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Abstract

Over the past few decades, optics-based time-domain spectroscopic systems have
significantly promoted the developments of terahertz science and technology. Despite
their success in physics, the bulky and costly optical systems are not readily amendable
to various applications such as communications, imaging, sensing, and radar. These
applications require devices with structural compactness, integrability, and portability.
Leveraging both electronic and photonic technologies, terahertz integrated circuits have
emerged and gradually bridged the gap between ‘concept” and "application’. To realise
multifunctional terahertz integrated circuits, efficient and broadband platforms able
to accommodate various passive and active components are in great demand, while

interconnects with low loss, low dispersion, and broad bandwidth are vital.

To this end, this thesis focuses on an efficient and broadband terahertz integrated
platform based on silicon. Firstly, a class of self-supported substrateless dielectric
waveguides are proposed based on the effective medium theory. The effective-medium-
clad dielectric waveguides are purely built into a high-resistivity intrinsic float-zone
silicon wafer to achieve extremely low loss and low dispersion. The effective medium is
realised by periodically perforating the silicon slab with a deep subwavelength spacing,
leading to a tailorable effective relative permittivity tensor. Consequently, an additional
degree of freedom is granted in this design to manipulate the waveguides” modal indices
and adapt to different guiding scenarios. Through in-depth investigations of various
propagation characteristics, the proposed waveguides show a potential to establish a

terahertz integrated platform with a high level of design flexibility.

Benefiting from the concept of effective medium to create this new waveguide platform,
various fundamental building blocks and functional components are proposed includ-
ing bends, crossings, directional couplers, filters, and polarisation splitters. All these
components inherit high efficiency and broad bandwidth, which are much needed for
terahertz applications that typically leverage a vast available bandwidth with limited
source power. The proposed concepts can benefit terahertz integrated circuits at large,

in analogy to the silicon-on-insulator platform for integrated photonics.
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er 1

Introduction

HE terahertz spectrum bridges the microwave and optical fre-

quency regimes and promises a wide range of applications such as

imaging, sensing, communications, and radar. Terahertz integrated
systems with low dissipation, broad bandwidth, low cost, and portability
are in significant demand to promote those applications. Leveraging the
technologies across electronics and optics, significant progress in terahertz
integrated circuits has been achieved in the past decade. One key enabling
element is an efficient planar platform able to host various passive and active
components to achieve comprehensive functionalities. This introductory
chapter offers a background in terahertz technology, integrated circuit, and

waveguide, along with an outline of the thesis.
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Chapter 1 Introduction

1.1 Terahertz technology

The terahertz spectrum is loosely defined as an electromagnetic frequency range from 0.1
to 10 THz, which is situated between millimetre-wave (MMW) and infrared frequencies.
Owing to its unique characteristics including vast absolute bandwidth, strong pene-
tration in non-metallic materials, and non-ionising radiation, the terahertz spectrum
promises a wide range of applications such as high-speed communications, noninvasive
imaging, sensing, radar, astronomy, and biomedicine (Withayachumnankul, 2010; |Lee,
2018). However, due to a lack of efficient signal generators and detectors, the terahertz
spectrum has been underutilised for long. In the past few decades, the "THz gap” has
been gradually filled up by virtue of the development of laser-based technologies partic-
ularly of femtosecond lasers and light-to-terahertz converters such as photoconductive
antennas and nonlinear optical crystals, which can be used either to emit or to detect

terahertz signals (Sengupta et al., 2018; Song and Nagatsuma, 2011).

Facilitated by the advent of the aforementioned laser-based technologies, terahertz
measurements have become feasible with significant development in terahertz time-
domain spectroscopy (THz-TDS) (Withayachumnankul, 2010), which has been crucial
to promote terahertz technology toward practical applications. One remarkable applica-
tion based on THz-TDS is material characterisation (Naftaly and Miles| 2007), where
THz-TDS systems can be deployed to efficiently measure the amplitude and phase of
terahertz signals that are linked to the absorption coefficients and refractive indices of
the substances exhibiting unique characteristics at terahertz frequencies. With capa-
bilities to characterise materials, applications based on THz-TDS have been extended
to noninvasive imaging (Moriwaki et al., 2017) and sensing (Balakrishnan et al., 2009).
Typically, THz-TDS systems are implemented in tabletop environments and consist
of multiple optical components (Ung et al., 2013), where one example can be seen in
Fig.[L.1[a). Such systems feature broad bandwidth, high efficiency, and configuration
flexibility for free-space operation. However, they were designed specifically for spec-
troscopy and are as such difficult to customise for other applications. Also their large

volume and high cost are factors that limit their usability (Sengupta et al., 2018).

A crucial drive towards compact economical terahertz systems is its applications in
wireless communications (Song and Nagatsuma, 2011; Nagatsuma et al., 2013} 2016;
Withayachumnankul et al., 2018a). Over the past decade, data traffic has grown ex-
ponentially with a dramatically increasing portion of the world population accessing

online services (Cisco, 2017). This trend has been exacerbated by the rapid growth in
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(b) © 2010 IEEE

Figure 1.1. Conventional table-top terahertz systems. (a) Simultaneous reflection and trans-

mission THz-TDS system (Ung et al} [2013]). (b) Microwave hollow-waveguide-based sub-millimetre

wave system (Seok et al} [2010]).

usage of high-resolution multimedia content with huge data volume. Therefore, higher
channel capacities in wireless transmission are in demand to support not only mobile
links but also backhaul connectivity. However, an increased data throughput adds
pressure to the already congested microwave and millimetre-wave channels
suma et al., 2016). According to the Shannon-Hartley theorem, the channel capacity can
be improved by increasing the bandwidth, subject to signal quality (Goldsmith, 2005).

Page 4



Chapter 1 Introduction

Owing to its ultra-wide absolute bandwidth, the terahertz spectrum is an ideal candi-
date to support wireless line-of-sight transmission (Nagatsuma et al.|, 2016; Ma et al.|
2018). Theoretically, the prospective data rate carried by a terahertz channel can reach
1 Tbit/s over the distance of several kilometres (Koenig et al., 2013). However, the
biggest obstacle to reach such a theoretical capability is power loss, which could lower
the signal-to-noise ratio (SNR), resulting in degraded channel capacities and limited
transmission distance (Nagatsuma et al., 2016). Specifically, the power losses suffered by
terahertz waves in wireless communications mainly involve atmospheric attenuation,
free-space path loss (FSPL), scattering loss, and material loss (Nagatsuma et al., 2016;
Withayachumnankul ef al., 2018a; Schneider et al), 2012). As shown in Fig.[1.2(a), atmo-
spheric attenuation that usually accounts for water vapour absorption under normal
air condition is frequency-dependent leading to several transmission windows, e.g.,
200-300 GHz, 625-725 GHz, and 780-910 GHz, within which the atmospheric attenua-
tion is minimum. Additionally, as illustrated in Fig.[T.2(b), within a certain atmospheric
window, the link budget mainly considers the free-space path loss, which can be com-
pensated by adopting high gain antennas. For wireless transmission, the scattering
loss is usually caused by fog/rain/mist droplets and increases with the frequency and
the density of the droplets (Schneider et al., 2012). Since such scattering losses can
elevate the overall loss, they should be considered for the link budget for fixed wireless
links (Schneider et al., 2012). From a device level, material losses mainly comprise ohmic
loss and dielectric substrate loss (Withayachumnankul et al., 2018a). At microwave and
millimetre-wave frequencies, the ohmic loss commonly exists in metallic transmission
lines and components. However, it increases dramatically at terahertz frequencies due
to the reduced conductivity and skin depth resulting in increased surface resistance.
Furthermore, the ohmic loss will be exacerbated in resonant structures with strongly
confined electromagnetic fields. Additionally, the dielectric loss is usually not negligible
considering that only a limited number of materials are suitable for microfabrication.
Typically, to mitigate the power loss caused by materials in transceiver chains, as shown
in Fig. [1.1{b), bulky discrete components, e.g., rectangular-hollow-waveguide-based
components are adopted, where the current density on metal is low. However, such a
strategy imposes tradeoffs in terms of dispersion, fabrication complexity, and compact-
ness (Seok et al.,2010).

Based on strong demands towards practival applications, in recent years, a paradigm

shift has been seen in terahertz technology that transits from physics-oriented to
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Figure 1.2. Impact of atmospheric attenuation and free-space path loss on terahertz waves.

(a) Atmospheric attenuation as a function of frequency. (b) Link budget at terahertz frequencies.

Adopted from [Nagatsuma et al| (2016)).

engineering-oriented, from spectroscopy-based to application-driven, and from free-

space optics to integrated circuits (Withayachumnankul et al., 2018a}; Gao et al., 2020a)).

Such a shift is not unexpected but is a natural evolution for any technology once physics
quests have been reasonably completed. While optics-based THz-TDS systems are in-
dispensable in spectroscopy, compared to integrated systems, they are bulky and costly,

which makes them not readily amenable to widespread applications in communications,
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imaging, radar, and sensing. Similar restrictions are applicable to the conventional
microwave hollow-waveguide-based systems. With established knowledge in terahertz
physics, it is the time to work on technical challenges towards terahertz integrated

systems for widespread real-life applications (Kenneth et al., 2019).

1.2 Existing terahertz integrated systems

To enable comprehensive terahertz integrated systems, recent efforts have been ded-
icated to exploiting solid-state semiconductor technologies based on III-V and sili-
con (Sengupta et al., 2018). Essentially, for any radio frequency (RF) integrated circuits
(ICs), the key elements include signal generators, receivers, interconnections, various
active or passive components, and I/O interfaces, and there is no exception for terahertz

integrated circuits (Yu, 2020).

In general, for silicon-based technologies such as CMOS, SiGe, or bipolar-CMOS (BiC-
MOS), terahertz power can be generated by two methods including harmonic extraction
from an on-chip oscillator and frequency multiplication of fundamental signals that
are generated either from the on-chip oscillators or from external sources (Pfeiffer et al.,
2018). One important quantitative figure of merit to characterise these electronics-
inspired generators is fmax, which represents the maximum frequency of the device for
signal amplification (Sengupta et al., 2018). Due to the limitation of fmax, the generated
power decreases with frequency increasing. It has been demonstrated that the fmax can
go up to 0.5 THz for SiGe-based BiCMOS transistors, followed by a fmax of 0.3 THz for
CMOS transistors (Sengupta, 2019). For III-V based transistors, e.g., InP high electron
mobility transistors (HEMTs), the fmax can reach 1.5 THz but with a compromised
integration level compared to CMOS (Mei et al., 2015; Sengupta et al., 2018). Recently,
beyond- fmax continuous-wave generation has been realised by exploiting the frequency
multiplication via the non-linearities of the devices (Park et al., 2012; Katayama ef al.,
2016). Other electronics-based generators include Gunn diodes (Khalid et al., 2014),
impact ionisation avalanche transit-time (IMPATT) diodes (Al-Attar and Lee} 2005),
and resonant tunnelling diodes (RTD) (Izumi et al., 2017) with a tradeoff in terms of
maximum power and fmax (Yu, 2020). It is worth mentioning that another efficient
continuous terahertz wave generation scheme is to use photodiodes, where two lasers
with different wavelengths are injected to be down-converted to terahertz signals. In

particular, uni-travelling-carrier photonic diodes (UTC-PDs) have been developed for
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high-speed response and high-saturation current. It has been demonstrated that a
UTC-PD can generate terahertz frequency over 2 THz (Ishibashi et al.,|[2013).

Terahertz continuous wave receivers are usually realised through two methods, i.e.,
heterodyne and direct detections (Pfeiffer et al., 2018). For the heterodyne detectors,
an injection of local oscillator signal is required to downconvert the terahertz signal
to an intermediate frequency. This coherent detection scheme allows to retrieve the
signals with both amplitude and phase information but at an expense of a higher power
consumption and a larger footprint due to the involvement of a local oscillator (LO) and
a down-conversion mixer (Pteiffer et al., 2018). By contrast, the direct detectors rely on
the device non-linearities for envelop detection leading to a simpler operation, smaller
power consumption, and a higher integration level (Pfeiffer et al., 2018). Common
terahertz direct detectors include Schottky barrier diodes (SBD) (Hesler and Crowe,
2007), Fermi-level managed barrier diodes (FMBD) (Ito and Ishibashi, 2016), field-effect
transistors (FET) (Knap et al., 2009), and resonant tunnelling diodes (RTD) (Shiode et al.,
2011). Among those detectors, SBDs have been widely adopted and have become
commercially available due to their broad bandwidth and good stability, however with
a relatively low sensitivity due to the conversion loss (Hesler and Crowe, 2007). With
a higher sensitivity, RTD has recently attracted attention for terahertz detection (Yu,
2020).

