shown in red,
secondary source centres are shown in yellow, wavelet envelope is shown in green, and

subsequent wavefronts are shown in blue.

electromagnetic waves (Maxwell 1881). With contributions from distinguished scien-
tists including Augustin Jean Fresnel and Gustav Kirchoff, this has resulted in a prac-
tical mathematical formulation of Huygens’ aforementioned postulate that is given in

the following section.

In Figures 2.1(c,d), the propagation direction appears to bend outward in response
to the influence of the slit. This is not consistent with a straightforward ray-tracing
paradigm, under which the rays that pass through the slit will simply carry on their set
course from left to right, with no disturbance to their directionality. Incidentally, Som-

merfeld (1964) defines diffraction as “any deviation of light rays from rectilinear paths
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2.2 The Huygens-Fresnel principle of diffraction

which cannot be interpreted as reflection or refraction,” which corresponds closely
to the divergent fields emanating from the slit. Thus, Huygens’ principle describes
diffraction. Additionally, this paradigm treats electromagnetic waves as a scalar field.
Strictly speaking, this is inconsistent with the vector nature of electromagnetic fields,
but it can be interpreted as the assumption that the fields are of the same polarisation
everywhere, and hence no particular polarisation vector need be specified. Combining
these two attributes, this model employs a scalar-based approach to model diffractive
behaviours, and hence it is often referred to as “scalar diffraction theory,” but it is also

often termed “the Huygens-Fresnel principle,” or more simply, “Huygens’ principle.”

Note that methods are available that can provide a greater degree of accuracy than
Huygens’ principle. For instance, an equivalent vector diffraction theory is formulated
by substituting the point sources for infinitesimal vector potentials, thereby preserv-
ing the vector nature of electromagnetic wave propagation (Marathay and McCalmont
2001). However, the formulation of scalar diffraction theory is more straightforward,
and is of sufficient accuracy for the propagation distances and device sizes involved in

this doctoral thesis.

2.2.2 Mathematical formulation

In the context of this work, it is most useful to consider the Huygens-Fresnel principle
in rectangular coordinates. As shown in Figure 2.2, the diffracting aperture is in the
(&, n7)-plane, which is parallel to the (x,y)-plane, and situated at z = 0. Using the
Huygens-Fresnel principle, it is possible to evaluate the distribution of the complex

electric field amplitude, A, at a given point in Cartesian space, P = (x, y,z), using the

701

Figure 2.2. Huygens-Fresnel formulation. lllustration of the mapping from the (¢,#) plane, in
which the diffracting aperture resides, to the (x,y) plane, for which the field distribution

is to be computed. These planes are separated by distance z.
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following expression (Goodman 2005),

exp(jkro1) cos P
A(x,,2) /\//A & 1,0)* o dedy, 2.1)

where it is assumed that propagation is along the z-axis, the distance from (¢, 7,0) to

(x,y,2z)isro1 = /(x — &)2+ (y — 17)%2 + 22, ¢ is the angle that a line connecting these
two points makes with the z-axis, and k is the wavenumber in the relevant medium.
This carries the assumption that r9; > A; that the observation distance is many wave-
lengths from the diffracting aperture. This approach is extremely powerful, as it can
predict the behaviour of any given propagating beam based on the field distribution
of its radiating aperture, and quantitatively determine the quantity of power that is
delivered to a given region of space. Lastly, the double-integral can be expressed as a

Riemann sum,

. exp(jkro1) cos
Alx,y,z) AZZA 1,0 P rgi) Y acan, (2.2)

which is amenable to computer-oriented numerical techniques. This means that, if an
arbitrary aperture distribution is known, the field at distance z from the aperture can
be evaluated numerically. Note that the validity of this Riemann sum hinges upon
the assumption that the steps over the summation area (i.e. A and Ar) are subwave-
length, in order to provide an adequate approximation of a function that is defined
over a continuous domain. However, whilst it is a requirement that spacing is less
than a wavelength, the precise requirements of a given case may vary with diffraction
distance, aperture size, and the gradient with which the field distribution varies across
the aperture. There is therefore no explicitly-clear consensus on the required value of
step size for this purpose. Lastly, it is important to note that, whilst this expression
is derived for a given beam output by a radiating aperture, the result is general. If
the complex field distribution of a given beam can be known explicitly in a transverse
plane (i.e. transverse to the optical axis), it is possible to evaluate the field distribu-
tion in another such transverse plane, providing the two are separated by a sufficient

distance.

2.2.3 Relevance to array theory

Conceptually, the Huygens-Fresnel principle is directly analogous to the notion of “ar
ray factor,” which is a useful approach to understanding the behaviour of array anten-

nas. Both seek to express overall field as a linear superposition of fields from smaller
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2.2 The Huygens-Fresnel principle of diffraction

sources. The difference is that, in the case of the Huygens-Fresnel principle, these
sources are virtual and infinitesimal, whereas in the case of array theory the sources
are the actual and finitely-sized antenna elements that make up the array. Another
difference is that the Huygens-Fresnel principle seeks to determine field projected to a
point in Cartesian space, a finite distance away from the radiating aperture, whereas
array theory aims to determine the electric field projected into a given direction in

spherical coordinates, in the far field.

A general expression for the array factor of a rectangular planar array, with spacing
d, and dy, where a given element has complex amplitude A, is given in Equation 2.3
(Johnson and Jasik 1984),

AF(0,¢) =) Y Aymexp(jk(xdysinfcosp + md,sinfsing)). (2.3)
X m

For an array of identical radiators, this expression is multiplied by the radiation pattern

of the individual element in order to derive the overall radiation pattern. However, it is

Emax

(c)

Yo © 00000 0 0
N

Figure 2.3. Array theory’s equivalence to scalar diffraction theory. (a) A rectangular array of
elements, representing either isotropic radiators in an array theory paradigm, or sampling
points of an aperture distribution for scalar diffraction theory. The output near field
distribution is calculated using scalar diffraction theory, for apertures of area (b) 1A x 1A,
and (c) 5A x 5A, noting that these heatmaps are in linear scale and are normalised

against their own respective maxima, with (d) corresponding far field radiation patterns.
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often desirable to know the array factor in isolation, especially when the beam-shaping

properties of the array are of greatest interest.

The equivalence of the Huygens-Fresnel principle to array theory is illustrated in Fig-
ure 2.3. In this example, an array of generic elements is given in Figure 2.3(a), which
represent isotropic radiators in an array theory paradigm, and field sampling points
in a scalar diffraction theory paradigm. The spacing of the elements is in a regular,
square grid, i.e. dy = dy = d, and Al = Ay = d. In this example, d = A/5, M = N,
and all elements are of uniform magnitude and phase. This is equivalent to either
a uniformly-distributed aperture, or a planar array of uniform-excitation radiators.
Two different aperture side-lengths are investigated, namely one and five wavelengths
across, resulting in the field distributions is given in Figures 2.3(b) and (c) respectively.
Corresponding array factors are given in Fig 2.3(d). The equivalence between the near
tield beam and the array factor can clearly be seen; the smaller aperture produces a
single, highly divergent beam, whereas the larger aperture produces a more directive

mainlobe, with several sidelobes.

Due to differences in physical scale, and the requirements of different applications,
a far-field approach is generally most relevant at radio and microwave frequencies.
However, at higher frequencies a beam-oriented paradigm is most relevant, and hence
techniques such as the Huygens-Fresnel principle are preferred. Therefore, the choice

of paradigm is informed by choice of operating frequency.

2.3 Wavefront engineering

Section 2.2.2 argues that the behaviour of a beam can be determined by its field distri-
bution over a given transverse plane. Therefore, by careful manipulation of the aper-
ture distribution, a degree of control may be exerted over the ensuing propagating
beam. This correspondence between field distribution and the subsequent behaviour
of the propagating beam is the basis for what is known as wavefront engineering. For
simplicity, field distribution will be considered abstractly in this section, without pro-
viding an explanation of how such a field distribution is achieved. This is to better
communicate the core concepts of wavefront engineering, free of obfuscatory practi-

calities.
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(a)
Deflected

Prism

(b)

Focused

Focal plane Collimated
Lens

Figure 2.4. Beam operations. Basic beam operations with elementary optical components, show-

ing (a) deflection using a prism, and (b) Focusing and collimating using lenses.
g g

Two relatively straightforward beam-control operations will be considered as core ex-
ample cases. The first operation is beam deflection, or beam steering, which is essen-
tially the re-definition of the propagation direction of a beam by means of a transforma-
tion of field distribution. The second beam-manipulation operation to be considered
is termed “lensing” in the context of this thesis. Lensing is the process of transforming
a divergent beam into a collimated beam, i.e. one with minimal wavefront curvature,
and sufficient lateral extent to mitigate strong diffraction. By reciprocity, such a device
can also transform a collimated beam into a focused beam, which in-turn becomes a
divergent beam after it passes through its focus. Both of these beam-control opera-
tions are illustrated in Figure 2.4, as performed by traditional optics. Both magnitude
and phase-oriented control will both be considered and contrasted as means to achieve

these operations.

