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Abstract

EFLECTARRAY, the concept combining the principles of phased arrays

and geometrical optics, can produce predesigned radiation characteristics

without requiring a complicated feeding network. A free-space excitation
is used to illuminate reflectarrays with passive resonant elements made of metal and
dielectric structures, whose individual reflection phase is dependent on the size and
geometry of a radiating resonator. Reflectarrays offer the advantages of flat profile
and high efficiency, and therefore various reflectarray structures have been intensively
realised in the microwave region. With the development of integrated circuit lithog-
raphy processes, the application of the reflectarrays has been extended to the infrared
and even to the visible light regions. However, the realisation of the reflectarrays that
can manipulate beams in the terahertz regime still remains largely under-explored,
because of the high intrinsic material loss and due to the challenges associated with
measurement technology in this frequency range. In recent years, owing to emerging
solid-state sources and detectors in the terahertz spectrum, high-gain antennas have
become intensively required for constructing terahertz wireless networking or imag-
ing systems. Low-loss terahertz reflectarray antennas thus promise attractive potential
for enabling the manipulation of terahertz radiation. This thesis will first introduce
the background of terahertz technology, approaches for manipulating terahertz radi-
ation, and fundamental theories for reflectarray design. Following the introductory
chapters, the core of the thesis shows how several terahertz reflectarrays have been de-
signed, fabricated, measured and analysed for the aim of (Part I) beam deflection with
polarisation independence, (Part II) beam splitting with polarisation dependence, and
(Part III) broadband operation:

Part I involves a terahertz reflectarray that is composed of resonant microstrip gold
patches on a dielectric substrate. The relation between the patch size and the reflec-

tion phase is analysed for a realisation at 1 THz. A subarray is then configured based
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Abstract

on a progressive and cyclic phase distribution to deflect an incident beam into a pre-
designed angle off the specular direction. Both the numerical simulation and the ex-
perimental measurement verify that the proposed reflectarray can efficiently deflect
the incident TM and TE polarised waves into the same desired direction at an opera-

tion frequency.

Part II focuses on reflectarray designs that can split an incident beam into two different
directions with polarisation dependence. In the first realisation, two sets of orthogo-
nal strip dipoles are arranged into interlaced triangular lattices, whereas the second
realisation is based on metallic wire grids patterned into square layout with variable
lengths backed with wire-grid ground layer. Both configurations of reflectarrays can
separate the two polarisation components into different designed directions by deflec-
tion or transmission. The designs are realised for experimental validation, and the
corresponding measurements are performed in a terahertz time-domain spectroscopy
system. The measurement results verify the designs and show acceptable efficiency

and high polarisation purity of these polarisation beam-splitters.

Part III concerns the design of novel radiating resonators for broadband reflectarrays.
Three parallel elliptical dipoles with variable lengths are proposed to enable broad-
band operation. A reasonably linear phase response with a wide enough range is ob-
tained by the proposed configuration while the phase curves for different frequencies
are nearly parallel each other over a wide frequency range. The simulated field distri-
butions and radiation patterns at different frequencies in the terahertz range demon-

strate that the designed reflectarray can perform as expected in a wide frequency band.

These original designs along with corresponding experimental validations offer a first
demonstration of reflectarray in the terahertz regime, with antennas composed of metal-
dielectric resonators. This is an important progress in expanding approaches for tera-
hertz wave manipulation. The designed reflectarrays with different structures can be
utilised as high-efficiency components for advancing the technologies of high-speed

communications and high-resolution imaging in the terahertz range.
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Chapter

_

Introduction

S one of the relatively un-tapped regions of the electromag-

netic spectrum, the terahertz frequency range sandwiched be-

tween the traditional microwave and infrared ranges has at-
tractive properties and thus unique potential for various applications. This
introductory chapter gives a general definition of the terahertz radiation
range as well as the techniques for generating terahertz waves. The back-
ground knowledge on terahertz radiation, including its advantages and ap-
plications, is introduced here. With an aim to control the propagation of the
terahertz radiation, a type of antenna with high efficiency and flat profile is
introduced. At the end of the chapter, the outline of the thesis is included.
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1.1 Definition of the terahertz radiation

1.1 Definition of the terahertz radiation

Generally, terahertz (THz) radiation or T-rays refers to the frequency range from 0.1
THz to 10 THz, which lies between the domains of electronics and optics in the elec-
tromagnetic spectrum as shown in Fig. 1.1(a) (Siegel 2002, Abbott 2000). In the broad
view of the spectrum, the terahertz range overlaps with microwaves on its lower fre-
quency side and infrared on its higher frequency side. More specifically as shown in
Fig. 1.1(b), from the lower side to upper side of the frequency range, the terahertz radi-
ation starts at 100 GHz or 0.1 THz, i.e. at a frequency point belonging to the extremely
high frequency (EHF) band defined between 30 GHz and 300 GHz. After covering
the whole range of sub-millimetre waves (SMMW) from 300 GHz to 3 THz, the upper
boundary of the terahertz radiation goes up to the frequency point of 10 THz while
the conventional definition for the far infrared (FIR) starts at 1 THz. Although the bor-
der between SMMW and FIR is not clearly defined (Siegel 2002), it is obvious that the

terahertz band overlaps with these two frequency bands.

(@)

1Hz 1 KHz 1 MHz 1 GHz 1THz 1PHz 1EHz 1ZHz
Frequency 1|00 1I01 1p2 1|03 1|04 1|05 1I06 1p7 1|08 1|09 1p10 1|011 1|012 1p13 1I014 1p15 1Io16 1|017 1p18 1I019 1p20 1p21

(Hz) radiowaves . microvs- T-r- infra.lultra- X-ray_
vi
£

electronics optics

(b)

1MHz 30MHz 300MHz 3 GHz 30 GHz 300GHz 3THz 10THz 100 THz 1 PHz
Frequency s [ mvw | sMmw | |

- | uHER ] FR | it

Figure 1.1. Electromagnetic spectrum. (a) The terahertz frequency region in the broad view of

the electromagnetic spectrum is loosely defined from 0.1 THz to 10 THz, i.e. between
the borders of electronics and optics. It overlaps with the upper side of the microwave
range and the lower side of the infrared regime. (b) The terahertz frequency region
with its spectrum neighbours in a closeup view of the electromagnetic spectrum. The
terahertz radiation covers the range of the upper part of millimetre waves, then the

whole range of sub-millimetre waves, and the lower part of the infrared.

Page 2



Chapter 1 Introduction

For a long time, the terahertz frequency range was known as ‘terahertz gap’, because
the technologies for generating, propagating and detecting terahertz radiation were
not well developed, because of inherent challenges. There is no media that can radiate
terahertz rays in nature, and the generation of terahertz radiation has to resort to laser
excitation. On the other hand, propagating terahertz waves either with conventional
devices or in air suffers high attenuation due to significant loss from the transporting
materials. Therefore, it was critically required to develop advanced materials and new

techniques for generating terahertz radiation (Ferguson and Zhang 2002).

In the last decades, with the development of the new materials providing higher-power
sources, terahertz technology has seen a rapid revolution in the methods of generating
terahertz radiation. The techniques of exciting different materials such as photocon-
ductive antennas based on semiconductor (Matsuura et al. 1997, Dreyhaupt et al. 2005)
and organic nonlinear crystals (Brunner et al. 2008) with ultrafast lasers are used for
generating broadband terahertz radiation, while the narrow band terahertz radiation
are usually obtained through upconversion of lower-frequency microwave oscillators
(Siegel 2002). Recently, the evolutional progress of the terahertz time-domain spec-
troscopy (THz-TDS) technology has offered remarkable capability in generating and
detecting broadband coherent terahertz radiation. As an example, Fig. 1.2 shows a
THz-TDS system, TERA K15 from Menlo Systems. The key components of the setup
are the mode-locked femtosecond fibre laser and the fibre-coupled THz emitter and
detector antenna modules. The terahertz radiation of the system is obtained from exci-
tation of photoconductive antennas, and the ultrafast pulses from the laser are utilised
for both generation and detection. A time-domain terahertz radiation pulse from the
system is shown in Fig. 1.3(a) and the corresponding spectrum is demonstrated in
Fig. 1.3(b). By using vibrational or rotational transitions of molecules in gas phase
matching the radiation frequencies that lead to sharp characteristic absorption lines,
i.e. “fingerprints” of materials, the system can be used for chemical identification. As
the system is phase and magnitude sensitive, it allows measuring the refractive in-
dex or the thickness of a sample. In terahertz imaging, the amplitude and phase of a

terahertz pulse can reveal the internal structure of a sample.

1.2 Applications of terahertz radiation

In the past, terahertz spectroscopy has been mainly used by chemists and astronomers

to spectrally characterize the thermal-emission lines of simple molecules due to the
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Figure 1.2. Terahertz time-domain spectroscopy system (THz-TDS) TERA K15 from Menlo
Systems. The system contains a mode-locked femtosecond fibre laser, an emitter

antenna, a detector antenna, and lenses for collimating and focusing terahertz beams.

fact that many materials of interest have unique spectroscopic “fingerprints” lines in
the terahertz region (Ferguson and Zhang 2002). In the past decades, benefiting from
development of the technology of THz-TDS, terahertz radiation along with the devices
operating in this frequency band has been playing an increasingly important role in a

very diverse range of applications.

Sensing and analysing

Owing to the fact that many materials, in particular crystalline substances and polar
gases, have their unique absorption spectra, i.e. spectral fingerprints, in the terahertz
range, terahertz radiation can be used to scan substrate and then extract material’s
characteristics. This application was initially processed by astronomy and space re-
searchers to identify, catalog and map molecules and thermal emission and absorp-
tion of lightweight gases in planetary atmospheres as well as information of the earth

(Siegel 2007, de Maagt 2007). By now, the range of materials that can be sensed and
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Figure 1.3. Terahertz pulse from THz-TDS TERA K15. (a) Electrical field of the pulse as a

function of time. (b) The corresponding spectrum of the terahertz pulse.

analysed by terahertz radiation has been expanded to chemical, medical, and biologi-
cal areas (Tonouchi 2007, Federici et al. 2005, Yoshida et al. 2007). In addition, because
the terahertz radiation can penetrate a wide variety of dry, nonmetallic and nonpolar
materials such as polymers, paper, textiles, ceramics, composite materials, chemical
powders and so on, it can be applied for sensing and identifying the objects covered
by the solid dry nonmetallic materials that are opaque to optical scanning. For exam-
ple, in airport security scanning application, the terahertz sensing and diagnosing can
offer an alternative stand-off inspection method for accurate surveillance by detecting
the concealed weapons and drugs (Hiibers et al. 2007, Weg et al. 2008, Pawar et al. 2013,
Kawase et al. 2003).
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1.2 Applications of terahertz radiation

Imaging

The response of matter to terahertz radiation, when exploited for imaging applications,
can reveal the inner composition of optical opaque materials. Furthermore, terahertz
radiation exhibits the properties of low photon energies, and therefore it has been
widely and successfully applied in medicine and biological imaging without dam-
aging tissues and DNAs (Mittleman et al. 1996, Woodward et al. 2003). Due to the
wavelength-dependent diffraction limit, terahertz radiation offers better imaging res-
olution than microwave radiation. On the other hand, it provides worse imaging res-
olution than optical imaging techniques, but suffers lower scattering (Han et al. 2000).
Thus, terahertz radiation can be used to visualise internal contents and improve the ac-
curacy of diagnosis for treating diseases. Although the terahertz radiation suffers very
severe attenuation when it propagates in the media with high water content, it can still
penetrate several millimetres of fatty tissue with low water content and then be re-
flected back. In addition, when the water content and density of a tissue changes, the
dielectric spectral properties of the tissues will exhibit distinctive variation in terahertz
reflectivity. Some database recording variations of water content in different tissue
types (i.e. cancerous and healthy tissues) have been built. Based on the database, de-
tectable changes of hydration in the tissue can be identified when scanning tissue with
terahertz waves, and informative results can help doctors in their diagnosis. Such ap-
plications have been demonstrated in cases of imaging skin cancer, breast cancer and
other tumours (Mittleman et al. 1999, Wallace et al. 2004, Nishizawa et al. 2005, Tay-
lor et al. 2011, Fitzgerald et al. 2012, Fitzgerald et al. 2014). Some frequencies of tera-
hertz radiation have been used for establishing the characteristic spectroscopic proper-
ties of the enamel and dentine with 3D imaging showing various types of tooth decay
(Zinov'ev et al. 2003, Pickwell et al. 2007, Churchley et al. 2011).

Communications

With the increasing demand for ultrafast wireless communications over the last few
years, terahertz technology has attracted intensive interest due to the fact that the tera-
hertz radiation can support ultrabroadband communication networks with ultrafast
data rates (Bird et al. 2008, Jacob et al. 2009). By now, the main carrier frequency
range for wireless links at millimetre waves is around 60 GHz providing data rates
of around 1.5 Gbps (Nagatsuma et al. 2013). In this frequency band, current WLAN
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and WPAN systems have shown the feasibility of the transmission of video signals.
Future wireless systems with data rates of 10 Gbps or even higher have been proposed
for operation in the unallocated frequency band over 275 GHz. Terahertz radiation
with its huge spectral resources have been reported to show the potential for such a
wireless communication environment (Song and Nagatsuma 2011). In order to control
the terahertz carrier, the available photonic-based high-frequency components such as
lasers, modulators, filters and photodiodes can be employed for terahertz communi-
cations. Moreover, terahertz systems can be compatible with existing optical networks
(Bird et al. 2008). However, due to strong water vapour absorption in air, the limited
transmission distance restricts the wireless terahertz radiation to indoor communica-
tions. In space, atmospheric absorption is not a problem, and the terahertz radiation
can be applied to wireless communications between satellites and spacecrafts (Fitch
and Osiander 2004, Grant et al. 2009).

1.3 Challenges in terahertz technology

As mentioned in previous sections, the significant progress in laser technology has
provided the terahertz community with both photonic solid-state sources and vacuum
electronic devices. Especially, the advanced development of generating and detecting
technologies based on photonic solid-state sources have enabled terahertz radiation to
be widely used in various applications (Booske 2008, Booske et al. 2011, Clough et al.
2012, Berry et al. 2014, Yardimci et al. 2015). However, challenges are still remaining
in this rapidly evolving field. Firstly, it suffers from the lack of compact high-power-
density sources at room temperature. Several kinds of terahertz sources, such as solid-
state electronic sources based on frequency multiplier, quantum cascade lasers and
compact vacuum electronic devices, are all useful but have limitations in output power,
operation stability, spectral purity, size, cost, or complexity (Chattopadhyay 2011). On
the other hand, terahertz sources based on vacuum electronic devices requires preci-
sion electromagnetic circuit fabrication and high-vacuum packaging, although the ap-
proach is intrinsically superior at high power density (Booske et al. 2011). These factors
limit potential of the terahertz radiation for commercial, industrial and military appli-
cations. Secondly, because of high water-vapour absorption, terahertz wave suffers se-
vere attenuation when it propagates in the atmosphere with high water content. As il-

lustrated in Fig. 1.4, the time-domain terahertz pulse propagating in the air with water
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Figure 1.4. Terahertz radiation suffering severe attenuation due to water-vapour absorption.

(a) Terahertz pulses recorded in nitrogen (blue dash line) and water-vapour (green solid

line) atmospheres. (b) The corresponding spectra of the terahertz pulses in (a). Adapted
from Withayachumnankul et al. (2008).

vapour undergoes long fluctuations caused by energy re-emission of rotational transi-
tions of water molecules. The strong attenuation is represented in the corresponding
spectrum by these sharp resonances at discrete frequencies (Withayachumnankul et al.
2008). The characteristic of water-vapour absorption restricts terahertz radiation within
low-water content or even dry atmosphere. The property endows terahertz radiation
with the potential for short-distance high-capacity communications with high secu-
rity that is particularly attractive to military applications (Juarez et al. 2006). However,
applications of long distance communications along with penetrating through water-
content objects with acceptable transmission quality still requires high-efficiency ter-
ahertz radiation components. Additional challenges range from the development of
efficient ultra-broadband antennas, and building database for characterization of com-
mon materials at the terahertz band, to the development of portable and affordable ter-
ahertz devices, communication protocols tailored to the peculiarities of this paradigm
(Akyildiz et al. 2014, Robin et al. 2014).

Beyond the approaches aiming to create high-power, low-cost and portable room-
temperature sources for terahertz radiation, researches targeting the realisation of func-
tional terahertz antennas with high efficiency and broad bandwidth have attracted in-
tensive interest in the terahertz community. Various terahertz antenna components
and beamforming networks have been developed with different principles and struc-
tures, and each has its relative advantages (Jepsen and Keiding 1995, Deibel et al. 2005,
Matsuura et al. 1997, Tamagnone et al. 2012). Due to the fact that the propagation of
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terahertz radiation suffers significant attenuation in the media with high humidity,
high-efficiency low-profile antennas that can manipulate terahertz radiation hold the
potentials for the applications in terahertz indoor communications, terahertz imaging,
terahertz detecting, etc. In this thesis, the concept of reflectarray that has been success-
fully applied in the microwave regime is investigated for terahertz waves, i.e. terahertz

reflectarray antenna as a promising candidate for manipulating terahertz radiation.

Reflectarray can be regarded as the combination of parabolic reflectors and phased ar-
rays (Huang and Encinar 2008), and possess the characteristics of high efficiency, flat
profile, easy design, easy manufacturing, low-cost, low cross polarisation, directive
gain, and low loss. The antenna technology of reflectarrays has become very mature,
and has been adopted widely in the microwave and millimetre-wave regions (Huang
and Encinar 2008, Tamminen et al. 2013b, Tamminen et al. 2013a). By now, its im-
plementations have been extended across the electromagnetic spectrum to the tera-
hertz (Nayeri et al. 2014, Carrasco and Perruisseau-Carrier 2013) and optical regimes
(Memarzadeh and Mosallaei 2011, Pors et al. 2011, Zou et al. 2013, Yifat et al. 2014) with
various functionalities such as beam deflection, focussing and beam shaping. At the
terahertz frequency range, low-loss reflectarray antennas thus promise attractive ad-
vantages in manipulating the terahertz radiation, and can be designed and realised for
versatile applications in different fields such as terahertz imaging, sensing, detecting

and communications.

1.4 OQutline of the thesis

As outlined in Fig. 1.5, the thesis is composed of 8 chapters in total. The first three
chapters give the introduction and background of the thesis, and the following 4 chap-
ters constitute the three major parts of original contributions, including (Part I) the
terahertz reflectarray with resonant microstrip gold patches for beam deflection with
polarisation-independence, (Part II) the terahertz reflectarrays with orthogonal strip
dipoles arranged into interlaced triangular lattices and with thin parallel strips pat-
terned into square lattice for beam splitting with polarisation-dependence, and (Part
III) radiating resonators with three parallel elliptical dipoles for broadband operation.
The last chapter includes the thesis summary and conclusions. The detailed descrip-

tion for each part is as follows:
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- Chapter 1  Introduction

Chapter 2 Terahertz beamforming
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Figure 1.5. Thesis outline and original contributions. The thesis is composed of 8 chapters in
total including introduction and summary, and is sub-divided into 4 major parts. The
first part gives the background of the thesis, while original contributions of the thesis

are distributed in three parts, from | to IIl. All chapters are virtually self-contained.

Background provides the background of terahertz reflectarrays in three aspects. Chap-
ter 1 introduces the terahertz radiation including its definition, characteristics,
applications and challenges. Chapter 2 presents a general review of the ap-
proaches that have been proposed and applied for terahertz beam manipulat-
ing, including the devices for free-space terahertz radiation. Chapter 3 reviews
various resonators for reflectarrays, and then focuses on the analysis of rectan-
gular dipoles. Resonance modes, fringing effects, and design procedures for the
rectangular resonator are described. For the design of terahertz reflectarrays, ar-
ray theory along with material modelling and beam manipulating principles are

presented.

Part I— Reflectarrays for terahertz beam deflection with polarisation independence

demonstrates reflectarrays made of square resonant microstrip gold patches. The
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details are presented in Chapter 4. The characteristics of the radiating element are
numerically studied. Based on the phase and magnitude responses of the unit
element, a reflectarray with periodically arranged subarrays with a progressive
phase distribution is configured and then fabricated. The simulated far field dis-
tributions and the measured radiation patterns verify that the designed structure
can deflect the both incident TE and TM polarised terahertz beams onto the same

predesigned direction with reasonable efficiency and high polarisation purity.

Part II— Reflectarrays for terahertz beam splitting with polarisation dependence
shows two types of reflectarrays that can separate the orthogonal polarisation
components of an incident beam into different directions. The first type of re-
flectarray, presented in Chapter 5, follows the conventional configuration with
a solid metal ground plane, but the radiating resonators with orthogonally ori-
entated metal dipoles are arranged into a triangularly interlaced lattice. This
arrangement offers the structure with the ability of deflecting the orthogonal in-
cident components backwards into two different directions. The second reflec-
tarray shown in Chapter 6 utilises the thin-film wire grids for both the radiating
resonators and ground plane. The structure combines the functionalities of con-
ventional reflectarray and polariser, which reflectively deflects one polarisation

component and normally transmits the other orthogonal polarisation.

Part III— Broadband reflectarrays with three parallel elliptical dipoles concerns
the approaches for broadening bandwidth of reflectarrays. Chapter 7 proposes
a radiating element composed of three parallel elliptical dipoles for broadband
operation. Both the simulated phase response of the single element and radia-
tion patterns of the reflectarray at different frequencies verify that the proposed

structure can perform as expected in a wide frequency band.

1.5 Summary of original contributions

This thesis presents several original contributions in advancing the technology of tera-

hertz reflectarrays, as discussed in the following.

Successful realisation and measurement of reflectarrays at a frequency as high as 1 THz
are main contributions of this thesis (Niu et al. 2012, Niu et al. 2013). There are specific
technological challenges that need to be addressed to achieve a functional 1 THz reflec-

tarray. The micro-scale manufacturability, the available materials, and the fabrication
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tolerances are factors that are accounted for in the design. Furthermore, the experimen-
tal validation in the terahertz range is not trivial, since it involves an unconventional

setup for radiation pattern measurements.

In the design of the radiating resonators for reflectarrays, various structures have been
proposed for different functions across the electromagnetic spectrum. In this thesis
for the first time, two sets of orthogonal strip dipoles arranged in a triangularly in-
terlaced lattice are used to construct the reflectarrays for bidirectional deflections as a
beam splitter with high efficiency and high polarisation purity in the terahertz regime
(Niu et al. 2014a, Niu et al. 2014b, Niu et al. 2014c). The dipoles arranged in both sparse
and compact layouts are investigated in terms of phase and magnitude responses and
deflection efficiency. The fabricated reflectarray verifies the validity of the proposed
functionality, efficiently separating the two polarisation components of a normally in-

cident wave towards different predesigned directions with high polarisation purity.

Conventionally, reflectarrays are mostly used for beamforming when the incident elec-
tric field interacts with the structures. Due to the presence of the reflecting full ground
plane, fields are only re-radiated backwards into free space, and cannot be transmit-
ted through the reflectarray. Another original contribution of the thesis is to introduce
thin-film wire grids into the design of the structure for combing the functionalities of
a reflectarray for the TE polarisation and polariser for the TM polarisation, which has
not been previously proposed and realised in any frequency range (Niu et al. 2015a).
This novelty is based on the novel implementation of thin-film wire grids for both the
radiating resonators and ground plane. Because this reflectarray is fabricated on a free-
standing flexible polymer substrate, the structure is flexible and stretchable and can be
conformed onto curved surfaces to achieve a desired radiation pattern provided that

the radius of the curved surface is large compared with the operation wavelength.

Another contribution of this thesis is to utilise the multi-resonance effect of three paral-
lel elliptical dipoles in a single layer to achieve a broadband operation (Niu et al. 2015b).
By numerically optimising the length ratio of these three dipoles, nearly linear phase
response with acceptable resonance loss is obtained when varying the length of the
elliptical dipoles. Simulated field distributions and radiation patterns of the designed
reflectarrays shows that the structure with the proposed radiating elements can offer a
bandwidth of over 20%. This bandwidth is dramatically improved from conventional
reflectarrays with a bandwidth of around 5%. This design method can be adopted to

other frequency ranges for broadband reflectarrays.
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8

Terahertz beamforming .

N the field of electromagnetic engineering, beamforming refers to a
technique used to create particular radiation patterns via construc-
tive interference towards specific directions in the wavefront while
other directions experience destructive interference. The interferences are
achieved by locally controlling the phase and magnitude of the waves ra-
diated from a beamforming device. Beamforming has been applied exten-
sively in wireless communications, imaging, and biomedicine. In the ter-
ahertz regime, different principles along with corresponding devices have
been developed to form desired patterns. This chapter reviews several ap-

proaches and devices for terahertz beamforming.
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2.1 Introduction

In scientific history, various natural materials were discovered, and, by forming partic-
ular geometries such as lenses and prisms, they can be used to observe and manipulate
visible light. When light propagates from one medium to the other, it is refracted away
from the original direction due to the contrast of the media parameters at the interface.
Thus, when incident light impinges on these structures, the visible light can be focused
or collimated. After Maxwell thoroughly formulated electromagnetic equations, the
principle of electromagnetics have been widely adopted in various fields. Electromag-
netically inhomogeneous materials or newly developed metamaterials can direct elec-
tromagnetic waves by introducing specific gradients in the equivalent refractive index
of the materials (Pendry et al. 2006). In recent times, arbitrarily and actively forming
the wavefronts of the electromagnetic fields has been one of the most attractive topics
in the field of electromagnetic engineering. From the classical optical lenses based on
geometrical optics to the novel beamforming devices designed with advanced tech-
niques, researchers have gradually introduced more degrees of freedom to control the

wavefronts of propagating electromagnetic fields for various applications.