With the significant developments of the terahertz on-chip self-contained generators
and detectors discussed above, many advanced terahertz integrated circuits have been
proposed for various applications such as imaging, sensing, communications, and
radar (Sengupta et al| 2018; Pteiffer et al} 2018). These integrated systems employ
comprehensive techniques leveraging RF passive components, high-speed transistors,
scaling, and mixed signal integration capabilities (Pfeiffer et al., 2018). As shown in
Fig.[1.3(a), a 32 x 32 pixel terahertz camera in 65-nm CMOS technologies was proposed
for focal-plane imaging (Al Hadi ef al., 2012). The pixel array constituted a ring antenna
coupled to NMOS detectors, while the whole structure coupled to a hyper-hemispherical
lens leading to a directivity of 41.7 dBi. The proposed terahertz camera operated in
an active mode with a broad bandwidth covering 0.1 to 4.0 THz and a single-pixel
sensitivity of 413 pW at 850 GHz with 1024 frame averaging at 30 fps (Al Hadi et al.}
2012). For sensing application, a terahertz on-chip spectroscopic receiver based on SiGe
BiCMOS process was reported (Wu and Sengupta), 2018). As shown in Fig.[1.3(b), the

main body of this sensor was composed of a log-period tooth-shaped antenna loaded
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Figure 1.3. Terahertz intergated circuits for various applications. (a) 32x32 terahertz camera

based on 65 nm CMOS technology for focal-plane imaging (Al Hadi et al} 2012). (b) Single-chip

source-free terahertz spectroscope for near-field sensing (Wu and Senguptal 2018). (c) 220-260 GHz

Tx and Rx RF front-ends implemented in a 0.13 ym SiGe HBT technology together with the packaged

Tx/Rx module (Rodriguez-Vazquez et al/ [2018). (d) 170 GHz single-chip FMCW imaging radar with

3-D imaging capability (Mostajeran et al} [2017]).

with multiple HBT-based detectors to measure the spectrally-sensitive 2D distribution
of terahertz near fields. The proposed chip eliminates bulky components required by the

conventional optics-based spectroscopic systems and can operate at a room temperature
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over 0.04 to 0.99 THz with an accuracy of 10 MHz in frequency resolution (Wu and
Sengupta, 2018). Additionally, a terahertz on-chip transceiver for wireless communica-
tions (Rodriguez-Vazquez et al,[2018) has been proposed as shown in Fig.[1.3(c). This
Tx-Rx chip was based on SiGe technology and fully packaged with hyper-hemispherical
lenses. The proposed RF front end can support a transmission data rate of 90 Gbit/s
over a distance of 1 m with a bandwidth from 220 to 260 GHz (Rodriguez-Vazquez et al.,
2018). Furthermore, as shown in Fig.[1.3(d), a fully integrated single-chip heterodyne
frequency modulated continuous-wave (FMCW) imaging radar was reported (Mosta+
jeran et al.,2017). This FMCW radar was based on a 130-nm SiGe BiCMOS technology
with a bandwidth 27.5 GHz centered at the frequency of 168 GHz. The proposed radar
allows for both 2D and 3D imaging with a range resolution of 7 mm together with a mea-
sured sensitivity of 87 fW and total dc power consumption of 67 mW (Mostajeran et al.,
2017).

Despite their magnificent capabilities, the conventional integrated circuits based on
III-V and silicon technologies suffer significant ohmic and substrate losses (Song and
Nagatsuma, 2011). For example, the traditional planar metallic transmission lines can
impose significant transmission losses in the order of several dB/cm at terahertz fre-
quencies (Yu, [2020). In contrary to that, the power available from terahertz sources
is low, in order of 100 yW (Withayachumnankul et al| 2018a). To this end, it is in
significant demand to design new integrated platforms with low loss together with
broad bandwidth, while being able to accommodate various passive and active compo-
nents (Withayachumnankul ef al., 2018a). One critical enabling technology for efficient

integrated platforms is the interconnection (Gao et al}[2019), as discussed in Section[I.3|

1.3 Existing terahertz waveguides

This section gives an overview about terahertz waveguides categorised into non-planar
and planar types. The non-planar terahertz waveguides mainly focuses on the metallic
rectangular waveguides and terahertz fibres, while for the planar waveguides, the

microwave-inspired and photonics-inspired guiding structures are discussed in detail.
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1.3.1 Non-planar waveguides

Before we look into integrated waveguides, it is necessary to review existing non-planar
terahertz waveguides for their operation and design principles, which can be useful for
terahertz integrated waveguides. Based on materials, the non-planar waveguides can
be categorised into two types namely metallic waveguides and dielectric waveguides.
The commonly used non-planar metallic waveguides for the terahertz spectrum include
circular/rectangular hollow waveguides (McGowan et al., 1999a;|Gallot et al., 2000) and
parallel-plate waveguides (Mendis and Grischkowsky, |2001; Karl et al., 2015). Consid-
ering the tradeoffs in terms of loss, dispersion, and applicability in measurement and
packaging, here, the descriptions focus onto the rectangular hollow waveguides. The
non-planar dielectric waveguides also known as fibres are mostly used at higher tera-
hertz frequencies due to their low dissipation (Atakaramians et al.,[2013). The overview
on this waveguide category provides an appropriate background for understanding the

design and guiding principles of planar dielectric waveguides discussed in Section

Metallic rectangular waveguides

Downscaled from microwave frequencies, rectangular hollow waveguides have been
widely used in the terahertz spectrum (Ding et al., 2017; Gonzalez and Kaneko) 2021bj}
Pérez-Escudero et al.| 2020). The waveguides are usually fabricated with copper based
on a CNC milling process, while gold plating is employed on the waveguide channel to
alleviate the oxidisation (Alonso-del Pino et al.,2019). Compared to the metallic trans-
mission lines, which strongly confines electromagnetic waves within metal and lossy
substrate, rectangular waveguides can achieve much lower loss since the largest portion
of wave energy propagates in air (Wu et al., 2021). For example, the attenuation coeffi-
cient for a WR-3.4 rectangular waveguide ranges from 0.214 to 0.308 dB/cm over 220
to 330 GHz (VDI 2010). With such a reasonably low loss, many terahertz passive and
active components have been built based on the rectangular waveguides such as band-
pass filters (Ding et al., 2017), orthomode transducers (Gonzalez and Kaneko) 2021b),
and mixers (Pérez-Escudero et al.| 2020). These components together with their host
waveguides are crucial to functional systems with robust performance for applications
such as communications and astronomy. In terahertz electronic-photonic measurement
systems, the rectangular waveguides can offer an efficient interface for device under test
(DUT) (Gao et al., 2020b). Importantly, as shown in Fig. (1.4} these CNC milling machined

hollow-waveguide-based structures can provide an efficient packaging solution for
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Figure 1.4. Terahertz waveguide packaging. (a) Integrated resonant tunnelling diode with

rectangular waveguide 1/O using photonic crystal interface (Kawamoto et all, [2021]). (b) A 300-

GHz monolithic microwave integrated ciruit (MMIC) housed in an E-plane split package. (c) The

E-plane split package in (b) contains the waveguide flange, bias connector, and biasing printed circuit

boards ((Alonso-del Pino et al| [2019).

terahertz integrated systems (Alonso-del Pino et al., 2019). Practically, for integrated sys-

tem testing purpose, each passive and active component can be packaged individually

and then connected through waveguide flanges allowing for a component-level testing,

4

which has more flexibility and lower packaging complexity compared to the ”“all-in-one”

testing strategy (Alonso-del Pino et al., 2019). Recently, fabrication technologies such as
silicon deep reactive-ion etching (DRIE) (Beuerle et al,2018) and 3D printing (Otter et al.
2017) together with metallisation have been employed to fabricate rectangular waveg-

uides. These advanced fabrication technologies can effectively address the challenges

faced by conventional CNC metal milling in terms of accuracy, complexity, and cost
especially at higher terahertz frequencies. Benefiting from the micromaching, packaging

consisting of multiple stacked metallised silicon wafers has been realised allowing for

vertical integration in a compact manner (Alonso-del Pino et al.,2019).
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Terahertz fibres

Inspired by optical fibres, the terahertz fibres are usually formed in a hollow, solid,
or porous core. The various realisations are governed by different guiding principles
with tradeoffs in terms of loss and bandwidth (Atakaramians et al., 2013). In 2005,
a hollow-core waveguide clad by ferroelectric poly vinylidene fluoride (PVDF) was
proposed (Hidaka et al.,2005), and was demonstrated to achieve a low transmission loss
with waves concentrated within the air core. However, its guiding mechanism strongly
relies on the cladding material properties. Specifically, the frequency-dependent di-
electric constant of PVDF can become negative at high terahertz frequencies leading to
an imaginary refractive index, for which the dielectric material behaves as metal with
complete reflection. As a result, the waveguide bandwidth is bounded by the frequency
range of the cladding material exhibiting negative dielectric constant together with
the cladding thickness, leading to a narrow bandwidth (Hidaka et al., 2005). Instead,
photonic bandgap claddings (Mosallaei and Rahmat-Samii, 2000a)), where propagation
modes are rejected, was introduced to surround the air core, so that the waves can be
confined and propagate along the core. As shown in Figs.[1.5(a) and (b), typically, the
bandgap claddings are in form of 2D photonic crystal (Correa and Knight, 2008; Vincetti,
2009) realised by periodic air holes or in the form of Bragg mirrors (Dupuis et al., 2011)
achieved by alternatively stacking multiple layers of materials with high refractive
index contrast. Due to the strong in-band dispersion of the bandgap claddings, the
bandwidth of this fibre type is narrow.

To increase the bandwidth, as shown in Fig. [I.5(c), solid-core waveguides clad by
subwavelength air holes was reported (Han et al., 2002; Goto et al.|, 2004), where the sub-
wavelength engineered claddings have lower refractive index with respect to the core.
Consequently, due to the refractive-index contrast between the core and cladding, the
wave can be guided through total internal reflection with a broad bandwidth (Han et al.,
2002; |Goto et al.,2004). It is noted that although these fibres are called photonic crystal
tibres, their guiding mechanisms do not rely on the photonic bandgap effects imple-
mented with photonic crystal claddings as shown in Fig. [1.5(a). Compared to the
hollow-core fibres, the solid-core fibres have higher loss with more energy fraction in
their materials (Atakaramians et al., 2013). Additionally, due to the weaker boundary
condition, the mode is less confined leading to radiation loss, and this can be alleviated
by using a larger core with tradeoffs of material loss and potentially higher-order mode

excitation (Atakaramians et al., 2013).
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Figure 1.5. Fibres. (a) Optical fibre clad by photonic crystal bandgap claddings ((Correa and Knight,
2008). (b) Terahertz Bragg fibre (polymer-doped polymer) (Dupuis et al} [2011]). (c) Terahertz

solid-core fibres clad by subwavelength air holes (Han et al| [2002} [Goto et al} [2004)). Terahertz fibres

with (d) uniform porous core and (e) graded-index porous core (Ma et all, [2015]).

To this end, porous-core waveguides (Atakaramians et al., 2008; Ma et al., 2015; Has+

sani et al., 2008) were proposed. As shown in Figs. 1.5(d), the uniform porous waveguide

is cladded by a distribution of subwavelength air holes. As a result, the mode can be
confined within the holes and guided through total internal reflection. Compared to the

air-clad solid-core fibre with a subwavelength core width, the porous-core waveguide

can offer better wave confinement and lower effective material loss (Atakaramians ef al.,
2008). Furthermore, as shown in Fig.[1.5(e), by gradually increasing the hole diameters

from the centre to the edge resulting in a gradually decreased effective refractive index

distribution, a lower dispersion can be achieved (Ma et al., 2015). It is noteworthy that
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the evolution of terahertz fibres have provided valuable references for designing the

integrated dielectric waveguides presented in this thesis.

1.3.2 Planar waveguides

Planar waveguides and transmission lines are the most fundamental building blocks of
integrated circuits and systems due to their structual compactness, low cost, and easy

integration with active devices, such as diodes and transistors (Pozar, 2011).

Microwave-inspired guiding structures

In the microwave and millimetre-wave regimes, microstrip lines (Murano et al.,2017),
coplanar waveguides (CPW) (Frankel et al., 1991;|Zhang and Hsiang, 2005; Eblabla et al.,
2016), and substrate-integrated waveguides (SIW) (Wu et al., 2003, |2021) have been
widely used owing to their low cost, easy implementation, and convenient integration
with active components. For the microstrip lines, one notable advantage is that they
can support a quasi-TEM mode leading to negligible dispersion and broad bandwidth,
together with a tailorable interface with active devices (Pozar, 2011; Wu et al., 2021).
However, the drawbacks of the quasi-TEM mode are their current singularities along the
strip edges resulting in several issues such as strong magnetic couplings with adjacent
lines and potential radiation loss (Pozar, 2011; Wu et al.,|[2021). Additionally, due to
the high current density on metal, the ohmic loss of microstrip lines is significant and
exacerbated at high frequencies with a thinner substrate and a narrower strip line to
suppress the undesired modes (Pozar| 2011} Wu et al., 2021; Dolatsha) 2013). Similar

issues occur in the other planar metallic transmission lines, e.g., CPWs.