2.3.1 Magnitude-based beam control

As previously mentioned, magnitude-based beam control is possible. This makes use
of a particular field amplitude distribution in order to manipulate the shape and di-
rectionality of a propagating beam. However, it is noted that such techniques are not
a particularly popular choice for most applications requiring beam control. One rea-

son for this is that a specific magnitude distribution is typically achieved by blocking
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specific portions of an input beam, by either absorbing or reflecting radiation. Thus, a
drawback of amplitude-blocking devices is that they are inefficient by nature, as they
discard approximately half of the available power. This is not generally desirable, but
it is particularly concerning in the terahertz range due to the power constraints de-
tailed in Section 1.1.1. Additional to that, magnitude-based beam control exhibits a
tendency to produce numerous undesired diffraction orders. Magnitude-based beam-
control techniques are therefore most popular in the X-ray region, as the physical scale
of a wavelength is extremely small, and radiation is ionising, which precludes the use

of more sophisticated beam-control techniques.

Magnitude-deflection

One example of magnitude-based beam control is the amplitude-blocking diffraction
grating. At its most simple, this device consists of a periodic arrangement of alternat-
ing blocking and non-blocking stripes. If the grating period is greater than a single
wavelength, there will be energy diffracted into sidelobes, which are essentially higher

diffraction orders, at angles 0, (Kirz et al. 1986),
: sA .
sinfs = D sinf;, s=0,+1,+£2,+£3,.., (2.4)

where D is the grating period, and 6; is the angle of incidence. The reason for maxima
in these angles in particular is that the field emanating from the non-blocking stripes
will constructively interfere in these directions. In the absence of the blocking stripes,
these field maxima are cancelled out by the field that would be output by the now-
blocked regions, resulting in plane-wave forward propagation. Additionally, the grat-
ing equation shows that angle is frequency-dependent, and hence diffraction gratings

can be employed to separate a broadband signal into constituent colours.

The amplitude-blocking diffraction grating concept is illustrated in Figure 2.5(ab),
showing two different values of grating period. Using Equation 2.3, the associated
far-field array factors are computed, and are given in Figure 2.5(e). The field distribu-
tion is discretised into steps of A/5 for this purpose. It can be seen that the energy is

scattered into multiple directions, corresponding to the various grating orders.

Magnitude-based lensing

The concept of a diffraction grating can be extended to perform lensing operations by

employing a non-periodic arrangement. If the period of a diffraction grating decreases
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10 Emax
5
=0
-5
—10 . : 0
-10-5 0 5 10 -10-5 0 &5 10 —-10-5 O 5 10
x T X X
10 max
(g)
)
= 0
-5
o —10
bt 90 ~10 -5 0 10—1050 10
— (b)) _40dB 0dB 40 dB x x
Figure 2.5. Magnitude-based beamforming. lllustration of the principles of magnitude-based

wavefront engineering, showing (a-d) magnitude distributions required to produce vari-
ous beam-control operations. The field distributions shown in (a) and (b) are diffraction
gratings, with first-order diffraction angles of 10° and 30° respectively, producing the
far-field radiation patterns shown in (e). The field distributions in (c) and (d) are for
lensing operations, both with focal lengths of 15 A, producing focal spots shown in (f)
and (g) respectively.

progressively with respect to distance from the optical axis (i.e. it is chirped), then the
diffraction angle will increase as a consequence. By varying the deflection angle such
that all deflected rays are directed through the same point along the optical axis, con-
structive interference at that point will result. Lastly, by rotating this structure about
the optical axis, a series of concentric zones are realised, alternating between blocking
and non-blocking, with switching radii r,, (Kirz et al. 1986),

2)2
MAF + m4 L om=1,23,.. (2.5)

This device is known as an amplitude-blocking zone plate. Constructive interference
will occur along the optical axis, at a focal length F away from the zone plate device,
producing a focal spot. Thus, this zone plate device is performing a lensing operation,
and can both focus and collimate radiation, by the principle of reciprocity. A focusing
zone plate is illustrated in Figure 2.5(c,f). Note that the field magnitude distribution
of the focal spot is calculated using Equation 2.2, for which the field distribution is
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discretised into steps of A/5. Much like the sidelobes of the diffraction grating shown
in Figure 2.5(e), there are concentric field maxima surrounding the focal spot. This

detracts from power delivered to the focus, and hence is an undesirable effect.

The concentric maxima produced by the zone plate can be diminished by employing
a photon sieve arrangement (Kipp et al. 2001), as shown in Figure 2.5(d,g). This has
the added benefit of producing a finer focus, which is beneficial for many applications.
This device follows a zone arrangement that is closely related to that of the zone plate,
but each concentric zone has been replaced with a annular array of small, circular
apertures. A consequence of this is that the photon sieve device discards considerably
more power than the zone plate, and is therefore less efficient. Note that, as with the
previously-presented amplitude-blocking zone plate, the field distribution of the focal
spot is computed using Equation 2.2. In this instance, however, a higher resolution of

A /10 is employed, in order to produce clearly-defined circular apertures.

2.3.2 Phase-based beam control

Phase-based beam control is, in general, more versatile and efficient than magnitude-
based beam control, and it provides a greater degree of control. This will be seen in
the following examples, as comparisons are provided in each case. Thus, phase-based

techniques are preferred wherever possible, and will be the focus of the thesis.

Phase-based deflection

A linear-ramp phase distribution results in beam steering off to a non-normal angle
in the far field. Phenomenologically, this can be explained with the retardation of the
wavefront on one side of the array with respect to the other, resulting in a tilt of the sub-
sequent wavefront, and hence in steering of the propagating wave. In order to achieve
steering towards angle 0s; with respect to the normal in the xz-plane, the following

phase distribution is required,

¢(x,y) = koxsin(—6s), (2.6)

where k is the free-space wavenumber. Note that, for a given frequency, phase is
wrapped to a 360° cycle, which effectively translates the ramp into a sawtooth func-
tion, as shown in Figures 2.6(a,b). This is similar to conventional blazed diffraction

gratings, as the periodicity of this sawtooth function corresponds to the periodicity of
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the grating equation given in Equation 2.4. However, the crucial distinction that sepa-
rates this device from an amplitude-blocking diffraction grating is that deflection will

be exclusively towards the first-order maximum (i.e. s = +1).

It is desirable to know the far-field behaviour produced by this phase distribution,
and to this end, the phase distributions shown are discretised with a step size of A/5,
such that Equation 2.3 can be employed. The resulting array factors are shown in
Figure 2.6(e), where it is noted that a Gaussian beam excitation provides a low-sidelobe
illumination. It can be seen that the direction and gradient of the phase ramp determine
the angle of the far-field radiation pattern maximum. Unlike the magnitude-based
techniques presented in Figure 2.5(a,b,e), the radiation pattern is asymmetrical, and
there is a single, clear main lobe towards the first-order diffraction direction. This is

testament to the greater degree of control provided by phase-based beam control.
00
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Figure 2.6. Phase-based beamforming. lllustration of the principles of phase-based wavefront

engineering, showing (a-d) phase distributions required to produce various beam-control
operations. Phase distributions (a) and (b) produce far-field beam steering shown in (e),
phase distribution (c) produces the focal spot shown in (f), and phase distribution (d)
produces a Gerchberg-Saxton hologram, representing the letter capital “N,” in (g). All
spatial dimensions are in units of wavelength, for generality. The propagation distance
in both (f) and (g) is 30A. In all cases, a 15A-diameter Gaussian magnitude profile
is employed in order to suppress sidelobes and fringing effects. After Headland et al.
(2017).
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More generally, shaped beams are achievable with similar phase-based beam-control
techniques (Duan and Rahmat-Samii 1995, Villegas 2007), providing highly customis-
able far-field radiation patterns. For example, satellite communications employ such
techniques in order to define a specific beam shape that corresponds to the contour
of the geographical region to be serviced, and this minimises wasted power projected
outside the bounds of the relevant region (Pozar et al. 1999, Encinar and Zornoza 2004,
Encinar et al. 2006).