Beamforming, one aim of controlling wavefronts of electromagnetic fields, is based
on the Huygens-Fresnel principle. For a structure performing electromagnetic beam-
forming, each point of the structure can be considered as a point source radiating a
spherical wave with its local phase and magnitude. Controlling the phase and mag-
nitude layout is generally achieved by specifically designing the configuration of the
structure, and thereby constructive interference at the desired angles and destructive
interference at other directions can be arbitrarily tailored to form a desired far-field
pattern. Advanced structures for controlling wavefronts range from diffraction grat-
ings (Schermer et al. 2011, Blanchard et al. 1999) and leaky-wave antennas (Jackson and
Oliner 2008) to phased arrays (Sun et al. 2013) and reflectarrays (Huang and Encinar
2008). For diffraction gratings, each slit in the grating acts as a quasi point-source from
which light propagates in all directions. The electromagnetic waves after interacting
with all slits of the grating then additively and destructively interfere in the far field to
form a diffraction pattern. A leaky-wave antenna uses a guiding structure with leaky
slits or radiating stubs that can leak or radiate waves continuously along the length
of the structure. Phased arrays and reflectarrays shape the wavefront by controlling a

specifically designed phase-delay arrangement.
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The functionality of electromagnetic beamforming plays an important role in various
applications such as smart antennas in wireless communications, radar systems, med-
ical imaging and diagnosis, and security screening. The terahertz regime holds the
prospects of increased bandwidth and data rate for wireless communications, more di-
rectional beams for radars, high sensitivity for stand-off security scanning, and higher
resolution for imaging comparing to the millimetre waves. Therefore, developing effi-
cient terahertz beamforming components is critical for the rapidly evolving terahertz
industry. Theoretically, the principle for beamforming techniques used in microwaves
can be adopted to design the components for shaping the wavefront of terahertz ra-
diation. However, due to high loss and dispersions in conventional materials and the
severe attenuation in atmosphere, specific materials and structures as well as math-
ematical material models are required for constructing the corresponding terahertz
counterparts. Diffraction gratings, leaky-wave antennas, phased arrays and reflectar-
rays based on new design strategies have been reported for terahertz frequencies. In
this chapter, these terahertz devices along with corresponding techniques for terahertz

polarisation control and beamforming are non-exhaustively reviewed.

2.2 Polariser

Polarisers are not strictly speaking beamforming structures, as they act on the ampli-
tude of the waves rather than their phase. Nevertheless, they are important compo-
nents for the polarisation selection of an incident beam and thus are described in this

sub-section as a first type of discrete beam manipulating structure.

Wire-grid polarisers are composed of metallic narrow wires arranged in parallel with
a regular grating spacing. The grating spacing or the gap between the adjacent strips
is much smaller than the wavelength of interest. If the incident electromagnetic waves
have a polarisation component parallel to the wires, electric currents arising from the
free movement of electrons along the length of the wires are induced, and the polariser
behaves in a similar manner to the surface of a metal for reflection. If the polarisation
component is perpendicular to the wires, the electrons cannot move very far across
the width of each wire, and therefore the incident wave is able to pass through the
grid nearly unaffected. Across the whole electromagnetic spectrum, structures based
on the concept of the polariser are fundamental components in polarisation-sensitive

applications.
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In the terahertz regime, polariser structures are highly demanded in applications such
as imaging with high extinction ratio, beam filtering, polarisation conversion, and
beam splitting. Towards improving performance, different materials and structures
have been utilised to realise terahertz polarisers with high efficiency and high extinc-
tion ratio. A grid with parallel arranged metallic narrow wires is one of most eco-
nomical alternatives for constructing terahertz polarisers, by which the waves with
the polarisation perpendicular to the length of the wires can be transmitted with high
efficiency, while the parallel polarisation is reflected, resulting in a high extinction ra-
tio. According to whether the thin-film wire grids are supported by a substrate or not,
polarisers are classified into two typical types: free-standing polarisers and substrate-
based polarisers. By mechanically winding thin metallic strings on a rigid frame under
physical tension, free-standing terahertz polarisers exhibit high extinction ratio and
transmission efficiency. However, the structure are extremely fragile and easily de-
formed due to mechanical fragility of the micro-width thin-film wires (Costley et al.
1977). Because of improved robustness, substrate-based polarisers with metals such
as aluminium (Yamada et al. 2009, Huang et al. 2013) and gold (Deng et al. 2012) have
been widely developed for terahertz systems. As shown in Fig. 2.1, in the structures
of the substrate-based polarisers, metallic grids are normally deposited on the surface
of a substrate by photolithography. The substrate functions as a supporting platform
to enhance the mechanical robustness of the polarisers. Further mechanical enhance-
ment can be achieved by adding a protecting cover layer with low relative permittivity
and low absorption loss polymer as shown in Fig. 2.1(a). For the substrate, materials
such as Si and SiO, are preferred for higher efficiency and extinction ratio. With the
given materials, the performance of the polariser, i.e. the extinction ratio is mainly de-
termined by the spacing period. Smaller period results in higher extinction ratio, and
this holds the potential challenges for fabricating high extinction ratio polarisers in the
terahertz regime. Moreover, a configuration with double-layer self-complementarily
aligned grids as shown in Fig. 2.1(d) has been demonstrated with an outstanding ex-
tinction ratio of 69.9 dB in a broad spectral range from 0.6 to 3 THz and the highest
value 84.9 dB happens at 1.67 THz (Deng et al. 2012).

Besides the polarisers with grids for polarisation-sensitive transmission, some other
structures can be integrated with wire grids for polarisation conversion and beam ma-
nipulation as shown in Fig. 2.2 (Grady et al. 2013). In this classic demonstration, two
layers of gold-wire grids are deposited on each side of a substrate, and the orienta-

tions of grids on the two sides of the substrate are orthogonal to each other as shown
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Cover Aluminum wire grid

Figure 2.1. Terahertz polarisers with metallic wire gratings. (a) The schematic diagram of
a terahertz polariser consisting of four parts: an aluminium (Al) wire grating, cover
layer with polymer benzocyclobutene (BCB) for preventing the aluminium grating from
further oxidizing after patterning, SiO, thin film for sustaining the shape of the wire
grating, and Si substrate for enhancing the mechanical strength of the entire polariser.
(b) Microscopy image of the polariser from top side of (a). (a) and (b) are adapted from
Huang et al. (2013). (c) The schematic diagram of the terahertz polariser made of a
single layer of gold grating deposited on the surface of a Si substrate. (d) The schematic
diagram of the terahertz polariser made of two layers of gold grating deposited on the

Si substrate. (c) and (d) are adapted from Deng et al. (2012).

in Fig. 2.2(b). Between the two layers of grids, an array of gold cut-wires is adopted
for polarisation conversion. When an incident wave propagates in the z axis, and is
linearly polarised in the direction perpendicular to the grid on the left side, the wave
can penetrate into the substrate and then interacts with the array composed of gold
cut-wires as shown in Fig. 2.2(a). The angle between the polarisation and the cut-wires
is 45°, which results in polarisation conversion. The grid on the right side enhances
the polarisation purity of transmitted wave. As an extension, the cut-wire array can
be replaced with a layer of metamaterial structures as investigated in (Yu et al. 2011).
The transmitted terahertz wave deviates away from normal direction with an angle

of 6 as shown in Fig. 2.2(c), and therefore an anomalous refraction is observed. In this
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Figure 2.2. Terahertz wire grids integrated with a layer of metamaterial structure for po-
larisation conversion and anomalous refraction. (a) Schematic diagram of a gold
cut-wire array with a solid ground plane for polarisation conversion in reflection. (b)
Schematic diagram of a unit cell for a polarisation converter in transmission with two
layers of orthogonally arranged wire grids. (b) A layer of metamaterial structure inves-
tigated in (Yu et al. 2011) is inserted between the two layers of wire grids shown in (b)
for anomalous refraction. Adapted from Grady et al. (2013).

case, the grid on the front side relative to the incident wave plays the role of beam filter

while the grid on the back side functions as both the ground plane and beam filter.

2.3 Diffraction gratings

Diffraction gratings are typically composed of a series of closely arranged slits or
grooves that have been engraved or etched into the grating’s surface for beam trans-
mission or reflection. For diffraction gratings, the grating spacing is of the same or-
der or larger compared to the operation wavelength. The incident field interacts with
the slits or the grooves as separated quasi line sources resulting in diffraction effects.
Moreover, diffraction gratings can be integrated with other structures for beamform-
ing. As an example, gratings can be used as a coupler to couple free-space photons
to surface plasmon polaritons (SPPs) for surface-wave radiation (O’Hara et al. 2004).
In this section, the different application scenarios of diffraction gratings for terahertz

beamforming are reviewed as follows.

For the diffraction grating shown in Fig. 2.3, the relationship between the angles of inci-
dent and diffracted waves is determined by the configuration of the grating following

the well-known grating formula (Wise et al. 2005)

d(sinf; + sinfq) = mA, (2.1)
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Figure 2.3. Schematic diagram illustrating periodic diffraction gratings in transmission and
reflection mode. (a) Diffraction grating with slits in transmission mode. (b) Diffraction
grating with grooves in reflection mode. For both cases, the incident and diffraction

angles are 6; and 6y, respectively, while the grating period is d.

where 6; and 64 are the incident and diffracted angles relative to the grating normal,
while d is the grating period and A the operation wavelength. The number m is the or-
der of the diffraction. A value of m = 0 corresponds to normal transmission and spec-
ular reflection in transmission mode and reflection mode, respectively, which occurs to
most of the incident waves. A value of m = 1 refers to the first-order diffraction and
m = 2 corresponds to the second-order diffraction, etc. Based on the grating formula,
directions of the diffracted beams for different orders can be arbitrarily controlled by
tailoring the grating period for the particular incident waves. If the grating period is
a constant, the grating is called periodic grating. When the grating period varies with
the position of the strips or grooves, the grating is chirped and can be used to create

convergent wavefronts for beam focusing.

In the terahertz regime, periodic and chirped gratings have been frequently utilised for
beamforming in both the transmission and reflection mode (Stolarek et al. 2013, Mon-
nai et al. 2013, Chatzakis et al. 2013, Squires et al. 2014). In (Squires et al. 2014), 3D print-
ing technology was used to fabricate a transmissive diffraction grating with periodi-
cally arranged plastic grids and a blazed grating by engraving wedge-shaped grooves
on a plastic base. By suppressing other orders of diffraction through optimising the
heights of the plastic bars and wedges, both gratings diffract the incident terahertz

beams into the designed first-order diffraction direction with high efficiency. A more
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Figure 2.4. Switchable diffraction grating for terahertz beamforming. (a) Schematic dia-
gram showing the diffraction grating with metallic cantilevers sandwiched between pro-
grammable electrode arrays. (b) and (c) Theoretically calculated intensity map of fo-
cused diffraction of two chipped gratings with different pattern. The colour bar is valid

above the white dashed line. Adopted from Monnai et al. (2013).

sophisticated demonstration for terahertz radiation has been presented by Monnai et al.
(2013) as shown in Fig. 2.4(a). A free-standing array of metallic cantilevers is connected
to a frame and then sandwiched between electrode arrays. By switching the bias volt-
age between the metallic cantilever and the electrodes from off to on, each cantilever
is individually addressed and displaced in the vertical direction, and therefore differ-
ent grating patterns such as a periodic or a chirped grating enable tailoring profiles
of wavefronts of the first order diffraction. Two different chirped grating patterns
have been designed for verification, and their theoretically calculated intensity map
for focused diffraction are shown in Figures 2.4(b) and (c). This kind of programmable
gratings offer a reconfigurable functionality for stand-off scanning and indoor commu-

nications at terahertz frequencies.

Furthermore, diffraction gratings can be used as beam splitters by diffracting the inci-
dent beams into different directions with different diffraction orders (Park et al. 2003,
Lin et al. 2008). A sophisticated terahertz diffraction grating for beam splitting has been
demonstrate based on a structure with liquid crystals (Lin et al. 2008). The diffracted
beam can be magnetically switchable by changing the effective refractive index of ne-

matic liquid crystals.

Page 20



Chapter 2 Terahertz beamforming

2.4 Leaky-wave antennas

The definition of the leaky-wave antenna (LWA) is given by IEEE Standard Definitions
of Terms for Antennas as “an antenna that couples power in small increments per unit
length, either continuously or discretely, from a traveling wave structure to free-space”
(Elliott and Gillespie 1983). The LWA is one type of traveling wave antennas, and most
realisations are fast wave structures where the phase constant is smaller than the free-
space wave number. In order to continuously radiate energy along the length of the
traveling wave structure to free space, increments such as continuous slit and a series
of closely spaced holes cut along one side of a rectangular waveguide, are basically
applied to leak power along the length of the waveguide (Oliner and Jackson 1993).
Depending on the geometry of the waveguiding structure, LWAs can be categorized
into two types as shown in Fig 2.5: uniform and periodic LWAs. Uniform LWAs radiate
energy into the forward quadrant and can provide scanning from broadside direction
to forward end-fire direction, while periodic LWAs can achieve a wide radiation range
from backward end-fire through broadside direction to a part of the forward quad-
rant (Xu et al. 2010). The “leaking” travelling wave in the waveguide has a complex
propagation wave number. The real part of the wave number, i.e. attenuation constant
is related to the beamwidth and the radiation efficiency, while the image coefficient,
i.e. phase constant determines the beam direction. The characteristics of the leakage
radiation, i.e. beam direction, beamwidth, and sidelobes can be tailored according
to application requirement. LWAs have the advantages of straight-forward analysis
approaches, simplicity of structure, capability of producing narrow beams, and scan-
ning with frequency-dependence. Due to these advantages, various LWAs have been

widely used in microwave and millimetre-wave frequencies.

At terahertz frequencies, the LWA technology is in principle still a very promising
platform for developing low-cost and high-performance integrated antennas for tera-
hertz beamforming (Wu et al. 2012). However, due to high material losses in the ter-
ahertz regime, LWAs based on conventional leaky waveguide structures have rarely
been demonstrated. On the other hand, by modifying the conventional LWA struc-
tures, leaky radiation along a LWA with low-loss material and carefully designed geo-
metrical apertures can be efficiently generated and easily steered. A novel realisation
worthy to mention here is a sinusoidally modulated graphene leaky-wave antenna at
the frequency of 2 THz demonstrated by Esquius-Morote et al. (2014), as shown in

Fig. 2.6. Graphene has the tunable characteristics that its complex conductivity can
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(a) X

Figure 2.5. Schematic diagrams of leaky-wave antenna. (a) A uniform LWA made of a waveg-
uide with a long longitudinal slot in the narrow wall of the waveguide. (b) A periodic
LWA composed of a rectangular waveguide where a periodic array of holes arrange with

a periodic center space of p are loaded in the narrow wall of the waveguide.

be controlled by applying a transverse electric field via a biased gating structure, i.e.
the polysilicon DC gating pads beneath the graphene sheet transferred onto a back-
metallised substrate, as illustrated in Fig. 2.6. When a modulation is applied along the
y axis by applying adequate bias voltages to the different pads, the surface reactance of
graphene is modulated and can be used to achieve leaky-wave radiation. At the fixed
frequency of 2 THz, the graphene LWA offers the characteristic of wide-range elec-
tronic beamscanning with a radiation efficiency of over 10%. The graphene terahertz
LWA holds very promising potential for beanscanning and constructing graphene-
based reconfigurable sensors at terahertz frequencies, but it has not been demonstrated
experimentally yet. Moreover, terahertz leaky-wave structures have been proposed to
couple the emission from a terahertz source to form a directive pattern. For example,
fed by a master oscillator quantum-cascade laser source with terahertz radiation in the
surface direction, a LWA composed of a one-dimensional waveguide with compound
cavities was used to couple and then tailor the terahertz emission of main beam in
one dimension to a directive beam (Tavallaee et al. 2011). Llombart ef al. (2011) have
demonstrated a terahertz antenna architecture where a leaky-wave waveguide was in-
tegrated into a silicon lens. A couple of leaky-wave modes are excited in the resonant
cavity between the lens and the leaky-wave waveguide, and the leaky field radiated
into the lens is very directive. The use of such a leaky-wave directive feed can increase
the effective F-number of the lens. This strategy also offers the possibility of the fabri-

cation of an array of sub-millimetre height lens antennas directly on a single wafer.
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Figure 2.6. Schematic diagram of a terahertz LWA with sinusoidally modulated reactance
graphene surface. The polysilicon gating pads beneath the graphene sheet are used
to provide bias voltages to modulate the reactance surface for generating terahertz

radiation. Adopted from Esquius-Morote et al. (2014).

Overall, the concept of conventional LWA technology is an attractive alternative for
terahertz beamforming. However, it cannot directly be adopted into terahertz appli-
cations due to the challenges such as fabrication tolerance, material losses, structural
complexity, and power handing. Also, low-loss substrate-integrated structures holds
great potential for developing terahertz LWAs with high gain and wide frequency
bandwidth (Wu et al. 2012).

2.5 Phased array antennas

A phased array is an array composed of a certain number of antennas where each ra-
diating element is individually excited by a coherent signal with a magnitude and a
relative phase shift. Figure 2.7 gives a schematic diagram of a simplified model il-
lustrating the architecture and operation principle of a phased array antenna. The

fundamental composition of a conventional phased array includes a feeding network,
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phase shifters, and an array of radiators. Each radiator is connected to the feeding net-
work via a phase shifter and emits radiation with specific magnitude A,; and phase
Y;(i =1,2,3,....). By programming the magnitude and phase distribution of the array,
the effective far-field radiation pattern with the main lobe directed to an angle of 8 with
respect to the normal of the array can be achieved by reinforcing interference in the de-
sired direction and suppressing interference in undesired directions. With different
feeding techniques, phased array antennas can be divided into two types: fixed and
dynamic phased array. The former is generally achieved with fixed phase delayers,
while the latter is normally based on programmable phase shifters to move the beam

direction.

Since the first phased array was used to demonstrate electrical beam scanning, phased
array antennas have played a significant role in conventional high-performance radar
and communication systems for beam focusing and steering. Phase shifters based
on PIN diodes have been widely used in microwaves for obtaining electronically-
controlled phase and amplitude for patterning radiation beams in the far field. By now,
phased arrays are not only used to replace fixed aperture antennas such as reflectors

and lenses due to the advantages of flat profile and more precise control of radiation

SN IIIIIE

Phase Shifterd. & & & O &
( Feeding Network )

Figure 2.7. Schematic diagram indicating the architecture and operation principle of a
phased array. A phased array consists a feeding network and an array of radiating
elements. Each radiator is connected to the feeding network and fed by an excitation
to radiate a wave with specific magnitude and phase. By controlling the phase delay
for each radiating element, a beam directing in the angle of 8 can be achieved in the

far field.
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patterns (Mailloux 1994), but also utilised to pursue large-scale sophisticated struc-
tures for generating arbitrary radiation patterns across the electromagnetic spectrum.
One outstanding demonstration of a nanophotonic phased array for optical lights by
Sun et al. (2013) is given in Fig. 2.8. In this nanophotonnic phased array, 64 x 64 op-
tical nanoantennas are densely integrated on a compact and inexpensive silicon chip.
As shown in inset of Fig. 2.8(a), each radiator is composed of two functional parts:
a grating-based nanoantenna with 5 grating teeth to radiate the incoming power from
laser fibre into space; two optical phase delay lines for adjusting the relative phase shift
¢mn of the light arriving at the nanoantenna. With the uniform amplitude radiation, the
phase of each radiator is determined by the length of the phase delay lines. Based on
this configuration, arbitrary far-field radiation pattern can be achieved by synthesising
the phase distribution of phased array. As an instance, the authors designed an array
to generate the MIT logo in the far field. In this scenario, if the layout of the phased
array is configured, the far-field radiation pattern is fixed due to the unchangeable
length of the phase delay lines. By connecting a portion of the silicon light path to a
resistive heater, the element is converted into a thermally phase-tunable radiator. The
thermal effect is electrically controlled by connecting the copper-silicon contacts to a
voltage. By applying different voltages on each element, different phase distributions
can be achieved in the phased array to generate different radiation patterns therefore a
dynamic nanophotonic phased array. This significant work demonstrates that phased
array antennas enable generation of arbitrary radiation patterns, while the function-
alities of the phased array can be extended to applications such as three-dimensional
holography and laser detecting that are beyond the conventional beamforming and

beamsteering.

At terahertz frequencies, it is very challenging to directly transfer technology for im-
plementing phase shifters based on conventional techniques, due to the high loss of
conventional materials, difficulty of tolerance control, and stability of switching com-
ponents. As an instance, for the terahertz phased array composed of metal patches
fed by microstrip lines based on conventional phase-delayer principle, as shown in
Fig. 2.9, the feeding network can become very complicated and is prone to high losses
when the number of array elements is large (Islam and Koch 2006). A promising al-

ternative media with fast refractive index tuning ability in a wide range is graphene in
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Figure 2.8. Nanophotonic phased arrays for generating arbitrary radiation patterns. (a)
Schematic illustration of a 64 x 64 static nanophotonic phased array system. The
input power form a laser is delivered through silicon waveguides to each nanoantenna
with uniform amplitude, while the phase of the nanoantenna is controlled by phase de-
lay lines. (b) SEM of part of the fabricated sample. (c) Zoom-in SEM of one element
indicated by the green rectangle in (b). Adapted from Sun et al. (2013).

which the carbon atoms are formed in two dimensions with an arrangement in honey-
comb lattices. In the terahertz band, graphene can be regarded as a low-loss atomic-
scale conduction surface. The complex value of surface conductivity and the refrac-
tive index of graphene can be significantly changed by externally applied bias such
as electric field (Lee et al. 2013). With this feature, graphene has become attractive for
constructing electrically tunable devices at terahertz frequencies. Chen et al. (2013) has
proposed a variety of terahertz phase shifters based on graphene parallel-plate waveg-
uide sections integrated with double-gate electrodes. By adjusting the bias voltage,

continuously varying phase shifts from the proposed structures can be achieved.

In addition, some other approaches based on the principle of phased array have been
applied to control terahertz waves. Froberg et al. (1992) have shown a photoconducting
antenna array with 64 electrodes by which the generated terahertz radiation is electri-
cally scanned in a angular range of over 40°. Unfortunately, the structure is sensitive
to the electric noise, and the complexity of realisation could be a potential limitation
of this approach. High-speed and wide angular-range terahertz beam steering have

been realised by using an optical method (Maki et al. 2009), where a periodically-poled
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Figure 2.9. Proposed terahertz phased array with 4 x 4 patches fed by microstrip lines.
Feeding the individual patch elements with microstrip lines can become very complicated

when the array becomes large. Adapted from Islam and Koch (2006).

lithium niobate (PPLN) crystal is pumped by two laser beams with different wave-
lengths and the terahertz radiation generated from the crystal can be steered by con-
trolling the incident angle of the pumped beams without using actual phase shifters.
The terahertz phased array technology has benefited from these versatile methods and

thereby is continuously expending its applications.

2.6 Reflectarray

A reflectarray antenna has a very similar operation principle compared to the phased
array antenna described in the previous section, i.e. it is a planar device built as an
array of radiating elements where the phase of radiation from each element is indi-
vidually tailored to form a desired radiation pattern in far-field distance. The main
difference between the two structures is the feeding mechanism where a free-space
feed, rather than a complicated feeding network, is utilised to spatially illuminate the
radiating elements of the reflectarray. The phase of a reflective radiating element is
principally determined by its geometrical parameters, and different phases can be ob-
tained by varying the dimensions of the element. The phases introduced by the ra-

diating elements together with the different path lengths from the illuminating source
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combine to form a predesigned phase front in the far field. Reflectarray inherits the ad-
vantages of planar profile but eliminates the complicated feeding network of phased
array. Therefore, reflectarrays possess the superiority of simple feeding mechanism,
flat antenna aperture, easy manufacturing, and high efficiency, especially in the ap-
plications in large aperture spacecraft antennas. Due to these intrinsic superiorities,
reflectarray antennas with printed microstrip elements have been widely applied in
microwaves to achieve good antenna performance with low reflecting profile and low
manufacturing cost (Huang and Encinar 2008). A typical configuration of a reflec-
tarray is shown in Fig. 2.10 (Encinar 2010). The reflectarray is formed by an array
of metal patch radiating elements printed on a spacer backed by a full metal ground
plane. The phase and magnitude responses of each radiating element are obtained
from the resonance of metal-substrate structure. By varying the geometrical param-
eters of the element, different phase responses can be achieved for constructing the
reflectarray for beamforming. Generally, the radiating elements and ground plane for
reflectarrays are made of metals, while the spacer between them is made of dielec-
tric materials. For more sophisticated functionalities such as reconfigurable beam di-
rection, semiconductor diodes and microelectromechanical systems (MEMS) devices
have been usually implemented for phase control at microwaves or millimetre-waves
(Carrasco et al. 2012, Perruisseau-Carrier et al. 2010). On the other hand, materials such
as liquid crystals whose electromagnetic properties can be tuned by applying an ex-
ternal bias, have been used as substrate for constructing reconfigurable reflectarray
elements as demonstrated in Fig. 2.11 (Hu et al. 2008, Perez-Palomino et al. 2013). The
electrically-tunable materials can be utilised for the reflectarrays at higher frequencies
where semiconductor diodes and MEMS devices are not suitable due to prohibitive

loss and dimensions.

Theoretically speaking, the concept of the reflectarray can be extended to higher fre-
quencies by down scaling the size of microwave counterparts. This prediction has been
verified in various realisations of optical reflectarrays with dielectric resonators for
beam deflection (Zou et al. 2013) and later for optical vortex beam generation (Yang et al.
2014), as shown in Fig. 2.12. Without exception, planar-profile reflectarray holds great
potential to offer the terahertz regime a high-efficiency antenna alternative for tera-
hertz beamforming. Such attempt for terahertz reflectarrays has been conceptualized

mainly by the group of Julien Perruisseau-Carrier (Carrasco et al. 2013b, Carrasco and

Page 28



Chapter 2 Terahertz beamforming

Feed

Beam direction

Figure 2.10. The configuration of a typical reflectarray. The reflectarray is composed of an array
of metal patch radiating elements, and a primary feed antenna is used to illuminate

the reflectarray for reflective beamforming. Adapted from Encinar (2010).

Figure 2.11. Demonstration of a reconfigurable reflectarray with liquid crystal spacer. The
orientation of the liquid crystal molecule can be biased into two states, and thereby
the effective permittivity of the reflectarray substrate is tuned for a reconfigurable

reflection beam. Adapted from Encinar (2010).
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Perruisseau-Carrier 2013). In their work, patches made of graphene, rather than met-
als, on a SiO, substrate were proposed, as radiating elements, however without exper-
imental validation. The structure of the radiating element is shown in Fig. 2.13. The
graphene can be modelled as an infinitely thin surface with the complex conductivity
that can be tuned by an externally applied electric field. This property provides the ter-
ahertz reflectarrays with the characteristic of reconfigurability. Moreover, because of
the slow-wave propagation associated with the plasmonic mode on the graphene sur-
face, the resonance of the graphene patches occurs at much smaller sizes comparing to
the conventional metal-substrate resonators. This advantage can dramatically reduce
the size of the reflectarray antenna. However, the material properties of graphene are
not only dependent on the external bias, but also determined by the operation temper-
ature and frequencies (Falkovsky and Pershoguba 2007), which leads the performance
of such reflectarrays made of graphene-based elements to be narrow-band and not nec-
essarily reliable in all circumstances. Another interesting reflectarray realisation at low
terahertz frequencies is a 3D printed reflectarray based on variable height dielectric
elements where phase tuning is achieved by varying the height of the dielectric ele-
ment (Nayeri et al. 2013, Nayeri et al. 2014). This design strategy could be a promising

low-loss and low-cost solution for high gain terahertz antennas.