Facilitated by substrate-integrated technologies, planar synthesis of non-planar rect-
angular waveguide becomes possible (Deslandes and Wu, 2001a,b; Wu et al., 2003).
Specifically, this technology aims to confine the waves in a substrate by implementing
metallic via holes (Wu et al., 2003) or air holes (Patrovsky and Wu, 2006) along the guid-
ing channel. The SIWs are realised with metallic via-hole arrays that mimic two side
walls of the rectangular waveguide as shown in as shown in Fig.[I.6(a), and as such they
are dispersive, leading to narrower bandwidths compared to the microstrip lines. How-
ever, they can offer relatively low loss at frequencies up to around 400 GHz (Wang et al.,
2020). With the frequency increasing, the ohmic loss will rise dramatically mainly due to

the electric current flowing along the metallised via holes. Furthermore, it is challenging
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Figure 1.6. Millimetre-wave substrate integrated waveguide and image guides. (a) Substrate

integrated waveguide (SIW) (Wu et al} |2021)). (b) Substrate-integrated-image guide (SIIG) (Patrovsky]
land Wu| [2006)). (c) Conventional image guide. (Patrovsky and Wul [20086)).

to fabricate and arrange the miniature vias at high frequencies with microfabrication
technologies, while the waveguide performance is strongly dependent on the via qual-
ity (Wu et al, 2003). Although the through silicon via (TSV) technology allows for such
miniature implementations at terahertz frequencies (Wang et al.|[2020), still the presence

of metal limits their applications.

Another version of SIW also known as substrate-integrated image guide (SIIG) can be

realised by creating air holes along the guiding channel (Patrovsky and Wu, 2006). This

leads to a dielectric constant contrast between the core and the in-plane surroundings, so
that the wave can be guided through total internal reflection. This technique resembles
the one adopted in the terahertz fibres cladded by subwavelength air holes (Han et al.
2002} (Goto et al,2004). As shown in Fig.[1.6(b), the SIIG consists of a perforated high-

permittivity substrate supported by a ground plane, between which an insulating film

is introduced to reduce the ohmic loss in the ground plane (Patrovsky and Wu, 2006).

Free of metallic vias, the SIIG has a much lower loss than the SIW does. Compared to

the conventional image guide consisting of a single dielectric strip (Taeb et al.,2016a}
2015) as shown in Fig. [I.6[c), the SIIG offers several advantages in terms of
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fabrication simplicity, alignment precision, design flexibility, and interconnections with
other transmission lines (Patrovsky et al., 2006; Dolatsha, 2013). Specifically, the dielectric
strip in the conventional image guide is usually tiny and fragile at millimetre-wave
frequencies or above, so it requires high-precision bonding on the ground plane, while
a precise alignment between adjacent elements is also very demanding. As a result,
the fabrication complexity is significantly increased especially for complex circuits.
Additionally, a single strip is difficult to interconnect to other transmission lines, e.g.,
microstrip lines and CPWs, or active components. Nevertheless, the SIIG also suffers
high ohmic loss at terahertz frequencies due to the existence of a ground plane, although
recent efforts resulted in increasing the mode isolations from the ground plane (Dolatsha,
2013).

Photonics-inspired guiding structures

Inspired by guided-wave photonics, all-dielectric waveguides free of ohmic loss have
been investigated at terahertz frequencies including rectangular dielectric waveg-
uides (Malekabadi et al., 2014; Akiki et al.,[2020; Ranjkesh et al., 2015), silicon-on-insulator
(SOI) waveguides (Amarloo et al., 2018; Amarloo and Safavi-Naeini, 2021)), dielectric
microstrip lines (DML) (Zhu et al., 2016bja), and photonic crystal (PC) waveguides (Tsu+
ruda et al., 2015a; Yu et al., 2019e; Headland et al., 2019). In general, terahertz dielectric
waveguides have similar guiding principles as optical dielectric waveguides, where the
waveguide core dimensions are proportional to the operation wavelength. However,
one notable difference is the refractive index contrast between the waveguide core and
the surroundings. For optical waveguides, the refractive index contrast between the
core and the claddings is usually small, i.e., the refractive index ratio between the core
and the claddings A is around from 1.002-1.053, leading to the core dimensions on the
order of several wavelengths for fundamental mode operation (Marcatili, 1969). By
contrast, the refractive index contrast for terahertz dielectric waveguides is large, e.g.,
with a refractive index ratio A around 3.418 for an air-clad silicon waveguide, so that the
wave can be tightly confined within the core in a compact footprint (Malekabadi et al.,
2014). It is noteworthy that most dielectric materials can introduce significant loss at
terahertz frequencies, and therefore waveguides consisting of a few selected materials

are preferred to alleviate the material loss.

Recently, several dielectric rectangular waveguides based on high-resistivity silicon have

been proposed at terahertz frequencies. As shown in Fig.[I.7(a), the most fundamental
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Figure 1.7. Rectangular dielectric waveguides. (a) Terahertz high-resistivity silicon dielectric

waveguide (Malekabadi et al} [2014)). (b) Terahertz suspended silicon waveguide |Akiki et al|(2020]).

(c) Terahertz suspended silicon-on-glass dielectric waveguide (Ranjkesh et al} [2015)). (d) Mid-infrared

suspended waveguide with subwavelength grating metamaterials |Penades et al (2016)).

dielectric waveguide consists of a single silicon rod, which has extremely low loss,

low dispersion, and broad bandwidth, while supporting two orthogonal fundamental

modes (Malekabadi et al.,[2014). High-resistivity float-zone intrinsic silicon, as the only
constituent material, has extremely low dissipation at terahertz frequencies
2004). With such benefits, a simple dielectric rectangular waveguide has been adopted

as an interconnection for on-chip communications (Holloway et al., 2017). However,

such a bare waveguide has limitations in realising integrated systems since it lacks
self-support and support for other components. To improve the integrability, several
suspended dielectric waveguides have been reported. One example can be seen in
Fig.[1.7(b), where thin cross beams are introduced to connect the waveguide core with

the silicon slab for supporting purpose. However, such a structure has a relatively low

mechanical strength and is affected by scaterring loss by the beams (Akiki et al., 2020).

Similarly, a terahertz silicon-on-glass dielectric rectangular waveguide supported by
grating beams was reported (Ranjkesh et al,2015) as shown in Fig. [1.7(c). However,
these sparsely distributed supporting gratings would introduce Bragg and/or leaky-

wave effects leading to reflection and/or radiation losses. Consequently, the waveguide
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si = sio,

© 2018 IEEE ©2016 IEEE
(@) (b)

Figure 1.8. Terahertz silicon-on-insulator waveguides. (a) Silicon-BCB-quartz dielectric waveg-

uide (Amarloo et all}, 2018). (b) Silicon-on-insulator-based dielectric microstrip line (Zhu et al)|

ROTG).

bandwidth and efficiency are compromised. To further enhance the mechanical stability

without introducing side effects, one may refer to an example of suspended silicon mid-

infrared waveguide based on a silicon-on-insulator (SOI) platform (Penades et al., 2016).

As shown in Fig. [1.7(d), the waveguide core is supported by lateral subwavelength
gratings (SWGs), whose period is much smaller than the Bragg period so as to avoid

reflection and radiation (Penades et al.,[2016). Noticeably, the SWGs claddings can not

only mechanically support the waveguide core but also can provide lateral refractive
index contrast with respect to the core for guiding waves. Again, this technique together
with the resultant guiding principle is similar with those involved in the subwavelength-
holes-clad-solid-core fibres (Han et al.,[2002; Goto et al.,2004) and SIIG (Patrovsky and|

2006).

To further improve the integrability, silicon-BCB-quartz (SBQ) waveguide
loo et al.,2018) and dielectric microstrip line (Zhu et al., 2016b) have been proposed.

Figure.[1.§(a) shows a terahertz silicon-BCB-quartz waveguide, which consists of a high-

resistivity silicon strip supported by a crystalline quartz. In this design, the adoption

of quartz material can reduce the substrate loss (Amarloo et al., 2018). To bond the

waveguide to the substrate, an adhesive polymer called benzocyclobutene (BCB) was
introduced. Such a SOl waveguide can achieve an average loss around 0.46 dB/cm over
500 to 580 GHz (Amarloo et al., 2018). With structual resemblance, dielectric microstrip
lines (DML) were reported as shown in Fig.[1.§(b). In contrast to the SBQ waveguide,

the DML concentrates the energy in the low-index oxide spacer, while supporting only

the out-of-plane polarisation with the loss varying from 0.23 to 1.2 dB/cm over 750 to
925 GHz (Zhu et al., 2016b). Despite the improved integrability, for the SOI waveguides

Page 19



1.3.2 Planar waveguides
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Figure 1.9. Terahertz photonic crystal waveguides and associated passive components.

(a) All-silicon photonic crystal waveguide (Tsuruda et al| [2015a)). (b) All-dielectric resonator

antenna (Withayachumnankul et al| 2017)). (c) All-dielectric rod antenna array (Withayachum
Inankul et al} [2018b]). (d) Luneburg lens antenna (Headland et al} [2018b)).

and DML, the dielectric loss caused by the required supporting substrate and spacer

material is not negligible (Lee et al., 2001).

To achieve an integrated platform with low loss and structural simplicity, all-dielectric
2D photonic crystal waveguides built from a single silicon wafer were proposed as
shown in Fig.[1.9(a) (Tsuruda ef al.,[2015a} Yu et al., 2019¢; Headland ef al., 2019). Here,
the 2D photonic crystal waveguide can be treated as a planar realisation of the pho-
tonic crystal fibre utilising the photonic bandgap defect for wave guidance
and Knight, 2008). As such, a propagation loss of less than 0.1 dB/cm was demon-
strated from 319 to 337 GHz by [Tsuruda ef al|(2015a), while another similar design
yielded an enhanced bandwidth of 324-361 GHz with comparable losses
2019e). Based on the photonic crystal waveguide integrated platform, various passive

components have been proposed such as dielectric resonator antenna (Withayachum-
nankul et al.,[2017), rod antenna array (Withayachumnankul ef al., 2018b), and Luneburg
lens (Headland et al), [2018b) as shown in Fig. Additionally, such an integrated
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Figure 1.10. Terahertz photonic crystal waveguide connected with active components.

(a) RTD integrated photonic crystal waveguide as a terahertz transceiver (Yu et al} [2019b)). (b)
Waveguide-input RTD mixer for terahertz communications ( m E ) Photonic crystal

inspired terahertz diplexer (Fujita and Nagatsumal [2016]). (d) Silicon integrated subharmonic mixer

on a photonic crystal platform (Torres-Garcia et al., [2020)).

platform can also accommodate various active components, e.g., resonant tunnelling
diode (RTD) and Schottky diode, leading to a series of functional devices such as tera-
hertz transceiver (Yu ef al., 2019b)), mixers (Yu et al., 2020; |Torres-Garcia et al., 2020), and
frequency diplexer (Fujita and Nagatsuma, 2016) as shown in Fig. However, the

photonic crystal waveguides have relatively narrow bandwidths and strong in-band
dispersion related to the intrinsic photonic bandgap (PBG) phenomenon (Mosallaei

and Rahmat-Samii, 2000a). The same issues also arise in the all-silicon topological
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waveguide (Yang et al., 2020), which allows for a sharp bend but with a much higher

structural complexity.

1.3.3 Performance comparison of various waveguide designs

Various terahertz and millimetre-wave guiding structures based on different techniques
are compared in Table Although for the existing planar guiding structures, the
all-dielectric waveguides have much lower losses compared to the metallic guiding
structures as shown in Fig there are tradeoffs in terms of bandwidth, loss, disper-
sion, and integrability as compared in Table To this end, it is imperative to achieve
a terahertz integrated platform with high efficiency, low dispersion, and broad band-
width, while being able to accommodate various passive and active components (With+

ayachumnankul ef al., 2018a).

1.4 Thesis outline and original contributions

Up until recent years, there had been no platform uniquely designed for terahertz
integrated systems. Existing platforms adopted either millimetre-wave or photonic
integrated circuits into the terahertz range. However, all those adopted platforms
exhibit limitations in this spectral range in terms of efficiency and bandwidth. In line
with the practical needs of high-efficiency and wideband terahertz integrated systems,
all-silicon effective-medium-clad dielectric waveguides and relevant components are
proposed and demonstrated in this thesis to expand into a new terahertz integrated

platform.

This thesis is composed of six chapters including four chapters for original contributions.
The background for understanding the motivation of this thesis is provided in this
chapter, while the final chapter provides a holistic conclusion and outlook. The details

of each chapter can be found as follows:

Chapter 1] (Introduction) introduces the background knowledge for this thesis includ-
ing terahertz technology, terahertz conventional integrated circuits, and waveg-
uides operating at millimetre-wave and terahertz frequencies. In particular, a
thorough literature review is focused on various guiding structures with compre-

hensive analysis of their performance, applicability, and limitations.
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Table 1.1. Comparison of guiding structures at terahertz and millimetre-wave frequencies.