Phase-based lensing and related operations

The phase distribution required to achieve the lensing operation for a given focal

length F is as follows,

@(x,y) = ko <\/F2 + (X2 +y?) — F) + o, (2.7)

with some arbitrary initial phase ¢9. An example of such a phase distribution is il-
lustrated in Figure 2.6(c). The focal spot produced by this phase distribution is calcu-
lated using Equation 2.2, and results are shown in Figure 2.6(f). It can be seen that a
well-defined focal spot is produced, without the undesired fringing maxima seen in
Figure 2.5(f,g), and this illustrates the advantages of phase-based beam control over
magnitude-based beam control. Note that the expected size of the focal spot is deter-
mined by the diameter of the Gaussian-distributed aperture, D, and focal length;

D A

7 = n—a(jo (2.8)

where wy is the 1/e-radius of the focal spot (Saleh and Teich 2007).

More generally, with techniques such as the Gerchberg-Saxton phase retrieval algo-
rithm (Gerchberg and Saxton 1972), it is possible to specify a near-arbitrary field am-
plitude distribution, and calculate the phase distribution required to produce it at a
given propagation distance. To illustrate this concept, the phase distribution given in
Figure 2.6(d) is calculated using a variant of the Gerchberg-Saxton phase retrieval algo-
rithm that uses scalar diffraction theory rather than the two-dimensional fast Fourier
transform. For this example, the required output field distribution is a representation
of the capital letter “N.” Equation 2.2 is employed to determine its output field distri-
bution, and this is shown in Figure 2.6(g). It is clearly visible that the bespoke capital
letter has been reproduced with adequate fidelity.
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Lastly, the phase distributions given in Equations 2.6 and 2.7 scale with respect to fre-
quency. An alteration in frequency will therefore result in a change of steering angle,

or focal length, respectively. This is an example of what is known as spatial dispersion.

Phase quantisation

Up to now, it has been taken for granted that a full phase cycle is always achievable.
In practical cases, however, quite often only a finite number of phase levels can be
implemented. That is to say, a 360° cycle is divided evenly into a certain number of
steps. It is therefore worth considering how this phase quantisation impacts overall
performance. This is illustrated in Figure 2.7. Phase distributions for deflection em-
ploying two and four evenly-spaced phase levels are presented in Figure 2.7(a) and
(b), respectively. As before, the resulting far-field array factors are calculated using
Equation 2.3, and the results are shown in Figure 2.7(c). The desired deflection angle
corresponds to the deflector illustrated in Figures 2.6(b,e), which serves as an idealised
case (i.e. un-quantised phase, or more accurately, quantisation into floating-point pre-
cision), for comparison purposes. It can be seen that the case with four phase levels
has an increased sidelobe level relative to the idealised case, but still maintains a gen-
erous margin of around 20 dB between the mainlobe and the sidelobe. For binary
phase (i.e. two phase levels), however, the phase distribution is symmetrical, and this
is reflected in the total symmetry of the far-field pattern. This pattern of two lobes is
an unavoidable (and most often undesirable) consequence of employing binary phase
levels. However, the performance of this binary-phase grating still exceeds that of the
magnitude-based grating given in Figures 2.5(b,e), both in terms of efficiency, and the

suppression of higher-order diffraction modes.

Phase distributions for lensing that employ two, four, and eight phase levels are given
in Figures 2.7 (d), (e), and (f), respectively. For comparison, an idealised case is pre-
sented in Figure 2.7(g). The corresponding focal spots are calculated with scalar diffrac-
tion theory, and are given in Figures 2.7(h-k). It can be seen that, predictably, the ide-
alised case has the lowest fringing field effects. However, the fringing fields in the
eight-level, and even the four-level case, are not particularly strong. Thus, a reason-
ably coarse degree of phase quantisation can still produce lensing with adequate per-
formance. If binary phase levels are employed, as in Figure 2.7(d), then the alternating
pattern of rings with 0° and 180° corresponds exactly to the zones of an amplitude-

blocking zone plate. A device of this type is therefore known as a binary-phase zone
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Figure 2.7. Effects of phase quantisation on beamforming. lllustration of the effects of phase

quantisation on beam-control operations, showing (a) and (b) phase distributions for
deflection to a 30° angle, with two and four phase levels, respectively, and (c) corre-
sponding far-field array factors, (d-g) lensing phase distributions quantised into two,
four and eight phase levels, with an un-quantised case for comparison, and (h-k) corre-
sponding focal spots, normalised to their own respective maxima, after a propagation
distance of 15 A. In all cases, a 15A-diameter Gaussian magnitude profile is employed

as excitation in order to suppress sidelobes and fringing effects.

plate. It can be seen that the binary-phase zone plate exhibits the strongest fringing-
tield effects, as expected. This is analogous to the symmetrical deflection shown in
Figure 2.7(c); for every ray that is deflected towards the focus, there is a ray of equal
magnitude that is directed away. However, the the binary-phase zone plate still out-
performs the magnitude-blocking zone plate, as its concentric maxima are less densely

packed, and of lower power. The focal length in all cases presented here is 15 A.

The efficiency penalty of quantisation can be quantified with the notion of diffraction
efficiency, which is defined as the fraction of incident optical power that appears in a

single diffraction order, usually the 4-1-order (Goodman 2005). Thus, a comparison of
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the maximum field intensity of the focal spots presented in Figure 2.7(h-k) provides
some insight into the degree to which quantisation impairs diffraction efficiency. For
two phase levels, the ratio is 47%; roughly half the energy is expressed in unwanted
diffraction orders. For four, it is 83%, and for eight it is 95%. Reasonably-high diffrac-
tion efficiency is therefore accessible without large numbers of phase quantisation lev-

els.

2.4 Techniques

Having expounded the relationship between phase and propagating beam behaviour,
a few examples of popular techniques to achieve a given bespoke wavefront are intro-
duced briefly. Phenomenological descriptions of the principles of operation are given,
as this suffices to provide an overview. Later in the thesis, however, specific devices are
to be introduced, and in such cases the relevant theory of operation will be provided

in significantly more detail.

In this section, devices are grouped in terms of the level of technological sophistication
required for implementation. In this case, the key question to consider is the specific
mechanism that is exploited in order to achieve phase control, as well as the feed-
ing architecture employed. However, it is worth noting that another author might
quite validly examine the devices in question from a different perspective (eg. a more
performance-oriented approach), and derive entirely dissimilar categories. Further-
more, demonstrations abound in the literature in which different principles are lever-
aged in tandem in order to achieve new functionality, thereby blurring the line further.
This section is therefore categorised in accordance with the sensibilities of the author,

and hence cannot be considered the final word.

2.4.1 Path-length techniques

As an un-guided wave travels through a medium, it acquires a phase delay that is
proportional to the distance travelled, /, the index of the relevant medium, #, and the

frequency of that wave,
erL(l) = —konl, (2.9)

where k is the free-space wavenumber. Thus, phase can be manipulated by controlling

either the distance that a wave travels, or the refractive index of the relevant medium,
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or both. For instance, a wave passing through a dielectric (i.e. n > 1) slab experiences
a delay relative to propagation in free space. By varying slab thickness as a function
of lateral position, this effect can be exploited in order to achieve a given phase distri-
bution, and in doing so, produce a desired beam-control operation. Perhaps the most
widespread example of such a device is a traditional lens, such as the biconvex lens is
illustrated in Figure 2.8(a). This is capable of focusing and collimating radiation, as the
convex spherical curves that define its shape are closely related to the spherical phase
characteristic described in Equation 2.7. Note, the operation of a lens is most com-
monly understood in terms of refraction, i.e. the curvature of the dielectric produces
the bespoke lensing operation in accordance with Snell’s law and ray-tracing optics.
That said, both ray-tracing and phase delay paradigms of analysis will show the same
lensing behaviour for the biconvex lens. However, one interesting result arises directly
from the ray-tracing paradigm; Snell’s law, which mathematically describes refraction
at an index boundary, is independent upon frequency for a non-dispersive dielectric,
and hence the directionality of individual rays transmitted through the lens device is

dictated by curvature exclusively. A non-dispersive lens will therefore exhibit the same

(a)

n>1

(d)

Albinary, trans

> >
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/"
—_—
Alstep, refl

Figure 2.8. Path-length optics. = Examples of lensing operations performed using path-length
techniques shown in cross-sectional view, including (a) a biconvex lens, (b) an off-axis
parabolic reflector, (c) a binary-phased zone plate operating as a geometric lens, and

(d) a stepped-phase device operating as an off-axis parabolic reflector.
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behaviour, and have the same focal length, for any choice of operating frequency. As
a result, a lens of this type has extremely high bandwidth, which is advantageous for
many applications. Another way of understanding this property is that the path-length
oriented delay given in Equation 2.9 scales with frequency in the same way that Equa-
tion 2.7 does, and hence it achieves the required phase distribution for all frequencies,

provided refractive index remains constant.