Except for the terahertz reflectarrays mentioned previously, terahertz reflectarrays re-
main a underexplored but promising topic of research. In this thesis, robust terahertz
reflectarray elements based on conventional metal-substrate resonance will be pur-
sued. The metals used in this thesis are good conductors, and can insure high sta-
bility in great temperature fluctuations. Several reflectarrays composed of these ele-
ments with different designs will be built up for terahertz beamfoming. These original
contributions show on one hand the micro-scale manufacturability with highly de-
manding tolerances for terahertz reflectarrays and on the other hand the versatility
of terahertz beamforming achieved using the reflectarray design framework. For the
terahertz range where efficient and effective antenna components are still under devel-
oped, these high-efficiency and simple-design reflectarrays are very promising for the

future communication and imaging systems.

Page 30



Chapter 2 Terahertz beamforming

Figure 2.12. Optical reflectarrays with dielectric resonators. (a) A partial view an optical
reflectarray for beam deflection. (b) Simulated scattered electric fields of a subarray
shown in (a). (c) Phase distribution composed of eight sections for constructing
the reflectarray aiming to a optical vortex. (d) SEM image showing a small area at
the centre of the reflectarray. (e) Experimentally measured intensity profiles of the
generated vortex beam from the reflectarray shown in (d). (a)-(b) are adapted from
Zou et al. (2013), while (c)-(e) are adapted from Yang et al. (2014).

2.7 Summary

In this chapter, terahertz polarisers with wire-grid structures have been first described,
followed by a non-exhaustive review of several techniques for terahertz beamform-
ing. Terahertz polarisers have been widely applied in polarisation-sensitive appli-
cations. To this end, metallic wire-grid structures where the grating period is much
smaller than the wavelength of interest possess the advantages of high extinction ra-
tio, high efficiency and low loss for constructing terahertz polarisers. The terahertz po-
larisers demonstrated in the literature based on metallic wire grids can be integrated
with other functional structures to form a desired radiation pattern with high polari-

sation purity or high polarisation extinction ratio. In terms of techniques and devices
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Figure 2.13. Concept of graphene-based radiating element for terahertz reflectarrays. (a)

3D view of the radiating element. A graphene patch is used as radiating resonator,
and biased by an external voltage for reconfigurable performance. (b) Side view of the

element. Adapted from Carrasco et al. (2013b).

for terahertz beamforming, four categories of technologies, namely diffraction grat-
ings, LWAs, phased arrays and reflectarrays, have been reviewed. Diffraction gratings
where the grating period is of the same order or larger comparing to the operation
wavelength, are generally used for forming the wavefronts in optical devices. The
waves can be transmitted through or reflected by the gratings composed of transmis-
sive slits or reflective grooves, respectively. The grating period can be either periodic or
chirped, depending on the desired functionalities of beam diffraction or beam conver-
gence. Moreover, the introduction of programmable configurations can result in dy-
namic terahertz beamforming. Leaky waves along the waveguiding structure can be
freely patterned in a wide angular range extending from back end-fire through broad-
side to front end-fire, and the characteristics of the leaked radiation is determined by
the leakage configuration. Challenges for terahertz LWAs range from the fabrication
tolerance, power handing to material losses. Suitable design strategies and newly de-
veloped materials with low loss are highly demanded for constructing terahertz LWAs.
Furthermore, it has been demonstrated that phased arrays are one type of the most ver-
satile beamforming antennas in microwaves. But this antenna technology has rarely
been developed for the terahertz regime, due to the lack of efficient phase shifters. Al-
though some unconventional materials such as electrically tunable liquid crystals and
graphene have been proposed to design terahertz phased arrays, unaffordable loss
introduced by the complicated feeding network and strict fabrication tolerance are
still challenging to address. By eliminating the feeding network and therefore offer-

ing increased efficiency, reflectarrays hold great potential in applications of terahertz
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beamforming. Researchers have postulated that graphene can be a good candidate for

constructing terahertz radiating resonators in a specific temperature range.

In this thesis, terahertz reflectarrays with conventional metallic resonators based on
metal-substrate resonances will be pursued. Both metals and substrates used in the
realisation of these reflectarrays can perform with high stability in a wide temperature
range, which insures the robustness of the proposed terahertz reflectarrays. The de-
signed reflectarrays with different configurations can perform beamforming such as
beam deflection and beam splitting with polarisation dependence. These functional
high-efficiency components can be applied in emerging applications of terahertz com-

munications and imaging.
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Chapter 3

Design of reflectarrays

S a combination of phased array and reflector, a reflectarray

antenna shows advantages of high efficiency and planar pro-

file. Reflectarrays can produce predesigned radiation charac-
teristics without requiring a complicated feeding network. Due to these at-
tractive properties, various reflectarrays have been widely implemented for
different applications across the electromagnetic spectrum. In this chapter,
different resonators as radiation elements of reflectarrays are reviewed. As
one type of the mostly commonly used resonator, rectangular dipoles and
patches are particularly analysed. Dimensions, materials and the fringe ef-
fect of the resonators as radiation elements determine the phase and magni-
tude of the local reflection responses. In addition, methods for obtaining the

desired radiation patterns of a reflectarray are also included in this chapter.

Page 35



3.1 Introduction

3.1 Introduction

The concept of reflectarrays comes from the combination of the phased array and re-
flector antenna (Huang and Encinar 2008). On the one hand, phased array antennas re-
inforce the effective radiation pattern in a given direction by controlling the phase and
magnitude of each radiation element, which is individually excited by a feeding source
and collectively produce a far-field pattern. Normally, phaser shifters—the devices
producing variable phase shifts—along with phase delay lines are crucial components
that cooperatively provide beam scanning function. Owing to the variable phase shifts,
phased-array antennas can offer the property of dynamic beam scanning, however at
the cost of a complicated feeding network (Hansen 2009). On the other hand, based on
the geometric properties of an accurately-designed curved surface, traditional reflec-
tor antennas can offer very high efficiency in controlling reflection of electromagnetic
waves without a complicated feeding network. Both structures however have their
weaknesses: for the phased array antennas, the loss introduced by the feeding net-
work can become significant when the number of elements in the array increases to
a certain amount, while the reflector antennas with their heavy and bulky structures
along with their particularly curved surface have limited applications. Lightweight
antennas with flat profile and high efficiency are always demanded in practical ap-
plications, especially at higher operation frequencies. In view of this background, the
concept of reflectarray becomes an attractive alternative. Taking the advantages of
both the phased array and the reflector, low-profile printed reflectarray antennas have
attracted intensive interest across the electromagnetic spectrum (Huang and Encinar
2008), from microwave (Carrasco et al. 2013a, Bayraktar et al. 2012), millimetre-wave
(Nayeri et al. 2014, Hu et al. 2008), to optics (Ahmadi et al. 2010, Zou et al. 2013, Yi-
fat et al. 2014, Carrasco et al. 2015). The free-space feeding mechanism of the reflectar-
ray eliminates the loss caused by complicated feeding networks, and therefore signif-
icantly improves the efficiency of the antenna. Furthermore, the planar surface with
a designed phase configuration offers the ability of producing desired far-field radia-
tion patterns while keeping a flat profile. Especially benefiting from the development
of micro- and nano-fabrication technology, reflectarrays with micro- even nano-scale

radiation elements have been successfully realised for novel functions.

Generally, a typical reflectarray is composed of three layers as shown in Fig. 3.1(a):

a top layer with resonant elements arranged periodically with a beam-forming phase
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Figure 3.1. Schematic diagram indicating the structure of a typical reflectarray. (a) A typical
reflectarray is composed of three layers: a top layer with periodically arranged metal
radiating resonators, a dielectric spacer with a thickness of /&, and a metal ground
plane. (b) A square metal patch with a size of | functions as the radiating resonator of
a reflectarray radiation element with size of 4. (c) By varying the width of the patch
[, different phase responses with a range over 300° can be achieved for constructing a

reflectarray for beamforming. The phase responses are frequency-dependent.

distribution, a dielectric spacer, and a solid metal ground plane. A requirement im-
posed on the resonant elements used for constructing a reflectarray is that the possible
phase range for the single element can cover one 360° cycle. This is sufficient for nar-
rowband operation, as the phase can be wrapped to attain larger phase variations.
As the reflection phase response is dependent on a critical dimension of the resonant
structure, the expected phase range is achieved by varying one or several geometrical
parameters of the resonant elements. For instance, a resonant element with a size of
a made of square metallic radiating patch can achieve a phase range of over 300° by
varying the size of the patch resonator [, as shown in Figs. 3.1(b) and (c). As commonly
used resonators, rectangular dipoles and patches with variable dimensions are mostly
preferred due to their simple fabrication and analytical models that can be solved by

classical electromagnetics theory.

In the design of reflectarrays, several factors should be taken into account. Firstly, the
overall size of the radiation element, also denoted as the unit cell, is determined by the
operation frequency, and should be around a half of wavelength or less. If the unit cell
size is larger than the operation wavelength, diffraction effects will be invoked to inter-

fere with the fundamental resonance. Secondly, the phase range obtained by varying

Page 37



3.2 Radiating resonators for reflectarrays

geometrical dimensions of the chosen radiation element should be large enough for
practical design. The thickness of the substrate plays an important role in determining
the phase range, and a phase range of over 27 is an ideal value. A thinner thickness
results in a wider phase range but a higher Q-factor of the resonance of the element
therefore a steeper slope of the phase response. Thirdly, the loss in materials affects
the efficiency of the designed reflectarray. Especially in the higher frequency regime,
highly lossy substrate and finite conductivity of metals could decrease the radiation
efficiency dramatically. Fourthly, the bandwidth of the reflectarrays should be consid-
ered for some application scenarios. Some approaches such as multilayered structures
have been applied for improving the bandwidth, however at the cost of increasing
the complexity in the manufacture process (Encinar 2001, Encinar 2010). Lastly, the
coupling effect between the neighboured radiation elements will affect the local phase
responses and may require the optimization of the size and layout of the radiation

elements in the reflectarray.

In this chapter, several types of unit elements for constructing reflectarrays are re-
viewed. For the simplicity of analysis and fabrication, rectangular dipoles and patches
are the main structures that are used in this thesis. The related theoretical analysis, such
as fringing effect (electromagnetic fields extend to the space beyond the edges of the
dipoles and patches, which increases the effective areas of the dipoles and patches),
resonance modes and the relation between a progressive phase distribution and the
resulting deflection angle, is given in this chapter. Based on the properties of the ra-
diating elements, subarrays for constructing a reflectarray yielding desired radiation
characteristics can be synthesized by array theory. General synthesis array theory for

antenna pattern is included at the end of this chapter.

3.2 Radiating resonators for reflectarrays

The concept of reflectarray as well as the first investigation dates back to the early
1960s, when the device was proposed by Berry et. al. (1963). The authors found that
elements consisted of a short-ended waveguide can be stacked to form a reflecting sur-
face characterized by the surface impedance. When a feeding source illuminates the
surface, the reflection phase and magnitude at any point of the reflectarray is deter-
mined by the local surface impedance that can be changed by varying the length of

the waveguide at that point. By synthesizing the surface impedance of the reflecting
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surface, a variety of radiation patterns can be produced. The fundamental principle of
the reflectarray was clearly illustrated in this work. However, most wireless operations
at this early stage were based on relatively low microwave frequencies, and therefore
the first reflectarray prototype with large waveguide was still significantly bulky and
heavy, which made the concept un-pursued for a long time. More than one decade
later, Phelan developed a Spiralphase reflectarray that was composed of 4 spiral arms
connected with switching diodes for circular polarisation (Phelan 1977). By switch-
ing the diodes, different spiral arms are activated, and this operation is equivalent to
a angular rotation of the radiation elements. Correspondingly, the radiated phase of
the element is adjusted, and the main beam of the reflectarray can be scanned. Due to
the thick spiral arms and the diodes, the Spiralphase reflectarray was still bulky and
heavy.

Benefiting from the development of printable microstrip antennas, the concept of re-
flectarray started to regain attention from the academic and engineering communities
since its first realisation with microstrip elements (Malagisi 1978, Pozar and Metzler
1993). Compared with the former prototypes with end-shorted waveguides and spi-
ral arms, high-efficiency microstrip reflectarrays significantly reduced the antenna size
and mass, and showed huge potential for practical applications. Towards low flat-
surface profile, light antenna mass and low manufacturing cost, various printed mi-
crostrip radiating elements for reflectarrays have been developed since then as shown
in Fig. 3.2. The configuration of metal microstrip patch with loaded stub shown in
Figs. 3.2(a) and (b) was the most used structure for constructing reflectarrays at the
early stage (Javor et al. 1995). The size of the rectangular microstrip patch determines
the resonance frequency, while the length of the stub, i.e. an open-circuited microstrip
transmission lines, offers an element phase response equal to twice the stub’s electri-
cal length. The rectangular patch loaded with the stub only at one edge responded to
the polarisation that is parallel to the direction of the stub. By placing two stubs on
perpendicular edges of a square patch resonator as shown in Fig. 3.2(b), two orthogo-
nal polarisations can be activated independently. A simplified structure that has been
used widely is the microstrip patch without stubs as shown in Fig. 3.2(c). By varying
the size of the patch, different phase responses can be obtained for designing a reflec-
tarray with desired far-field radiation patterns (Pozar and Metzler 1993, Targonski and
Pozar 1994). The patch resonators are simple to fabricate and can be adopted into dif-
ferent frequency ranges for linear polarisations by scaling their sizes. For circular po-

larisation, the patch resonators loaded with phase-delay stubs as shown in Fig. 3.2(d)
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can be used for achieving desired phase responses by rotating the identical elements
with variable angles(Huang and Pogorzelski 1998). Some other resonant elements that
have been developed such as double rectangular loops (Memarzadeh and Mosallaei
2011) and circular rings (Sayidmarie and Bialkowski 2008), crossed dipoles (Pozar
and Targonski 1998, Li et al. 2011) and cross shaped microstrip loop (Perruisseau-
Carrier 2010) are shown in Fig. 3.2(e). These two-dimensional microstrip resonators
have provided unique properties for constructing various flat reflectarrays with spe-
cific functional characteristics. In recent years, some three-dimensional dielectric ele-
ments have been also demonstrated to build up reflectarrays with unique proprieties.
For example, as shown in Fig. 3.2(f), a dielectric block with variable height has been
proposed as a low-loss and low-cost phase-delay radiating element for realising a high
gain reflectarray antenna at terahertz frequencies (Nayeri et al. 2014). In this design,
fabrication process is based on a polymer-jetting 3D printing technology, which makes
it possible to realise a terahertz reflectarray prototype composed of non-resonant ele-

ments with different heights in a fast and low-cost way.

Reflectarrays based on microstrip radiating resonators have the advantages of flat pro-
tile, small mass, high efficiency, low-loss, wide-angle beam scanning capability, ac-
curate and high-directional beam shape, etc. However, the intrinsic characteristic of
narrow bandwidth is always associated with the operation of the various reflectar-
rays based on resonant elements. The narrow bandwidth is generally limited by two
factors: the narrow bandwidth from the resonant elements and the limitation aris-
ing from the differential spatial phase delay resulting from the different lengths from
feeding source to each element. For an ideal plane wave or a collimated beam exci-
tation as commonly used at terahertz frequencies, mostly the first factor determines
the bandwidth performance of the reflectarray and typically limits the fractional band-
width to around 5%. For the resonant element, broadening bandwidth corresponds
to having a smooth and linear phase response when one or several dimensional pa-
rameters are varied. The method of using a thick substrate can make the phase curve
smooth but reduces the total phase range achievable by the radiating element. More
efficient techniques have been required to overcome the bandwidth limitation of the
radiating elements. As shown in Fig. 3.3(a), the strategy of using stacked patches in
a multilayered configuration can offer a smooth and linear phase curve with a phase
range of several cycles (Encinar 2001, Encinar et al. 2006). It has been proved that the

use of multilayered stacked patches can significantly improve the bandwidth at least
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Figure 3.2.

A series of resonant elements for reflectarrays. (a) ldentical rectangular patches
loaded with variable-length stubs at one edge for phase delay response to a specified
polarisation. Adapted from Javor et al. (1995). (b) Identical square patches loaded
with variable-length stubs at two perpendicular edges for phase delay that respond to
dual polarisations. Adapted from Javor et al. (1995). (c) Square patches with variable
lengths for different phase shifts. (d) Identical microstrip structures with variable rota-
tion angles for the circular polarisation. Adapted from Huang and Pogorzelski (1998).
(e) Double rectangular loops, double circular rings, crossed dipoles and cross shaped mi-
crostrip resonators for reflectarrays. Adapted from Memarzadeh and Mosallaei (2011),
Sayidmarie and Bialkowski (2008), Li et al. (2011), and Perruisseau-Carrier (2010),
respectively. (f) Dielectric block on a metal ground plane for 3D printed reflectarray at

the terahertz frequencies. Adapted from Nayeri et al. (2014).

in the low microwave frequency range. However, it demands complicated manufac-

turing process to bond the different reflectarray layers together, and therefore would

be very challenging for fabrication with high accuracy particularly at high frequen-

cies beyond the millimetre-wave range. Single-layered structures are thus preferred at

higher frequencies due to the advantage of accurately controlled fabrication tolerance.

A strategy of three multi-resonant dipoles arranged in a single layer with a linear phase

response can be adopted to the design of broadband reflectarrays, as demonstrated in
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Fig. 3.3(b) in the microwave range (Li ef al. 2009, Florencio et al. 2014). The correspond-
ing phase response of the element with three parallel multi-resonant dipoles is shown
in Fig. 3.3(e). Comparing to the narrow-band phase response for the element made
of a square patch shown in Fig. 3.1(c), the strategy for broadband operation offers a
nearly linear phase response with a wide enough phase range by properly adjusting
the length ratio of the three dipoles. When the operation frequencies specifically devi-
ate from the designed frequency, the phase curves remain nearly linear and are nearly
parallel for the different frequencies, which translates into broad bandwidth operation.
More sophisticated single-layered structures that can provide smooth and linear phase
response as resonant elements include a round disk with attached phase-delay lines
(Hasani et al. 2010) and a windmill-shaped element with variable length (Li et al. 2007),
as shown in Figs. 3.3(c) and (d), respectively.

3.3 Analysis of rectangular patch

Among various resonant elements, the rectangular patch with variable size is the most
widely used configuration for constructing reflectarrays. There are many methods
such as transmission-line model and cavity model that have been used to successfully
analyse the characteristics of the rectangular patches mounted on a substrate backed
by a ground plane. Based on these analysis, some results i.e. fringing effect, effective
dimensions and resonance frequency have been illustrated in textbooks and classical
references (Balanis 1982). In this section, some general analysis results are given for

the convenience of following sections.

In the classical configuration of resonant element with rectangular patch as shown in
Fig. 3.4, the most relevant parameters are: element size 4, length of the patch I, width
of patch w, thickness of the substrate h, and relative permittivity and loss tangent of
the substrate €, and tan J, respectively. For these parameters, the size of the element,
also commonly denoted as unit cell size, is mainly determined by the operation fre-
quency. The length and width of the patch can be varied to achieve a desired phase
response while the thickness of the substrate affects the obtained phase range. The rel-
ative permittivity indicates the relative charge storage capabilities of the substrate. The
larger its value, the more electrical energy can be concentrated in the substrate. How-
ever, a high relative permittivity leads to narrow bandwidth and high loss and there-

fore low efficiency. At high frequencies, the loss tangent of the dielectric and ohmic

Page 42



Chapter 3 Design of reflectarrays
@ Side Perspective (0)
()
&0
)
2
2
<
o —
[
Figure 3.3. Resonant elements for broadband reflectarrays. (a) Stacked multilayered patches

with variable size. Adapted from Encinar (2001). (b) Multi-resonant dipoles with
variable lengths. Adapted from Florencio et al. (2014). (c) A round disk with attached
phase-delay lines. Adapted from Hasani et al. (2010). (d) A windmill-shaped element
with variable length. Adapted from Li et al. (2007). (e) Phase response for the
broadband radiating element consisting of three parallel dipoles shown in (b). Adapted

from Florencio et al. (2014).

losses of metal are the main factors that determine the reflection efficiency. The most

desirable element for good electrical performance (high efficiency, broad bandwidth,

loosely bound fields for radiation into free space) would have a thick substrate with
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a low relative permittivity and loss, but at the cost of a narrow phase range and large
size. Mode analysis and approaches for determining the parameters of the element at

a given operation frequency are presented in the following subsections.

3.3.1 Modes

In order to analyse the modes of the resonant element with rectangular patch, the struc-
ture shown in Fig. 3.4 is considered. It can be assumed that the dielectric material un-
der the patch is truncated along the edges of the patch, and the volume under the patch

can be treated as a rectangular cavity filled with a material with a relative permittivity

(@) (b)

Metal patch

-— | —

A
S g, tand  Substrate @

Ground plane

A

a >

Figure 3.4. Resonant element with rectangular patch. (a) Top view of the element. The size
of the square element is a, while the length and width of the rectangular path is [ and
w, respectively. (b) Side view of the element. Thickness of the substrate with a relative

permittivity of € is h.

Figure 3.5. Geometry of a rectangular patch for mode analysis. The volume under the patch

shown in Fig. 3.4 can be treated as a rectangular cavity filled with a dielectric material.
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er as shown in Fig. 3.5. In this configuration, the vector potential approach with bound-
ary conditions can be used to obtain the modes of the resonant element (Balanis 1989).
Because the thickness of the dielectric spacer is generally very small comparing with
the operation wavelength, the fringing of the fields along the edges of the patch is very
small, and the electric field is nearly normal to the surface of the patch. Therefore, only
the TM field configurations will be considered in the cavity. Assuming that the vector

potential along z directions is A, the following equation must be satisfied:
2 2 —
VA + A, =0, (3.1)

where 8 = w, /ey is the wave number and w = 27f is the angular frequency. Using
the method of the separation of variables, and due to the cavity being bounded in x, y,
and z directions, i.e. with standing waves in all directions, the solution to Eq. 3.1 can

be generally expressed as

A; = [Aq1cos(Bxx) + By sin(Bxx)][Az cos(Byy) + B2 sin(Byy)][As cos(B.z) + Bz sin(B:z)],
(3.2)
where B, B, and B; are the wave numbers along the axis x, y, and z, respectively, that

can be determined by boundary conditions. The equation

B> = B3+ By + B3 (3.3)

is referred to as the dispersion equation. Referring to the structure shown in Fig. 3.5,

the electric and magnetic fields in terms of the vector potential A are given by

g i1 9%A, b _ 194
Y T wen 9zox YT w9y
B, = P4y 104 (3.4)
Y wep 9zdy 4 poox '
EZ:—]L 8_2_’_52 AZ HZ:O
wep \ 9z2

With the boundary conditions of the electric and magnetic fields

Ex(0<x<[,0<y<w,z=0)=Ex(0<x<L0<y<w,z=h)=0,
Hy(0<x<IlLy=00<z<h)=H,(0<x<lLy=w,0<z<h)=0, (3.5)
Hy(x=00<y<w0<z<h)=H/(x=1,0<y<w,0<z<h)=0,
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the wave numbers By, By, and B, can be derived as followings:

L1 A,
wep 0z0x |,_,
1

— _jw_ept[_Al'Bx sin(Bxx) + B1 By cos(Brx)][Az cos(Byy) + Basin(Byy)]

Ex —
z=0

- [~ AsB:sin(Bz) + Bsp: cos(B:z)]
z=0
1

— _jw_eyBg’BZ[_Al’Bx sin(Bxx) 4 B1Bx cos(Bxx)][A2 cos(Byy) + Basin(Byy)]

=0  =B3;=0

0  =g=" p=012..

(3.6a)

_ 194,
y=0 H ay y=0

= %[Al cos(Bxx) + By sin(Bxx)|[—A2By sin(Byy) + B2y cos(Byy)]

- [Az cos(Bzz) + Bz sin(B:z)]
y=0 (3.6b)
1

= ;Bzﬁy[/\l cos(Bxx) + By sin(Bxx)][As cos(Bzz) + Bz sin(B:z)]
=0 — B, =0

Hy =0  =p="" n=012..

y=w

_10A,
U ox

= _%[_ A1y sin(Bxx) + B1 By cos(Brx)][Az cos(Byy) + Bz sin(Byy)]

- [As cos(Bzz) + Bz sin(B:z)]
x=0 (3.6C)

— —%Blﬁx [Az cos(Byy) + Basin(Byy)][As cos(B2z) + Bs sin(p.z)]
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Therefore, Eq. 3.2 can be rewritten as

Az = Apnp cos(Bxrx) cos(Byy) cos(B:z), (3.7)

where Amnp = AjAyAjz represents the magnitude coefficients of the potential vector

A; in each mnp mode.

By substituting Eq. 3.7 into Eq. 3.4, the expressions of the electric and magnetic fields

are obtained as

Ex=— ]ijf]j Apnp sin(Bxx) cos(Byy) sin(p-z)
H,=-— %Amnp cos(Bxx) sin(Byy) cos(B-z)
E,=— jiy—:tAmnp cos(Bxx) sin(Byy) sin(B-z) 8
H, :%Amnp sin(Bxx) cos(Byy) cos(B-z)
,32 . ﬁZ
E.=—j wen = Apnp cos(Brx) cos(Byy) cos(Bz)
H, =0

and the dispersion equation Eq. 3.3 can be represented by

g +i= () + (5) + () =F =en

m,n,p=20,1,2, ... and m+n—+p #0.

(3.9)

Thus, the resonance frequency in the mnp mode, (f;)mnp, of the structure shown in

Fig. 3.5 is
oy = g () + () + (B2 3.10)

Based on Eq. 3.10, resonance frequencies for different modes can be determined. For

the structure shown in Fig. 3.5, the addition of i < w < [ is satisfied, and therefore the

dominant mode, i.e. the mode with the lowest resonance frequency, is the mode TMygg
with resonance frequency of

1 c

(fr)00 = NGNS

where c is the speed of light in free space. The second high order mode is determined

(3.11)

by the difference between /2, w and h. If w > /2 > h, the second high order mode is
TMy;19, and its resonance frequency is

(fr)oto =

c

1
2w\/Ef  2w\/e

(3.12)
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Figure 3.6. Tangential electric field distributions along the side walls of the cavity for the
different modes. (a) TMigp. (b) TMoqp. (C) TMogo.