Frequency Losses

(dB/Ac)

(GHz)

Dispersions

Modes

Non-planar metallic waveguides
Circular hollow waveguide

(iMcGowan et ul.||1999b+

Commercial hollow waveguide

l 2010

Parallel-plate waveguide

(iMendis and Grischkowskyl |2001}

650-3500

260-400

100-4000

0.09

0.033

0.02

High

High

Low

TE11, TMy1, TEp2

TEq0

TEM, TE,

Terahertz fibres

Solid-core photonic crystal fibre

Hollow-core Bragg fibre

Porous-core fibre

Hollow-core photonic bandgap fibre

1Vincetti| 2009}

100-3000

100-2000

300-1500

800-1000

0.042

0.037

0.013

0.0003

Low

High

Low

High

HE;;

Multimode

Multimode

HE;;

Microwave-inspired planar waveguides/transmission lines
SIW

Coplanar waveguide

Metallic microstrip line

(iMurano et al. l |2017}

SIIG waveguide
(1Patr0vsky and Wul |2006}

SIIG waveguide

(Taeb et ul.| 2016a}

260400

200-400

220-330

83-99

110-170

1.35

0.475

0.148

0.075

High

Low

Low

Low

Low

B

Quasi-TEM

Quasi-TEM
B

y
Ell

Photonics-inspired planar waveguides
Silicon-BCB-Quartz waveguide
(iAmarloo et al.||2018}

Dielectric microstrip line

Ribbon waveguide

(iMalekabadi et al. l |20l4}

PC waveguide

(Yu et ul.| 2019e}

500-580

750-925

140-220

324-361

0.026

0.025

0.015

0.009

Low

Low

Low

High

X
Ef
11

X Y
Ej; and E7;

TE
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Figure 1.11. Loss comparison between microwave-inspired and photonics-inspired planar
waveguides. (a) Losses of various planar waveguides based on microwave and photonic technologies.

(b) Zoom-in showing losses of photonics-inspired all-dielectric waveguides. Microwave-inspired guiding

structures include substrate integrated image guide (SIIG) (Taeb et al} [2016a)), microstrip line
(ML) (Murano et al} [2017]), coplanar waveguide (CPW) (Frankel et al} [1991]), and substrate

integrated waveguide (SIW) (Wang et al} [2020). Photonics-inspired guiding structures include
ribbon waveguide (RWG) (Malekabadi et al) [2014)), photonic crystal waveguide (PCW) ([Yu et al)
, Silicon-BCB-Quartz (SBQ) waveguide (Amarloo et all} [2018]), and dielectric microstrip line
(DML) (Zhu et ) [2016b).

Chapter 2| (Original contribution) presents a class of integrated dielectric waveguides
solely built into high-resistivity float-zone silicon wafer to achieve extremely low
loss, and low dispersion. In-plane air-silicon effective medium is employed as
waveguide cladding. Owing to the total internal reflection guiding mechanism,

the waves can be guided with a broad bandwidth. Free of substrate, the dielectric
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waveguides show an experimentally verified high efficiency compared with the
conventional silicon-on-insulator (SOI) waveguides adopted from the photonics.
To experimentally validate the performance in communications applications, real-
time data error rate testing experiments are performed and uncompressed 4K
resolution video data transmission is demonstrated. The content of this chapter is
published in Gao et al.|(2019).

Chapter 3| (Original contribution) presents comprehensive characteristics of the dielec-
tric waveguides cladded by effective medium, including transmission, dispersion,
and crosstalk. Various fundamental building blocks are discussed including bends,
crossing, and directional couplers. All the results are experimentally verified. The
waveguide design process is generalised. With such in-depth investigations, it
is expected that the effective-medium-clad dielectric waveguides will be a ba-
sis to build a terahertz integrated platform in analogy to microstrip lines in the
microwave range and SOI waveguides in optics. The content of this chapter is
published in Gao et al.|(2020b).

Chapter 4 (Original contribution) presents a series of Bragg grating filters based on
the effective-medium-clad waveguide platform, while various characteristics
are discussed including transmission, 3-dB bandwidth, central frequency, and
dispersion. Due to the controllable air-silicon effective medium permittivity, an
additional degree of freedom can be accessed in the design of Bragg grating
structures. In effect, the modal indices can be designed for a broadband operation.
The results are experimentally validated. The techniques to improve the filter
characteristics by controlling the effective medium are adaptable to the microwave

and optics regimes. The content of this chapter is published in Gao et al.| (2021).

Chapter[5 (Original contribution) presents a polarisation splitter integrated into the
effective-medium-clad dielectric waveguide platform. The polarisation splitter is
based on tapered directional couplers to enable a broad operation bandwidth. Ow-
ing to the concept of effective medium, the performance in terms of polarisation
extinction ratio is significantly enhanced without introducing additional materials.
Various characteristics of the proposed polarisation splitter are thoroughly investi-
gated including transmission, crosstalk, isolation, higher-order mode conversion,
and dispersion. It can be foreseen that such an all-silicon polarisation multiplexer

can find wide use in terahertz integrated systems and benefit a broad range of
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applications, especially for short-distance communications with increased channel

capacity. A publication is under preparation.

Chapter [6| (Summary and outlook) concludes this thesis while providing an outlook

for future developments based on the proposed terahertz integrated platform.
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er 2

Effective-medium-clad
dielectric waveguides: A
proof of concept

ERAHERTZ integrated waveguides with high efficiency and

broad bandwidth are essential to form integrated platforms. This

chapter presents substrate-less all-dielectric waveguides defined
by an effective medium realised with a subwavelength hole array. These self-
supporting structures are built solely into a single silicon wafer to minimize
significant absorption in metals and dielectrics at terahertz frequencies. In a
stark contrast to photonic crystal waveguides, the guiding mechanism is not
based on a photonic bandgap but on total internal reflection. Experimental
results show that the realised waveguides can cover the entire WR-2.8 band
(260—400 GHz) with fundamental dominant modes in orthogonal polarisa-
tions and an average measured attenuation around 0.05 dB/cm. Limited by
the measurement setup, a maximum error-free data rate up to 30 Gbit/s is ex-
perimentally achieved at 335 GHz on a 3-cm waveguide. The transmission of

uncompressed 4K-resolution video across this waveguide is demonstrated.
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2.1 Introduction

Terahertz waveguides with planar structures are crucial to future terahertz systems (With-
ayachumnankul et al., 2018a)). Particular attention is required on efficiency, dispersion,
and bandwidth. Conventional microwave transmission lines and waveguides such as
microstrip lines, coplanar waveguides, and substrate integrated waveguides are not
efficient and therefore not suitable for terahertz systems owing to their strong field
confinements and significant ohmic loss at this high frequency range. Alternatively,
waveguides constructed of purely dielectric materials, such as high-resistivity float-zone
silicon can be ideal candidates for terahertz wave guidance (Dai et al., 2004). High-
resistivity-silicon-based waveguides cladded by air are the simplest embodiments of
dielectric waveguides and can achieve extremely low loss and low dispersion over a
wide band (Malekabadi et al.|, 2014). However, such bare waveguides are not useable
in integrated systems due to a lack of self-support and support for other components.
With better integrability, 2D photonic crystal (PC) waveguides built solely from high-
resistivity silicon were proposed (Isuruda et al., 2015a; |Yu et al., 2019e; Headland et al.,
2019). However, the dispersion of such PC waveguides is high due to the nature of
photonic bandgap (PBG) structures that are highly frequency dependent, thus limiting
the operation bandwidth. Theoretically, dielectric waveguides with better integrability
and broad bandwidth can be achieved by changing the air claddings to a material with
a certain refractive index lower than the waveguide core. However, introducing an
additional clad material in turn increases fabrication complexity and imposes additional
transmission losses. To realise a self-supporting, planar, and single-material-based

terahertz guiding structure, a class of effective-medium-clad waveguides are proposed.

The proposed substrate-less waveguides are constructed solely from a high-resistivity
silicon wafer that has exceptionally low loss and low dispersion at terahertz frequen-
cies (Dati et al., 2004). A silicon waveguide core is surrounded by in-plane effective-
medium claddings, which are realised by periodic perforation of the silicon slab. This
pure-silicon platform allows integration of active and passive components, as demon-
strated in photonic crystal waveguides (Yu et al.,2019a,b). In a stark contrast to photonic
crystal waveguides, the perforation period of the proposed waveguide is in the deep
subwavelength region. In this way, the perforated medium behaves like a homoge-
neous material rather than a bandgap material (Cheben et al.,2018). Compared with
a bandgap material, this chosen cladding results in a great bandwidth enhancement

with low dispersion in both orthogonal modes—the properties much needed in diverse
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terahertz applications, but not available from photonic crystal waveguides. Compared
to the substrate integrated images guides (SIIGs) (Patrovsky and Wu, 2006; Dolat+
shal, 2013} [Taeb et al., 2016b), the proposed design is free from metal thus achieving
lower transmission losses, while being able to sustain two orthogonal dominant modes.
Compared to the silicon-on-insulator (SOI) waveguides (Ranjkesh et al., 2015; Amar+
loo et al.,2018;|Amarloo and Safavi-Naeini, 2021; Zhu et al., 2016b), the proposed design
is self-supporting and does not require additional materials that would contribute to
propagation losses. In Section the waveguide design and the modal analysis are
presented. Section [2.3|discusses the waveguide fabrication and measurements, where
the low-loss, low-dispersion transmission and high-speed terahertz communications

over this waveguide are demonstrated.

2.2 Waveguide design and analysis

2.2.1 Overview

As shown in Figs. 2.1[a)—(c), the proposed integrated all-dielectric waveguide com-
prises a waveguide solid core and in-plane effective medium claddings, both built
monolithically into a silicon slab. The silicon slab with a thickness of 200 ym has a
relative permittivity eg; of 11.68 (an equivalent refractive index ng; of 3.418) and a resis-
tivity of 20 k()-cm. Such high-resistivity silicon is nondispersive and offers extremely
low loss, with power absorption coefficients less than 0.01/cm in the entire terahertz
band (Dai et al., 2004). The effective medium is realised by periodically perforating
the silicon slab with cylindrical air holes in a hexagonal lattice, with a period 2 much
smaller than the shortest guided wavelength A, as shown in Fig. 2.T(d). The effective
relative permittivity of the effective medium falls between those of air and silicon, and is
determined by the perforation period 2 and the hole diameter d. Owing to the refractive
index contrast between the core and the claddings, i.e., between silicon and effective
medium in plane, and silicon and air out of plane, the waves can be confined within
the waveguide core and propagate through total internal reflection. For the in-plane
effective-medium claddings, given a certain deep subwavelength perforation period,
a lower effective relative permittivity achieved by a larger hole diameter can enhance
wave confinement. Due to the low-index claddings in both transverse dimensions, the
waveguide supports two orthogonal fundamental modes E7; and E%, namely with the

polarisation for the E{; mode being parallel to the slab, while being perpendicular to the
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Silicop slab Effective medium cladding

/
|

Taper

Figure 2.1. Effective-medium-clad dielectric waveguide. (a) Top view, (b) magnified cross-
sectional view, (c) magnified view of waveguide core and claddings, and (d) hexagonal lattice of the
effective medium cladding with perforation period a and hole diameter d. The period a is a quarter
of the shortest guided wavelength Ay. This effective-medium cladding is completely different from a
photonic crystal cladding that requires a periodicity close to half a guided wavelength. As a result, the
waveguide can be classified as a dielectric waveguide, not a photonic crystal waveguide. The tapers
are coupling structures to be inserted into the hollow metallic waveguides required for simulations
and measurements. The dimensions of the final design are: & = 200 ym, w = 160 um, a = 100 pum,
d = 90 um. It is noted that the lateral unperforated silicon regions are for handling purpose, and

they do not interfere with the guided modes.

slab for the E]; mode. Given properly designed waveguide width, perforation period,
and hole diameter, the waveguide can operate with a single mode over 260 to 400 GHz
(WR-2.8 band) for each polarisation.