A dielectric medium is not necessarily required for control over the path length. Sim-
ilar functionality can be achieved using a reflector of the appropriate curvature, as
illustrated in Figure 2.8(b). The highest point on the curve is indicated by a dashed
line, and the greater the deviation below this line, the greater the delay of a reflected
ray. In this case, the curve follows a parabola, which is closely related to the shape
of the geometric lens given in Figure 2.8(a), and hence this reflector is intended to
perform a lensing operation. However, a crucial difference is that excitation is of an
oblique angle of incidence. This is a common choice with reflector devices to mitigate
what is known as “feed blockage,” i.e. a collision between the focal point and the in-
cident beam, which is often undesirable for practical reasons. Devices of this type are
termed off-axis parabolic reflectors, and it is noted that the desired phase distribution
will need to be adjusted in order to account for the oblique incidence. As before, the
behaviour of this device can be understood equally well under both a ray-tracing and
a phase-delay paradigm. Additionally, much like with the previous example of a bi-
convex lens, the definition of the focal length is invariant upon frequency, and hence
the off-axis parabolic reflector has high bandwidth as well. In fact, the bandwidth of
the parabolic reflector can exceed that of the lens in practical cases. This is because re-
alistic dielectric media are always dispersive to some degree, resulting in unintended
variations to focal length. On the other hand, a parabolic reflector makes use of no

such dielectric medium, and hence there can be no possibility of dispersion.

The previous two examples are both constructed using precisely-defined geometric
curves, and hence they are often termed geometric optics. A consequence of this is
that the topological scale of such devices is significant, making them bulky by na-
ture. Furthermore, as aperture (i.e. the lateral extent of the device) is increased, these
curves will rapidly grow to impractical scales, and this places undesirable limitations
on the device. Both antenna theory and optics will attest to the benefits of large aper-
ture, either in the form of antenna gain or imaging resolution, and hence this impacts

performance. In short, although curve-oriented devices of this kind have exceptional
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bandwidth, they also tend to be quite bulky, and this can limit their aperture and per-
formance. Such devices are therefore most often found in optics laboratory environ-
ments, in which their bulk is of little consequence, their electrical size is significant
at a modest physical scale, and their bandwidth is most welcome. Additionally, ra-
dio and microwave applications in which the antenna is fixed in place, especially for
ground stations in extra-planetary communications and radio astronomy applications,
will most often make use of antennas that are closely related to the devices discussed.
This is because such antennas provide the highest gain, which is of great assistance
over long distances, and their fixed position means their physical size can be accom-

modated.

If compactness is of higher priority than bandwidth, a stepped-phase arrangement
may be preferable. For such a device, first an operating frequency is selected. This
allows phase to be wrapped to a 360° cycle, which does away with the need for the
topological size to grow indefinitely with aperture. Subsequently, a suitable level of
phase quantisation is selected, and this is translated to an appropriate step size. Two
examples of such devices are illustrated in Figure 2.8(c,d). The first case is a trans-
missive binary-phased zone plate, which alternates between two values of thickness.
The distance between the two values of device thickness, Al, corresponds to a 7t-phase

change,

Altinary s = 371 2.10)

’ 2(n—1)

Thereafter, the pattern of grooves can be determined in accordance with the switching
radii given in Equation 2.5. A diagram of such a structure is given in Figure 2.8(c).
The second example, shown in Figure 2.8(d) is a stepped-phase version of a parabolic
reflector. The diagram shows four steps, but any integer x > 1 can theoretically serve
for this purpose. It is noted that a higher value of x will result in progressively increas-
ing performance, as discussed in Section 2.3.2, and will ultimately converge on a phase
distribution that is continuous between wrap-around points. The required spacing

between phase levels is dependent upon the choice of angle of incidence, 0,

A
2xcosf’

Alstep, refl — (2-11)
It follows from this expression that the achievable level of phase quantisation is intrin-
sically linked to the selection of operating frequency and the tolerances associated with
step height Al.
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The aperture of these two previously-mentioned stepped-phase devices can be ex-
tended indefinitely, without increasing the out-of-plane size, and hence they tend to
be more compact than optics based on geometric curves. However, a drawback of this
approach is that the specific thickness of the required steps, Al, depends on frequency,
as shown in Equations 2.10 and 2.11. A consequence of this is that the phase levels
become increasingly erroneous as frequency deviates from the operating frequency,
resulting in reduced bandwidth. Additionally, lensing devices of this type experience
spatial dispersion, i.e. variation in focal length with respect to frequency, due to the
phase wrap-around after a full cycle. This phenomenon is best understood in terms of
a binary zone plate. If wavelength is insignificant relative to focal length, as is most

often the case, then Equation 2.5 can be approximated with,
rm=VmAF, m=1,273,.. (2.12)

It can be seen that, if radius is kept constant, the following relationship of proportion-

ality between frequency and focal length arises,

A o % (2.13)

Therefore, an increase in frequency results in an increase in focal length. Although this
result has been derived for a binary zone plate, a similar rationale also applies to any
given device with wrapped-phase. This is because, as shown in Section 2.3.2, there is
a correspondence between two consecutive switching radii of a binary-phased zone
plate and a complete phase cycle of a continuous-phase device with the same focal
length. As a result, the bandwidth of such a device is inferior to that of optics based on

geometric curves.

2.4.2 Phased arrays

From an antenna theory perspective, the most prominent and well-known technique
associated with beam steering, beam forming, or beam manipulation in general is the
phased array antenna. Such a device is essentially a direct, practical realisation of
the array theory paradigm introduced in Section 2.2.3; each element in an array of
identical, individually-excited antennas possesses their own particular amplitude and
phase, and the overall pattern of excitation dictates the behaviour of the radiated beam
(Balanis 2016). If the phase is controlled with actively-tunable phase shifters, the radi-

ation pattern can be dynamically-scanned. A schematic diagram of a linear, 1D phased
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Figure 2.9. Phased array. Schematic of (a) a phased array antenna with active phase control,
showing a basic beam-steering operation, and (b) an example of a feed network that
splits a single input into eight outputs, of equal magnitude and phase. Note the tracks

in this schematic may equally represent a transmission line or a waveguide.

array antenna of this type, with eight elements, is provided in Figure 2.9(a). In this

example there is a progressive phase difference, A, between adjacent elements,

Pn = Pu—1+ Ag. (2.14)

This corresponds directly to the phase distribution for a deflector given in Equation 2.6,
and as before, beam deflection off the normal direction results. The relationship be-
tween the progressive phase, Ag, and the output steering angle, 6, is trivially derived

from Equation 2.6, by substituting Ag for ¢(d,0),
A = kod sin(—6;), (2.15)

where it is noted that the spacing between antenna elements, d, must be lower than a

free-space wavelength. Failure to observe this condition will result in the existence of
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grating lobes, which are so-called because they are the product of diffraction effects,
and hence their directionality is dictated by the grating equation given in Equation 2.4.
Beam steering of this type is certainly one of the more popular and well-known appli-
cations for phased arrays, but as mentioned in Section 2.3.2, shaped-beam techniques

provide significant freedom for defining a radiation pattern.

A phased array antenna of this kind is chiefly dependent on an efficient feed network,
in order to separate the power from a single source into several individual feeds. If,
on the other hand, multiple independent sources were to be used, they would not
be coherently-phased (i.e. their relative phase is not explicitly known or controllable),
which makes phased array operation impossible. One notable exception includes sep-
arate oscillators that are electronically coupled, but there are practical limitations sur-
rounding the number of elements that can be combined in this way. An example of a
feed network is given in Figure 2.9(b), where it can be seen that numerous two-way
splitters and bends are cascaded in order to distribute the energy from the input port
to the output ports. The performance of a feed network is dependent on the existence
of efficient guided-wave structures. Such components are certainly freely available
at radio and microwave frequencies in the form of microstrip transmission lines and
hollow metallic waveguides (Pozar 2009), as metals are good conductors at these fre-
quencies. Similarly, in the optical range, advances in nanophotonics have resulted in
numerous examples of dielectric waveguides (Liu et al. 2010). In the terahertz range,
however, there is a pronounced absence of efficient guided-wave structures. For this
reason, a feed network of any reasonable size is not practical in the terahertz range due

to dissipation.