However, if h < w < 1/2, the second high order mode will be TMjqg rather than TMy.

The corresponding resonance frequency is

1 c

INGERNG

Based on Eq. 3.8, tangential electric field distributions along the side walls of the cavity

(fr)200 = (3.13)

shown in Fig. 3.5 for the dominant, TMy;p mode and TMjp mode are illustrated in

Fig. 3.6, neglecting the fringing effect along the edges.

3.3.2 Fringing effect

As shown in Fig. 3.4, the dimensions of the rectangular patch is finite, therefore fring-
ing effects cannot be avoided for the fields at the edges of the patch. A schematic
diagram illustrating the fringing effects at the edges is given in Fig. 3.7. For the po-
larisation parallel to the long side of the patch, the amount of the fringing effect is
determined by the ratio of the patch length to the thickness of the substrate i.e. [/h

and the value of relative permittivity €, of the substrate: The smaller the value of [/h

(a) (b)

¢ Weff >

<€ a > < a >

Figure 3.7. Schematic diagram showing the fringing effect at the edges of the rectangular
patch. (a) Effective width. (c) Effective length.
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and e, the stronger the fringing effect. Although in general I/h >> 1, the fringing ef-
fect still needs to be taken into account in the design process as it affects the resonance
frequency of the element. In order to define the fringing effect, two parameters are
needed to be introduced: an effective relative permittivity €,.¢ and an effective length
legr. Generally, the effective relative permittivity is in the range of 1 < €, < € and its
introduction aims to describe the extent of the unbounded fields aroused by the inho-
mogeneity at the surface between the substrate and air. The effective length is larger
than the real length of the rectangular patch (log > [) and includes the fringing effect
around the edges of the patch. The empirical formulations for these two parameters

are given as (Balanis 1989)

e+1 e-—1 h] 2
Ereff = r 5 -+ ! 5 |:1 + 125:| , (314)
and
€rett +0.3) (L +0.264
log =1 +2 % 0,412 Creit £03) (G ) (3.15)

(€refs — 0.258) (£ +0.8)

For the cases where €, is much larger than unity while the ratio of thickness of the
substrate to the width of the patch h/w is much smaller than unity, the value of the
effective relative permittivity €. is very close to the actual material intrinsic relative
permittivity €,. In most practical designs with the features mentioned above, the actual
material intrinsic relative permittivity can be used approximately as effective relative
permittivity. The effective length indicates that the resonator patch looks electrically
larger comparing to its physical dimensions due to the fringing effect, which should

be taken into account in determining the resonance size.
Taking the fringing effects into account, for the dominant TM;oy mode, the resonance
frequency presented by Eq. 3.11 should be adjusted to

c

r=—c 3.16)
(fr)100 2l e/ Ereft (

The fringing effect is then defined by a factor g with

~ (fr)100
~ (f)100 (38.17)

In practical design, the fringing effect factor is affected by the thickness of the substrate

h. Increasing the substrate thickness & leads to increased fringing effect and reduced

Q-factor for the resonance at the designed frequency.
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3.3.3 Design procedure

With a given resonance frequency f;, the dimensions of a rectangular patch for a reso-
nant element can be determined based on the above analysis. Basically, the size of the
resonant element (also called unit cell) a is generally fixed to around a half of wave-
length, while the thickness & of the given substrate with a relative permittivity e, is
tixed to a value smaller than a tenth of the wavelength as this allows achieving a phase
range of over 330° (Huang and Encinar 2008). For determining the width and length of
the rectangular patch with consideration of fringing effect, the following design proce-

dure can be taken:

1. For determining the width of the rectangular patch leading to good radiation

efficiency, the following formula has been proved to be effective (Bahl and Bhartia

1980):
c 2
= —/—. 1
w 2fr”€r+1 (3.18)

2. Calculate the effective relative permittivity e, with Eq. 3.14.

3. Calculate the effective length [.¢ of the rectangular patch for resonance with
Eq. 3.15.

4. Then, the actual length of the patch for resonance is solved by

0.3) (£ +0.264
! — 2w 041z et +03) (5 10.264)

= .
2fr\/€rettr/H0E0 (€rest — 0.258) (7 +0.8)

(3.19)

In the practical design of a reflectarray, the ground plane is generally constructed by
a layer of solid metal. As a special case where w = [, the rectangular patch becomes
a square patch, and the dimensions of the square patch for resonance can be obtained
by solving the simultaneous solutions of Eq. 3.14 and 3.19. At the target frequency, the
length and /or width of the rectangular patch can be varied around the resonance size
in a range to achieve the desired phase and magnitude responses. Based on the reflec-
tion coefficients, rectangular or square patches with differently configured dimensions
can be arranged in a specific lattice to form a reflectarray for realising the desired beam-

forming functions.

Page 50



Chapter 3 Design of reflectarrays

3.4 Array theory

Generally, a single radiating element with sub-wavelength size offers a radiation pat-
tern with wide major lobe and low gain. In the applications that require high gains,
antenna arrays composed a number of radiating elements with designed configura-
tions are used to provide the desired radiation patterns. In order to achieve the desired
far-field radiation pattern, there are several factors that must be considered: the di-
mensions of the radiating resonator, the radiation pattern of each individual radiating
element, the phase response of the individual element, the relative displacement be-
tween the elements, and the geometrical configuration of the overall array. For an
array composed of elements excited all with identical magnitude and possibly with a
progressive phase, the total field at a specified point in the far field is determined by
the vector addition of the field radiated by all the individual elements. This section
introduces the array theory, followed by the operation principle of a reflectarray for

angular deflection.

3.4.1 Array factor

When the spacing between the edges of adjacent radiating elements is larger than a
quarter wavelength, coupling between the elements can be neglected (Jedlicka et al.
1981, Javor et al. 1995). With this assumption, an array of N radiating elements with
identical radiation magnitude is shown in Fig. 3.8. The elements are positioned along
the y axis, and the relative displacement between the elements is a. It is assumed that
the field amplitude and phase of the n" radiating element are Eg and ¢, respectively.
At the observation point with an angle of 6 and radial distance of r;, from the element,

the field radiated by the n" element is given by
E, = Ege J(krn—¢n) (3.20)

where k is the wave number and its vector indicates the observation direction. With
a specified progressive phase change A¢ = ¢,+1 — ¢ (1 = 1,2,3,...N), the following

relations are satisfied at the far field of the array:

rpn=1r— (n—1)asin®

Pn = 1+ (n —1)A¢

(3.21)

Page 51



3.4 Array theory

E, 4 E,

Figure 3.8. Schematic diagram for far-field observation of an uniform array with N elements.
The electric fields of all elements have the same magnitude, while the progressive phase
changeis ¢ 1 — P = Ap (n=1,2,3,...N) for steering the major lobe to the direction

of 8. The spacing between the adjacent elements is a.

where 71 and ¢, are the radial distance and phase of the element located at the coordi-
nate origin, respectively. Thus Eq. 3.20 can be rewritten as

E, = Eqe /{kln—(n—1)asin6]—[p+(n-1)A¢]}

— Ege i (kri—1) . pi(n—1)(kasin6+A¢) (3.22)

The total field of the array at the observation point is equal to the summation of the

tields of all N radiating elements as

N
Z E, = Eye~ jlkri—¢1) Z j(n—1) (kasin 6+A¢)
n=1 n=1 (3.23)
= E; - AF
where N
AF = Z ej(n—l)(kasin9+A¢) (3.24)
n=1

is defined as the array factor. From the definition, the array factor AF is a function of
the number of elements, the space between the elements, the progressive phase change
and the geometrical arrangement of the array. Equation 3.23 can be more generally

expressed as
E(total) = [E(single element at reference point)| x [array factor] (3.25)

It illustrates that the far field of an array of elements with identical magnitude is equal

to the product of the field of a single element at the reference point and the array factor
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of the array. By varying the radiation characteristics of the single element, the number
n of the elements, the spacing a between the adjacent elements, and the progressive
phase change A¢, the characteristics of the far field radiation pattern of the array can

be tailored according to practical applications.

3.4.2 Reflectarrray with angular deflection

The diagram shown in Fig. 3.9 illustrates the operation principle of a reflectarray for
angular deflection. It shows an array of microstrip patch elements with progressive
phase shifts, designed to steer the reflected beam away from the specular direction
with an angle of . Assuming that each radiating element offers a phase of ¢, (n =
1,2,3,4,....), the progressive phase change is A¢p = ¢,11 — ¢,. Neglecting the cou-
pling effect between the elements, the plane wave incident normal to the surface will
be deflected towards an angle of 8, which will depend on the array geometrical con-
figuration and the progressive phase change A¢, regardless of the polarisation of the
incident wave. Referring to the array theory, i.e. Eq. 3.24, the first maximum of the

array factor, i.e. the major lobe of the radiation pattern of the array, occurs when
koasin® + A¢ =0 (3.26)

where kg is the propagation constant of the wave in free space, and a sin 0 is the optical
path difference between the n' and (1 + 1) elements after reflection. Equation (3.26)

can be rewritten as
27T

Ap = —koasin = e sin 6 (3.27)
0
or .
A Y 2N

sinf = T (3.28)

where Ay is the wavelength of the incident wave in free space. The sign in Eqgs (3.27)
and (3.28) indicates that the phase responses introduced by the corresponding elements

is decreased along the y axis, and therefore A¢ < 0.

Equations (3.27) and (3.28) describe the inter-dependence between the value of the
deflection angle 6 and the progressive phase change A¢. If the deflection angle is
specified, the progressive phase change can be calculated with the relation shown in
Eq. (3.27). For the simplicity of design and fabrication, a strategy with periodically
arranged identical linear sub-arrays can be adopted for designing deflecting reflectar-

rays. Therefore, the progressive phase change becomes an integer fraction of 360°, e.g.

Page 53



3.5 Reflectarray in the terahertz regime

z
_ _ _ Incident wavefront _ _ _
y ~

~ Def
= e
20 g, f
= =78

Metalic patch ey

A
Dielectric substrate—! 1 \ Ky K3

|<—a—>‘ |i—a—>|5

Metallic ground plane

Figure 3.9. Operation principle of a reflectarray for beam deflection. The phase distribution
results in deflection of a normally incident plane wave towards a predesigned angle
0. Here, a indicates the spacing between the centre points of two adjacent elements,
and cpl-(i =1,2,3,4,5,6) indicates the phase change introduced by the corresponding

element.

a N-element sub-array will require a progressive phase change of 360°/ N to satisfy the
periodicity condition. With this strategy, it is possible to determine a specified deflec-
tion angle 6 by using Eq. (3.28).

3.5 Reflectarray in the terahertz regime

In theory, radiating elements that have been applied in the microwave regime can be
directly scaled down to micro-scale for terahertz applications. However, a successful
realisation of a reflectarray at a frequency in the terahertz regime is practically very
challenging to achieve. Besides the strategies for choosing proper resonant elements
with specified structures, there are specific technological concerns that need to be ad-
dressed to achieve a functional reflectarray at terahertz frequencies. Metals show high
loss and dispersion behaviour at terahertz frequencies, while particular dielectric ma-
terials with low loss are required for the substrate. In addition, micro-scale manu-
facturability, fabrication tolerances and experimental validation are further challenges

associated with reflectarrays at terahertz frequencies.

3.5.1 Drude’'s model for metals

In the terahertz range, one concern that should be taken into account in the design pro-

cess is the the unique features of the employed materials. For the radiating elements
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and the ground plane, metals are generally applied, but do not perform as perfect elec-
tric conductors particularly at the high frequencies beyond the millimetre-wave range.
High loss from finite conductivity and dispersion both require effective models to ac-
curately describe the metals in the high frequency range. There are several modelling
strategies that have been used to treat normal metals (Lucyszyn 2007). One classical
treatment is Drude’s model that describes an ideal system of free electrons having a
spherical Fermi surface. For conductor, the classical relaxation-effect model is repre-

sented by the following expression for surface impedance, Zsp,

| JwHour : 00
Zsr = 4| ——"—, thor = - 3.29
SR OR + jweg WIth R 1+ jwt ( )

where oy, is the intrinsic bulk complex conductivity of the metal at the considered fre-

quency, 0y the DC-conductivity, T = 1/, the relaxation time, 7, the temperature-
dependent damping frequency, y( the permeability of free space, u, the relative per-
meability, €y the permittivity of free space, w = 27 f the angular frequency, and f the
frequency of the incident wave. At room temperature and sufficiently low frequencies,

Eq. 3.29 reduces to classical skin-effect model:

Zsg ~ | /]“’g—oyf = Ro(1+j), whenwt < 1 (3.30)
0

where R is classical skin-effect surface resistance.

For the design of reflectarrays in the terahertz regime, the Drude’s model described
by Eq. 3.29 is used to calculate surface impedances of metals for radiating resonators
and ground plane. The calculated real and image parts of the surface impedance at
the designed frequency are imported into the simulation software, Ansys HFSS, as the

resistance and reactance, respectively, of the thin metal films.

3.5.2 Material parameters

For the terahertz reflectarrays described in this thesis, gold is used for either the radi-
ating element or the ground plane, while polydimethylsiloxane (PDMS) is adopted as
the dielectric spacer due to its low loss at terahertz frequencies and its compatibility
with spin-coating. In some cases, platinum is applied as the ground plane because of

the requirement of micro-fabrication. Gold and platinum are good conductors, and
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are not subject to oxidization in air, whereas PDMS exhibits relatively low loss in the

terahertz range. The operation frequency of most designs is set to 1 THz.

For simulations, the used metals are described by the surface impedance model with
Eq. 3.29. For gold and platinum, the corresponding parameters are 0y, = 4.10 X
107 S/m, oppr = 943 x 10°S/m, 7 au = 6.48 x 10! Hz, and 1y, p = 16.73 x 10'? Hz.
At the operation frequency f = 1 THz, the surface impedance of gold and platinum

can be calculated as
ZSR,Au = 0.287 + ] 0.335 Q/Sq
ZSR,Pt = 0.628 + ] 0.667 Q/Sq

(3.31)

In terms of the substrate, the parameters of PDMS are determined from measure-
ment (Khodasevych et al. 2012). At 1 THz, the relative permittivity and loss tangent
of PDMS are 2.35 and 0.06 , respectively.

3.6 Summary

As a promising candidate for antennas with high efficiency, low profile, and low cost,
the concept of reflectarray was proposed about 5 decades ago. Benefiting from the
development of the technology of micro-scale or nano-scale manufacturability, reflec-
tarrays have been realised and applied in many areas such as communications, satellite
antennas, sensing and detection. In this chapter, the general background, fundamental
operation principle and characteristics of reflectarrays have been briefly introduced.
More specifically, several kinds of radiating elements that have been proposed to ob-
tain a desired phase response for constructing reflectarrays have been reviewed. Rect-
angular patches are the main resonant structure used in this thesis, and therefore the
relevant theories, i.e. resonant modes, fringing effects and design procedures have
been given in this chapter. In the configuration of a reflectarray with radiating ele-
ments offering a required phase distribution, array theories can be conveniently used
to design the arrangement of these radiating elements. In the terahertz regime, the dis-
sipation loss in metals caused by their finite conductivity and the dispersion require
a realistic metal model to describe its performance, and thus Drude’s model has been
introduced and used to calculate the surface impedance of the metals for radiating

resonators and the ground plane.

This chapter has provided required fundamental knowledge and theories for the fol-

lowing core chapters of the thesis. Based on these general knowledge and theoretical
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understanding for the design of reflectarrays, several reflectarrays for different func-
tions are designed, fabricated, and measured at terahertz frequencies. Those designs

will be presented in the following chapters of the thesis.
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Chapter 4

Terahertz reflectarrays with
resonant microstrip patches

EFLECTARRAYS composed of resonant microstrip gold

patches on a dielectric substrate are demonstrated for opera-

tion at terahertz frequencies. Based on the relation between the
patch size and the reflection phase, a progressive phase distribution is im-
plemented on the patch array to create a reflector able to deflect an incident
beam towards a predefined angle off the specular direction. In order to con-
tirm the validity of the design, a set of reflectarrays each with periodically
distributed 360 x 360 patch elements are fabricated and measured. The ex-
perimental results obtained through terahertz time-domain spectroscopy
(THz-TDS) show that up to nearly 80% of the incident amplitude is de-
flected into the desired direction at an operation frequency close to 1 THz.
The radiation patterns of the reflectarray in TM and TE polarisations are
also obtained at different frequencies. This work presents an attractive con-
cept for developing components able to efficiently manipulate terahertz ra-

diation for emerging terahertz communications.
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4.1 Introduction

Various reflectarray structures have been intensively realised in the microwave re-
gion. Since metals perform like nearly ideal conductors in the microwave band, metal
patches with variable dimensions are common for building reflectarrays, and can re-
flect the incident waves with high efficiency (Encinar 2010). As an example of success-
tul applications, a 1.2-metre reflectarray antenna made of three stacked layers contain-
ing varying-sized patches has been demonstrated to satisfy the demanding require-
ments of satellite communication (Huang and Encinar 2008). The structure works in
two separate frequency bands of 11.7 — 12.2 GHz and 13.75 — 14.25 GHz. Hu et al.
(2008) proposed a millimetre wave reflectarray with phase agile elements consisting
of identical microstrip patches and a liquid crystal layer over the ground plane. By
applying two external bias voltages to the liquid crystal, the wide range of the phase
change can be obtained with reasonable loss at both 102 GHz and 130 GHz. Beyond
the millimetre wave range, the concept of reflectarrays have been extended to the
infrared band, where a binary phase reflectarray has been realised using subwave-
length metallic patches on a dielectric substrate to act as a reflective Fresnel zone plate
(Ginn et al. 2008). In addition, nano-sized spherical particles with a core-shell struc-
ture have been investigated as concept for an optical reflectarray (Ghadarghadr et al.
2009, Ahmadi et al. 2010). By independently configuring the material properties or
radii of the core and shell structures, the reflected phase change can be controlled. Due
to its complexity, the core-shell reflectarray remains a theoretical concept. Recently a
reflectarray of dielectric resonators operating in the visible frequency range has been

proposed and experimentally validated (Zou et al. 2013).

For the terahertz spectrum, driven by emerging solid-state sources and detectors, high-
gain antennas are required for the construction of wireless networking or imaging sys-
tems. Low-loss terahertz reflectarray antennas thus promise attractive advantages for
the manipulation of the terahertz radiation. Up to now, however, no reflectarray has
been realised for terahertz radiation at around 1 THz and above. But it is certainly
worth mentioning some implementations of terahertz phased arrays such as the pho-
toconducting antenna array with 64 electrodes by Froberg et al. (1992) and the 4 x 4
patch antenna array for indoor terahertz communication by Islam and Koch (2006).
The former is sensitive to the electric noise, and the complexity of realisation could
be a potential limitation of this approach. The latter can become very complicated

and is prone to high losses when the number of array elements is large. In addition,
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Maki et al. (2009) demonstrated a terahertz electro-optic source based on the princi-
ple of phased array. It was shown that the terahertz beam radiated from the crystal
can be steered by controlling the incident angle of the pumped beams without us-
ing actual phase shifters. Recently, a similar approach for terahertz beam steering has
been implemented in a photoconductive antenna with interference of two pump beams
(Uematsu et al. 2012). As components for terahertz communications, tunable terahertz
phase shifters for phased arrays have been proposed by Chen et al. (2004). The arrays
are composed of elements that can be reconfigured to scatter and focus surface waves
dynamically. Scherger et al. (2012) demonstrated an alternative approach for terahertz
beam scanning. A wedge-shaped structure filled with liquid crystals is demonstrated

to alter the transmission beam path by applying a dc bias.

Towards improving the flexibility of controlling the direction of terahertz radiation, the
realisation of reflectarrays operating at the terahertz band is proposed here. The struc-
tures employ square metal patches as resonant phase-controlling elements. Particular
attention is paid to the choice of suitable materials at terahertz frequencies, while the
tolerances of manufacturing techniques are also taken into account. The single element
is optimized by simulations employing a Drude model expression for the metal surface
impedance, and the relation between the phase response and the patch size is obtained.
Based on this relation, a reflectarray is designed to deflect an incident wave on to a pre-
designed angle off the specular direction. The wave deflection capability is essential
for terahertz communications to alleviate the line-of-sight limitation (Kleine-Ostmann
and Nagatsuma 2011). In order to verify the design, the terahertz reflectarrays have
been fabricated and the performance of the reflectarrays has been experimentally eval-
uated by using THz-TDS.

4.2 Specific design of terahertz reflectarrays

The unit cell with a square metal path resonator and the constructed reflectarray are
numerically investigated, and the design details along with simulation results are given

in this section.

4.2.1 Dimensions of patch radiating element
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Figure 4.1. Unit cell for the reflectarrays. The dimension of the unit cell is 2 = 140 um and
h = 15um. The length of the patch [ is varied within the range from 10 um to 136 um

to cover a nearly full cycle of the phase response.

As shown in Fig. 4.1, a unit element for the terahertz reflectarray with square patch
resonators is made of three layers, from top to bottom: a gold patch, a polydimethyl-
siloxane (PDMS) substrate, and a platinum ground plane. Gold and platinum are good
conductors, and are not subject to oxidization in air, whereas PDMS exhibits relatively
low loss in the terahertz range. Different metals are chosen for the top and ground
layer metallisations because of their selectivity for patterning as they react to different
etching agents. If the same metal is used, permeation of the etchant through the PDMS
will deteriorate the ground layer when patterning the top metallization. Based on the
design procedure given in Section 3.3.3, the size of a radiating element a should be
approximately half the wavelength. At 1 THz i.e. the wavelength A = 300 um, the
size of the element is fixed at 2 = 140 um, while the thickness of the PDMS substrate
is h = 15 um. With the condition of w = I, the effective dielectric constant and actual
length (also the width) of the square gold patch on resonance at 1 THz are the solutions

of Egs. 3.14 and 3.19, yielding €,¢ = 2.08 and | = 89.5 um, respectively.

4.2.2 Characteristics of patch elements

In the simulation for the operation frequency f = 1 THz, the material parameters of
the metals are: the surface impedance of gold Zsg o, = 0.287 +;0.335 () and platinum
Zsrpt = 0.628 + j0.667 (), the PDMS relative permittivity €, = 2.35 and loss tangent
tand = 0.06, as given in Section 3.5.2. For the wave deflected from the surface of the
gold patch, the local phase shift can be controlled by changing one or several parame-
ters of the unit element, such as the size of the square gold patch I or the thickness of

the substrate h. By taking the design and fabrication feasibility into account, the side
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Figure 4.2. Simulated reflection coefficients for 2D uniform infinite patch arrays. Reflection
phase response in degree (a) and reflection magnitude in dB (b) at 1 THz as a function
of the patch size. The six points on the phase curve of the 15um thick substrate
indicate the selected patch sizes to define a sub-array that completes one full cycle phase
change. The roughness in the magnitude and phase curves is due to the limitation in

the numerical accuracy.

length I of the gold patch is chosen as a variable, while the unit cell size and thick-
ness of the PDMS substrate are selected at fixed values @ = 140 um and & = 15 um,
respectively. The unit element is optimized at 1 THz by simulations using Ansys HFSS
commercial software with master-slave boundary conditions. When the length of the
gold patch | is varied within the range from 10 um to 136 um, the magnitude and phase
of the simulated reflection coefficient for a uniform 2D infinite patch array change as
shown in Fig. 4.2. The simulation results show that for the considered geometry and
materials, the maximum range of the phase shift covers approximately 330°, which is
close to a full cycle and sufficient for the intended operation of a reflectarray. In ad-
dition, low-loss reflection is observed for all of the investigated patch sizes with the

highest loss of only about -1.2 dB on resonance.

One point to emphasize here is that the total range of the possible phase change shown
in Fig. 4.2(a) depends on the thickness of the substrate (Huang and Encinar 2008). Gen-
erally, a total phase range of 360° is required for a practical design of reflectarrays, and
this demand can be satisfied by using a thin substrate, in practice typically thinner
than one tenth of the operational wavelength. This can be physically understood by
considering the x-axis limits in Fig. 4.2(a): The case of a zero-size patch or I = Opum
corresponds to a reflection phase from the lower metal plane covered with a dielectric
layer (substrate), whereas the full-size patch corresponds to a reflection phase from
a full metallic plane on the top of the substrate. However, as Fig. 4.2(a) implies, the

drawback associated with the use of a thinner substrate is that it results in a steeper

Page 63



4.2 Specific design of terahertz reflectarrays

phase slope versus a variation of the metal patch size /, particularly around the reso-
nant length. A consequence of a rapid variation in the phase curve is a high sensitivity
of the local reflection phase on the patch size. Therefore, the performance of the design
employing thinner substrates is more affected by slight inaccuracies of the patch size.
In addition, as shown in Fig. 4.2(b), given the same material, the loss of the reflectarray
is also mainly influenced by the thickness of the substrate. A thinner substrate corre-
sponds to a higher loss because of a stronger resonance. These trade-offs underpin the
choice of thickness i = 15 um for the PDMS substrate.

4.2.3 Design and simulations of the reflectarray

Based on the relation between the phase change and the patch size shown in Fig. 4.2,
a reflectarray with an off-specular reflection in one plane is designed. The progressive
phase change A¢ is fixed at 60°. Therefore the number of elements for one linear sub-
array amounts to 6 so that it covers one cycle of 360°. The unwrapped phase between
the first and last elements of the sub-array also amounts to 60°, so that a periodic ar-
rangement of the subarray fulfils the desired deflection function. According to Eq. 3.27,
the deflection angle 6 is calculated to be around 21°. As shown in Fig. 4.2(a), the cho-
sen 6 elements in the linear sub-array exhibit the phases decreasing from 142° to -158°
in 60° increments. This corresponds to increasing gold patch side lengths of 17 um,
79 um, 85 pm, 89 pm, 94 pm, and 112 um. The configuration of the subarry and the di-
mension of each patch are shown in Fig. 4.3(c). By the principle of reciprocity of light,
if the wave is incident with an angle of 21° away from the normal, the direction of the
deflected wave will be perpendicular to the surface of the reflectarray. Therefore, for
convenience of observation, the incident wave is set with an angle of 21° in the simu-
lation with HFSS. In the simulations for both the TM and TE polarisation, plane wave

with master-slave boundary conditions is applied.