Despite their similar appearances, the proposed effective-medium-clad dielectric waveg-
uides are fundamentally different from the photonic crystal waveguides
2015a; Yu et al.,2019e) in terms of operation mechanism (Cheben et al., 2018; Mosallaei
and Rahmat-Samii, 2000b). Specifically, the guidance of the photonic crystal waveguides

relies on the bandgap effects. The bandgap material prohibits propagation modes by
means of interference and thus confines the waves within the core. The realization of

the bandgap materials is based on a variation in refractive indices of two alternating
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dielectric materials with the period equal to or longer than half of the guided wave-
length to cause destructive interference. This guiding mechanism greatly limits the
operation bandwidth, including strong in-band dispersion, and restricting the waveg-
uide to a single polarisation. In contrast, the effective-medium-clad waveguides rely
merely on the total internal reflection owing to the refractive index contrast between the
waveguide core and the claddings. In this case, the purpose of the deep sub-wavelength
perforation is to lower the effective refractive index of the silicon slab to create an
effective medium (Cheben et al., 2018; Birman et al., 2009). As such, we can expect
a vastly extended bandwidth with low dispersion for orthogonal dominant modes.
The considerations for the effective medium and waveguide modal analysis will be
discussed in Sections 2.2.2land [2.2.3

2.2.2 Effective medium

As shown in Fig.[2.1(d), the effective medium claddings are in the form of a hexagonal
array of cylindrical thru-holes perforated into the silicon. The relative permittivity of
the effective medium can be obtained by Maxwell-Garnett approximations (Subashiev
and Luryi, 2006; Birman et al., 2009), which are polarisation-dependent. These approxi-
mations are valid only when the periodicity is subwavelength, where wave diffraction
and scattering are negligible. In this way, the effective medium can be treated as a
homogeneous material with an equivalent anisotropic permittivity tensor (ex, €y, €;)
with respect to the macroscopic electromagnetic field (Cheben et al., 2018; Birman et al.,
2009). Specifically, the relative permittivities for the E-field perpendicular and parallel
to the axis of the cylindrical air hole are defined as €y (€;) and €, respectively. They are

given as (Subashiev and Luryi, 2006)
(eair + €Si) + (eair - eSi)g

€y = €g; , 2.1

* 5 (€air + €51) — (€air — €5i)C @D
€y = €si+ (€air —€si)C, (2.2)
€, = E€x. (2.3)

where € and eg; are the relative permittivities of the air and silicon respectively, while
¢ represents the fill factor of the air volume in silicon. For a hexagonal lattice, the fill
factor can be calculated from (71d?)/ (21/3a%), where d is the diameter of the cylindrical
air hole and a is the period of the lattice. According to Eqs. (2.1)—(2.3), the effective
relative permittivities for both polarisations are monotonously decreasing with the fill

factor and varying between the values of silicon and air.
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2.2.3 Modal analysis

In addition to the subwavelength periodicity, the design process for the effective-
medium claddings needs to account for the following considerations: (i) single-mode
operation for each polarisation (fundamental-mode operation), (ii) wave confinement,
and (iii) structural integrity. Since the cutoff frequencies of the higher-order modes are
affected by the claddings, the effective relative permittivity must be selected properly to
enable a single-mode operation for each polarisation over the desired band. Specifically,
a lower relative permittivity of the claddings would generate a lower propagation
constant thus pushing the cutoff frequencies of higher-order modes upward. To obtain a
well guided wave with its power mostly concentrated within the core, a higher refractive
index contrast between the core and the claddings is preferred (Okamoto, 2007). These
two conditions can be satisfied with an effective medium having a larger portion of air.
As a trade-off, a larger air portion in the claddings compromises mechanical strength of

the platform.

By considering all those factors mentioned above, the periodicity a is selected as 100 ym
in this design, corresponding to about 0.46As;, where Ag; is the wavelength in bulk
silicon at 400 GHz. This estimation is the worst case, since the guided wavelength is
always larger than that in the bulk material. The hole diameter is chosen as 90 ym
generating €, and €, of 2.75 and 3.84 respectively. These effective relative permittivities
are much lower compared with the relative permittivity of bulk silicon of 11.68. In
this work, a hexagonal lattice is adopted for mechanical strength of the platform. It is
noted that given a subwavelength period between adjacent holes, the effective medium
claddings could be defined in any lattice, e.g., hexagonal or square lattice to match the

profile of the waveguide core.

2.2.3 Modal analysis

Marcatili’s theory (Marcatili, [1969) is applied here to investigate the dispersion char-
acteristics of the waveguide, as will be elaborated in Section[3.2.2l According to this
theory, the propagation constant 8, is a function of the operation wavelength A, the
width w and the height & of the waveguide core, as well as the relative permittivities of
the core and effective medium claddings. In the specific design presented in this chapter,
the height of the waveguide core is 200 ym, while its width is selected as 160 ym. Given
the effective relative permittivity tensor of the claddings, the dispersion characteristics
can be theoretically obtained. It is noted that Marcatili’s theory has limitations in accu-

rately predicting the dispersion behaviour of the fundamental modes at low frequencies
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Figure 2.2. Characteristics of the waveguide. Dispersion characteristics for (a) Ej, and (b) E%q
modes. Simulated E-field distributions in linear scale at 330 GHz for (c, €) Ef; and (d, f) EY; modes
in the cross-sectional and top views, respectively. The propagation constants in the case of full-wave
simulation and Eigenmode analysis are obtained from CST Microwave Studio. The propagation

constants for higher-order modes are obtained from Marcatili approximation (Marcatili, [1969)), and

these modes remain below the cutoff in this frequency range.

owing to the mode approximations (Marcatili, [1969). Therefore, Eigenmode analysis

and full-wave simulations are performed in CST Microwave Studios to complement the

analytical results.

As shown in Figs. 2.2(a)—(b), the results from the three approaches for the fundamental
modes are in good agreement, and converge at high frequencies. Within the operation
frequency range from 260 to 400 GHz, the waveguide can work with low dispersion in

single dominant modes for both polarisations. In addition, we can infer that the waves
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are tightly confined, as all the propagation constants for the Ej; and E]{1 modes are well
above the free-space light line. In addition, the higher-order mode appearing above
395 GHz for the horizontal polarisation will not interfere with the dominant modes,
since they have propagation constants below the light line, i.e., the wave confinement is
extremely weak. However, the higher-order mode might cause slight radiation loss and
reduce the waveguide efficiency. In this way, the bandwidth of the waveguide might
need to be reduced to 260-395 GHz in some particular scenarios. The simulated E-field

distributions for both dominant modes at 330 GHz, i.e., at the centre frequency, are
shown in Figs. 2.2)c)-(f).

It is observed that most of the power is concentrated within the waveguide core with
evanescent fields extending a few rows into the claddings as shown in Figs.[2.2(e)—(f).
Based on the dispersion characteristics, the effective modal indices for the two dominant
modes can be obtained. As shown in Fig.[2.3(a), the effective modal index for the Ef;
mode is lower than that for the E}; mode. This disparity results from the differences
between the width and height of the waveguide core and between the in-plane and out-
of-plane claddings (Chrostowski and Hochberg, 2015). Based on these modal indices,
the periodicity of the effective medium amounts to only 0.3A,, where A, is the shortest
guided wavelength at 400 GHz. Derived from the modal indices, the group index for
the Ef; mode is found to be higher than that for the EY; over 260-335 GHz, while the
trend inverses over 335-400 GHz as shown in Fig.[2.3(b).

The calculated 3-dB dispersion bandwidths based on the group delay (Agrawal, 2012)
of a 3 cm-waveguide for both the E¥; and EY; modes are shown in Fig. c). Owing
to the low dispersion, the 3-dB bandwidth for each carrier frequency is high, i.e., the
waveguide can support high-speed communications with ultra-broad bandwidth. The
3-dB dispersion bandwidth ranges from 80 to 185 GHz for the Ej; mode, while it
varies from 80 to 190 GHz for the E]; mode over the entire frequency range. The
discrepancies of the bandwidth for the two modes are due to a slight difference in
the dispersion characteristics. Compared to the bandwidth-enhanced photonic crystal
waveguide (PCW) (Yu et al.,2019e), the calculated 3-dB dispersion bandwidths of the
proposed waveguide are much higher. This performance improvement is attributed to

its extremely low in-band dispersion.
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Figure 2.3. Simulated dispersion characteristics. (a) Modal indices, (b) group indices, and
(c) calculated 3-dB dispersion bandwidth for the effective-medium-clad waveguide and photonic

crystal waveguide. The lengths of the effective-medium-clad waveguide and the bandwidth-enhanced

photonic crystal waveguide (Yu et al} [2019¢|) for 3-dB bandwidth calculation are 3 cm.

2.3 Experiments

To validate the design, waveguide samples with lengths of 1, 2 and 3 cm have been
fabricated. The samples are obtained from a 4-inch intrinsic float-zone silicon wafer
with a thickness of 200 ym and a resistivity of 20 k()-cm. The fabrication is based on a
standard deep reactive-ion etching (DRIE) process. The waveguide core with height
of 200 ym and width of 160 ym is surrounded by the effective medium claddings that
are made of cylindrical air holes in a hexagonal lattice with period of 100 ym and hole
diameter of 90 ym. As mentioned earlier, the solid outer claddings are for handling
purposes and do not interfere with the guided waves. To test the mechanical strength

of the samples, the cladding on each side contains 24 rows of holes as shown in Fig.
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Figure 2.4. Fabricated effective-medium-clad dielectric waveguide. (a) 1 cm waveguide sample,

and (b) magnified view of the effective-medium claddings. The design parameters are given in the

caption of Fig. R}

The fabricated samples with various lengths show good mechanical strength. However,
such a row number is excessive, because the cladding size must be designed with the
considerations of wave confinement, structural compactness and mechanical strength.
As shown in Figs. e)—(f), a minimal number of rows of around three is sufficient to
accommodate the evanescent fields. It is noted that in measurement the impact of the
feeding waveguide on coupling cannot be neglected, and in this case, seven rows of

holes for the cladding are preferred.

2.3.1 Transmission measurements

As shown in Figs. a)—(b), the transmission measurements are carried out using
a terahertz electronic system. The continuous wave electronic source is constructed
from a millimetre-wave signal generator and a nine-fold frequency multiplier. On the
receiver side, a frequency mixer downconverts the terahertz signal to the intermediate
frequency (IF) at 404.4 MHz by mixing with a local oscillator (LO) signal generated from
the spectrum analyser. This setup works in the frequency range from 260 to 390 GHz.
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SG  Multiplier x9

Sample

SA

WR-=3'hollow \waveguides

(b)

Figure 2.5. Transmission measurement setup. (a) Block diagram, and (b) actual setup. SG:
signal generator, SA: signal analyser, THz: terahertz frequency, LO: local oscillator, IF: intermediate
frequency. The present setup is for the Ef; mode measurement, while the E%l mode can be measured

by rotating the waveguide sample by 90° with respect to the propagation axis.

The system is equipped with WR-3 hollow metallic waveguide ports. Thus, to enable
efficient transition, the tapered structures are inserted into the rectangular waveguides,
so that the modes can couple between the hollow waveguides and the sample. In this
way, a dielectric waveguide sample positioned between the transmitter and the receiver

can be measured with minimal coupling losses.

The transmission coefficients |Sy;| of the fabricated waveguides displayed in Fig.
for both polarisations are measured with the waveguide length varying from 1 to 3 cm
as shown in Fig. The measurements agree well with the simulations in terms
of the transmission levels. From the results shown in Figs. 2.6(c)- (d), the measured
transmission for the Ef; mode for each length varies from —2.5 to —0.1 dB over 260 to
390 GHz and from —2 to —0.05 dB for the EY; mode over the band. Both the simulated
and measured transmission levels are lower at the lower frequencies because of the
higher coupling losses caused by the slight impedance and mode mismatches between
the sample and the feed. Due to the evanescent fields of the dielectric waveguide,
the transmission measurements are highly sensitive to the alignment with respect to

the feeding hollow waveguides. Despite the aid of micromechanical positioners in
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Figure 2.6. Transmission and attenuation coefficients of the waveguides. (a, b) Simulated,
(c, d) measured transmission coefficients, and (e) simulated and measured attenuation coefficients
extracted from (a—d). The EY; and E], modes are represented in (a, c) and (b, d), respectively. A
realistic loss tangent of 3 x 10> for the silicon is used in full-wave simulation by CST Microwave

Studio.

the alignment, the measured transmission profiles exhibit larger fluctuations than that
of simulations, while the details of the transmission sensitivity to the misalignment
can be found in Appendix [A] In view of this fact, we conclude that the attenuation

of the waveguide is too small to be extracted directly, but can be approximated by
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comparing and averaging the losses of waveguides with multiple lengths. As shown in
Fig.[2.6(e), the simulated attenuation coefficient varies from 0.003 to 0.055 dB/cm for
the EY; mode, while it ranges from 0.003 to 0.048 dB/cm for the E}; mode over 260 to
400 GHz. However, the measured attenuation coefficient varies from 0.01 to 0.09 dB/cm
for the E{; mode, and from 0.01 to 0.07 dB/cm for the E%l mode over 260 to 380 GHz

with an average value of around 0.05 dB/cm.

This level of loss for the proposed effective-medium-clad waveguides is comparable to
the extremely low-loss photonic crystal waveguides (Isuruda et al.,2015a; Yu et al.,2019¢)
and bare high-resistivity dielectric waveguides (Malekabadi et al., 2014), which exhibited
less than 0.1 dB/cm attenuation over their operation band. However, the loss of the pro-
posed waveguides is more than one order of magnitude lower than a commercial WR-
2.8 rectangular waveguide (0.287 — 0.436 dB/cm) (VDI, 2010). In addition, the radiation
loss caused by a 90° bending with a radius of 2 mm is simulated in CST Microwave
Studio. An average bending loss of less than 0.1 dB per bending for the two modes is
achieved over 310-400 GHz and it is comparable to that of the photonic crystal waveg-
uide (Tsuruda et al., 2015a) with a bending loss of about 0.2 dB per bending around
323-331 GHz. However, at the lower frequencies from 260 to 310 GHz, the bending
loss varies from 5.5 to 0.5 dB per bending for the Ef; mode and from 3.1 to 0.1 dB per
bending for the E}{l mode. The higher bending losses can be compensated by increasing
the bending radius at the expense of structural compactness. A comparison between
the proposed dielectric interconnect and other guiding structures based on microwave
and photonic technologies is shown in Table The comparison demonstrates that at
terahertz frequencies the proposed waveguides exhibit broad bandwidth, low loss, and

low dispersion, while supporting two orthogonal fundamental modes.