Of equal importance to the feed network is the electronically-controllable phase shifter.
Such components are mature in the microwave range, and have been demonstrated in
the millimetre range several decades ago (Jacobs and Chrepta 1974), but in the tera-
hertz range, such components are not available. In the optical range that lies beyond,
approaches such as thermo-optical tuning (Sun et al. 2013a) are generally preferred
for active phase control. For best versatility, response time, and control, however,
electronically-controlled solutions are generally preferable. Lastly, to-date there has
been no demonstration of an electronically-controlled phase modulator in the tera-
hertz range that is amenable to integration with a phased array of this type, casting
the practicality of a classical phased array antenna in the terahertz range into further
doubt.
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2.4.3 Guided-wave techniques

As discussed in Section 2.4.1, a wave propagating through a medium will acquire
phase delay that is proportional to the distance travelled, and this can be employed
to construct optics. Similarly, a phase delay is acquired during the propagation of a
guided wave, and this can likewise be exploited for beam-control techniques. This ap-
proach is naturally amenable to compact and integrated devices, which is highly ben-
eficial to practical applications. In cases in which beam-control devices are intended to
be portable or aerodynamic, for example, it is quite clear that an integrated solution is

more attractive than, say, a lens separated from a feed by a focal length.

A leaky-wave antenna is essentially a waveguide or transmission-line structure that
progressively radiates some of the energy of the travelling wave to free space. This can
be performed either by defecting the guided-wave structure periodically with scatter-
ers, or with an opening that is continuously radiating along the length of the device.
Emphasis is placed upon the former case for this discussion, but a more detailed sum-

mary of travelling wave antennas of this type is provided in Walter (1970).

As a propagating wave acquires a delay that is proportional to the distance covered,
scattering energy at periodic intervals along the propagation direction will yield a pro-
gressive phase difference that depends on both the spacing between the scatterers and
the phase velocity of the travelling wave, as illustrated in Figure 2.10(b). A progres-
sive phase difference in an array of uniformly-spaced radiators is a requirement for
beam steering, as discussed in the previous section, Section 2.4.2. Thus, by “leaking”
a small portion of the energy of the travelling wave at said periodic points, a leaky-
wave antenna achieves beam steering. A straightforward example of a leaky-wave
antenna is a rectangular waveguide with periodically-spaced apertures on top that be-
have as scatterers, as illustrated in Figure 2.10(a). In this instance, the spacing d caxy
is equal to the guided wavelength of A, and hence the radiated field is in-phase at all
apertures for this frequency. The overall radiated beam at this frequency is therefore
directed at surface-normal, or broadside. However, note that reflections from the aper-
tures that are internal to the guided-wave structure will also be in-phase, resulting in
constructive interference, and effectively producing a stopband at this frequency. This
impairs radiation efficiency, and is not desirable in practice. Nevertheless, this particu-
lar leaky-wave antenna is selected for this discussion as it is valuable as an instructive
and general example. The in-guide wavelength A is larger than the period separating

the apertures. This causes a progressive phase lead in the excitation of the apertures,
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Figure 2.10. Guided-wave beam-control techniques. Beam-control techniques based on waveg-
uides and transmission lines, showing (a) An example of a leaky-wave antenna in a
waveguide, using rectangular apertures as scatterers, resulting in the steering of dif-
ferent frequencies to different angles in the far field (note Ay > Ag > Ac), (b) a
simplified, general diagram of a portion of a leaky-wave antenna, showing the path
length in the guided-wave structure that separates the excitation of adjacent scatter-
ers, resulting in progressive phase, and (c) a basic Rotman lens, with four input ports
and six antenna ports. Input ports 1 and 3 are excited in order to illustrate the beam
control mechanism. Grey regions show absorbing materials that prevent multipath

within the lens body.

which in-turn produces steering away from the propagation direction of the guided
wave. Conversely, smaller Ac results in the progressive phase lag that produces steer-
ing towards the guided-wave propagation direction. Thus, the leaky-wave antenna
produces frequency-scanning, in which the directionality of the output beam is de-
pendent upon frequency, not unlike a diffraction grating. This is not as desirable as
broadband beam-scanning, but is still valuable for many applications including imag-
ing (Lettington et al. 2003) and radar (Murano et al. 2016).
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A Rotman lens is another form of beam-control device based on guided-wave struc-
tures. This device is centred around a “lens body,” which is a component that is of the
same composition as the associated waveguide or transmission line, but is of a larger
area. Thus, waves are free to propagate in any in-plane direction over the short dis-
tances within this lens body in the form of 2D-confined TEM waves, as opposed to
being confined to specific travelling wave modes. This lens body is generally com-
posed of a parallel-plate waveguide, and as a consequence, dispersion is significantly
reduced. Ports feed into the lens body, and there are two sets of ports, namely “input

ports” and “antenna ports.”

A highly simplistic example of the Rotman lens concept is illustrated in Figure 2.10(c),
with four input ports and six antenna ports. When operated as a transmitter, specific
input ports are excited, and the energy that feeds into the lens body spreads out in its
less-confined (albeit still restricted to in-plane propagation) environment, due to the
principles of diffraction discussed in Section 2.2.1. In this example, sections of the lens
body perimeter that are not coupled to either input or antenna ports are bordered by
absorbing material, which is shown in grey. The absorbers are included to prevent
multipath within the lens body. For a given input port, some energy will be accepted
into every antenna port, but in each case the path length separating the input and
antenna ports is unique to that particular antenna port. Furthermore, the ports are ar-
ranged such that excitation at an input port produces progressive phase at the antenna
ports, and the ports follow specific curves that are engineered for this property using
a ray-tracing approach. Note the waveguide or transmission line that connects the an-
tenna port to the radiator is serpentined where appropriate, in order to compensate
for differences in distance between the lens body and the output plane, and maintain
the progressive phase. For the leftmost input port, it is clear to see that the distance
to the leftmost antenna port (/11) is shorter than the distance to the rightmost (l45).
Thus, the leftmost port produces a large negative progressive phase (when viewed
from left-to-right), resulting in a beam projected strongly to the right, as illustrated in
Figure 2.10(c). Closer to the centre, the progressive phase is less pronounced, leading
to a weaker angle, and so on. Input ports on the right will steer towards the left in
similar fashion. The selection of input port will therefore determine the output beam
direction. Additionally, the geometric nature of this beam control mechanism lends it-
self to large bandwidth, in a manner similar to the physically-shaped optics discussed

in Section 2.4.1. Note that, technically, beam control of this kind is not beam-scanning,
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but rather it is a switched-beam operation, as the output beam directionality is ulti-
mately a choice within a finite set of options. However, the number of available angles
increases with the number of input ports, and hence very fine angular resolution is

achievable with a large number of ports.

Seminal work on Rotman lenses was performed many decades ago in the microwave
range (Rotman and Turner 1963), and the technique has since been demonstrated in
the millimetre-wave range (Hall et al. 2002), as well as at frequencies approaching
the optical range (Sparks et al. 1998, Sparks 2000), which illustrates the potential for
this concept to cover the electromagnetic spectrum. Additionally, the bandwidth of
a Rotman-lens far exceeds that of a leaky-wave antenna. This is because the output
directionality and beam-shape is better preserved by a Rotman lens with respect to fre-
quency, whereas a leaky-wave antenna is frequency-scanned, as discussed above. They
are combined in this section because the phase delay that makes beam-shaping possi-
ble is acquired in the propagation of the guided wave, and not because they exhibit

equivalent functionality; the correspondence is simply one of underlying technique.

The above examples present linear, 1D arrays of radiators that jointly output a single
beam in the far field, and the directionality of that beam is prescribed by progressive
phase in the excitation of these radiators. Thus, the analogy to traditional phased ar-
rays, as they are described in Section 2.4.2, is clear. This illustrates that it is possible to
achieve similar functionality to a traditional phased array without the need for phase

shifter devices, which may not necessarily be available.

2.4.4 Passive arrays

It is asserted in Section 2.4.3 that Rotman lenses are, conceptually, a combination of
phased array antennas and geometric optics. This is because they employ path length
for phase delay, as with geometric optics, but the energy is coupled to free-space via
discrete radiators, as with a phased array. A similar statement can be made of the
reflectarray and transmitarray antennas (henceforth “passive arrays” when considered
collectively) that are to be covered in the present section, albeit in a different way. In
this case, phase delay is not acquired gradually as the wave propagates through a
medium, but rather it is an abruptly-introduced phase discontinuity, not unlike the
phase shifters that are core to the operation of phased array antennas, as discussed in

Section 2.4.2. However, in the case of passive arrays, the excitation is not provided
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Table 2.1. Comparison of beam-control techniques. A summary of the conceptual differences
separating distinct approaches to achieving a given phase front for beam control purposes.
As in Sections 2.4.1 to 2.4.4, the categorisation is made in terms of two distinguishing
features, with two options each, resulting in a total of four categories. The first is
the technique with which the bespoke relative phase is achieved. This can be acquired
gradually, as a wave propagates in a given medium, or instantaneously, as with a resonator
or phase shifter. The second is the specific nature of the field source, which is either a

discrete radiator or antenna, or an incident wave that impinges from free-space.