The numerically resolved instantaneous field distributions of the deflected wave for
the TM and TE polarisations are shown in Figs. 4.3(a) and 4.3(b), respectively. It is
clear that the plane wave incident from an angle of 21° is deflected toward the normal
direction, in close accordance with the theory. The field distributions for both the TM
and TE polarisations are similar. A slight difference can be observed in the immedi-
ate proximity to the surface. This difference can be explained by the orthogonal mode
tield distributions under the patch elements for the two polarisations. Away from the

surface, the slight deviation from a perfect plane wave is explained by the following
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Figure 4.3. Simulated instantaneous scattered fields from the reflectarray in the TM and
TE polarisations at 1 THz. (a) Field distribution for the TM polarisation. (b) Field
distribution with the same structure and incident direction as in (a) but for the TE
polarisation. The incident wave is off normal with 8 = 21°. For the TM polarisation,
the E field is in the yz plane, and for the TE polarisation, the E field is in parallel with
the x axis. (c) Structure of one sub-array made of 6 patch elements depicted at the

same scale as those in (a) and (b).

effects. Firstly, inter-element coupling is different in uniform and nonuniform arrays.
In the optimisation of a single element, an infinite array with identical elements is con-
sidered, and the relation shown in Fig. 4.2 is obtained based on this assumption. In
contrast, in the configuration of the sub-array, the dimensions of the neighbouring el-
ements vary in one direction, resulting in a different coupling behaviour. Generally,
smaller variations in the reflection phase of successive elements result in a flatter wave
front, and therefore a better reflectarray performance. Secondly, the stronger attenua-
tion of the patches near resonance, as illustrated by the magnitude curve in Fig. 4.2(b),
affects the uniformity of the deflected wave. Thirdly, the resolution of the patch size
in the simulation is limited to 1 um to reflect the tolerance inherent to the fabrication
process. This resolution limitation is relatively coarse and can cause significant error
for the required phase response particularly around the resonance. This is clearly ob-
served in Fig. 4.2(a), where the phase response close to resonance is very sensitive to

minor inaccuracies of the patch size. A less steep curve of the phase versus the patch
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size can decrease the sensitivity to the tolerances, however at the cost of a reduced

range of available phases.

4.3 Fabrication and measurement

In order to validate the design, the reflectarray configuration shown in Fig. 4.3(c) has
been fabricated and measured. The details of the fabrication process and measurement

system are given in this section.

4.3.1 Fabrication

The terahertz reflectarray antennas have been fabricated using microfabrication and
polymer processing techniques on 3” silicon substrates. The silicon (100) oriented sub-
strates are cleaned in solvents (acetone and isopropyl alcohol) and dried using high
purity compressed nitrogen. A 20nm layer of titanium serves as an adhesion promoter
and a 200nm thick layer of platinum for the ground plane are deposited from 99.99%
pure discs by electron beam evaporation at room temperature following pumpdown
to a base pressure of 1 x 10~ Torr. PDMS, a silicone polymer prepared as a two-part
mixture in a 1:10 ratio of hardener and pre-polymer, is spun on to the surface of the
platinum coated wafers. This PDMS layer defines the dielectric in the reflectarray an-
tenna. As the PDMS thickness is a critical parameter, the thickness dependence as a
function of the spin speed at a fixed acceleration of 1,000rpm/s? and duration of 30s
is experimentally determined. This is defined as an equation that presents a spin speed

(r, in rpm) for a desired PDMS thickness (/, in pm) as:

r = 0.00014* — 0.0328%> + 3.9880h* — 238.460h + 7926.4 . 4.1)

For this work, to attain a 15um thick PDMS layer, a spin speed of 5,000 rpm is used.
The spun on PDMS layer is cured at 72°C for 1 hour. A 200nm gold layer, with a 20nm
chromium adhesion layer, is then deposited by electron beam evaporation. These
metal layers are patterned to define the antenna patches by photolithography and wet
etching. The samples are then cleaned with solvents to strip residual photoresist in

preparation for terahertz measurements.
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4.3.2 Measurement system

The sample shown in Fig. 4.4(a) is made of 360 x 360 patch elements with periodic
sub-array arrangement. The microscopy image shown in Fig. 4.4(b) reveals the details
of a small area of the sample. The THz-TDs measurement system, Tera K15 developed
by Menlo Systems GmbH, is shown in Fig. 4.5(a) with a corresponding schematic rep-
resentation in Fig. 4.5(b). The emitter and detector antenna models are Teral5-SL25-FC
and Teral5-DP25-FC, respectively. The two identical lenses with a diameter of 50 mm
are made of a polymer and have an effective focal length of 54 mm and a working dis-
tance of 46 mm. A femtosecond optical pulse is guided by a fibre from a near-infrared
laser source to the terahertz emitter. The generated broadband terahertz radiation is
then guided from the emitter to the reflectarray via Lens 1 that collimates the divergent
terahertz beam from the emitter. The parallel beam is either reflected or deflected, de-
pending on the frequency, when it is incident on the surface of the reflectarray sample.
The detection part of the system, comprising of Lens 2 and the detector, is mounted on
a rotatable arm for scanning the radiation in a wide angular range. On this arm, Lens 2
focuses the scattered radiation into the detector. An incidence angle of 45° is adopted
in the measurement, owing to the limitation introduced by the clearance of the two
lenses associated with the emitter and the detector. All the reflectarray measurements
are normalized by the free-space reference to remove any system dependency. For the
reference, a gold-coated mirror substitutes the reflectarray, and the incident and reflec-
tion angles are set to 45°. All measurements are performed under ambient temperature

in dry atmospheric conditions.

4.4 Results and discussion

The sample is measured for both the TM and TE polarised incident plane waves, and

corresponding results are shown in this section.

4.4.1 Measured reflection and deflection spectra

For the TM polarisation, the reference pulse and its spectrum are presented in Figs. 4.6(a)
and 4.6(d) (black dashed line), respectively. From 0.5 to 1.5 THz, the reference spec-
trum curve decreases smoothly without distinct absorption. The mirror is then re-

placed by the reflectarray sample to register the reflection in the specular direction. A
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(@) (b)

Figure 4.4. Reflectarray prototype. (a) Photograph of the sample. (b) Microscopy image for a

small part of the reflectarray. The dashed rectangle encloses one of the sub-arrays.

(b)
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Figure 4.5. Measurement system. (a) Photograph of the measurement system. (b) Corresponding
schematic. The beam from the emitter is collimated by Lens 1, and incident on the
surface of the sample. Lens 2 concentrates the scattered beam on to the detector.
Lens 2 and the detector are fixed on an arm mounted on a rotating platform, allowing

a wide angular range to be scanned.

strong reflection is detected, as shown by the pulse and corresponding spectrum in
Figs. 4.6(b) and 4.6(d), respectively. The reflection spectrum in Fig. 4.6(d) (red solid

line) reveals an obvious notch around 0.93 THz. This shows that considerable energy
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around this frequency is deflected off the direction of the specular reflection. The ro-
tating arm is then moved to the expected angle of the deflection, and slightly adjusted
for the maximal amplitude. The time-resolved deflection signal is shown in Fig. 4.6(c)
and exhibits an oscillation caused by the spectrally selective deflection of the reflectar-
ray. This is confirmed in the deflection spectrum in Fig. 4.6(d) (blue solid line), where
a strong deflection peak appears at the frequency corresponding to the strongest notch
in the reflection spectrum. Hence the measurement proves that the fabricated tera-
hertz reflectarray has the ability to deflect the incident wave towards the predesigned
direction. In order to estimate the performance of the reflectarray, the normalized re-
flection and deflection are calculated and shown in Fig. 4.6(e), demonstrating that up
to nearly 80% of the incident amplitude is deflected around the operational frequency.
It is worth noting that the sum of the reflection and deflection energy is less than unity
at a wide frequency range. This missing energy is likely to be absorbed by the PDMS
substrate or scattered into other directions. For the TE polarisation, the results are
given in Figs. 4.7(a)-4.7(e). The measurement results for both polarisations are similar.

In both cases, the strong deflection is observed at around 0.93 THz.

The angular radiation patterns of the reflectarray have been measured to characterize
the spectral behaviour of the reflected /deflected beams and side lobes. The radiation
patterns are measured with an angular resolution of 2° and are represented at differ-
ent frequencies for both polarisations in Fig. 4.8. At around 0.93 THz, as shown in
Fig. 4.8(c), the deflection is strongest, while on the other hand at 0.6 THz, the specular
reflection is the strongest. At other frequencies, the patterns show a combination of
lobes caused by the Floquet modes arising from the sub-array periodicity. Generally,

the performance of the reflectarray for the TM and TE polarisations are similar.

4.4.2 Discussion

Despite a qualitatively satisfying demonstration of the reflectarray operation, there
are some discrepancies between the simulated and measured results. The frequency
for the maximum deflection is shifted from the designed frequency of 1 THz to the
measured 0.93 THz. Meanwhile, the deflection angle also shifts from the expected 21°
to the measured 25°. Possible causes have been investigated and are described in the

following.
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Figure 4.6. Measured pulses and spectra in the TM polarisation. (a) The reference pulse. (b)

The specular reflection of the reflectarray sample. (c) The deflection of the reflectarray
sample. (d) The spectra of the reference (black dashed line), the reflection (red solid
line), and the deflection (blue solid line). (e) The normalized reflection (red dotted line)

and deflection (blue solid line) amplitude.
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Figure 4.7. Measured pulses and spectra in the TE polarisation. (a) The reference pulse. (b)

The specular reflection of the reflectarray sample. (c) The deflection of the reflectarray
sample. (d) The spectra of the reference (black dashed line), the reflection (red solid
line), and the deflection (blue solid line). (e) The normalized reflection (red dotted line)

and deflection (blue solid line) amplitude.
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Figure 4.8. Measured radiation pattern at different frequencies in TM polarisation (blue
solid line) and TE polarisation (red dotted line) in logarithmic scale. The re-
flection and deflection always exist as Floquet modes although the intensity varies with
frequency. The closer the frequency is to 0.93 THz, the stronger the deflection and the

weaker the reflection become, and vice versa.

Fabrication tolerance is the main factor that gives rise to the frequency shift. In order to
evaluate the effect from the tolerance, two samples with different substrate thicknesses
(15pum, 17 um) have been measured. The resulting deflection spectra are shown in
Fig. 4.9. It is evident that a variation in the substrate thickness leads to a shift in the
frequency for the maximum deflection. For the reflectarray with a substrate thickness
of 15 um investigated in Section 4.4.1, the measured frequency at 0.93 THz where the
deflection is strongest decreases from the designed frequency of 1 THz. Consequently,
the deflection angle is increased according to the Floquet spatial mode (also called

grating lobes) associated with the periodicity of sub-array structures. These Floquet
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Figure 4.9. Measured deflection spectra for two samples with different substrate thicknesses
for the TM polarisation. For the sample with the thickness of 15um, the angle
for maximum deflection is 25°, while for the 17 um thick sample, the corresponding

deflection angle is 26°.

modes cannot be neglected in arrays for which the inter-spacing of sub-arrays is larger
than a half of the wavelength. In the present case, the inter-spacing between adjacent

sub-array is 840 um, or 2.8 times the wavelength at the frequency of operation.

In addition, the experiments are performed at an incident angle of 45° rather than the
normal incident angle used in the design step. This difference is another reason that
causes the deflection angle to shift from the designed 21° to the experimentally deter-
mined 25°. The dependence of the phase response curve on the incident angle has been
investigated by Targonski et al. (Targonski and Pozar 1994). It is suggested that adopt-
ing the phase response of the normally incident wave for the oblique incident wave
brings a new tolerance. Particularly, the difference between the practical performance
and its theoretical expectation will become significant when the incident angle is larger
than 40°. In order to verify this aspect, the reflection coefficients of the uniform infinite
patch arrays at 1 THz are simulated for a 45° incidence in both TM and TE polarisa-
tions. The obtained phase curves of the reflection coefficients for these cases are shown
in Fig. 4.10 and compared to the normal incidence case. As described by Targonski and
Pozar (1994), it is observed that the phase responses for the normal and oblique angles
of incidence are slightly different. The phase response of the TM-polarised wave is

less affected by the off-normal incidence angle compared to the TE-polarised wave,
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Figure 4.10. Simulated reflection phase responses for 2D uniform infinite patch arrays with
the normal and oblique incidences for the TM and TE polarisations at 1 THz.
All the dimensions, including the substrate thickness and the unit cell size, are the

same with the case of i = 15um given in Fig. 4.2.

which is consistent with the findings of Tsai and Bialkowski (2003). Physically, this
phenomenon is caused by an imbalance response of each patch in the TE polarisa-
tion, arising from small phase shifts between two opposite edges of the patch when
the incident wave is oblique to the surface of the reflectarray. To further explain this
phenomenon physically, the simulations of the reflectarray are carried out at the fre-
quency of 0.93 THz for both the TM and TE polarisations with the incident angle of
45°. Instantaneous current density distributions are shown in Fig. 4.11(a) and (b). It
can be observed that the current densities under the patches are influenced by a small
phase difference between the left and right edges of the patches, introduced by the
angle in the incident electric field. For the TE polarisation, this imbalanced response
of the patches leads to emergence of a transverse current that degrades the deflection
more significantly than in the TM polarisation. This theoretical inference is qualita-
tively consistent with the measurement of normalized deflection amplitude shown in

Figs. 4.6(c) and 4.7(c).
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Figure 4.11. Simulated instantaneous current density distributions on the bottom surface of
the patches in the reflectarray. (a) TM and (b) TE polarisations with an incidence
angle of 45° at 0.93 THz.

4.5 Conclusion

In this chapter, terahertz reflectarrays with metallic patch elements have been pro-
posed. The theoretical design taking into account fabrication tolerances has been ver-
ified through simulations and experiments. Prototypes have been fabricated and the
measurements have been carried out by using a THz-TDS system. The measurement
in both TE and TM polarisations shows that a nonuniform reflectarray can efficiently
deflect the terahertz waves towards a predesigned angle at a predefined frequency of
operation. The possible factors for a small shift in the operation frequency and in the
deflection angle have been investigated. It is suggested that the fabrication tolerance
and the dependence on the incidence angle should be taken into consideration in opti-

mizing reflectarrays.

The proposed terahertz reflectarrays gain their properties from the configuration of
the periodically arranged patch elements. Hence, the appearance and functionality
are close to metamaterials (Chen et al. 2011). However, the reflectarrays cannot be
considered as terahertz metamaterials since the patch dimensions are in the order of
half of the operating wavelength. Thus, the whole arrangement of the reflectarrays
cannot be described by effective electromagnetic parameters. In terms of its potential

applications, the designed reflectarrays can become useful in various aspects owing to
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their capability of manipulating terahertz beams with high efficiency yet low design
and fabrication complexity. Their function is not limited to beam deflection, and can
be extended to beam steering or shaping in various forms. In addition, active patch-
element structures can be used to dynamically configure versatile arrays for advanced
beamforming, for example using graphene as reconfigurable elements (Carrasco and
Perruisseau-Carrier 2013). In particular, the extension to active reflectarray systems

promises the application in the area of short-range terahertz communications.
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Terahertz reflectarrays for
polarisation beam splitting

Reflectarray is designed and demonstrated experimentally for
polarisation-dependent beam splitting at 1 THz. This reflec-
tive component is composed of two sets of orthogonal strip

dipoles arranged into interlaced triangular lattices over a ground plane.

By varying the length and width of the dipoles, a polarisation-dependent
localized phase change is achieved on reflection, allowing periodic subar-
rays with a desired progressive phase distribution. Both the simulated field
distributions and the measurement results from a fabricated sample verify
the validity of the proposed concept. The designed terahertz reflectarray
can efficiently separate the two polarisation components of a normally inci-
dent wave towards different predesigned directions of +30°. Furthermore,
the measured radiation patterns show excellent polarisation purity, with a
cross-polarisation level below -27 dB. The designed reflectarray could be
applied as a polarizing beam splitter for polarisation-sensitive terahertz

imaging or for emerging terahertz communications.
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5.1 Introduction

For centuries, controlling the propagation of light has been one of the intensively re-
searched topics in science and engineering. From conventional optical lenses to the
exotic artificially patterned structures of today, scientists and engineers have progres-
sively introduced more degrees of freedom in both theoretical and experimental as-
pects of beam manipulation for increasingly sophisticated applications (Pendry et al.
2006, Schurig et al. 2006, Kwon and Werner 2008, Chen et al. 2010, Valentine et al.
2009, Yang et al. 2012, Yu et al. 2011, Aieta et al. 2012, Monnai et al. 2012). Beam split-
ters with polarisation-dependent properties can play an important role in applications
requiring high polarisation purity or polarisation-dependent multiplexing/demulti-
plexing. In the optical range, coupled plasmonic waveguide arrays (Tai et al. 2007),
an asymmetrical directional coupler (Guan et al. 2013), and a 34-layer polymer thin-
film (Yang et al. 2011) have been proposed as polarising beam splitters. Further con-
cepts inspired by metamaterials have been introduced for designing or realising beam
splitters across different spectral ranges (Rahm et al. 2008, Farmahini-Farahani and
Mosallaei 2013).

In the terahertz regime, due to lack of suitable naturally birefringent materials and
because of high intrinsic material loss, devices that can separate the incident waves
with polarisation-dependent properties still remain challenging to realise. Implemen-
tations include a magnetically tunable liquid crystal phase grating used for tuning the
ratio of the zeroth and first-order diffracted terahertz waves (Lin et al. 2008). This fab-
ricated terahertz beam splitter achieved modest efficiency of around 40%, although
it was shown to provide high extinction ratio and tunability across a wide frequency
range. To improve the efficiency, Berry et. al. (Berry and Jarrahi 2012) demonstrated the
potential of a subwavelength silver grating fabricated on a high-density polymer sub-
strate for constructing a terahertz polarising beam splitter in a wide frequency band.
In (Peralta et al. 2009), a metamaterial structure based on circular split rings was used
to control the characteristics of transmitted terahertz waves, with effects strongly de-
pendent on the incident polarisation. One aspect worthy to mention here is that these
designs mainly focus on polarisation beam-splitting in transmission, with emphasis on
frequency tunability. Beam splitting operation in reflection mode remains to the best

of our knowledge relatively unexplored.

One feasible pathway for beam splitting in reflection is offered by the concept of reflec-

tarrays. Owing to their high efficiency and flat profile, reflectarrays have been adopted
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widely in the microwave and millimetre-wave regions (Huang and Encinar 2008, Tam-
minen et al. 2013b, Tamminen et al. 2013a), and implementations have been extended
across the electromagnetic spectrum to the terahertz (Nayeri et al. 2014, Niu et al.
2013, Carrasco and Perruisseau-Carrier 2013) and optical regimes (Memarzadeh and
Mosallaei 2011, Pors et al. 2011, Zou et al. 2013, Yifat et al. 2014) with various func-
tionalities such as beam deflection, focussing and beam shaping. Among the versatile
functions of reflectarrays, steering reflected waves with polarisation-dependent prop-
erties can find applications in areas such as signal transmission, polarisation-sensitive
measurements, and discrimination of incident polarisations. For example in the mi-
crowave regime, multilayer elements with rectangular patches (Encinar et al. 2006)
and cross-shaped microstrip loops (Perruisseau-Carrier 2010) have been used as unit
cells for constructing dual-polarisation reflectarrays. Those realisations can achieve
polarisation-dependent beamforming functions, i.e. to scatter orthogonal polarisation
components into different directions. The scaled implementation of similar configura-
tions with stacked multilayer structures in the terahertz and optical ranges is presently

very challenging or even impossible to manufacture with the required precision.

In this chapter, a design of a polasizing beam splitter operating at 1 THz is proposed
and experimentally validated. The device is based on the reflectarray concept and
demonstrates the capability to separate the orthogonal polarisation components of an
incident beam and deflect them into different directions. Two sets of orthogonally
oriented dipole resonators arranged either loosely or compactly in interlaced triangu-
lar lattices are used for composing the unit cell, and the corresponding local reflec-
tion response is achieved by varying the length and width of the dipoles. Subarrays
are then constructed from the unit cells with the desired progressive phase distribu-
tions to respond to incident waves with polarisation-dependent properties. By taking
micro-fabrication tolerance into design consideration, the reflectarray with compactly
arranged dipoles is then fabricated for experimental validation. Both simulation and
measurement are employed to verify the concept and assess the efficiency and polari-

sation purity of the device.

5.2 Beam splitter with sparsely arranged dipoles

Reflectarrays with polarisation-dependent beam shaping ability can be in principle

implemented using different approaches. For example, crossed dipoles with variable
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arm lengths (Pozar and Targonski 1998, Li et al. 2011) or arrangements of orthogo-
nal linear dipoles with variable dimensions (Farmahini-Farahani and Mosallaei 2013,
Perruisseau-Carrier 2010) can be employed. It was however observed that cross-talk
between crossed dipoles in a non-uniform array can induce cross-polarised currents on
the connected orthogonal arms, thereby degrading the polarisation purity. Therefore,
the approach considering interlaced arrays of orthogonal linear dipoles is preferred. In
this section, it will be shown that an array with strip dipoles sparsely arranged in an
interlaced triangular-lattice can function as a polarisation-dependent terahertz reflec-

tarray.

5.2.1 Unit cell with sparse arrangement

As shown in Fig. 5.1, a unit cell is composed of two sets of orthogonal dipole resonators
with a sparse arrangement. Each set of the dipoles corresponds to a particular polar-
isation. A configuration of two interlaced triangular-lattice arrays is chosen to reduce
mutual coupling. The unit cell comprises three layers: dipoles made of gold as the top
layer, a PDMS dielectric spacer as a substrate and a platinum ground plane. For the
metals, the material parameters used in the previous chapter, i.e. surface impedance
Zay = 0.287 +j0.335 3/sq for gold and Zp; = 0.628 4 j0.667 (1/sq for platinum,
are adopted here, while PDMS has a relative permittivity 2.35 and loss tangent 0.03
(Khodasevych et al. 2012). For operation at 1 THz, the size of the unit cell and the thick-
ness of the PDMS substrate are selected at fixed values 2a = 300 ym and /& = 20 ym,
respectively. Different phase responses for a particular polarisation can be achieved by
varying the length and width of a corresponding dipole. A phase response profile is

simulated by using uniform infinite arrays in Ansys HFSS commercial software with

g e
C The— >

¥ Nws%\f ~ - Gold
h PDMS
> 2‘61
a=150 pm Platinum ground plane

Figure 5.1. A unit cell containing four sparsely arranged dipoles for the polarisation-

dependent reflectarray.
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master-slave boundary conditions. Based on a numerical analysis, it is confirmed that
the effect of a dipole is negligible for the incident wave with polarisation orthogonal to
its longitudinal axis. Therefore, in the optimization of the unit cell shown in Fig. 5.1,
the dipoles perpendicular to a given polarisation are fixed, while the length and width
of the dipoles parallel to the polarisation are varied. In addition, in order to test the
effect of the dielectric loss of the spacer on the reflection coefficients, three values of
loss tangent, tand = 0,0.03,0.06, are applied in the simulation. The numerically re-
solved reflection phase and magnitude responses as a function of the dipole length for
an infinite uniform array are given in Fig. 5.2(a) and (b), respectively. From the simu-
lation results, a phase range of over 300° is obtained, which is sufficient for designing
a periodic gradient reflectarray if the progressive phase change is larger than 60°. It
is obvious that the loss of the substrate can significantly affect the reflection coefficient
for the designed structure. A larger loss tangent leads to a sharper phase change and
higher loss, and therefore the performance of the designed reflectarray would be more

sensitive to the tolerance in the dimensions.

5.2.2 Design of dual-deflection reflectarray

Based on the phase response data shown in Fig. 5.2(a), a subarray containing two
groups each with 6 sparsely arranged dipoles is designed for deflecting an incident
wave into two different directions according to the polarisation components. For sim-
plicity of the theoretical design, we assume that the substrate is lossless, and therefore
the blue solid line in Fig. 5.2 (a) is used for designing the subarray. At 1 THz, i.e.
Ap = 300 um, a progressive phase change of A¢ = £ 60° between adjacent dipoles

with the same alignment results in a beam deflection of

ApA
6 — arcsin 2920 — 1195, (5.1)
27a

The layout of the subarray is shown in Fig. 5.3. Taking the fabrication tolerance into
account, the micrometer values for the length and the width of each dipole in the sub-
array are chosen as integers. In order to achieve more accurate phase response of each
dipole and thus better performance of the reflectarray, the phase of the surface current
on the dipoles are observed during the subarray simulations. Both of the lengths and
widths of the dipoles in the subarray are then fine-tuned to achieve the desired gradi-

ent phase response. The optimized dimensions of the 12 dipoles are given in Table 5.1.
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Figure 5.2. Simulated scattering response of the sparsely arranged unit cell. Reflection phase
change in degree (a) and magnitude in dB (b) for the structure operating at 1 THz
shown in Fig. 5.1 as a function of the length [,, for a dimension 2 = 150 ym, h = 20
pm. For a flat phase curve, the width w, varies with the length [, according to the
relation w, = 32 pm + 0.2x I, when 40 um < [,< 90 um, w, = 230 um — 2x [,
when 90 ym < [;< 105 pm, w, = 20 um when 105 pm < [,< 140 yum. The loss
tangent of the PDMS substrate affects both the phase and magnitude responses.

In designing the reflectarray, possible coupling effects between adjacent dipoles of dif-
ferent orientations have to be taken into account. One property that indicates this
aspect is the distribution of the surface current on the strip dipoles. So, it is necessary
to observe the distributions of the surface current on the dipoles, as shown in Fig. 5.4

for both the TE and TM incident polarisations (note that the TE and TM polarisation
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Figure 5.3. Structure of one subarray made of 12 dipoles. The figure is to scale.

Table 5.1. Sizes of the dipoles for the designed subarray. The units are in um.

Dipole 1 2 3 4 5 6 7 8 9 10 11 12
Length 75 84 87 89 92 105 120 92 89 85 83 381
Width 47 47 48 50 47 21 21 47 51 48 45 40

are defined in the deflection plane). It is clear that the surface currents on the dipoles
responding to one specific polarisation are dominant compared to the other polarisa-
tion. This further verifies that the effect of the dipoles is negligible for the incident

wave with orthogonal polarisation.