2.3.2 Communications measurements

To validate the waveguide performance in terahertz communications, bit-error-rate test-
ing experiments are performed and an uncompressed 4K-resolution video transmission
is demonstrated. A diagram of the measurement system is shown in Fig On the
transmitter side, two tunable near-infrared laser sources generate a beat optical signal
that is modulated with the signal from a pulse-pattern generator or a 4K-resolution
video player. Amplified by the EDFA, the modulated signal is down-converted to the
terahertz signal by a UTC-PD and then coupled to the dielectric waveguide through a

WR-3 hollow waveguide. On the receiver side, a SBD is used to retrieve the modulating
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Table 2.1. Comparison of interconnects inspired by microwave and photonic technologies .

Frequency Bandwidth® Losses Dispersions Modes Integrability

(GHz) (dB/cm)

Microwave-based

Coplanar waveguide 1 200-400P - 5-22 Low Quasi-TEM Yes
Metallic microstrip line(Murano et al. 220-330° - 3.7-5.0 Low  Quasi-TEM Yes
Commercial hollow waveguide 260-400 42.4% 0.287-0.436 High TEqo No
SIIG waveguide (IPatrovsky and Wul |2006+ 83-99 17.6% 0.45 Low EY, Yes
SIIG waveguide (Taeb et al.| 2016a) 110-170 42.9% 0.35 Low EY, Yes
Photonics-based

Dielectric microstrip line (Zhu et al.”m 750-925 20.9% 0.23-1.2 Low E{| Yes
SOI waveguide (Amarloo et al.| 2018) 500-580  14.8% 0.46 Low E%, Yes
PC waveguide (Yu ef al 2019) 324-361 10.8% <01 High TE Yes
Ribbon waveguide 4Ma1ekabadi et al. ”2014} 140-220 44.4% 0.087 Low Ef, and E}, No
This work 260-400 42.4% 0.05 Low Ef, and E{l Yes

2 The bandwidth is for dominant modes.

P The frequency range is limited by the bandwidth of measurement system.

Sample
Attn WR-3 WR-3
|
UTC-PD SBD |
EDFA ,
Optical Laser 1 Pre-amp
coupler 19543 THz
MZM [ Laser 2 Limiting amp
193.200 THz
Scope
Amp PPG '
i BERT |
Signal 4K video 4K TV Signal
convertor player convertor

Figure 2.7. Communications measurement diagram. PPG: pulse-pattern generator, Amp:
amplifier, MZM: Mach-Zehnder modulator, EDFA: erbium-doped fibre amplifier, Attn: attenuator,
UTC-PD: uni-travelling carrier photodiode, WR-3: WR-3 hollow waveguide, SBD: Schottky barrier

diode, Scope: oscilloscope, and BERT: bit-error-rate tester.

data from the received terahertz signal. The data signal is then reshaped by a pream-

plifier and a limiting amplifier. The data quality is then measured by a bit-error rate

Page 40



Chapter 2 Effective-medium-clad dielectric waveguides: A proof of concept

w
o

~""|(a N S
Q ( ) /Q.o foR¥e} o._O.O_Q
e} L
920& O"o"o ONQ.
2 o
o A
< 10F °
©
(m]

0

300 330 360 390

Frequency (GHz)

20 ps () 50ps (d)
385 GHz

50 ps
300 GHz 335 GHz

' uTC-PD SBD |
: TS cm sample T

- p

[ W S 88 5

RENE \

WR-3/hollow waveguides

Figure 2.8. Communications measurement results. (a) Measured error-free data rate as a function
of frequency over 300 to 385 GHz. The results are discrete and the lines are for visual guidance.
Eye diagrams at the carrier frequencies of (b) 300 GHz (20 Gbit/s), (c) 335 GHz (28 Gbit/s), and
(d) 385 GHz (10 Gbit/s). (e) Uncompressed 4K-resolution video transmission demonstration (See

Visualization).

tester and an oscilloscope, while for the uncompressed 4K-resolution video transmis-
sion measurement, the signal can be displayed on a 4K television after a digital signal

converter.

A bit-error-rate test is conducted with a 3-cm waveguide sample for the E{; mode over
300 to 385 GHz. As shown in Fig. [2.§(a), the error-free data rate is reasonably stable
over a relatively wide bandwidth (310-370 GHz), which is attributed to the extremely
low loss and low dispersion of the waveguide. At 335 GHz, the maximum measured
data rate of 28 Gbit/s is achieved corresponding to the highest 3-dB bandwidth shown
in Fig. 2.3(c). The measurable maximum data rates are limited by the bandwidths

of various components in the measurement setup. Specifically, the degradations of
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the data rate at lower and higher frequencies are due to the roll-off effects of the uni-
travelling carrier photodiode (UTC-PD) and Schottky barrier diode (S5BD). Meanwhile,
the eye-diagrams have clear opening as shown in Figs. 2.§(b)-(d) for 330, 335 and
385 GHz. An uncompressed 4K-resolution video transmission is performed as shown in
Fig.[2.8(e). It demonstrates that the proposed waveguide can support a real-time uncom-
pressed 4K video data transmission at the speed of 6 Gbit/s. The 3-cm sample in this
study is mainly for a proof of the concept, and this type of waveguide is not intended
for long-range transmission. The proposed interconnects are rather for a terahertz inte-
grated platform or frontend to accommodate various passive and active components for
different terahertz applications. For example, such a frontend can be used to interface

with wireless and fiber links similar to the photonic crystal waveguide (Yu et al., 2019d).

2.4 Conclusion

A design of low-loss, low dispersion dielectric waveguides based on effective medium
claddings has been proposed. The waveguides are created from a single silicon wafer
and do not include other materials. The effective medium claddings enable a self-
supporting and integrated platform while yielding a totally different guiding mech-
anism compared with photonic bandgap claddings. The designed waveguides can
support fundamental modes for each polarisation namely the E¥, and the E}; modes
over 260 to 400 GHz, which is equivalent to a relative bandwidth of 42.4%. An average
measured attenuation coefficient of around 0.05 dB/cm is achieved for both Ef; and
E], modes over the operation frequency range. To characterize the transmission and
communications performance, waveguide samples with various lengths have been
fabricated. The measurement shows a system-limited maximum error-free data rate
of 28 Gbit/s at 335 GHz. Importantly, the proposed waveguide delivers much needed
bandwidth, dispersion, and mode orthogonality that are not available from photonic
crystal waveguides. With demonstrated performance and form-factor, the proposed
waveguide concept can be used as a platform to accommodate various passive/active
devices in future terahertz more general systems (Withayachumnankul et al., 2018a;
Yu et al.,[2019a)b). The concept of the waveguide is applicable to operation at infrared

and optical frequencies.
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Analysis of
effective-medium-clad
waveguides and peripherals

HIS chapter extends the investigations of the effective-medium-

clad dielectric waveguides by analysing their dispersion, cross-

polarisation, and crosstalk, as well as the characteristics of bends
and crossings over an operation frequency range of 220 to 330 GHz (WR-
3.4 band). Taking the Ej; mode as an example, the experimental results
show an average measured attenuation coefficient of 0.075 dB/cm and a
group velocity dispersion ranging from around 10 ps/(THz - mm) across
the whole band. A crosstalk level below —10 dB is measured for parallel
waveguides with a separation of 0.521¢ and a coupler length of 1.2 cm at
300 GHz. The realised waveguides show a bending loss ranging from 0.500-
0.025 dB per bend and a crosstalk at crossing below —15 dB from 220 to
330 GHz. Due to the different dispersion characteristics, the E% mode has
similar performances but with its operation frequency range reduced to
260-330 GHz. Limited by the measurement setup, a cross coupling between
the Ef, and the EY; modes is measured to be below —20 dB over the whole
band. This in-depth investigation of effective-medium-clad waveguides will

form a basis for terahertz integrated platforms.
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3.1 Introduction

Chapter [2| has presented a type of substrate-free dielectric waveguides cladded by
in-plane effective media, which are defined by sub-wavelength periodic perforations.
Accordingly, the relative permittivity of the cladding can be controlled by designing
the perforations. The waveguides can then be solely built into a single high-resistivity
float-zone silicon wafer and thus achieve extremely low loss and low dispersion over
260 to 400 GHz. It has been demonstrated that a straight waveguide could carry
terahertz communications signals with a data rate up to 30 Gbit/s. The preliminary
investigation focused on the transmission of the straight waveguides. This chapter
comprehensively investigates the dispersion, cross-polarisation, and crosstalk of this
waveguide type over the frequency range of 220 to 330 GHz (WR-3.4 band). It is noted
that the WR-3.4 band is selected mainly because it aligns with an atmospheric window
with minimum terahertz wave attenuation, which is beneficial for communications
applications (Nagatsuma et al., 2016). Modal characteristics are discussed, and the
design process is generalised. Furthermore, the waveguide bends and crossings are
implemented and characterised. Such comprehensive investigations are critical to the
development of a terahertz integrated platform. In Section 3.2, the waveguide design is
discussed in terms of the modal analysis and parametric studies. Section [3.3]discusses
the characteristics of the waveguides in terms of dispersion, cross-polarisation, crosstalk,
bending loss, and crosstalk in parallel and intersecting waveguides, together with the

experimental results, while concluding remarks are given in Section

3.2 Design principle

3.2.1 Overview

The various components demonstrated and characterised in this chapter are developed
based on the straight interconnect shown in Fig.[3.1(a), which consists of a waveguide
core surrounded by in-plane effective-medium claddings (Gao et al., 2019). The waveg-
uide is monolithically made of a single silicon wafer with the resistivity of >10 kQcm
and relative permittivity eg; of 11.68 to achieve extremely low loss and low disper-
sion. The effective media are defined by periodically perforating the silicon slab in
an hexagonal lattice as shown in Fig. B.I(b—c), with the perforation period being in

the deep subwavelength region, i.e, the period a is markedly smaller than the shortest
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Figure 3.1. Schematic of the effective-medium-clad dielectric waveguide operating over 220
to 330 GHz. (a) Perspective view with instantaneous E-field distribution of a straight waveguide
operating at 275 GHz. (b) Magpnified view of the waveguide core and the in-plane effective medium
claddings. (c) Magnified view of the hexagonal lattice of the effective medium cladding with perforation
period 2 = 100 ym, and hole diameter d = 90 um. The perforation period a is 0.17A¢ and 0.25A
where A and Ay are the guided wavelengths at 275 GHz and 330 GHz. The waveguide is built
into a high-resistivity silicon wafer with a thickness & = 200 ym. The waveguide core width is
w = 240 um. The unperforated silicon slab is for handling purpose, while the taper structures are for

mode transition between the sample and the feeding hollow waveguides in measurements.

guided wavelength A, , over the operation frequency range. It is noted that these effec-
tive medium cladding materials are physically completely different from the bandgap
materials whose perforation period is defined in the Bragg reflection region
laei and Rahmat-Samii, 2000a; (Cheben et al., 2018). Because of the small scale of the
period, the effective medium can be treated as a homogeneous material with its rela-
tive permittivity designable between that of air and bulk silicon (Cheben et al.| 2018),

while the anisotropic permittivity tensor is dependent on the polarisation and can be

obtained according to the Maxwell-Garnett effective medium theory (Subashiev and|
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Luryi, 2006; Birman et al., 2009). The contrast in the relative permittivities between
the core and the claddings allows waveguiding through total internal reflection. Ear-
lier realisations of effective medium theory in the terahertz regime can be found in
tibers (Hassani et al., 2008 Ma et al., 2015), flat optics (Guerboukha et al., 2019), and
integrated optics (Withayachumnankul ef al., 2018a;|Headland et al., 2018b, 2020a).

3.2.2 Modal analysis

Marecatilli’s theory is employed to investigate the dispersion characteristics of the waveg-
uide platform (Marcatili, 1969). As shown in Fig. a—b), the cross-sectional view of a
straight waveguide can be divided into five regions, where the waveguide core is in
the center surrounded by the vertical air claddings and horizontal effective medium
claddings. The relative permittivities for the silicon core and the air are e€5; = 11.68 and
€air = 1.0 respectively. The relative permittivity for the effective medium is defined
as a tensor (ey, €y, €;) depending on the polarisation of the wave with respect to the
hole array as shown in Fig.[3.2(c). According to the effective medium theory (Subashiev
and Luryi, 2006} Birman et al., 2009), these relative permittivities can be obtained by
Maxwell-Garnett approximations as shown in Eqs. 2.1)-(2.3). In this way, apart from
varying the core dimensions, the modal index of the waveguide can be designed by
changing the configuration of the hole array namely (4, d) without introducing any
other additional materials or structures, where a is the period of the lattice and d is the
diameter of the cylindrical air hole. Such a feature benefits the structural simplicity and

design flexibility.