Field Origin of phase delay
Souree Path-length propagation Phase discontinuity or shifter
Discrete

. 2.4.3—Guided-wave techniques ~ 2.4.2—Phased arrays
radiator
Free-space ) )

o 2.4.1—Path-length techniques 2.4.4—Passive arrays
excitation

by a feed network or guided-wave structure. Rather, an array of phase-discontinuity-
producing elements is collectively fed by a free-space beam, much like the geometric

optics presented in Section 2.4.1. Table 2.1 is provided to clarify this comparison.

(b)
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Figure 2.11. Reflectarrays and transmitarrays. Operation of passive array, with individual array
elements given in yellow, showing (a) excitation of a reflectarray by a feed antenna,
and (b) transmission through a transmitarray. Note that specific beam-manipulation

operations are not shown, so as to preserve the conceptual generality of these devices.
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For a passive array, the individual elements locally alter the phase of the incident wave,
by an as-yet unstated mechanism to be discussed in Section 2.5, and then re-radiate
directly back out to free space. The aggregation of local alterations in phase is en-
gineered to produce some desired overall phase distribution. This approach has the
advantage over traditional phased array antennas of not requiring a feed network, as
well as supporting far greater overall antenna apertures. Furthermore, passive arrays
are planar, and hence they have the advantage of being far more compact than geomet-
ric optics, and even more so than stepped optics. Lastly, passive arrays generally offer
high efficiency, and the potential for birefringence (i.e. independent control of different

polarisations), which are both highly beneficial properties.

A passive array of this type is essentially a planar array of regularly-spaced elements
that are fed from free space, as aforementioned. Each imparts some particular phase
shift to the incident terahertz waves, and the aggregation of these phases produces a
phase front with some overall desirable beam-shaping behaviour. This offers a high de-
gree of control over the resultant wavefront, and facilitates a broad selection of beam-
control operations that includes those discussed in Section 2.3. Impinging radiation can
either be reflected from this planar structure, resulting in a reflectarray, or transmitted
through it, as in a transmitarray. Both classes are illustrated in Figure 2.11, where it is
noted that the reflectarray is excited by a feed antenna, in much the same way as a dish
antenna. There are advantages and trade-offs in each case; a transmitarray is generally
more susceptible to loss, and may require either polarisation converters or multi-layer
configurations, as illustrated in Figure 2.11(b), in order to achieve the required phase
tunability range. On the other hand, a reflectarray has added complications due to feed
blockage. Thus, the choice of reflectarray or transmitarray is dependent on the partic-
ular requirements of the specific application at hand. Given the power-related con-
straints discussed in Section 1.1.1, the reflectarray is preferable in the terahertz range

due to higher efficiency, and will be a greater focus for the purposes of this thesis.

A brief summary of the historical development of the reflectarray antenna is as fol-
lows. The reflectarray concept was originally conceived of in the microwave range in
the early 1960’s, in the form of a bulky array of shorted waveguides of various lengths
(Berry et al. 1963). Each waveguide is, in this case, essentially a reflective phase shifter.
This design was proposed as a versatile alternative to physically-shaped reflectors,

providing far greater control over radiation characteristics. In subsequent decades,
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progress in the field of reflectarrays was accelerated by the advent of printable mi-
crostrip antenna technology, as it enabled the development of planar and compact
resonator elements (Malagisi 1978, Pozar et al. 1997). For the first few decades follow-
ing their inception, the development of reflectarray antennas remained limited to the
the microwave range exclusively. However, more recently the concept has seen adop-
tion in other frequency ranges such as the optical (Ahmadi et al. 2010, Zou et al. 2013,
Zou et al. 2014a, Yang et al. 2014b), and terahertz ranges (Hasani et al. 2016), which
illustrates their true scope across the electromagnetic spectrum. This technique will

therefore be a major focus of this doctoral thesis.

2.5 Passive resonators

The phase discontinuity-producing elements of a reflectarray of the type discussed in
Section 2.4.4 are generally implemented using passive resonators. As devices of this
kind are a focus of this doctoral thesis, a brief discussion of the principles of operation
that govern passive resonators is given in the present section. This section focuses on
reflective resonators, for reflectarray antenna devices, but similar principles of opera-

tion apply to transmissive devices.

An infinite array of identical, single-mode reflective resonators that interacts with inci-
dent free-space fields can be modelled as a one-port network with complex reflection
coefficient I'. This implies that all of the energy reflected from the array is scattered
in the specular direction, which is only valid if the lattice constant is subwavelength.
If, on the other hand, the inter-element spacing is greater than or equal to a wave-
length, then energy will be diffracted into grating lobes (Balanis 2016). This is because
the array effectively behaves as a diffraction grating, and hence it scatters radiation
into multiple directions, as dictated by its periodicity. In some cases, the use of inter-
element spacings of less than a sixth of a wavelength is advocated, in order to achieve
a smoother phase gradient in an inhomogeneous array (Lomakin et al. 2006, Monti-
cone et al. 2013). In practice, however, a half-wavelength spacing is sufficient for most
applications. Such larger inter-element spacings will in-general provide a larger phase
tunability range, and hence an inter-element spacing close to this value is adopted for

all of the devices demonstrated in the present work.
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Figure 2.12. Patch resonator theory. Phase control using passive reflective resonators, presented
(a) abstractly, as reflection coefficient of a lossless one-port network, and (b) with
the reflection coefficient of an idealised metal patch array, in which 2 = A/2 and
h = A/15. The relative permittivity of the dielectric spacer is equal to 4. After
Headland et al. (2017).

The following expression for the reflection coefficient of a resonator is employed to

explore the connection between passive resonators and phase control (Qu et al. 2015),
I — 27Tf 0Qa
N Qa Qr 1 f
2 tT5 _]QrQa (jTo _1>

This models a resonator with a single mode of resonance, which is described by the

~ 1. (2.16)

resonance frequency fo, the radiation quality factor Q;, and the absorption quality fac-
tor Q.. The latter two quantities relate to energy exchanged with free space, and energy
lost to dissipation, respectively. For devices relevant to the present work, the condition

Qa > Qris assumed, which describes efficient resonators with a large phase tunability
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range. An ideal case of this, in which no energy is dissipated, is presented in Fig-
ure 2.12(a). This shows very clearly that, on-resonance, the response is purely real,
and reflection phase is 0°. Thus, the reflection response at the resonance frequency is
identical to that of a perfect magnetic conductor (PMC), and hence a resonator of this
kind can be considered to exhibit a magnetic response. By contrast, a perfect electrical
conductor (PEC) also exhibits purely-real reflection response, but the reflection phase
is £180°. Whilst a resonator of this type exhibits a magnetic response on-resonance,
it approaches an electrical response away from resonance, heading towards +180° as
f — 0,and —180° as f — co. Thus, if the frequency of operation, f, is gradually de-
tuned from the resonance frequency, fo, the resonator can cover a range of reflection
phase close to 360°. The operation of a given reflectarray antenna is therefore depen-
dent on the capacity to tune the resonance frequency, fo, of a passive resonator away
from the operating frequency of f. In the present work, this is achieved by varying the
geometry of a given resonator, but it is also possible to tune a reflective resonator elec-
tronically, at least in the microwave range (Sievenpiper et al. 2003). When such technol-
ogy is combined with a reflectarray antenna of the sort described in Section 2.4.4, this
can be employed to realise beam-scanning functionality comparable to a traditional

phased array—without the need for a feed network.

In order to illustrate the technique of tuning resonance frequency by means of geo-
metric parameters, an idealised example is contrived, and is shown in the inset of
Figure 2.12(b). In this example, an infinite, homogeneous array of square metallic
patches is separated from a ground plane by a dielectric spacer (e, = 4), and is ex-
cited with normally-incident radiation. Both the dielectric and the metal are lossless,
and hence Q, = oo. This structure is investigated with parametric analysis, which is
the process of varying a geometric parameter of a given device in order to observe the
alteration in its response. The analysis is performed with full-wave simulations (using
CST Microwave Studio), and the parameter of interest is patch side-length. Results in
Figure 2.12(b) show decreasing phase response with respect to increasing patch width
w. This is because an increase in patch dimensions will result in an increase in the
wavelength of the corresponding resonance frequency. Thus, the phase characteristic
shown in Figure 2.12(b) corresponds closely to that which is shown in Figure 2.12(a);
a larger patch results in a lower value of fy, and hence a higher value of f/fy. It is
also worth noting that this square patch resonator is just one example of a prospective
array element (Pozar et al. 1997), and that there is significant choice and freedom in the

selection of the individual resonator, with benefits and trade-offs in each case.
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It can be seen from Figure 2.12(a) that the gradient of the phase descent depends on
the radiation quality factor Q;. A larger value will result in a steeper descent, and in
practical cases, can produce a larger phase tunability range. However, a steep phase
gradient is inherently more sensitive to tolerances, as a minor change to resonance
frequency produces a large change in phase response. There is evidently a trade-off as-
sociated with the quality factor. Good practice is to select the minimal value of quality

factor that provides the required phase tunability range.