The simulated incident plane wave at 1 THz shown in Fig. 5.5(b) is normal to the sur-
face of the reflectarray. The field distributions of the deflected waves for the TE and
TM polarisations are demonstrated in Figs. 5.5(a) and (c), respectively. It is clear that
the normal incident wave is deflected into the predesigned direction depending on the
polarisation. For the TM polarisation, the deflected wavefront is dominant over the
specular reflection component in the scattered field. On the other hand, for the TE
polarisation, an obvious specular reflection component is observed. The phenomenon
has also been observed and discussed by Niu et al. (Niu et al. 2013). Overall, the results
confirm that the designed reflectarray is able to deflect terahertz waves into the two

designed different directions, according to the incident polarisation.

For further evaluation of the performance of the designed reflectarray, we consider a
reflectarray that contains 168 x 56 subarrays. This corresponds to a sample with a size
of 50.4 mm x 50.4 mm, which is sufficient to cover the collimated beam in the mea-
surement. Based on this configuration, the radiation pattern can be numerically ob-

tained (neglecting edge effects) by using Ansys HFSS commercial software as shown
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Figure 5.4. Simulated magnitude of the surface current on the dipoles. (a) TE polarisation.

(b) TM polarisation. The both images share the same colour scale.

Figure 5.5. Simulated instantaneous scattered field from the reflectarray in TE and TM

polarisations at 1 THz. When the incident wave (b) is normal to the surface of the

reflectarray, the TE and TM polarised wave are deflected into two different directions

with the angles of £19.5° as shown in (a) and (c), respectively. All the images share

the same colour scale.

in Fig. 5.6. It is obvious that the incident waves with the TE and TM polarisations

can be efficiently deflected into two different directions. For the TM polarisation, the

intensity in the designed deflection direction is around 20 dB higher than that in the

specular reflection, while for the TE polarisation the difference is smaller. The results
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Figure 5.6. Simulated radiation pattern of the reflectarray with sparsely arranged dipoles.
The dimension of the reflectarray is 50.4 mm x 50.4 mm. A wave normal to the array
with the TE and TM polarisations can be efficiently deflected onto the direction of
—19.5° (a) or +19.5° (b), respectively.

further confirm that the designed reflectarray can separate the polarisation compo-
nents of an incident beam by deflecting them into two different directions in a given

plane.

5.2.3 Discussion

For the designed terahertz reflectarray with sparsely arranged dipoles, the simulation
results verify that the reflectarray can deflect the incident waves with different polari-
sations into desired directions. However, it is noted that, to avoid high loss and sharp
phase response, the substrate adopted in the design is lossless, which is not realistic.
One approach to solve this issue is to improve the layout of the strip dipoles on the top

layer for a flatter phase curve and lower loss. In the following section, a layout of unit
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cell with compactly arranged dipoles is adopted to realise a terahertz beam splitter

with improved efficiency.

5.3 Beam splitter with compactly arranged dipoles

This section introduces the configuration of the reflectarray with compactly arranged
dipoles. The unit cell is described first, followed by the design of subarrays with the
desired operation as a polarising beam splitter. The designed structure is fabricated,
and the corresponding measurement results are obtained through a terahertz time-

domain spectroscopy (THz-TDS).

5.3.1 Unit cell with compact arrangement

A unit cell for a uniform reflectarray is shown in Fig. 5.7. The structure is composed
of two sets of orthogonal dipole resonators arranged in a compact layout, with each set
corresponding to a particular polarisation. The arrangement of the interlaced triangular-
lattice is chosen for reducing the mutual coupling between the two sets of dipoles,
while a compact layout significantly increases the efficiency of reflection compared to
a loose arrangement of dipoles. The parameters of the materials for simulations are the

same as used in the previous section. For operation at 1 THz, the size of the unit cell

(a) S%\Iiéé‘\ ) (b) T T T T _*_ _____ ’

Figure 5.7. Single unit cell of the proposed reflectarray with compact dipoles. Each unit cell
contains four dipoles with 2 = 100 um and & = 20 um. The lengths and widths of the
dipoles are varied to obtain a nearly full cycle of phase response. (a) 3D view of the

unit cell. (b) Top view of the unit cell indicating the interlaced triangular lattices.
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and the thickness of the PDMS substrate are selected at fixed values 2a = 200 um and
h = 20 um, respectively. Different phase responses for a particular polarisation can be

achieved by varying the length and width of the active strip dipoles.

The phase response profile is simulated by using uniform infinite arrays in a commer-
cial software package, Ansys HFSS, with periodic boundary conditions, and Floquet
port excitation is applied. Based on numerical analysis, it is first confirmed that the
effect of a dipole is negligible for the incident wave with polarisation orthogonal to
its axis. Therefore, in optimisation of the unit cell shown in Fig. 5.7, the dipoles per-
pendicular to a given polarisation are fixed at the dimension of 40 pm x 80 um, while
the length of the dipoles parallel to the polarisation is varied from 40 um to 140 um.
In order to achieve a smoother phase curve with less stringent tolerances, a strategy
based on variation of both length and width is found to be more efficient than vari-
ation of length only (Yifat et al. 2014). As shown in Fig. 5.8, narrower strip dipoles
introduce a wider dynamic phase range but at the cost of a steeper phase change and
reduced efficiency around resonance. In contrast, widening the dipoles decreases the
dynamic range but smooths the transition of the phase curve around resonance. Based
on this trade-off, we strategically adapt the dipole width for a wide enough dynamic
range and relatively smooth phase change response for higher efficiency. We start the
length variation with the shorter dipoles with a narrow width, to maximize the start-
ing phase. With an increase in the dipole length, the width is linearly increased for a
smoother phase response and low absorption around the resonance. After the reso-
nance, the width of the dipoles is gradually decreased with further increasing length
for a wider phase range. Away from resonance, the phase response is not sensitive to
the width of the dipoles, and therefore a change in the width is not necessary. Based
on these considerations, the length /; » and width w; » of the gold dipoles are varied

according to the piecewise linear function relation:

32um+ 02015 if 40pm <1, <90 pum,
w12 = § 230 um — 211/2 if 90 um < 11,2 < 105 um, (52)
20 um if 105um < I1, < 140 um.

These linear functions are illustrated as the solid line in Fig. 5.8.

The numerically resolved reflection phase and magnitude responses obtained as a
function of the dipole length with the described width variation are given in Figs. 5.9(a)

and 5.9(b), respectively. From the results, it is observed that a phase change of over
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Figure 5.8. Simulated reflection phase and magnitude responses as a function of the dipole

length and width. The graphs show the strategy for determining the relation of the
length and width of the dipoles to achieve a smooth and wide phase response with high

efficiency. The lines correspond to the length and width relation given in Eq. 5.2.

300° is achieved, while the highest loss on resonance is around 5.5 dB for a substrate

loss tangent of 0.06. Since narrower strips have lower reflection efficiency on resonance

(Fig. 5.9 (b)), the maximum loss on resonance of the dipole is higher than the maximum

loss of 1.2 dB observed in the square patch unit cell with similar material properties in

Chapter 4.

Nevertheless, considering that most dipoles in the reflectarray will be op-

erating detuned from resonance, these results indicate that the proposed structure can
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Figure 5.9. Simulated complex reflection coefficients for uniform infinite dipole arrays. Blue

dashed and solid lines are for uniform infinite dipole arrays in compact configuration,

while the red dashed and solid lines are for sparse configuration. (a) Reflection phase

response in degrees. (b) Reflection magnitude in dB at 1 THz as a function of the dipole

size. The solid and dashed lines are for configurations with the substrate loss tangent of

0.06 (lossy) and 0 (lossless), respectively. Six points on the phase curve with different

widths and lengths indicate the required dipoles for constructing the beam-splitting

reflectarray.

offer a sufficient phase range for designing a reflectarray with reasonable reflection ef-

ficiency. On the other hand, in order to show that the compact structure can improve

the reflection efficiency of the unit cell for the reflectarray, the reflection coefficients

with a sparse configuration are displayed in Fig. 5.9 (red dashed lines and solid lines).
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Table 5.2. Dimensions of the dipoles for the optimized subarray. The units are in pm.

Dipole 1 2 3 4 5 6 7 § 9 10 11 12

Length 55 75 85 91 100 122 120 97 88 82 76 55

Width 38 48 49 50 30 24 20 34 45 52 48 43

It is obvious that, for the dipoles of the same dimensions with both the lossy or lossless
substrates, the compact configuration has a smoother phase response and lower loss
than its sparse counterpart. Therefore, the compact configuration have the advantages
of relaxing the design tolerance for fabrication and increasing the reflection efficiency
of the reflectarray, which verifies that compacting the radiating dipoles is an alternative

approach for improving the performance of the reflectarray.

5.3.2 Subarray arrangement for terahertz beam splitting

The phase response data shown as blue solid line in Fig. 5.9(a) is applied for construct-
ing subarrays composed of several unit cells. The full reflectarray will then consist
of a periodic arrangement of such identical subarrays. In the present case, subarrays
containing two orthogonal sets of dipoles, each composed of 6 elements are designed
for deflecting a normally incident wave into two different directions. By following
the design procedure presented in Chapter 4, at the operating frequency of 1 THz, i.e.
Ag = 300um and a = 100 um, a progressive phase change of A¢p = +60° between

adjacent dipoles with the same orientation results in a beam deflection of
ApA
6 — arcsin 2220 — 4300, (5.3)
27a

where 6 is the deflection angle off the specular reflection in the incident plane.

The layout of the subarray obtained from this design procedure is shown in Fig. 5.10.
By taking the fabrication tolerance into account, the length and the width of each dipole
in the subarray are rounded to the next discrete value in micrometer. Due to different
mutual coupling in the uniform and non-uniform arrays, the dimensions of the dipoles
for constructing subarrays selected from the phase curve shown in Fig. 5.9(a) require
tine tuning to achieve more accurate local phase response in the array. The correspond-

ing optimized dimensions of the 12 dipoles are given in Table 5.2.
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Figure 5.10. Structure of one subarray made of 12 dipoles. The dimensions of the subarray
are initially based on the phase response for a uniform array shown in Fig. 5.9. An
iterative fine tuning of the dimensions is required to compensate for the variations of

actual mutual coupling between dipoles in the non-uniform subarray.

Instantaneous field distributions depicting the response of the reflectarray illuminated
by a normally incident plane wave at 1 THz are shown in Fig. 5.11. The incident field
is shown in Fig. 5.11(b) whereas the scattered fields for the TE and TM polarisations
are demonstrated in Figs. 5.11(a) and 5.11(c), respectively. The scattered fields clearly
illustrate that the normally incident plane wave is deflected into predefined directions
according to the polarisation. The relatively strong amplitude suggests good efficiency
for the deflection. Due to the attenuation and the discrete resolution of the dipoles, the
uniformity of the deflected wavefront is slightly degraded. This phenomenon is more
obvious for the TE polarisation than for the TM polarisation. Similar observations have
been reported in (Niu et al. 2013, Tsai and Bialkowski 2003), with a possible cause being
the imbalanced response of each dipole in the TE polarisation. It is noteworthy that, if
the incident polarisation is 45° in the xy plane, the normally incident beam will be split
into two deflected beams of equal power with the sign of the deflection angle being
determined according to the linear polarisation component. The magnitudes of the
surface current density plotted in Figs. 5.11(d) and 5.11(e) confirm that the two sets of

dipoles are selectively excited by the corresponding polarisation.
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Figure 5.11. Simulated instantaneous incident and scattered field distributions from the
reflectarray in TE and TM polarisations at 1 THz. When the incident wave (b)
is impinging normally to the surface of the reflectarray, the TE and TM polarised
wave are deflected into two different directions with the angles of —30° and +30°
as shown in (a) and (c), respectively. The corresponding magnitude of the surface

current density on the dipoles is shown in (d) and (e).

5.3.3 Reflectarray fabrication

In order to validate the reflectarray designed for beam splitting, a reflectarray that
contains a periodic arrangement of 252 x 84 subarrays shown in Fig. 5.10 has been
fabricated. This corresponds to a total sample size of 50.4mm x 50.4mm, which fits a
standard 3 inch wafer and is sufficient to cover a collimated beam in the measurement.

The details of the fabrication process and sample are given in this section.

A 3 inch silicon (100) oriented wafer was cleaned with solvents, dried with high purity
compressed nitrogen, and coated with the metallic ground plane. The ground plane
was composed of a 200 nm platinum thin film, with a 20 nm titanium thin film utilized
to promote adhesion to silicon, deposited at room temperature by electron beam evap-
oration. A two-part, high purity, silicone elastomer — PDMS — was prepared as a mix-
ture of curing agent and pre-polymer in a 1:10 weight ratio (Khodasevych et al. 2012).
This PDMS is used to define the controlled thickness dielectric layer of 20 um in the
reflectarray. To attain 20 um, the polymer is spin-coated at 1,950 rpm, with an acceler-
ation of 1,000 rpm/s? for a 30 s duration. The layer is then cured at 72°C for 1 h. The
attained thickness was verified experimentally by surface profilometry. The metallic

dipoles were defined using 200 nm thick gold films, with a 20 nm thick adhesion layer
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Figure 5.12. Optical micrograph of a small part of the fabricated reflectarray. The dashed

rectangle encloses one of the subarrays.

of chromium. This metallic bilayer is patterned using photolithography and wet etch-
ing, with the choice of platinum for the ground plane ensuring selectivity. The residual
photoresist is cleaned with solvents, in preparation for terahertz measurements. A mi-
crograph of a small region of the final sample is shown in Fig. 5.12, with one subarray

highlighted.

5.3.4 Results and discussion

The sample has been measured using a commercial terahertz time-domain spectroscopy
(THz-TDS) measurement system, namely, Tera K15 developed by Menlo Systems GmbH.

The measurement setup and experimental results are given in this section.

Measurement system

A photograph of the measurement setup is shown in Fig. 5.13(a) with a corresponding
schematic representation in Fig. 5.13(b). The two identical lenses with an effective fo-
cal length of 54 mm are used for obtaining a collimated beam. The emitter and lens #1
are mounted on a fixed rail. The sample is mounted on a platform with angular scale
that can be rotated for adjustment of the incidence angle. Particular care is necessary
to ensure that the surface of the sample has its centre located on the rotation axis. A

femtosecond optical pulse from a near-infrared laser source is guided by a fibre to the
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terahertz emitter. The generated broadband terahertz radiation guided from the emit-
ter is collimated by lens #1 before impinging the reflectarray. The detection part of the
system comprises lens #2 that focuses the scattered fields onto the detector. Both of the
components are mounted on a rotation arm pivoting around the sample centre point.
This arrangement allows convenient scanning the radiation pattern in a wide angular
range. For the reference, a gold-coated mirror replaces the reflectarray, and the incident
and reflected angles are set to 15°. For each polarisation, two measurements are carried
out on the sample. Firstly, the incidence angle is set to 15° for measuring the specular
reflection off the reflectarray sample. Secondly, the sample is illuminated at normal in-
cidence in a given polarisation, while the detection arm is rotated to scan the scattered
terahertz waves at different angles. In the measurement of the radiation patterns, the
scanning ranges for both the TE and TM polarisations are limited to the ranges, —48°
to —22° and 22° to 48°, because the minimum clearance between the lens #1 and lens #2
precludes measurements around the specular direction. Measurements are not carried
out beyond 48° or —48° because the deflection becomes negligible. A measurement
angular resolution of 0.5° is sufficient for resolving the main features of the deflected
beams. For measurements in the other polarisation, both the emitter and detector are
rotated by 90°, and the measurement procedure is repeated. All the measurements
of the reflectarray are normalized using the mirror reference to remove any system

dependency.

Measurement results

For the TE polarised incident wave, the normalized spectra for specular reflection and
—30° deflection are shown in Fig. 5.14(a). A distinct notch at around 1 THz can be ob-
served from the sample specular reflection. This is because considerable energy around
this frequency is deflected away from the specular direction. At the predesigned de-
flection direction of —30°, the strong deflection peak appears close to the design fre-
quency of 1 THz as shown in Fig. 5.14(a) with the red solid line. It is observed that,
for the TE polarised incident wave, 75% of the incident magnitude is deflected into the
designed direction. Similar results are obtained for the TM polarisation, however with
the difference that the deflection direction is on the other side of the incident direction.
The corresponding measured results are given in Fig. 5.14(b). Strong deflection can be
observed at around 1 THz in the designed deflection of +-30° with a deflection mag-
nitude of around 80%, thus showing slightly higher deflection efficiency compared to
the TE polarisation.
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(b)

Emitter
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Figure 5.13. Measurement system. (a) Photograph of the measurement system. (b) Correspond-
ing schematic. The beam from the emitter is collimated by lens #1, and incident on
the surface of the sample. Lens #2 collects and focuses the scattered wave onto the
detector. Lens #2 and the detector are fixed on a rotating arm pivoting around the
location of the sample center. This arrangement allows a wide angular range to be

scanned.

In order to characterize the angular behaviour of the deflected beams for normal inci-
dence, the radiation patterns of the reflectarray for both of the TE and TM polarisations
are simulated and measured as shown in Fig. 5.15. In the HFSS simulations, the radi-
ation pattern of the TE and TM polarisations can be numerically obtained using an
approach based on the array factor, but neglecting edge effects. The results shown
in Figs. 5.15(a) and 5.15(b) demonstrate the predicted polarisation-dependent deflec-
tions. A specular reflection component, i.e. a feed image lobe (Almajali et al. 2014),
exists but is around 10 dB lower than the maximum deflection. This specular compo-
nent can also be interpreted as imperfectly suppressed zeroth-order spatial harmonics
associated with the subarray periodicity. The measured radiation patterns at 1 THz
are given in Figs. 5.15(c) and 5.15(d) for the TE (red line) and TM (blue line) polarisa-
tions, respectively. Because of different excitations, plane waves for simulations and
Gaussian beams for measurements, wider deflection beams and lower side lobes are
observed in measured radiation patterns when compared with the simulated patterns.

The measured cross-polarised components caused by grating lobes in the deflected

Page 95



5.3 Beam splitter with compactly arranged dipoles

"""" Nl - - - TE Specular Reflection
— TE -30° Deflection
0.8 e .
q_) ~
°
2 :
2 0.6 '
€
< \
o
() f
N .
= B \
£ 0.4
o) \
zZ .
0.2
% I . | ‘
4 0.6 0.8 1 1.2 14 1.6
Frequency (THz)
(b)
1 T
L - - - TM Specular Reflection
N . —— TM 30° Deflection
0.8
)
°
2 .
S 0.6/
IS
< .
o . )
o) .
N .
S | .
£ 0.4 .
[e]
P
0.2
! \

0.6 0.8 1 1.2 1.4 1.6
Frequency (THz)

Figure 5.14. Measured normalized amplitude spectra for specular reflection (blue dashed

line) and deflection (red solid line). The 15° incident waves with TE (a) and
TM (b) polarisations are specularly reflected and distinct notches at around 1 THz are
observed in the spectra, whereas the normally incident TE and TM waves are efficiently

deflected into —30° and +30°, respectively.
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Figure 5.15. Radiation patterns at 1 THz for TE and TM polarised incident waves on a
logarithmic scale. The normally incident wave with the TE or TM polarisation can
be efficiently deflected into the direction of —30° or +30°. (a) and (b) Simulated
radiation patterns for the TE and TM polarised incident plane wave, respectively.
(c) and (d) Measured results for the TE and TM polarised incident Gaussian beam,

respectively.

beams are —27 dB for the TE polarisation and —29 dB for the TM polarisation. How-
ever, it is noted that those values are most likely limited by the measurement system

dynamic range.

As for the spectral characteristics of the reflectarray, the normalized scattered wave
amplitude is shown in Fig. 5.16. The magnitude is plotted in linear scale as a function
of frequency and scan angle. It is again demonstrated that the strongest deflection
takes place around the specified frequency in the designed directions for both of the TE
and TM polarisations. Off the optimum, the deflection efficiency degrades gradually.
Away from the predesigned main lobes for both the TE and TM polarisations, grating
lobes introduced by the periodic configuration in subarrays are apparent in Fig. 5.16
beyond 1.4 THz.

The above measurement results demonstrate promising prospects for the designed re-
flectarray for terahertz beam splitting. However, there are two aspects that could be

improved for further enhancing the performance of the reflectarray. Firstly, the angle
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for the maximum deflection amplitude of the TE and TM polarised incident waves
shifts from the designed +30° at 1 THz to measured —28° at 1.04 THz and +29° at
1.03 THz, respectively. This slight disparity is caused by fabrication tolerance. In par-
ticular, the substrate thickness of the fabricated sample has been estimated to be 17 um,
rather than the target thickness of 20 um. The fabrication tolerance moves the fre-
quency for the maximum deflection slightly off the designed optimal frequency, which
translates in a shift of the angle for the maximum deflections, i.e. through the phe-
nomenon of beam squint with frequency (Targonski and Pozar 1996). Secondly, the
deflection efficiency for the TE and TM polarisations could be improved by using di-

electric substrates with lower loss tangent.

5.4 Reflectarray for asymmetric beam splitting

In this section, a subarray is constructed from multiple unit cells with dipoles arranged
in the compact layout to create two asymmetric progressive phase distributions to re-
spond to the TE and TM polarised incident waves. Numerical results for the near- and
tar-field distributions of the reflectarray demonstrate that the proposed structure can
separate the polarisation components of an incident beam by deflecting them into two

different directions, i.e. —48.6° and 30°, in plane.

Based on the phase response data of the compactly arranged dipoles shown in Fig. 5.9(a)
(blue solid line), two different progressive phase changes of —90° for the TE wave and
+60° for the TM wave between adjacent dipoles with the same orientation are chosen.
This results in a deflection of the incident wave into two different directions. The de-
flection angle 6 off the specular reflection can be calculated according to the Eq. 5.3.
With the required parameters, the selected progressive phase changes will result in a
beam deflection of —48.6° and +30° for the TE and TM polarisations, respectively. The
corresponding sizes of the dipoles for the required phase changes are selected from the
simulated phase curve. For a subarray, 4 dipoles are required to cover one cycle for
the TE polarisation while 6 dipoles are required to cover one cycle for the TM polarisa-
tion. Therefore, the total number of dipoles for constructing the whole subarray is the
twice of least common multiple of 4 and 6, i.e. 2 x LCM(4, 6) = 24. The layout of the
subarray composed of 24 dipoles divided into two groups is configured as shown in
Fig. 5.17(a). The field distributions of the deflected wave at 1 THz for the TE and TM
polarisations are demonstrated in Figs. 5.17(b) and 5.17(c), respectively. The scattered
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Figure 5.16. Normalized deflection magnitudes in linear scale as a function of the frequency

and scan angle for TE (a) and TM (b) polarisations by measurements.
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tields clearly illustrate that the normally incident plane wave is predominantly de-
flected into the predefined directions according to the incident polarisation. In order
to demonstrate the ability of a finite reflectarray for beam splitting with asymmetric
deflections, a reflectarray that contains 42 x 252 subarrays in periodic arrangement is
considered. This corresponds to a total sample size of 50.4 mm x 50.4 mm. Based on
this configuration, the radiation pattern for the total reflected electrical field can be nu-
merically obtained (neglecting edge effects) using Ansys HFSS as shown in Fig. 5.18.
It is confirmed that the designed reflectarray can separate the polarisation components
of an incident beam into two different desired directions in a given plane with a polar-
isation purity of -20 dB and -25 dB for the TE and TM waves, respectively. Due to the
asymmetric beam deflections, the detrimental effect from the grating lobes associated

with cross-polarisation can be reduced.

(a)

™ SR ER" % —u

Figure 5.17. Reflectarray for asymmetric beam splitting. (a) Structure of one sub-array made
of 24 dipoles; (b) and (c) simulated instantaneous scattered field distributions from
the reflectarray at 1 THz for the TE and TM polarisations, respectively. For the
normally incident plane wave with the TE and TM polarisations, the reflectarray can
deflected them into two different directions with the angles of 8; = 48.6° and 6, = 30°,

respectively.

Page 100



Chapter 5 Terahertz reflectarrays for polarisation beam splitting
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Figure 5.18. Simulated radiation patterns. The periodic reflectarray is composed of the subarray
shown in Fig. 5.17(a) with a total size of 50.4 mm x 50.4 mm for the TE (a) and TM

(b) polarised incident plane waves.

5.5 Conclusion

Terahertz reflectarrays with orthogonal strip dipoles in an interlaced triangular-lattice
configuration have been proposed and designed for operation as a polarisation beam
splitter. It has been first demonstrated that, compared with a reflectarray with sparsely
arranged dipoles, a reflectarray with compact layout exhibits improved efficiency. Ad-
ditionally, it offers relaxed tolerances, making it more feasible to fabricate and more
amenable to practical applications. The performance of the fabricated prototype with
the compact layout has been measured with a THz-TDS system. Both the simulation
and measurement results successfully verify that the designed reflectarray can effi-
ciently deflect the incident waves into different directions depending on the incident
linear polarisation with an efficiency of over 60% and polarisation purity of at least
-27 dB. For higher deflection efficiency, a lower loss material could be applied as the
substrate. As the reflectarray construction is based on resonant elements, the -3 dB

bandwidth of the designed beam splitter is limited at about 3% in the present case. The
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limited bandwidth behaviour of the terahertz beam splitter could be improved by con-
sidering multi-layer approaches developed in the microwave regime (Encinar 2001).
As an extension of the concept, a reflectarray for bidirectional deflection with asym-
metric progressive phase profiles has been proposed and simulated. The simulation
results have successfully verified that the reflectarray can efficiently and asymmetri-
cally deflect the incident waves with high polarisation purity into different directions
depending on the incident linear polarisation. These reflectarrays could be applied as
optical components for polarisation discrimination or as polarisation demultiplexers

for terahertz communications.
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Polarisation-dependent
wire-grid reflectarray for
terahertz waves

Thin-film polarisation-dependent reflectarray based on pat-
terned metallic wire grids is realised at 1 THz. Unlike conven-
tional reflectarrays with resonant elements and a solid metal
ground, parallel narrow metal strips with uniform spacing are employed in
this design to construct both the radiation elements and the ground plane.