Marecatilli’s theory assumes that most of the power is concentrated within the core
with the evanescent fields exponentially decaying into the claddings with a minor
penetration depth, while there is no electromagnetic field in the shaded areas as shown
in Fig. B.2(b) (Marcatili, 1969). To match these boundary conditions, two families of
modes namely E; and E%q are introduced with their polarisations corresponding to Ey
and E, respectively. Based on these assumptions, and by solving the Maxwell equations,

X

the propagation constants f; for the E;; modes can be derived as (Marcatili, [1969)
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Figure 3.2. Analysis of the straight waveguide. (a) Perspective view of the effective-medium-clad
waveguide. (b) Cross-sectional view revealing the approximated boundary conditions. It is assumed
that most of the power is concentrated within the core with the evanescent fields in the claddings with
a short penetration depth, while there is no electromagnetic fields in the shaded regions. (c) Definition

of polarisation relative to the cylindrical hole.
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Similarly, the propagation constants 7 for the E%q modes can be derived as 1
1969)

(3.3)

2 2
Bl = VR -k -k, (3.4
-1
K= E<1+ d ) : (3.5)
@ ww,/ (€si — €y)
4 -1
o= 714 Cair® . 3.6
Y h < weSih‘v €si — €air ( )

Here, p and g are integers denoting the mode order, while c and w represent the speed of
light in free space and angular frequency respectively, w and & are the width and height

of the waveguide core, and ks; = w,/€si/c is the wavenumber in silicon. Given €,jr
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and eg;, the propagation constants will be dependent on w, h, a and d. Accordingly, the
waveguide bandwidth for the dominant modes can be adjusted by properly selecting

those parameters.

3.2.3 Parametric study

To enable the waveguide platform to operate over the designated band from 220 to
330 GHz with fundamental dominant modes, i.e., the Ef; and E% modes, the effects
of waveguide dimensions on dispersion characteristics are investigated based on the
modal analysis described above. An attention will be on higher-order modes that can
degrade the waveguide performance in terms of modal dispersion and propagation
loss (Selvaraja and Sethi, 2018). Specifically, the higher-order modes have different
propagation constants with respect to the fundamental modes at a given frequency,
thus increasing the modal dispersion, and reducing the communications bandwidth.
Compared to the fundamental modes, the higher-order modes are loosely confined, and
the power carried by the higher-order modes is more susceptible to radiation especially
at waveguide bends, thus increasing the propagation loss. In addition, the extended
evanescent fields of the higher-order modes will increase coupling between waveguides,

thus forcing a reduction of the circuit density.

Waveguide core width w and height &

According to Marcatili’s theory (Marcatili, (1969), the maximum thickness of a slab
waveguide immersed in air to support only the fundamental modes is imax = Ag/ (2
€si — €air), Where Ag is the shortest operation wavelength in vacuum, while eg; and
€air are the relative permittivities of silicon and air. In this case, Ag = 909 ym the
wavelength at 330 GHz is selected, and given e5; = 11.68 and €,j; = 1, the initial value
of h is obtained as 139 ym. For the waveguide width w, the starting value can be
any value larger than 0, and a straightforward value is to select w = h for symmetric
considerations to support both fundamental orthogonal modes. However, from the
initial investigations, it is found that the waves at lower frequencies are not well guided
with such waveguide core dimensions. Therefore, we increase h and w to 200 ym
as the starting values. It is noteworthy that the increasing thickness could result in
higher-order modes for a slab waveguide, where the width is infinity. However, for

a dielectric waveguide, the higher-order modes are determined by the combination

Page 48



Chapter 3 Analysis of effective-medium-clad waveguides and peripherals

X y
EI—"] EP‘I

ww=280pm @] [® 7
aw=240pm .- | |
20te w=200 pm---" b e

0 . . R R R . . . Zemmcr”
220 240 260 280 300 320 220 240 260 280 300 320
Frequency (GHz)
--------- Light line in bulk silicon - — Free-space light line

Figure 3.3. Dispersion characteristics based on Marcatilli’s theory. The dispersion characteristics
are achieved by varying waveguide core width w, height /i, and hole diameter d of the effective
medium claddings for (a,c,e) Ei,‘q and (b,d,f) E%q modes. The nominal values for the waveguide core

width w, height h, perforation period a, and hole diameter d are 240 ym, 200 ym, 100 um, and

90 pm, respectively. The investigations are based on Marcatili's theory (Marcatili} [1969)).

of core width and height together with the relative permittivities of the surrounding
claddings. Thus, such a selection of w and / allows the proposed waveguide to operate

in fundamental modes for the initial parametric study.

To investigate the effect of w on the dispersion characteristics, h is selected as 200 ym as
discussed above. The cladding period a and the hole diameter d are selected as 100 ym

and 90 ym, so that a is about 0.375A 330, where A, 339 is the wavelength in bulk silicon
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at 330 GHz. Based on the Egs. and (2.2), this configuration generates effective
relative permittivities €, and €, of 2.75 and 3.84, which are both much smaller than that
of silicon. As shown in Fig.[3.3(a), the propagation constant of the Ef; mode increases
steadily when w varies from 200 to 280 ym. It is noticed that when w is 200 ym, B}
is below the free-space light line at lower frequencies. This is not physical but arises
from the calculations due to the approximations of the boundary conditions. In reality,
the propagation constant converges to the free-space light line at low frequencies, thus
indicating that the wave is loosely confined (Gao et al., 2019). Thus, a larger w is
preferred to improve the wave confinement at lower frequencies. However, when w
further increases, the second-order mode Ej3; can be observed at higher frequencies,
and could lead to mode conversion. On the other hand, for the Ejl/1 mode, as shown in
Fig.[.3(b), a wider waveguide core does not significantly improve the wave confinement
at lower frequencies, but results in an earlier appearance of second-order mode Ej; at
higher frequencies. Therefore, considering the trade-offs between the wave confinement
and the presence of higher-order modes for both polarisations, w is selected as 240 ym,

in spite of the Egl mode.

It should be noted that, while sacrificing some accuracies at lower frequencies, the anal-
ysis based on Marcatili’s approximations is beneficial to accurately and rapidly estimate
the appearance of higher-order modes at higher frequencies. This high-frequency part

is crucial to designing a waveguide operating only at its fundamental dominant modes.

To investigate how the waveguide core height affects the dispersion characteristics,
h is increased from 160 to 240 ym, while w is set as 240 ym with the same cladding
parameters as in the width study. As shown in Fig. c), the E;, mode is less sensitive
to a change in the height with E{, mode appearing above 300 GHz when & increasing
to 240 ym. By contrast, as shown in Fig. d), the E%q mode varies more significantly
with /1, where the second-order mode appears with i growing from 160 ym to 240 ym.
To achieve the fundamental-mode operation with good wave confinement for both

polarisations across the whole band, the value for / is selected as 200 ym.

Perforation period 2 and hole diameter d of the claddings

The criteria for selecting the perforation period a of the cladding are based on two
considerations. Firstly, for the upper boundary, 2 must be in the deep subwavelength
region across the whole band, so that the perforated silicon behaves as a homogenous

material. Secondly, for the lower boundary, the dimension of a needs to be larger than
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the feasible hole size d, which is informed by a fabrication limit of around 20 ym for a
standard deep reactive-ion etching (DRIE) process. However, if the period a is close to
20 pm, the varying range of d is limited, thus limiting the possible range of the relative
permittivity for the effective medium claddings. Therefore, in this work, we select a
as 100 ym, which is around 0.28Agx and 0.25A¢ y at 330 GHz, where Agx and Agy are
the guided wavelengths for the Ef; and EY; modes, respectively. Such a selection of a
does not only meet the criteria mentioned above, but also enables the effective relative
permittivity of the claddings to be designable in a reasonable range. Specifically, with
a fixed as 100 um, the effective relative permittivity tensor (e, €y, €;) can be tailored
from (10.98,11.29,10.98) to (2.75,3.83,2.75) by increasing the hole diameter from 20 to
90 pm. Thus, with fixed waveguide core dimensions, by varying the hole diameter of
the effective medium cladding, the modal index of the waveguide can be designed in a

wide range to adapt to various scenarios for future applications.

It is seen in Figs. e)—(f), that the propagation constants for both E¥; and E]; modes
increase when d decreases from 90 to 70 ym. This phenomenon means that a higher
volume percentage of silicon in the effective medium claddings leads to the mode
approaching that in a slab waveguide. To enable a better wave confinement to the core,
a larger refractive index contrast between the core and the claddings is preferred with
a larger hole diameter d. However, to ensure the mechanical strength and structural
integrity of the waveguide, d can not be too large, and is therefore selected as 90 ym. It is
noteworthy that a small fabrication tolerance of d has a minor impact on the dispersion

characteristics.

3.3 Characteristics of waveguide

In this section, the characteristics of straight waveguides are investigated including
transmission, dispersion, cross polarisation, and crosstalk between two parallel waveg-
uides. In addition, the loss due to waveguide bends and the leakage at crossing waveg-
uides are studied. As illustrated in Fig. the straight waveguides are solely built into
a single high-resistivity float-zone silicon wafer with a thickness of 200 ym, resistivity of
>10 kQem and relative permittivity of 11.68. According to the analysis in Section 3.2} to
maintain fundamental dominant modes for both polarisations, the width w and height
h of the waveguide core are 240 and 200 ym, while the perforation period 2 and hole

diameter d are selected as 100 ym and 90 ym. To avoid the unperforated slab interfering
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Figure 3.4. Fabricated straight waveguide at WR-3.4 band. (a) 3-cm straight waveguide sample.
(b) Microscope image around the core. The dimensions of the waveguide core and effective medium

are given Fig. B:I} Each taper is with the length of 3 mm.

with the propagating waves, twelve rows of holes are employed on each side of the
in-plane claddings. The fabrication is based on the standard deep reactive-ion etching
(DRIE) process. The simulation is performed with CST Microwave Studio 2019. A
realistic loss tangent of 3 x 10~° for silicon is adopted in CST full-wave simulations. In
the simulation, the waveguide under test is excited by the WR-3.4 rectangular hollow
waveguides into which the tapered ends are inserted, as visible in Fig. [3.4(a). The
measurements are carried out by using a Keysight PNA with VDI WR-3.4 extension
modules spanning 220-330 GHz. As shown in Fig. the samples are fed in the
same way as in the simulations. While the samples are fixed onto the holder at the
unperforated silicon slab, the waveguide core and the claddings are exposed to the
air, so that there is no field disturbance in the y-direction. To realise the integration for
future applications, a hollow package is proposed, and a possible implementation can

be found in Appendix B|together with simulated results.

3.3.1 Transmission

To investigate the transmission and attenuation coefficients of the straight waveguides,
samples with lengths of 1, 2, 3 and 5 cm are measured. From the measured results

illustrated in Figs. a)—(b), the transmission coefficients for the E{; mode amount
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Figure 3.5. Measurement setup. For the Ei’l mode measurement, the sample is fed by straight
WR-3.4 rectangular waveguides, while for the E{; mode measurement, extra WR-3.4 twist waveguides
are added to rotate the polarisation. The opening of the hollow waveguide measures 431.8 um by

863.6 um.

to around —1 dB, while the EY; mode shows higher loss. As shown in Fig. a), the
measured transmission level of the 2-cm sample is lower than that of the 3-cm one for
the E{; mode. This is mainly caused by the waveguide-feed alignment that is more
challenging for shorter waveguides due to the clearance for observation and manipula-
tion. The measured transmissions for both orthogonal modes are in good agreements
with the simulations shown in Figs. c)—(d). The decrease of the transmission level at
lower frequencies for both modes is mainly attributed to (i) the coupling loss due to
mode mismatching with the feeding hollow waveguides as detailed in Appendix
and (ii) the relatively low propagation constants resulting in weaker wave confinement
as discussed in Section The transmission level appears lower for the E}{1 mode due

to weaker confinement.

The relatively stronger fluctuations in the measurements represent standing waves

caused by the misalignment between the inserted tapers and the feeding hollow waveg-

uides (Gao et al., 2019). As such, the attenuation coefficients cannot be accurately

extracted from the measurement directly, but reliable values can be obtained by cross-
comparing and averaging the results from multiple waveguide lengths. As shown
in Fig. e), for the Ef; mode, the simulated attenuation coefficients shows an aver-
age value around 0.03 dB/cm, while the measured attenuation coefficients is with an
average value about 0.075 dB/cm across the band. The loss level is more than one
order of magnitude lower than that of the commercial WR-3.4 rectangular waveguides
with the attenuation coefficient ranging from 0.308-0.214 dB/cm 2010). However,
as shown in Fig. f), for the E%l mode, the simulated attenuation coefficients are
with an average value of 0.185 dB/cm over the frequency range of 220 to 330 GHz,
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while the measured attenuation coefficient has a higher average value of 1.225 dB/cm
over the frequency range of 220 to 260 GHz, and an average loss of 0.135 dB/cm over
260 to 330 GHz. The relatively greater discrepancies between the measurements and
simulations at the lower frequencies for the E% mode are mainly due to the loosely
confined waves that are more sensitive to the sample alignment. Similarly, the coupling
loss between the proposed dielectric waveguide and a WR-3.4 hollow waveguide is

also related to the wave confinement and sample alignment, and it can be found in

Appendix

3.3.2 Dispersion

The dispersion characteristics of the straight waveguides are simulated and measured
as shown in Figs. B.7(a)—(b). The propagation constants f, for both simulation and
measurement are derived from the unwrapped phase of the waveguides with multiple
lengths. To prove the accuracy of the derivation, a port-mode simulation is also con-
ducted and given. As shown in Fig. the measured dispersion curves overlap with
the simulated ones for both of the E}; and the EY; modes. While the curves exhibit the
same slopes, the dispersion curves derived from the unwrapped phase have an offset

with respect to the port-mode ones due to phase ambiguities.