2.5.1 Passive resonators in reflectarray design

In order to realise a reflectarray antenna, the two concerns of resonator design and
phase distribution are integrated, and the result is a nonuniform array of reflective res-
onators. In this context, the individual resonator is most often referred to as a unit cell,
as the resonator is modelled as a single element in an infinite, periodic array of uni-
form elements. The phase response of each unit cell in the array is determined by the
desired phase distribution, eg. with Equations (2.6) or (2.7), whilst accounting for the
phase of the incident wave. The resonator dimensions needed to achieve this phase
response are determined by parametric analysis. Each resonator thus imparts a local
phase response on the reflected field, and the overall phase distribution is the aggre-
gation of all such responses. The design flow of a reflectarray antenna is illustrated
in Figure 2.13. In such an approach to reflectarray design, parametric analysis is em-
ployed in order to determine the mapping from device dimensions to phase response.
This mapping is subsequently reversed, and desired phase response at a given point is
used as a look-up key to extract the corresponding unit cell dimensions that produce

this phase response.

There are some well-known limitations and approximations to this approach to reflec-
tarray design that pertain to inter-element coupling. Firstly, the design of an individual
resonator typically operates under the assumption of an infinite array of identical ele-
ments with uniform plane-wave excitation. In practice, however, excitation is provided
by nonuniform sources such as Gaussian beams. Thus, the amount of energy incident
upon a given element may differ from that of its neighbours, which can influence inter-
element coupling effects. Secondly, the reflectarray must necessarily be nonuniform in
order to achieve any useful beam-shaping operation, and this is not consistent with the

unit cell assumption of total uniformity. Thus, the fact that neighbouring elements are
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Figure 2.13. Reflectarray design. Combination of unit-cell design considerations with the desired

phase distribution in order to realise the total array design.

not identical breaks resonator symmetry, which can excite asymmetrical modes of res-
onance, and significantly impact the resultant phase response (Singh et al. 2011). The
first issue can be discounted by the fact that the field distribution changes gradually,
and hence a given element effectively experiences locally-uniform excitation. The sec-
ond issue, however, is more challenging to address. Most often, it is asserted that the
change in resonator dimensions is sufficiently gradual that differences between imme-
diate neighbours is negligible, or very close to negligible. This is often referred to as
the assumption of “local periodicity.” However, this ceases to be accurate when steep
phase gradients are required, for example, when designing flat lenses of high numeri-
cal aperture. In some such cases, parametric unit cell analysis is treated as a guideline,
and individual elements are optimised in their array configuration, but this becomes

extremely labour-intensive for any reasonably-complicated design.

2.6 Conclusion

Basic principles for understanding the propagation of electromagnetic waves are pre-

sented in this chapter. Scalar diffraction theory and array theory are provided as means
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to quantify this phenomenon, and are subsequently employed to investigate wavefront
engineering employing both magnitude and phase-based techniques, for a variety of
beam-control operations. It is found that phase is unambiguously the superior choice
for beam control, in terms of both performance and versatility. Some practical tech-
niques to achieve a bespoke phase front are briefly introduced, in the form of geomet-
ric optics, phased array antennas, guided-wave techniques, and passive arrays. The
focus of this chapter is subsequently refined to reflectarray antennas, a subset of pas-
sive arrays, and the operation and design of such a device is described in more detail,

as this beam-control device is most relevant to the present doctoral thesis.

The following chapter will give examples of demonstrations of terahertz beam con-
trol that make use of the principles and techniques that have been introduced in this

chapter.
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Background

REVIOUS demonstrations of beam control in the terahertz range are
presented. As opposed to the preceding chapter, in which principles
and techniques are given in a general and abstract way, this chapter
discusses the performance, features, advantages, and drawbacks of specific
designs that have been reported in the literature. This is intended to provide
some much-needed context to the later chapters of this thesis, and show
how the contributions therein address the limitations of existing work by

investigating as-yet unexplored opportunities.
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3.1 Introduction

A review of beam-control devices reported in the literature is given in this chapter.
The scope of this review is limited to the terahertz range exclusively, and hence even
closely related beam-control devices in the optical or microwave ranges are not cov-
ered. Additional to that, articles that lack a practical demonstration component have
been omitted. This is because the potential value of a given design is always contingent
on the possibility of a physical realisation, no matter how sophisticated or innovative
it is. Furthermore, modelling without associated experimentation is of limited utility
to evaluate the performance of a device. This is because all forms of modelling must
be approximations to a degree, and the validity of these approximations cannot be
confirmed without a physical demonstration. Another important point regarding the
scope of work reviewed in this chapter is that demonstrations of static beam control, as
well as devices with dynamic scanning capabilities, are both included. Although the
contributions to be reported in this thesis fall in the former category exclusively, the

development of the two is intrinsically linked.

The organisation of this chapter is intended to reflect the conceptual flow of the pre-
ceding chapter. Section 3.2 briefly covers demonstrations of magnitude-based beam
control in the terahertz range, utilising the principles discussed in Section 2.3.1. Sub-
sequent sections present a deeper summary of various implementations of the more
popular and useful phase-based paradigm. Sections 3.3 through 3.7 correspond to
the organisation of Section 2.4; covering path-length optics, phased array antennas,
guided-wave techniques, and passive arrays, respectively. It is noted that passive ar-
rays are broken into two sections, covering terahertz transmitarrays and reflectarrays
separately, as such devices are a major focus of this thesis. Lastly, Section 3.8 high-
lights some promising directions for research into terahertz beam control, given the

perspective provided by this review.
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3.2 Amplitude-blocking for diffractive optics

It is asserted in the previous chapter, Chapter 2, that phase-based beam control tech-
niques are generally preferred over magnitude-based techniques in the terahertz range,
owing to superior efficiency, versatility, and control. Whilst this is true, there are a few
demonstrations of magnitude-based beam control in the literature that make use of a
radiation-blocking mask to achieve beam control, utilising the principles that are de-
scribed in Section 2.3.1. For instance, an off-axis transmissive diffractive lens operating
at 500 GHz has been demonstrated in Siemion et al. (2011), using a straightforward
metal grating with curved slits. Although it reflected roughly half of incident power,
and had a modest 10% diffraction efficiency, the straightforwardness of such a device

may be desirable in some applications.

Dynamically-reconfigurable amplitude-based beam control in the terahertz range has
also been demonstrated. One technique is based on the photoexcitation of semicon-
ductors, as it is well-known that incident photons will produce free carriers in such
a material. This locally increases the material’s electrical conductivity, resulting in a
decrease in terahertz transmission (Kannegulla et al. 2015). The existence of these free
carriers is temporary, and depends on the carrier lifetime of the material, which is in
the range from 0.1 to 1 ms for terahertz-transparent semiconductors such as silicon and
germanium. By exposing a slab of intrinsic semiconductor to a particular light pattern
of the appropriate intensity and wavelength, a terahertz radiation-blocking mask is
temporarily patterned across the surface. This technique has been used to generate
diffraction grating patterns for terahertz beam-scanning in a frequency range from 50
to 250 GHz (Busch et al. 2012), as illustrated in Figure 3.1. In another work employing
the same methodology, beam scanning through a 12° angle and zone plate patterns for
lensing were demonstrated at an operating frequency of 750 GHz (Shams et al. 2015).
In both cases, a partially-reflective indium tin oxide window was employed to super-
impose the masking light pattern over the incident terahertz radiation. The bespoke
light pattern was achieved with a digital light processing projector. Note, neither work

explicitly reported the diffraction efficiency that results from this methodology.