For each radiation element, a certain number of thin strips with an identi-

cal length are grouped to effectively form a patch resonator with equivalent
performance. The ground plane is made of continuous metallic strips, sim-
ilar to conventional wire-grid polarisers. The structure can deflect incident
waves with the polarisation parallel to the strips into a designed direction,
and transmit the orthogonal polarisation component. Measured radiation
patterns show reasonable deflection efficiency and high polarisation dis-
crimination. Utilizing this flexible device approach, similar reflectarray de-
signs can be realised for conformal mounting onto surfaces of cylindrical or

spherical devices for terahertz imaging and communications.
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6.1 Introduction

Owing to the advantages of a flat profile and high efficiency, reflectarrays have been
widely implemented across the electromagnetic spectrum (Huang and Encinar 2008),
from microwave (Carrasco et al. 2013a, Bayraktar et al. 2012), millimetre-wave (Hu et al.
2008, Nayeri et al. 2014), terahertz (Carrasco et al. 2013b, Huang et al. 2014, Grady et al.
2013) to optics (Ahmadi et al. 2010, Zou et al. 2013, Yifat et al. 2014, Carrasco et al. 2015).
As reviewed in Chapter 3, a typical reflectarray is composed of three layers: a top
layer with resonant elements arranged periodically with a beam-forming phase distri-
bution, a dielectric spacer, and a metal ground plane. As one of the possible functions
of a reflectarray, waves incident on its surface can be deflected into an off-specular di-
rection, as demonstrated in Chapter 4. Because of the presence of a full metal ground
plane, the incident electric field can only be re-radiated backwards into free space af-
ter interacting with the reflectarray. In some applications such as beam splitting and
polarisation-sensitive beam forming, structures that can either reflect or transmit inci-
dent beams with polarisation dependence are necessary for manipulating wavefronts
of the propagating fields. Thin-film wire grid is an attractive alternative for design-
ing structures with the characteristic of polarisation-dependent transmission. With
the development of nanolithographic manufacturability, wire grids have been widely
applied for constructing compact and planar polarisers in different frequency ranges
(Ekinci et al. 2006, Wu et al. 2013, Weber et al. 2014). A wire-grid efficiently transmits the
electric field perpendicular to the wires and reflects the other polarisation component
parallel to the wires with high extinction ratios of transmission and reflection over a
wide incident angle and frequency range, provided that the wavelength of the incident
light is much larger than the period of the grid. Based on this characteristic, it is pos-
sible to use the patterned grating structures as the radiating elements to construct an
array that can reflectively deflect one polarisation and transmit the other polarisation

with high efficiency.

In this chapter, a terahertz reflectarray using patterned double-layer metallic wire-grid
geometry is proposed to realise two polarisation-dependent functions: (i) reflective
deflection for the incident polarisation parallel to the grid and (ii) normal transmission
for the orthogonal polarisation—therefore it can be considered as a combination of a
reflectarray and a wire-grid polariser. This reflectarray structure is fabricated on a free-

standing flexible polymer substrate. Hence the structure is flexible and stretchable,
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and it can be conformed onto curved surfaces to achieve a desired radiation pattern

provided that the radius of the curved surface is electrically large.

6.2 Unit cell with metallic wire grids

A schematic diagram of the unit cell and the layout for the proposed reflectarray is
given in Fig. 6.1. The array is composed of periodically arranged identical subarrays.
Each subarray contains a certain number of subwavelength unit cells, and each cell is
made of a resonant element on the ground plane with a flexible polymer polydimethyl-
siloxane (PDMS) (Khodasevych et al. 2012) as a dielectric spacer. This individual reso-
nant element is formed by grouping thin gold strips together in a square shape, while
the ground plane is made of continuous gold strips. All the gold strips for both the top
and bottom layers have a width of 5 pm, and are uniformly arranged with an inter-
strip spacing of 5 um. The size of the unit cell is fixed at @ = 140 um and the thickness
of the PDMS dielectric layer is 1 = 20 pm. To improve the structural strength, a sup-
porting layer of PDMS with a thickness of 100 um is included under the ground plane.
For clarity, this layer is not included in Fig. 6.1.

The proposed unit cell shown in Fig. 6.1(a) is simulated with the commercial software
package, Ansys HFSS. A plane-wave excitation with a Floquet port and master-slave
boundary conditions is applied for investigating the phase and magnitude responses
of the unit cell in a uniform array. At 1 THz, the surface impedance of gold (Lucyszyn
2007) obtained from a Drude modelis Z, = 0.287 4- 0.335j (2/sq. The relative permit-
tivity and loss tangent of PDMS (Khodasevych et al. 2012) adopted from independent
measurement are €, = 2.35 and tand = 0.06, respectively. For incident waves with
a polarisation parallel to the strips, denoted as the TE polarisation, the structure per-
forms as a reflectarray. Here, each group of thin strips on the top layer behaves as
polarisation-dependent equivalent of a patch resonator. When the length of the equiv-
alent square patch is varied from 20 um to 135 um, the number of strips discretely
increases from 2 to 14, as obtained by rounding the value of //10 to the next integer.
Over this length variation, a reflection phase range of over 300° is achieved for the TE
polarisation with acceptable efficiency, as shown in Fig. 6.2. The highest reflection loss
of about —5 dB takes place at the resonance size of the wire-grid patch, for a length /
of around 81 um. For the excitation with the TM polarisation (also shown in Fig. 6.2),

regardless of the wire-grid patch size, the transmission amplitude and phase remain
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(a)

Figure 6.1. Schematic diagram of the unit cell and the layout of the reflectarray. Each
radiating element is composed of metal strips to form a polarisation-dependent patch
resonator, and the ground plane is made of a metallic wire grid. The strips for both
the radiating element and the ground plane have the same width of 5um, and the gap
between the adjacent strips is 5um. (a) The unit cell with a width of 2 = 140 um and
a thickness of h = 20 um. (b) A part of the reflectarray showing 4 subarrays with each
subarray being composed of 4 unit cells with different sizes of radiating elements. The
shaded zone specifies one of the subarrays. The polarisation-dependent functions are

indicated with blue and red arrows.

nearly constant, with a small loss introduced by the dielectric PDMS substrate. Im-
portantly, the device is not affected by polarisation conversion. As a consequence, the

transmitted energy of less than -26 dB for the TE polarisation and the reflected energy
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of around -11 dB for the TM polarisation are insignificant, and are not presented in
Fig. 6.2.

At terahertz frequencies, the dissipation loss in metals caused by finite conductivity
and the dispersion with frequency require a more realistic metal model than PEC to
describe their performance. For comparison, the radiating element together with the
ground plane in Fig. 6.1 is simulated with both the PEC and Drude models, and the cor-
responding magnitude and phase responses are given in Fig. 6.3. The phase responses
available from both models are almost the same. However, the magnitude responses
are remarkably different. The PEC model gives the magnitude that is more than 1 dB
higher compared with the Drude model at the resonance size. This means the loss as a

result of the finite conductivity has to be taken into account in the terahertz design.

For comparison, the reflection phase and magnitude responses of equivalent resonators
realised with solid patches and single dipoles with a width of 5 um, both on a grating
ground plane, are also displayed in Fig. 6.4. The wire-grid patch offers similar phase
and magnitude responses as those of the solid patch for the TE polarisation. However,
for the TM polarisation, the solid patch has much lower transmission efficiency that
reduces from —0.4 dB to —10 dB when the patch size increases from 20 um to 135 pm
(this result is not included in Fig. 6.4). On the other hand, the phase curve of the sin-
gle dipole resonator has a remarkably steep slope and significantly higher loss due to
a high-Q resonance. Therefore, using the wire-grid patch resonator as radiating ele-
ments combines the advantages of high efficiency of the patch (for the TE polarisation)

with the polarisation dependence of the dipole.

6.3 Design of the subarray

As a proof of concept, a polarisation-dependent reflectarray is designed to deflect a
normally incident TE polarisation into a predefined direction while transmitting the
TM polarisation. For simplicity, the array is constructed as periodic arrangement in
subarrays, designed based on the phase response of the unit cell as shown in Fig. 6.2.
The deflection angle 0 is determined by the progressive phase change of adjacent wire-
grid patches according to the formula

= arcsin (%) = arcsin (AZ(PT);O) p (6.1)
where A is the operation wavelength, d = 27a/A¢ the size of the subarray, A¢ the

progressive phase change between adjacent cells, and a the size of the unit cell. The
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Figure 6.2. Simulated phase and magnitude responses of the proposed unit cell with thin-
film wire-grid patch for both the TE and TM polarised incident waves. (a) Phase
response, and (b) magnitude response. The marks * on the phase and magnitude curves
indicate the selected radiating elements for defining a subarray that completes one full

phase cycle.

value of A¢ can be chosen arbitrarily. In this chapter, we choose A¢ = 7/2 so that a
complete phase cycle of 27 is achieved with subarrays of 4 elements. Therefore, the
length of the subarray is given by d = 4a = 560 um to achieve a deflection angle of
6 = 32.4° at 1 THz. The size and corresponding phase and amplitude responses of the
4 elements are marked in Fig. 6.2(a). It is noted that the fabrication tolerance demands

the lengths of the strips for the radiating elements to be rounded to discrete values
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Figure 6.3. Simulated magnitude and phase responses of the radiating element together
with the ground plane in Fig. 6.1 with both the PEC and Drude models. (a)
Simulated reflection magnitude and (b) phase responses for 2D uniform infinite arrays
with radiating resonators made of grids grouped in a square shape and griding ground

plane for TE polarisation at 1 THz.
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Figure 6.4. Simulated phase and magnitude responses of the unit cell with wire-grid patch,
solid patch and single dipole for both the TE polarised incident waves. (a) Phase

response, and (b) magnitude response.

in microns, and thus, small phase inaccuracies can be expected particularly where the
phase response is highly sensitive to a change in the wire-grid patch length i.e. in the

section of the phase curve with a steep slope.

The simulated scattered field distributions for the TE and TM polarised plane wave
excitations are demonstrated in Fig. 6.5(a) and (b), respectively. When the normally
incident plane wave is polarised in the direction parallel to the strips (TE), the designed
structure functions as a reflectarray deflecting the incident waves into the predesigned

direction 0 = 32.4° off the direction of specular reflection. From Fig. 6.5(a), the energy
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Figure 6.5. Simulated instantaneous scattered fields from the reflectarray at 1 THz. (a)
The TE polarisation. (b) The TM polarisation.

leaking to the other side of the structure is relatively small. For the plane wave with
polarisation perpendicular to the strips (TM), the structure allows transmission with

minimal attenuation caused by the dielectric dissipation and reflection losses.

6.4 Measurement and results

The designed reflectarray has been fabricated for validation of the proposed function-
ality. The optical micrographs of a small area in Fig. 6.6 show the details of the gold
wire-grid patches and the wire-grid ground plane. The entire sample has a size of
50.4mm x 50.4mm and contains 90 x 360 periodically arranged subarrays. The sam-
ple is measured with a terahertz time-domain spectroscopy (THz-TDS) system, Tera
K15 developed by Menlo Systems GmbH. The schematic diagram for the measure-
ment setup is show in Fig. 6.7. The front surface of the sample is located at the centre
of the scanning circle, and faces the direction of 0°. The emitter antenna is fixed on the

circle at 0°, and the emitted terahertz beam is collimated by Lens 1 before impinging
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Figure 6.6. Optical micrographs of a part of the fabricated sample. (a) The gold wire-grid
patches of several subarrays located on the front side of the sample. (b) Back side

showing the gold wire-grid ground plane (through a 100 um thick layer of PDMS).

on the sample. Lens 2 collects and focuses the scattered radiation into the detector, and
the detector antenna is automatically rotated at a fixed radius from the sample, taking
a THz-TDS measurement every 0.5° to establish a radiation pattern. The minimum
clearance between the emitter and the detector is 25°. Three measurement configu-
rations are necessary to characterize the sample. The first two configurations are set
to collect the radiation patterns around the sample for normal incidence in the TE and
TM polarisations. Because of the blind zone around the emitter, a third configuration is
necessary to measure the specular reflection for the TE wave, which is achieved by ro-
tating the sample with an angle of 20° while the emitter remains positioned at 0°. All
the measurements are normalized using the air reference in transmission to remove

system dependency.

For the normally incident beam, the measured normalized radiation patterns at the
design frequency of 1 THz are presented in Fig. 6.8. When the polarisation of the ex-
citation is parallel to the wire-grid strips, the maximum deflection at the angle of 33°
is observed with an efficiency of —4.1 dB and a polarisation purity of at least —30 dB,
as shown with the blue solid line. In contrast, the TM wave orthogonal to the strips is
primarily transmitted through the sample with a normalized maximum amplitude of
—2.2 dB as shown by the red dotted line in Fig. 6.8. In addition, the spectral charac-

teristics of the reflectarray for normal incidence are demonstrated in Fig. 6.9 where the
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Figure 6.7. Schematic diagram for the THz-TDS measurement setup. The beam from the
emitter at 0° is collimated by Lens 1, and incident on the front side of the sample
located at the centre of the circle. Lens 2 collects and focuses the scattered wave onto
the detector pivoting around the location of the sample centre in the clockwise direction

from 25° to —25°. This arrangement allows an angular range of 310° to be scanned.

normalized magnitude is plotted in logarithmic scale as a function of frequency and
scan angle. For the TE polarisation as illustrated in Fig. 6.9(a), a strong deflection ap-
pears around the specified frequency in the designed direction. Above and below the
optimal frequency of 1 THz, the deflection efficiency degrades progressively. The de-
flection angle reduces with an increase in the operation frequency, i.e. as expected from
the phenomenon of beam squint with frequency (Targonski and Pozar 1996). In addi-
tion to the main deflection lobe, minor lobes are observed in the forward and backward
directions as a result of diffraction from the periodic configuration in subarrays. The
corresponding results for the TM excitation are given in Fig. 6.9(b). For this polarisa-
tion, the array is almost transparent to the incident waves in the measurable frequency
range. The transmission magnitude is slightly reduced because of the reflection and

dissipation losses. Small grating lobes with amplitude below —30 dB can be observed.

In the case of the TE obliquely incident excitation with an angle of 20°, the radiation
pattern at the targeted frequency of 1 THz and the scattered field around the sample at
different frequencies are demonstrated in Fig. 6.10(a) and Fig. 6.10(b), respectively. At
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Figure 6.8. Measured normalized radiation patterns for normal incidence. Radiation patterns
at 1 THz for the TE (blue solid line) and TM (red dotted line) polarised waves on a
logarithmic scale. The emitter antenna is located at 0°, and the collimated broadband
terahertz beam normally impinges on the surface of the sample. The detector scans
the angular range clockwise from 25° to —25° with an angular resolution of 0.5°.
The minimum clearance between the emitter and the detector is 25°, and the angular

clearance range is indicated by the grey zone.

1 THz, the maximum deflection takes place at the off-normal angle of 61.5°, which is

consistent with the theoretical expectation according to the formula (Yu et al. 2011)
sinf, = sin6; + Ag/d, (6.2)

where 6; = 20° is the angle of incidence and 8, corresponds to the deflection angle with
respect to the normal. The calculated angle for the deflection is 6, = 61.4°. Therefore
the angle between the emitter and the detector for the maximum deflection should
be 0, + 6; = 81.4°. In terms of power, the deflection magnitude is larger than the
specular reflection magnitude by 12 dB. The spectral performance of the sample with
the oblique TE polarised incident wave is shown in Fig. 6.10(b). In the frequency range
lower than 0.8 THz, the sample can be regarded as a mirror and the incident beams
is mostly reflected into the specular direction. At higher frequencies, the deflection
becomes dominant, and then reaches the maximum around the desired direction at
1 THz. At frequencies above 1 THz, the main deflection lobe attenuates gradually

while the specular reflection becomes stronger.
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Figure 6.9. Measured colormap for radiation characteristics. Normalized scattered field as a

function of the frequency and scan angle for the (a) TE and (b) TM polarisation. White

dotted lines at 1 THz in (a) and (b) correspond to the radiation patterns for the TE

and TM polarisations, respectively, shown in Fig. 6.8.

As the structure is stretchable, the function of beam steering can be achieved by me-
chanically stretching the reflectarray within a certain range. In the case of stretch-
able/flexible implementation, the thickness of the PDMS substrate and the geometry
of the resonators will be changed, and correspondingly the phase behaviour of each
radiating element will shift away from the predesigned values. This variation of the
phase response will lead to distortion of the deflected main beam such as widened
beamwidth and decreased directivity and gain. Additionally, the size of the subar-
ray will also be changed because of stretching, and therefore the deflection direction

of the main beam will change accordingly. We have tested the performance of the

Page 115



6.4 Measurement and results

(a)
Deflection
b
®) 0dB
-10
T g0 TNSRERRER iR RISE AR B -20
e
>
o -30
)
-
o
o 1-40
L
-50
ot L5 Ty S ' J #_gp
-30 -80 -130 180 130 80 30
Angle (degree)

Figure 6.10. Measured normalized radiation patterns for oblique incidence. Reflectarray re-
sponse for the TE excitation with an oblique incident angle of 20° on a logarithmic
scale. The emitter antenna is located at 0°, and the normal vector of the sample is
toward 20°. (a) Radiation pattern at 1 THz. The grey zone indicates the angular
clearance. (b) Normalized scattered field as a function of the frequency and scan

angle. White dotted line at 1 THz corresponds to the radiation pattern in (a).

proposed reflectarray stretched by about 20% in the x direction. The preliminary mea-

sured radiation pattern shown in Fig. 6.11 indicates that the main lobe decreased and
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moved away from the designed direction of 32.4° to an angle smaller than 25° (be-
yond the measurable angular range), while the gating lobes significantly increased.
If a frequency-dependent linear phase response is achieved from broadband radiat-
ing resonators such as single-layered multi-resonant dipoles, beam steering with high
performance can be achieved with the design concept demonstrated in this work. Ow-
ing to the flexible characteristics, the reflectarray can be conformally mounted onto a
device with slightly curved surface to have a similar radiation pattern with a slight
reduction in gain (Nayeri ef al. 2011). Because the pattern of each radiating element is
normal to the local surface, the beamwidth of the conformal reflectarray is expected
to be wider than its planar counterpart. For an improved design with no reduction
of performance for curved surfaces, sophisticated phase synthesis approaches can be

adopted (Josefsson and Persson 2006).

Un-stretched

Stretched
~60° k) 60°
-90° 90°
-120° 120°

180°

Figure 6.11. Measured normalized radiation patterns of the reflectarray with about 20%
(black line) and without (blue line) stretching at 1 THz for the TE polarised

waves.
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6.5 Conclusion

In conclusion, the concept of reflectarray based on the metallic wire-grid configura-
tion has been numerically and experimentally validated in the terahertz regime. The
combined polarisation-dependent functions of reflective deflection and transmission
are realised by the same structure. In the TE mode, a deflection efficiency of —4.1 dB is
achieved. On the other hand, the TM waves can be transmitted through the reflectarray
with a minimal change in amplitude. We note a small shift in the micro-fabricated wire-
grid patches as a result of the mask preparation. Despite that imperfection, the sample
still performs as expected, which further confirms the robustness of the design. Owing
to the flexible characteristics, similar reflectarray configurations can be designed to be
conformally mounted onto devices with an uneven surface (Yi et al. 2014). In addi-
tion, the proposed concept of reflectarray can be extended to polarisation-dependent
reflective and transmissive deflection (Padilla et al. 2010, Memarzadeh and Mosallaei
2011, Lau and Hum 2012, Pfeiffer and Grbic 2013) by adding more layers of resonant

elements onto the backside of the sample.
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Chapter 7

Broadband reflectarray
with parallel elliptical
dipoles

Resonant element consisting of three parallel elliptical dipoles
is proposed for the design of a broadband reflectarray at
1 THz. The phase response of the proposed radiating element
is reasonably linear over a wide frequency range. A subarray composed of 4
radiating elements with a progressive phase change is configured to deflect
a normally incident plane wave into a predesigned direction. The numer-

ically simulated field distributions and radiation patterns at different fre-

quencies in the terahertz range demonstrate that the designed reflectarray

can perform as expected in a wide frequency band.
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7.1 Introduction

As illustrated in the previous chapters, reflectarray antennas combine the advantages
of high efficiency of reflectors and flat profile of phase arrays. Without a compli-
cated feeding network, various accurate contour beam shapes with low loss have been
formed by reflectarrays across the electromagnetic spectrum (Huang and Encinar 2008,
Gianvittorio and Rahmat-Samii 2006, Carrasco et al. 2013b, Niu et al. 2014¢, Nayeri et al.
2014, Zou et al. 2013, Yang et al. 2014). Despite these advantages, the inherent charac-
teristic of narrow bandwidth is associated with most reflectarray configurations. Pri-
marily, two factors determine the bandwidth of reflectarrays: the bandwidth of the ra-
diating elements and the differential spatial phase delay resulting from different path
lengths from the feed to each element (Huang and Encinar 2008). For an ideal plane
wave or a collimated beam excitation as commonly used at terahertz frequencies, only
the first factor determines the bandwidth performance of the reflectarray, and typi-
cally limits the fractional bandwidth to around 5%. As shown in Fig. 7.1(a), the phase
response of a typical narrow-band radiating element does not linearly change with
the variation of a geometrical dimension at an operation frequency, while the phase
response curves at different frequencies are not parallel to each other. For an ideal
case, broadband means that the phase response as a function of one geometrical di-
mension of the radiating resonator is perfectly linear. When the operation frequency
deviates from the designed value, the phase curves have a constant gradient to the vari-
ation of the frequency in a wide range, i.e. curves are parallel to each other as shown
in Fig. 7.1(b). In practical design, many techniques have been developed to achieve
nearly linear phase response to overcome the bandwidth limitation of the radiating el-
ements, such as using a thick substrate, stacked patches in a multilayered configuration
(Encinar 2001, Encinar and Zornoza 2003), and multi-loops with different shapes in a
single layer (Chaharmir et al. 2009, Chaharmir et al. 2010). The method of using thick
substrate reduces the phase range of the radiating element while multilayered struc-
tures are very challenging for fabrication particularly at high frequencies beyond the
millimetre-wave range. A strategy of multi-resonant dipoles arranged in a single layer
with a linear phase response can be adopted to the design of broadband reflectarrays,

as demonstrated in the microwave range (Li et al. 2009, Florencio et al. 2014).

In the present chapter, a new type of unit cell with three parallel elliptical dipoles is
presented and numerically validated for constructing a broadband reflectarray oper-

ating in the terahertz range. A preliminary design employs the configuration of the
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Figure 7.1. Schematic showing the phase characteristic of a reflectarray with broad band-
width. (a) Nonlinear phase responses of a narrow-band radiating element. (b) Linear
phase curves parallel to each other at different frequencies indicate that the radiating

element can be used to configure a broadband reflectarray.

three elliptical dipoles with a fixed length ratio. With the proposed radiating element,
a smooth and nearly linear phase response with acceptable loss and an adequate phase
range covering over 300° is achieved. A subarray is then configured based on these
elements, and the simulated field distributions and radiation patterns of a deflecting
reflectarray are verified at different frequencies. In order to further improve the perfor-
mance of the proposed structure, in the second design, lengths of these three parallel
elliptical dipoles are not fixed but vary independently, and a phase response profile
is obtained based on the simulation with variation of the lengths of the central and
side dipoles. This phase response profile offers a constant phase gradient over a wide
frequency range. Correspondingly, the performance of the reflectarray is improved,

which is verified by numerical simulations.

7.2 The preliminary broadband design

Owing to the multi-resonance effect, a much linear phase response have been achieved
by using three parallel rectangular dipoles, i.e. a main dipole and two parasitic dipoles
(Li et al. 2009). Inspired by this work and considering the inherent broadband charac-
teristic of elliptical dipoles comparing to rectangular dipoles, Li et al.’s design can be
improved by replacing the rectangular dipoles with elliptical dipoles for a better per-
formance (Niu et al. 2015b). Numerical investigation of the proposed radiating element

and a wideband reflectarray is given in the following subsections.
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Figure 7.2. Schematic diagram of the radiating element with 3 parallel elliptical dipoles. (a)
Perspective view and (b) top view of the unit cell. The dimensions are a = 140 pm,
h = 40 um, minor axis of the elliptical dipoles w = 30 um, the ratio of major axes

r=1/1l; = 0.65, and the gap g = 10 um.

7.2.1 Analysis of the unit cell

The structure of the proposed unit cell for broadband reflectarray is shown in Fig. 7.2.
A set of three parallel elliptical gold dipoles is located on the top layer as the radi-
ating element, and a substrate made of polydimethylsiloxane (PDMS) plays the role
of the dielectric spacer while the bottom ground plane is made of platinum. The pa-
rameters of these materials for simulation at 1 THz are: surface impedance of gold
Zay = 0.287 4-70.335 Q) /sq, surface impedance of platinum Zp; = 0.628 + j0.667 (1/sq,
the relative permittivity and loss tangent of PDMS €, = 2.35 and tan = 0.06, respec-
tively. To simplify the design process, the three elliptical dipoles are set to have the
same minor axis lengths of w = 30um, and the ratio of the side to central dipole
lengths is fixed at ¥ = I/1; = 0.65 (Li et al. 2009) while the gap between the neigh-
bour dipoles is set to ¢ = 10 um. For the incident wave polarised in the y direction
parallel to the major axes of the dipoles, different phase responses can be achieved by
varying the dipole length. With these conditions, the simulated phase and magnitude
responses of a infinite uniform array is obtained as a function of the length /; as shown
in Fig. 7.3. A reasonably linear phase response with slow variation and sufficient range
of over 300° is achieved with an acceptable reflection efficiency for the proposed radi-
ating element. Furthermore, in comparison to their counterpart rectangular dipoles,
the elliptical dipoles show a relatively lower loss while the rectangular dipoles pro-
vides a wider phase range. The higher loss of the rectangular dipoles is caused by the

stronger multi-resonance response and mutual coupling between the dipoles. Within
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Figure 7.3. Simulated reflection response for the structure shown in Fig. 7.2 at 1 THz as
a function of the length [;. (a) Phase response and (b) magnitude response of the
element with elliptical dipoles (blue solid line) and rectangular dipoles (red dashed line).
The length and width of the rectangular dipoles are the same to the lengths of the major
and minor axes of the elliptical dipoles, respectively. It is noted that the side dipoles

maintain the aspect ratio r = I /11 = 0.65.

a wide enough phase range of over 300°, the element with elliptical dipoles offers the

possibility of configuring a broadband reflectarray to achieve a higher efficiency.

In addition, the performance of the unit cell with three elliptical dipoles at different fre-
quencies is studied and the corresponding results are given in Fig. 7.4. When the oper-
ation frequency deviates £10% (corresponding to 20% functional bandwidth) from the
designed 1 THz, i.e. 0.9 THz at the lower side and 1.1 THz at the higher side, the phase
curves remain nearly linear, and are almost parallel to each other except for a diverging

behaviour at 1.1 THz when the dipole length is longer than 125 um. The steep slope of
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Figure 7.4. Simulated reflection response of the unit cell with the elliptical dipoles at dif-

ferent frequencies as a function of the length /1. The 4 blue marks on the phase

curve for 1 THz indicate the selected dipole lengths to define a subarray that completes

one full cycle phase change.

the phase curve for [y > 125 um at 1.1 THz is caused by a strong multiresonance of the

three dipoles, which is confirmed by the corresponding magnitude curve in Fig. 7.4(b).