Electronic control is generally preferable to optical control, as an optical spatial light
modulator of the sort discussed above requires highly specialised equipment. By con-
trast, an electronic device is typically more amenable to integration into compact de-
vices. Electronic amplitude modulation based on metasurfaces has previously been

demonstrated in the terahertz range (Chen et al. 2006), exhibiting ~5 dB modulation
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Figure 3.1. Optically-controlled magnitude-blocking mask. Illustration of the use of a pho-
toexcited semiconductor to achieve terahertz beam scanning, by temporarily imprinting

a magnitude-blocking diffraction grating, after Busch et al. (2012).

depth at an operating frequency of 900 GHz. For this device, the metallic resonators
that comprised the metasurface were fabricated on a doped semiconductor, where the
metal-semiconductor junction forms a Schottky barrier, which is essentially a form of
diode junction. A reverse-bias to this junction creates a depletion region in the vicinity
of the metal, reducing the conductivity of the material that surrounds the resonator
and altering the characteristics of its resonance. This principle has been employed
for amplitude modulation (Chen et al. 2006), and by grouping cells into columns of
width greater than a wavelength, a switchable diffraction grating may be realised.
Note that the grating period is effectively inbuilt into the structure of a device of
this type, and hence it is less versatile and reconfigurable than the aforementioned
optically-controlled spatial light modulators. An amplitude-blocking terahertz spa-
tial light modulator using electronic switching of an active metasurface in this way has
been experimentally demonstrated (Karl et al. 2014). This device had a fixed diffraction
angle of 36.1°, 9.4 dB insertion loss, and a modest diffraction efficiency of 0.53%. Whilst
performance may improve with refinement, it seems to indicate that the efficiency with

which devices of this type steer radiation is insufficient for practical applications.

3.3 Path-length optics

As discussed in Section 2.4.1, a straightforward technique to achieve a given required

phase distribution is to employ a piece of transparent dielectric of varying thickness.
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Figure 3.2. Stone terahertz lens. Terahertz lens made of natural stone, showing (a) plano-convex
structure and principle of operation, and (b) photograph of fabricated dolomite lens,
after Han et al. (2013).

A brief discussion of noteworthy demonstrations of this approach in the terahertz
range is as follows. Traditional lenses operating in the terahertz range have been
commercially available for several years (Kropotov and Tsygankova 2010), composed
of materials such as polymers, which offer efficiency in the order of 65 to 80%, as
well as crystalline substances and quartz, with efficiency of ~25%. The origins of
loss in devices of this kind are linked to reflection at the dielectric-air boundary, as
well as dissipation loss as the beam propagates through the material, as its thickness
is non-negligible. Polymer terahertz lenses are also detailed in the literature, hav-
ing been fabricated with techniques including compression moulding and machining
(Scherger et al. 2011b, Wichmann et al. 2013, Chernomyrdin et al. 2017). These devices
operate over a broad bandwidth due to the non-dispersive nature of the polymers
employed. Focal lengths from 7 to 60 mm were demonstrated, and the thickness of
these devices was up to 15 mm, which is quite large compared to a terahertz wave-
length. Additional to the dielectrics previously mentioned, there are a few examples
of slightly more exotic materials being used for this purpose, including natural stone
(Han et al. 2013), as shown in Figure 3.2, which was 4.1 mm thick, and focused to a
distance of ~95 mm over a frequency range from 0.2 to 0.7 THz. Another example is
mould-set caramel (Sterczewski et al. 2016). However, this device had a limited band-
width of 0.15 to 0.4 THz due to the absorptivity of caramel at higher frequencies. This

planoconvex lens had a focal length of approximately 18 mm, and was 5 mm thick.

A drawback of all of the traditional lens devices presented above is the physical thick-
ness, which is a hindrance in applications demanding compactness. Transmissive,
stepped-phase diffractive optics have also been demonstrated in the terahertz range.
These address the issue of thickness, albeit at the cost of reduced bandwidth. Silicon

is highly suitable for this purpose, as intrinsic silicon can have very low dissipation,
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and mature etching techniques are well-suited to produce a quasi-planar device with
a finite number of levels (Wang et al. 2002, Saha et al. 2013, Minkevicius et al. 2017).
These devices were significantly thinner than traditional lenses; the latter cited work
had a device thickness of less than 500 nm. In another work, the negative shape of
a stepped-lens structure was etched into silicon, and this was used in a stamp-like
manner to imprint a stepped-phase lensing structure into a commonly-used terahertz
transparent polymer known as polypropylene (Walsby et al. 2007). This material has
lower refractive index than silicon, and hence exhibits better matching to free-space at
the cost of increased physical step size for the same phase difference. This resulted in
a device that was 3 mm thick. A slightly more unusual choice of dielectric material
is ordinary cartridge paper, which was stacked to the requisite thickness for a binary
phase difference with respect to free-space, which is ~1.3 mm, and then the zones of
lower-delay were defined by laser-cutting. This resulted in a binary-phase zone plate,
as reported in Siemion et al. (2012), and the use of cartridge paper in particular repre-

sents a highly inventive, low-cost demonstration of a terahertz beam-shaping device.

In recent years, one particular method of fabrication, namely 3D printing, has been
gathering significant attention as a means to produce path-length based optics in the
terahertz range, and hence it merits a specific mention. The family of fabrication tech-
niques known as 3D printing is loosely defined as the automated fabrication, in layered
fashion, of a near-arbitrary structure that is defined by a model generated in computer-
aided design (CAD) software. This technique has been employed to fabricate terahertz
polymer zone plates (Furlan et al. 2016), Fresnel lenses (Sypek et al. 2012), traditional
lenses (Busch et al. 2014, Squires et al. 2015, Busch et al. 2015), cylindrical (i.e. line-
focusing) lenses (Suszek et al. 2015), and integrated lenses (Yi et al. 2016). The prolif-
eration of such diverse terahertz devices is testament to the versatility of 3D printing,

and the basis for this fast-growing field of study.

Aside from bulk dielectrics and metals, it is also possible to contrive artificial, effective
media using periodic, subwavelength structures. From the perspective of an electro-
magnetic wave, such a structure is experienced as a homogeneous material with prop-
erties that are dependent on the structure, and potentially different from the those of
the constituent materials (Choy 2015). For instance, an array of subwavelength air-
holes in a given dielectric material will produce an effective medium that an electro-

magnetic wave experiences as an artificial dielectric, with an effective refractive index
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that lies between that of the bulk dielectric and air. This index depends on hole ra-
dius and hole density, and hence it can be controlled by varying the size of the holes
with respect to position. A device analogous to a traditional lens has been constructed
from intrinsic silicon based on this principle, where effective index (as opposed to de-
vice thickness) varied with position in order to achieve the required output phase-front
(Park et al. 2014). This device had the advantage of a large bandwidth that is compa-
rable to that of traditional lenses, namely 0.4 to 1.6 THz, combined with the extremely
thin profile of 100 um. Additionally, its reduced refractive index resulted in better
matching to free-space compared bulk-silicon devices, and hence in greater efficiency.
This is an example of a gradient-index (GRIN) lens, and a related device has also been
fabricated using 3D printing (Hernandez-Serrano et al. 2016). Both of these artificial
dielectrics are constructed entirely from bulk dielectric materials, but other options are
available; perhaps counter-intuitively, all-metal designs can also be employed to re-
alise artificial dielectrics. Such effective media have been utilised for terahertz lenses
(Navarro-Cia et al. 2011, Mendis et al. 2016). Interestingly, these all-metal artificial di-
electrics exhibit properties not found in natural media, namely the effective refractive
index of the medium is lower than unity, which is impossible for bulk dielectrics. This
means that the phase front is accelerated with respect to free space, rather than delayed,
as in a conventional medium. Thus, the curvature of lenses of this type is concave,

where a traditional lens of the same functionality is convex, as shown in Figure 3.3.

Scannable and switchable path-length optics Terahertz beam-control devices based

on path-length mechanisms can also be made dynamically-reconfigurable, and a few

a b
12 R=20
Al £
Figure 3.3. All-metal artificial dielectric lens. Metal-based artificial dielectric lens, show-

ing (a) operation schematic diagram, and (b) photograph of fabricated sample, after
Mendis et al. (2016).
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examples of such techniques are discussed in this section. Perhaps the most straight-
forward example is a mechanically-actuated flat mirror, which can be employed as
a trivial beam-scanning mechanism. There are numerous examples in the literature
of terahertz scanning systems of this type (Cooper et al. 2008, Cooper et al. 2011, Kos
and Gerecht 2013). However, the need for motorised control, as well as the physical
scale of devices of this type, pose a serious disadvantage. A more compact, flat-profile
approach to mechanically-actuated terahertz beam scanning has been demonstrated,
which made use of a one-dimensional array of electronically-switched reflective can-
tilevers (Monnai et al. 2013). Each cantilever could switch between two positions that
were separated by a vertical distance of 80 pm, which is an appropriate scale for bi-
nary phase difference upon reflection in the terahertz range. This device can therefore
achieve dynamic, binary-phase beam scanning, as well as variable focusing in a sin-
gle dimension in a manner similar to a cylindrical lens. A <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>