Nevertheless, from this result, it is promising to design a reflectarray with a desired

bandwidth close to 20%.
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7.2.2 Design and performance of the reflectarray

As a proof-of-concept, a reflectarray with a progressive phase ramp is designed for
deflection of the beam to a predefined direction. A subarray with 4 radiating elements
is configured according to the phase response shown in Fig. 7.4 at 1 THz, and the
deflection angle for the TM polarised (along the y axis) normal incidence is therefore
designed at 32.4° according to the formula

0 = arcsin (AZ(,DAO) , (7.1)

ta

where A¢ = 90° is the progressive phase change for the subarray with 4 elements and
A = 300um, a2 = 140um. The layout of the subarray is shown in Fig. 7.5(d), where
the dipole lengths /1 are 20 pm, 80 um, 109 um and 135 pm from left to right. The sim-
ulated scattered field distributions at 1 THz is demonstrated in Fig. 7.5(b), and the
corresponding radiation pattern for a sample with 360 x 90 subarrays (equivalent to
the total array dimensions of 50.4 mm x 50.4 mm) is given in Fig. 7.5(e) (blue solid
line). It is clear that the normally incident plane wave is predominantly deflected into
the predefined direction. In order to verify the bandwidth of the reflectarray, simula-
tion results at different frequencies are also presented. It is found that the reflectar-
ray can maintain acceptable performance within the frequency range from 0.85 THz to
1.06 THz. The simulated scattered field distributions at these two frequencies are given
in Fig. 7.5(a) (0.85 THz) and Fig. 7.5(c) (1.06 THz) while the radiation patterns are rep-
resented in Fig. 7.5(e) with the red dashed line for 0.85 THz and green dotted line for
1.06 THz. The flat wavefronts and the radiation pattern with over 10 dB difference
between the main deflection lobe and the maximum side lobe (including specular re-
flection) indicate that the designed terahertz reflectarray can efficiently deflect the TM
polarised normally incident waves. Scanning of the deflection angle is observed with
frequency due to the phenomenon of beam squint (Targonski and Pozar 1996). When
the frequency increased up over 1.1 THz, the first side lobe increases to the level that
is almost equal to the main lobe, while the specular reflections dominate the scattered

field at the frequencies lower than 0.85 THz.

7.3 Improved design

For the structure shown in Fig. 7.2, it is possible to achieve a more linear phase re-

sponse with a 360° phase range if the major axis lengths of the central and the side
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Figure 7.5. Simulated instantaneous scattered field distributions and radiation patterns of
the designed broadband reflectarray at different frequencies with the TM inci-
dent plane waves. (a), (b) and (c) the scattered fields of the 2D infinite reflectarray
composed of the subarray (d) at 0.85 THz, 1 THz and 1.06 THz, respectively. (e) The
simulated radiation patterns of the sample with 90 x 360 subarrays at 0.85 THz (red
dashed line), 1 THz (blue solid line) and 1.06 THz (green dotted line).

dipoles vary independently. In this section, the dimensions of the unit cell and the
minor axis lengths of the three elliptical dipoles are set the same as in the previous
design. However, the major axis lengths /; and I, are independently varied for a more
linear and smoother phase response. The unit cell is optimized first, followed by the

numerically simulated performance of the designed broadband reflectarray.
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7.3.1 Optimization of the radiating element

The main design of the radiating element shown in Fig. 7.2 is untouched, i.e. the size of
the element @ = 140 um and h = 40 um, as well as the minor axis lengths of w = 30 pm
and the gap of ¢ = 10 um between the neighbor elliptical dipoles. Here the major axis
lengths of the centre dipole /; and of the side dipoles I, are varied independently. For
the incident wave polarised in the y axis direction (corresponding to the TM polarisa-
tion with the E field component parallel to the major axes of the dipoles), the phase
and magnitude response profiles are obtained by simulations with periodic boundary
conditions and Floquet port excitation at 1 THz. As shown in Fig. 7.6, when the length
of the side dipoles /5 is smaller than 90 um while the length of the central dipole /3
increases from 20 um to 138 um, the resonance is mainly induced by the central dipole
and a phase range over 250° can be achieved by varying the length of the central dipole.
However, when I, increases to a value within the range between 90 um and 110 um, the
resonance is dominated by the length of the side dipoles. Especially, when I, increases
over 120 um, multi-resonance of the three dipoles happens, and the strong resonance
leads to steep phase gradients and high resonance losses, which are illustrated by the
navy blue areas in Figs. 7.6(a) and (b), respectively. For I, larger than 110 um, variation

of /1 has little effect on the phase responses of the radiating element.

Based on the phase and magnitude response profiles shown in Fig. 7.6, a linear phase
curve with a reasonable loss can be obtained in such a way that the phase change
linearly decreases from the maximum value as the function of the central dipole length
l1. In this strategy, in order to avoid the high loss caused by multi-resonance of the
three dipoles, the length of the side dipoles /5 is chosen to be smaller than 90 ym. From
the phase map illustrated in Fig. 7.6(a), it can be found that, with an linear increase
in the dipole length I, the phase value is decreased with a nearly constant gradient
provided that the length of the side dipoles I, varies as the function of /; according to

the piecewise linear function relation:

(
21y —14pm  if 20um < I; < 32 um,

Iy + 18 um if 32um <[; <44 um,
I = (7.2)
I1/2+40um if 44pum < [; <100 um,

k90 wm if 100 pum <y, < 138 um.

These linear functions are illustrated as the solid lines in Fig. 7.6. With this varying re-

lation, the numerically resolved reflection phase and magnitude response curves as the
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Figure 7.6. Simulated phase and magnitude response profiles of the unit cell for the TM
polarisation at 1 THz. (a) Phase and (b) magnitude response for the radiating element
shown in Fig. 7.2 as a function of the lengths of the central dipole [; and the side dipoles
I>. The graphs show the selected lengths of the dipoles to achieve a smooth and wide

phase response with high efficiency. The lines correspond to the relation given in Eq. 7.2.

function of the central dipole length /; are given in Figs. 7.7(a) and (b) with solid blue
lines, respectively. From the results, it is observed that a nearly linear phase change of
over 300° is achieved, while the highest loss on resonance is around 4.8 dB at 1 THz.
Comparing to the phase curve of the three parallel dipoles with the fixed length ratio
shown in Fig. 7.3, the optimized design with the length relation described by Eq. 7.2

significantly improves the phase response performance while the magnitude response
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remains similar, which means that a broadband reflectarray with improved perfor-
mance can be expected. In order to verify the performance of the unit cell in terms of
bandwidth, simulations at different frequencies are taken on the same structure, and
the corresponding results are shown in Fig. 7.7. When the operation frequency devi-
ates from the designed 1 THz to 0.85 THz at the lower side and 1.05 THz at the higher
side, the phase curves remain nearly linear, and are almost parallel to each other. From

this result, a reflectarray with a desired bandwidth of 20% can be designed.
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Figure 7.7. Simulated complex reflection coefficients for uniform infinite array at different
frequencies. (a) Reflection phase response in degrees. (b) Reflection magnitude in dB

as a function of the length of the central dipole [;.
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Table 7.1. Dimensions of the elliptical dipoles for the optimized subarray. The units are in um.

Element 1 2 3 4

I; (Central dipole) 22 70 113 134

I> (Side dipoles) 30 75 90 90

7.3.2 Performance of the broadband reflectarray

Based on the phase curve shown in Fig. 7.7, a subarray composed of 4 elements with
a progressive phase change of 90° is configured. The lengths of the central and side
elliptical dipoles for each elements are given in Table 7.1. It is noted that the side
elliptical dipoles can be longer than the central dipole. With the periodic boundary
conditions, the simulated instantaneous scattered field distributions depicting the re-
sponse of the broadband reflectarray illuminated by a normally incident plane wave
at three different frequencies are demonstrated in Fig. 7.8. At the designed frequency
of 1 THz, the incident plane wave is strongly deflected into the designed direction of
32.4° with flat wavefronts. When the operation frequency deviates from 1 THz to a fre-
quency range from 0.85 THz to 1.05 THz, the scattered field distributions still clearly
show that the incident plane waves with the TM polarisation can be efficiently de-
flected into the directions off the specular reflection. The simulated radiation patterns
of the reflectarray consisted of 360 x 90 subarrays at 0.85 THz, 1 THz and 1.05 THz
are given in Fig. 7.9. From the radiation patterns, it is obvious that the major deflec-
tion lobe in the tested frequency range is maintained at a stable level when the op-
eration frequency is varied. The results further verify that the designed reflectarray
can efficiently deflect the incident plane wave into a direction away from the specu-
lar direction in a bandwith at least of 20%. Moreover, comparing to the preliminary
reflectarray design presented in the previous section (Sec. 7.2), the improved design
holds the potential of broader bandwidth and higher efficiency. Because of the phe-
nomenon of beam squint, the deflection scans in a angular range with variation in op-
eration frequency. This phenomenon can be either used for beam scanning controlled
by frequency (Rodrigo et al. 2013, Li et al. 2014) or eliminated by using offset feedings
(Targonski and Pozar 1996, Almajali et al. 2013).
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Figure 7.8. Simulated instantaneous scattered field distributions of the optimized broadband
reflectarray at different frequencies for TM incident plane waves. (a), (b) and
(c) the scattered fields of the 2D infinite reflectarray composed of the subarrays at

0.85 THz, 1 THz and 1.05 THz, respectively.

S —
- 0.85 THz
D 30° — 1.0THz
-30° _— T30 1.05 THz

-60°

-90° 90°

Figure 7.9. Simulated radiation patterns of the optimized broadband reflectarray at different
frequencies with the TM incident plane waves. The simulated radiation patterns
of the sample with 90 x 360 subarrays at 0.85 THz (red dashed line), 1 THz (blue solid
line) and 1.05 THz (green dotted line).

7.4 Conclusion

A resonant element with three parallel elliptical dipoles has been proposed for design-
ing a broadband terahertz reflectarray. The reflection response of the unit cell and the
performance of the reflectarray have been observed through simulations. Comparing
with its counterpart with three parallel rectangular dipoles, the radiating element with
three parallel elliptical dipoles proposed here shows a similarly linear phase response,

but lower average loss within the same phase range. Furthermore, an optimised design
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has been obtained by varying the length of the central and side dipole independently.
The simulated phase and magnitude responses show that the optimized structures can
offer a more linear phase curve. Therefore the reflectarray is expected to operate with
higher efficiency. The scattered field distributions and the radiation patterns of the re-
flectarray confirm that the proposed structure can offer a fractional bandwidth of over
20% with a 10 dB difference between the main deflection and the maximum sidelobes
for the TM incident polarisation. The simulated 3 dB bandwidth for the maximum
gain for the main deflection is even broader than 20%. For example, at 1.1 THz, the
deflection gain drops by 2.5 dB, but the maximum side lobe is 8 dB lower than the
main deflection and the scattered wavefront does not appear very flat anymore. The
definition of the bandwidth with 10 dB difference between the main deflection and the
maximum side lobe, as chosen in the present work, is thus in this case stricter than
3 dB bandwidth for the maximum gain for the main deflection. The observed beam
squint suggests an application of terahertz beam scanning controlled by the operation
frequency. For other applications requiring a fixed deflection direction regardless of
the operation frequency, beam squint can be undermined or even eliminated by us-
ing offset feedings. As an extension, the orthogonal triangular lattice arrangement
demonstrated in Chapter 5 can be used to make the reflectarray work for the both

polarisations at a wide frequency range.

The experimental validation of the reflectarrays presented in previous chapters of the
thesis gives good confidence that the measurement results will match the predictions

from simulations.
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Chapter 8

Thesis summary and
conclusions

HIS chapter summarises and concludes the work in this thesis.
Chapters 1 to 3 have reviewed materials that cover background
of terahertz radiation, techniques for terahertz beamforming, and
fundamental theories for designing reflectarrays. Chapters 4 to 7 have de-
scribed the original contributions to the design and realisation of reflectar-
rays for terahertz beam deflection, beam splitting, and broadband opera-

tion.
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8.1 Thesis conclusion

With unique capabilities, terahertz radiation has attracted research interests in numer-
ous areas such as ultra-broadband indoor wireless communications, high-resolution
imaging and high-sensitivity stand-off detection. With the gradual maturation of tera-
hertz solid-state sources and detectors, terahertz beamforming components with com-
pact profile and high efficiency are becoming increasingly indispensable for extending
terahertz systems to broader application areas. Various techniques of diffraction grat-
ings, leaky-wave antennas, phased arrays, and reflectarrays have been proposed for
terahertz beamforming. Periodic and chirped diffraction gratings can be used for both
transmissive and reflective beamforming in the region around broadside, while waves
radiated from a leaky-wave antenna can be patterned in a wide angular range extend-
ing from back end-fire through broadside to front end-fire. Phased arrays integrated
with programmable phase shifters theoretically hold great potential for arbitrarily con-
trolling beamforming. However, unaffordable losses and strict fabrication tolerance
have challenged the development of these beamforming techniques in the terahertz
regime. On the other hand, the concept of reflectarray which bypasses the complicated
feeding network has been proposed to form a desired far-field radiation pattern based

on reradiating resonators at a desired terahertz frequency.

The aim of this thesis was to design and realise terahertz reflectarrays based on con-
ventional metal-substrate resonance for forming various desired radiation patterns in
far-field. In this thesis it has been demonstrated that advanced micro-scale manufac-
turability with strict tolerances can be utilised for fabricating reflectarrays with high
design versatility towards functional terahertz beamforming. The following provides
a summary and conclusions on the original contributions and results of three major

parts of the thesis.

8.1.1 Part I: Terahertz reflectarrays for beam deflection

The first major part of the thesis contains Chapter 4 that involves the design and reali-

sation of a reflectarray with gold square patch resonators for terahertz beam deflection.

Background: Reflectarrays have been successfully applied in the microwave regime
due to their advantages of flat profile and high efficiency. In the terahertz frequency
range, the concept of reflectarray is a promising alternative for designing beamforming

components for terahertz communication and imaging systems. However, challenges
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in manufacturability of samples with micro-scale cells and measurement of the sample
with terahertz systems have up to date hindered the development of reflectarrays in
this rapidly evolving frequency range. It is worthy to verify that the methodology
of designing reflectarrays based on the conventional metal-substrate resonance can be
adapted and extended in the terahertz regime. Furthermore, it is necessary to confirm
that the THz-TDS system can be used to measure the radiation characteristics of a

reflectarray.

Methodology: By adopting a similar design principle for designing reflectarrays as
in the microwave frequency range, micro-scale square gold patch resonators mounted
on a dielectric spacer are employed as the radiating elements for constructing a tera-
hertz reflectarray. The chosen function of the demonstrated reflectarray is to efficiently
deflect the incident beams into a predesigned direction away from specular reflection
with polarisation independence. At 1 THz, the metal used for radiating resonators and
ground plane is described with the surface impedance from a Drude model. By vary-
ing the size of the square patch, the numerically resolved phase response with a wide
enough phase range can be obtained for designing a subarray with a wrapped progres-
sive phase distribution. The reflectarray with the periodically arranged subarrays has

been configured and then fabricated.

Results: The simulated field distributions of subarrays and the measured radiation
patterns of the fabricated prototype have demonstrated that the designed reflectarray
can efficiently deflect the normal incident waves with the TE and TM polarisations into
the same predesigned direction with high polarisation purity at the predefined oper-
ation frequency. The slight deviation of the measurement results from the theoretical
expectations suggests that the fabrication tolerance and the dependence on the incident
angle should be taken into consideration in optimising reflectarrays. In addition, due
to an imbalance response of each patch in the TE polarisation, the deflection efficiency

for the TE polarised waves is slightly lower than that for the TM polarisation.

Original contribution: For the first time, a beam-deflection reflectarray with micro-
scale metal radiating resonators has been realised in the terahertz regime with exper-
imental validation performed with a THz-TDS system. Specific technological chal-
lenges in micro-scale manufacturability and unconventional measurement setup have
been addressed in the realisation and verification of the functional terahertz reflectar-
ray. These aspects represent novel contributions in the terahertz and antenna com-

munities. The potential reflectarray function is not limited to the demonstrated beam
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deflection, but also can be extended to various versatile beamforming applications ow-
ing to the capability of manipulating terahertz beams with high efficiency yet low de-
sign and fabrication complexity. This work opens the possibility of realising terahertz
reflectarrays with a conventional operation principle based on metal-substrate reso-
nance. From this stage, various reflectarrays with versatile design strategies can be

expected for functional terahertz beamforming.

8.1.2 Part Il: Terahertz reflectarrays for beam splitting

The second major part of the thesis encompasses Chapter 5 and 6 that focus on the

design and realisation of reflectarrays for terahertz beam splitting.

Background: Splitting beams with polarisation-dependent properties is an impor-
tant functionality in applications requiring high polarisation purity or polarisation-
dependent multiplexing/demultiplexing. In the terahertz regime, due to lack of suit-
able naturally birefringent materials and because of high intrinsic material loss, devices
that can split the incident waves with polarisation-dependent properties still remain
challenging to realise. Reflectarrays with high deflection efficiency offer the possibility
of beam splitting for the terahertz radiation, where the directions of the split beams
can be controlled by tailoring the dimensions of each radiating element configured by

a specific strategy.

Methodology: The capability of reflectarray to split the incident waves either by re-
flectively deflecting the orthogonal incident components backwards into two different
directions or by reflectively deflecting one polarisation component and normally trans-
mitting the other orthogonal component has been demonstrated. For bidirectional re-
flective deflections, two sets of orthogonal strip dipoles arranged into interlaced trian-
gular lattices over a solid full ground plane have been employed. By independently
configuring the dimensions of the dipoles of each set, deflection directions for the TE
and TM polarised beams can be arbitrarily controlled. For the functionality combining
the reflective deflection and the normal transmission, thin-film wire grids have been
introduced in the design for both the radiating resonators and the ground plane. With
this strategy, the structure reflectively deflects the polarisation component parallel to
the strips into the predesigned direction, and normally transmits the other polarisation

that orthogonal to the strips.
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Results: The reflectarrays designed with the both strategies have been numerically
simulated and then experimentally measured. At the designed operation frequency,
the prototype for bidirectional reflective deflection was shown to exhibit around 80%
deflection magnitude for the TM polarisation, and 75% the TE polarisation, the two
polarisations being designed with opposite deflection directions. A similar function of
terahertz beam splitting has been achieved by a second reflectarray composed of thin-
film wire grids. For this sample, the TE polarised waves are reflectively deflected back-
wards to a predesigned angle while the TM polarised waves are normally transmitted
through the structure with high efficiency. These two samples were demonstrated to

exhibit polarisation-dependent beam splitting with a high polarisation purity.

Original contribution: For the first time, the functionality of beam splitting is achieved
by using single-layered reflectarrays in the terahertz regime. The interlaced triangular
lattice of the orthogonally arranged strip dipoles functioning as radiating elements is
one highlight of the design of the bidirectional deflection reflectarray, while the nov-
elty of the reflectarray made of thin-film wire grids is to achieve the combined func-
tionality of deflective reflectarray and transmissive polariser. The first design expands
possible functions that reflectarrays can achieve, and the design strategy can be ex-
tended to other frequency ranges for beam splitting. The second reflectarray creatively
uses a layer of continuous wire grid rather than the conventional solid full metal as
its ground plane. The continuous wire grid functions as a reflective ground plane for
one polarisation and a wire-grid polariser for the other orthogonal polarisation, which
have never been demonstrated before in a reflectarray configuration. The design strat-
egy with wire grids for both radiating resonator and ground plane, along with the
presence of the stretchable substrate, makes conformal applications and beam steering
by mechanical stretching a real possibility. This novel design concept can be adopted to
other frequency ranges for polarisation sensitive beamforming and conformal antenna
applications. The two reflectarrays hold the potential for constructing components for
polarisation discrimination and polarisation demultiplexing for terahertz communi-
cations. A common limitation of these two designs is the narrow bandwidth, and it is
also the intrinsic drawback of reflectarrays. Multi-layered structures have been demon-
strated for broadband operation. However, this is not suitable for terahertz reflectar-
rays due to challenges in layer-alignment during fabrication. The strategy of single
layer radiating element with several parallel resonators based on multi-resonance can
be an alternative for broadening bandwidth in the terahertz regime. This anticipation

has been numerically verified in the next contribution.
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8.1.3 Part lll: Design of a broadband terahertz reflectarray

In terms of the broadband design of the reflectarrays, the third major part of the thesis
referring to Chapter 7 proposes a novel structure for terahertz reflectarrays offering a
bandwidth of over 20%.

Background: Despite the advantages of compact structure and high efficiency, most
reflectarray configurations suffer the inherent drawback of narrow bandwidth. Pri-
marily, for an ideal plane wave or a collimated beam excitation as commonly used at
terahertz frequencies, the bandwidth of the radiating elements determines the band-
width performance of the reflectarray. Multi-layered structures have been used for
broadening the bandwidth of the radiating elements. However, such stacked struc-
tures are very challenging for fabrication at high frequencies beyond the millimetre-
wave range. The strategy utilizing multi-resonance of several dipoles arranged on a
single layer is a feasible alternative for designing broadband reflectarrays at terahertz

frequencies.

Methodology: Three parallel elliptical dipoles arranged on a single layer have been
employed to achieve a broadband reflectarray for terahertz radiation. The lengths of
these three dipoles are varied independently for obtaining a smooth and linear phase
response with respect to the length of the central dipole, and therefore a broadband
reflectarray can be designed based on this particular phase response. For the incident
polarisation parallel to the orientation of the dipoles, the reflectarray can deflect the
incident wave into a predesigned angle away the specular deflection. For the other

polarisation component, the structure performs as a mirror.

Results: The designed structure has been numerically validated. By optimizing the
length relations between the central and side dipoles, the simulated phase response for
the TM polarisation shows a constant gradient with respect to the length variation of
the central dipole at the designed operation frequency. When the operation frequency
deviates from the designed value in a range of 20% around the nominal design fre-
quency, the phase response remains linear and nearly parallel to the original design
curve. The simulated field distributions and radiation patterns of the reflectarray have
further verified that the designed structure dramatically improves the bandwidth to

over 20% with high efficiency.

Original contribution: Parallel elliptical dipoles on a single layer are for the first time

employed to improve the bandwidth of the reflectarray by utilizing the characteristic

Page 138



Chapter 8 Thesis summary and conclusions

of the multi-resonance between the dipoles. Unlike the approach using parallel rectan-
gular dipoles with fixed length ratio, the length of the three elliptical dipoles have been
varied independently, and the linear phase response has been extracted from the 2D
phase profile. It has been proved that this strategy can significantly improve the band-
width performance of the reflectarray. This strategy for broadband operation definitely
can be extended to other frequency ranges and be integrated with any other radiating
resonators of reflectarrays. For instance, the patch wire-grid radiating resonators for
the reflectarray in the second contribution can be improved to be broadband by re-
placing each grating patches by three grating elliptical dipoles. Such a design can re-
alise a broadband reflectarray that combines the polarisation-sensitive functionalities

of reflective-deflection reflectarray and transmissive polariser.

8.2 Future work

All the terahertz reflectarrays presented in this thesis are built with passive radiating
elements. The passive structures mean straightforward design and easy fabrication
but inflexible functionality. In the applications involving active beam steering, reflec-
tarrays with active or reconfigurable radiating elements are required. As a complement

and extension of this thesis, the following objectives are the future work.

Experimental realisation of the broadband reflectarray

The broadband reflectarray with thin-film wire-grid configuration has been numeri-
cally validated with the promise of a fractional bandwidth reaching 20% with high
efficiency. It is now necessary to fabricate the sample for experimental verification.
Furthermore, the configuration with wire grids for flexible and stretchable structure
can be adopted into the design of the broadband reflectarray, i.e., elliptical dipoles re-
alised as wire-grids can be designed as broadband radiating resonators, together with a
wire-grid ground plane. This would allow to form a conformal and stretchable broad-

band reflectarray.

Single-layered terahertz reflectarrays

Conventionally, a reflectarray is made of three layers: radiating resonators as the top

layer, dielectric layer as the spacer and a full metal ground plane. The scattered phase
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shift of each element is generated by the resonance between the metal and the dielec-
tric. To fabricate such a stack-layered structure in the terahertz frequency range, pro-
cesses of depositing, spinning, and coating are involved. Passive reflectarrays could
be realised only by a layer of metal with resonant cavities. For instance, a solid metal
block with drilled cylindrical holes or truncated coaxial holes can be used to achieve
different phase responses by varying the depths of the hole, and therefore a single-
layer full metal reflectarray composed of drilled holes with different depths could be

realised. This will be the object of future investigations.

Active reflectarrays for terahertz beam steering

Reconfigurable structures for constructing reflectarrays can be achieved by introducing
specific materials or components which properties can be tuned by applying external
bias. For example, the conductivity of graphene can be efficiently and dynamically
controlled via an external bias electric field. Based on this unique electrical property,
terahertz reflectarrays with tunable graphene reflective cells have been postulated for
reconfigurable-beam reflectarrays. Further materials that can offer thermally or elec-
trically transformable properties include liquid crystal (LC), vanadium dioxide (VO,),
TiO3, and so on. These materials can be applied for reflectarrays, and a bias network
for electronically tuning material properties is necessary. By changing the properties
of the tunable materials, the phase response of each unit cell can be changed, and a
reasonable beam steering range can be achieved with an appropriately designed struc-

ture.

8.3 Concluding statement

The terahertz reflectarrays based on metallic resonators demonstrated in this thesis of-
fer a type of compact-profile and high-efficiency components with versatile beamform-
ing functionality in the terahertz regime. By introducing these advanced reflectarrays
into various terahertz systems, the development and commercialisation of terahertz
technologies can be accelerated. Terahertz indoor wireless communications with high
data rate can adopt reflectarray antennas in the ceiling or in corners of the room, sup-
porting the aspirations towards a terahertz very-high throughput indoor wireless local
area networks (WLAN) system. Similarly, specific astronomical applications of tera-
hertz spectroscopy can benefit from such high-efficiency components. For the stand-

off terahertz scanning and imaging technologies, the demonstrated reflectarrays can
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be integrated into the corresponding devices for improving detection sensitivity and
image resolution. This implementation will bring innovations into various application

areas of medicine, pharmaceutics, or biology.
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