Accordingly, as illustrated in Figs. [3.8(a)—(b), the group velocities for the two fundamen-
tal modes are calculated based on the dispersion characteristics shown in Fig. The
measured group velocity varies lightly across the whole band for the Ef; mode, while it
has a relatively larger slope at low frequencies for the E}; mode. All the measured results
agree well with the simulations, and the slight discrepancies are due to the fabrication
and measurement tolerances. Based on the group velocities, the group velocity disper-
sions (GVD) are derived as shown in Figs. c)—(d). For the Ef; mode, the measured
GVD varies between +10 ps/(THz - mm) representing a low dispersion over a broad
band. However, for the EY; mode, the measured GVD changes relatively significantly
over the operation frequency range. According to the discussions in Section to
reduce the dispersion of the Efl mode, a thicker waveguide core is required depending
on the specific applications. However, a thicker waveguide could invoke higher-order
modes for both polarisations and would require a modification of the waveguide width
to suppress these higher-order modes. Here, with a fixed cladding configuration, in
the simulation we increase the waveguide thickness from 200 to 250 ym, and decrease
the waveguide width to 225 ym. As shown in Fig. with the waveguide thickness
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Figure 3.6. Transmission and attenuation coefficients of the straight waveguides. Measured
(a—b) and simulated (c—d) transmission coefficients for straight waveguides with various lengths for
E, and EY; modes, and simulated and measured attenuation coefficients for (e) E, and (f) EY,

modes that are extracted from (a-d). The loss tangent of silicon adopted in the CST full-wave

simulations is 3 x 107°.

increasing, the simulated GVD for the E}; mode approaches 0 ps/(THz - mm) across
the whole frequency range.

3.3.3 Cross polarisation

To ensure polarisation purity, the cross coupling between the Ef; and E‘ll/1 modes are

investigated. The measurements are carried out as shown in Fig. where the sample
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Figure 3.7. Dispersion characteristics of the straight waveguides. Simulated and measured
dispersion characteristics for (a) the EY;, and (b) the E}; modes. The port-mode results are obtained
by full-wave port-mode simulation in CST, while the simulated and measured propagation constant

B are derived from the unwrapped phase of the waveguides with multiple lengths.

is fed with Ey polarisation, and the E, polarisation is measured at the receiver side.
The waveguide samples with lengths of 1 and 3 cm are measured with the resulting
transmission coefficients as shown in Fig. The average value for the 1-cm sample
is around —20 dB, while it is about —30 dB for the 3-cm sample. In the ideal case, cross-
polarisation conversion is non-existent (negative infinity in dB), as can be understood
from symmetry considerations. However, the presence of cross-polarisation can be
explained by several factors such as the imperfections in the waveguide samples, and
the sample misalignment relative to the feeding waveguides. To investigate the effects of
the misalignment on the cross polarisation, a 1-cm waveguide is simulated with 1 degree
rotation around the z-axis relative to the hollow waveguides. As shown in Fig. the
simulated cross-polarisation coefficient for the imperfectly aligned waveguide almost
overlaps with the measured result. It is confirmed that a slightly imperfect alignment
introduces observable cross polarisation. However, such a low level of cross coupling is

not expected to impact the operation of the waveguide in most applications.

3.3.4 Crosstalk between parallel waveguides

For terahertz integrated circuits, it is important to ensure that signals in adjacent traces
will not interfere with each other. To investigate the minimum clearance between
straight waveguides, we have implemented two sets of parallel straight waveguides

with a coupling length of /. = 12 mm. Each pair is separated by five or seven rows of
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Figure 3.8. Group velocity and group velocity dispersion (GVD). Simulated and measured group

velocities of (a) Ef;, and (b) EJ, modes. The group velocities are calculated from the dispersion

characteristics shown in Fig. To remove the noise, fifth-order polynomial curve fitting is carried

on the dispersion characteristics. Simulated and measured group velocity dispersions of (c) the Efj,

and (d) the E%l modes. The group velocity dispersions are derived from group velocities shown in

(a)=(b).
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Figure 3.9. Simulated GVD for the E% mode with increasing waveguide thickness. To suppress

the high-order modes for both polarisations, the waveguide width is reduced to 225 ym.
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Figure 3.10. Cross polarisation measurement setup. At the excitation port on the left, a
WR-3.4 twist waveguide is adopted for E, polarisation, while at the receiving port, a WR-3.4 straight

waveguide is implemented for E, polarisation.
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Figure 3.11. Simulated and measured transmission coefficients for the cross polarisation of
straight waveguide samples. An artificially misaligned waveguide is simulated for comparison. In
simulation, the polarisation for the excitation port is E,, while at the receiving port, the polarisation

is Ey.

perforations, or 0.35 mm and 0.52 mm respectively as shown in Figs.[3.12(a)—(c). One
fabricated sample is shown in Fig.[3.12(d).

From the theory of directional couplers, a pair of dielectric waveguides is able to
accommodate symmetric or antisymmetric mode, while the coupling coefficient be-
tween the waveguides should decrease exponentially with the ratio of g/, where g

is their separation, and ¢ is the 1/e evanescent field penetration depth in the in-plane

claddings (Marcatili, [1969). In other words, a larger distance and a smaller field pen-

etration depth will lead to a weaker coupling between the two parallel waveguides.

According to (Marcatili, (1969), ¢ is inversely proportional to the lateral wavenumber k7

or k¥ that is determined by the waveguide core width, and the refractive index contrast
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Figure 3.12. Two parallel waveguides. (a) Schematic of the two parallel waveguides model, and
magnified view with separation of (b) 0.35 mm (five rows of holes) and (c) 0.52 mm (seven rows of
holes). (d) Fabricated sample with waveguides' separation of 0.35 mm and a coupling length . of
12 mm. The layout is to expedite the measurement by having pairs of ports pointing in the same
direction. The relatively large distance for Ports 1-3 and Ports 2—4 is to accommodate the flanges of
the hollow waveguide feeds. During the measurement, the unused ports generate minimal reflections

due to the good impedance matching of the tapers to free space.

between the core and the claddings as represented in Eqs.[3.2 and 3.5 Specifically, at a
certain frequency, a wider waveguide core together with a larger refractive index con-
trast results in a larger k¥ or k% thus a smaller penetration depth, with most of the power
concentrated within the core. In this case, given a certain waveguide configuration, the

coupling coefficient is primarily determined by the separation g.
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Figure 3.13. Simulated and measured S-parameters of the parallel waveguides. (a) Ef; mode,
and (b) EY, mode with a waveguides' separation of 0.35 mm (five rows of holes). (c) Ef;, and (d)

E"{] modes with a waveguides’ separation of 0.52 mm (seven rows of holes).

The S-parameters for the Ef; and the E%l modes for two parallel waveguides with a
separation of 0.35 mm (five rows of holes) are measured as shown in Figs. a)—
(b). For the E7; mode, the coupling coefficient is high in the range of 220 to 240 GHz,
while it decreases monotonically over 240 to 330 GHz with wavelength decreasing.
For the E% mode, from 220 to 250 GHz, both the through and cross levels are low
due to the loosely confined waves, while from 250 to 270 GHz, the crosstalk becomes
stronger with an improved wave confinement. The coupling drops dramatically over
270 to 330 GHz with the same reason as for the Ef; mode. On the other hand, for
the waveguides separated in 0.52 mm, the wave can propagate with a high through
level and the crosstalk below —10 dB for the Ef; mode. However, for the E%l mode, a
relatively stronger coupling happens over 230 to 250 GHz, while it decreases sharply
over 250 to 330 GHz with wavelength decreasing. All the measured results agree well
with the simulations, and the slight discrepancies are caused by the fabrication and

measurement tolerances.

The results show that the crosstalk is frequency-dependent. This is because given a

certain coupling length and gap width, the crosstalk level is related to the wavenumber
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difference Ak between the symmetric and antisymmetric modes, and this Ak varies with
frequency (Fujita and Nagatsuma, 2016). Specifically, the strongest crosstalk happens
when Ak is equal to 7t /1. (Fujita and Nagatsuma) 2016). In addition, the crosstalk for the
15‘11/1 mode is larger because of its weaker wave confinement seen from the propagation
constant 7 illustrated in Fig.[3.3, On the contrary, in Fig. b) the crosstalk for the EY,
mode from 240 to 250 GHz is lower than that from 220 to 230 GHz. This is because the
coupling response is periodic with frequency leading to the different crosstalk levels
Specifically, at 243 GHz, the coupling length /. = 12 mm is 50 times of Ay 243, where Ag 243
is the guided wavelength at 243 GHz. According to the quarter-wavelength directional
coupler theory (Jones and Shimizu, 1958), the waves will take the through path leading
to a low crosstalk. In general, a higher isolation level could be achieved by enlarging

the separation depending on specific applications.

3.3.5 Bend

As illustrated in Figs.[3.14(a)-(b), a bent waveguide with multiple successive 90° bends
clad by the in-plane effective media is designed and fabricated. Considering the trade-
off between the radiation loss and the structural compactness, the optimal bend radius
of the core ry is selected as 2 mm, which corresponds to about twice the free-space
wavelength at 300 GHz. To maintain the effective permittivity of the claddings, the
fill factor of the bent claddings remains the same as in its straight counterpart. To
satisfy this condition, as shown in Figs. 3.14(c)-(d), the effective medium claddings
are divided into inner and outer parts with respect to the core. Both parts of the
cladding are then divided into annular sectors by a series of arcs with an adjacent radius
difference of Ar, = asin(7t/3), where a = 100 pm. It is noted that the first row of
holes starts from the edge of the waveguide core, so r1(jn) and 7y (o) are defined as
M(in) = 'p — Wp/2 — d and ry(qyy) = 1 + Wy /2 + d respectively, where wy, is the width
of the bent waveguide core, and d = 90 ym is the axis of the elliptical holes. In addition,
each annular sector is sectioned in the azimuthal direction with an angular step of
0 =a/(r, —wy/2—d/2) inradians. As a result, the area of the cell in each sector can be
obtained as A, = |r2,, — r2|6/2 accounting for both inner and outer claddings, while
the cells in the even sectors are displaced by an angle 6/2 relative to their counterparts
in the odd sectors. To fit each annular sector cell, each hole needs then to be distorted
into an ellipse with its area calculated as A.,;, = A,{. For the inner claddings, the

major axis of the ellipse de major in each cell is fixed to d = 90 ym, so that the minor
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Figure 3.14. Bent waveguides. (a) Schematic of the multiple successive bends model. (b)
Fabricated sample with multiple successive bends with a total length of 62 mm. (c) 90° bending
model. (d) Magnified view of bent claddings. Simulated E-field distributions for (e) E¥; and (f) EY,
modes at 275 GHz. (g) Microscope image of the fabricated 90° bend. d, = 90 um, w;, = 240 um,
1y =2 mm, Ar, = 86.6 um, 6 = 3.13°.
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axis de minor can be derived as de minor = Aen/ (ﬂde,major). This is correspondingly done
using a fixed minor axis and calculated major axis for the outer cladding. The simulated
E-field distributions for the EY; and EY; modes at 275 GHz are shown in Figs. e)—
(f). It can be seen that most of the power concentrates within the core and the field
penetration extends to about 5 rows of holes in the outer cladding due to the bending

effects, resulting in some radiation loss.

To investigate the bending loss as a function of the bending radius, the radius for
a single 90-deg bend cladded by homogeneous artificial material is increased from
0.5 mm to 3.5 mm with a step width of 1.5 mm. As shown in Fig. the bending
losses for both E¥; and E}; modes are decreased with the bending radius r,, increasing,
with no significant improvement when the radius goes beyond 3.5 mm. The relatively
high bending loss for the EY; mode is mainly due to its weaker wave confinement. To

maintain a compact footprint, a 2-mm bending radius is selected.

To experimentally validate the bend design, two waveguides consisting of five straight
sections and eight 90° bends are fabricated. The difference between the two waveguides
is the length of each straight section represented by I;, namely 5 mm and 10 mm,
and the fabricated single 90° bend is illustrated in Fig.[3.14(g). Given the transition
length I; of 6 mm, the total lengths for the two samples are 62 mm and 87 mm. As
shown in Figs. a)—(d), for both the Ef; and E%l modes, the measured and simulated
transmission coefficients of the two samples agree well. The low transmission level
at lower frequencies is mainly attributed to coupling loss as in straight waveguides.
The loss per bend Lg can be approximately extracted by comparing and averaging the

transmission coefficients of straight and bending waveguides as

. L (bending) _L(85traight) — AlLs (3.7)

where L (pending) @nd Lisiraight) are the losses of a sample with multiple bends and a
straight sample, and Al is the length difference between the straight section of the two
waveguides. Lg is the average loss of the straight waveguide shown in Fig. [.6(e).

As illustrated in Fig.[3.16(e), for the Ef; mode, the measured average bending loss is
approximately 0.250 dB per bend over 220 to 260 GHz and 0.025 dB per bend over the
operation frequency range from 260 to 330 GHz. With a much broader bandwidth,
the proposed waveguide has a lower bending loss than that of the photonic crystal
waveguide, which has a bending loss around 0.2 dB per bend from 323 to 331 GHz (Tsu+

ruda et al., 2015b). However, for the E‘ll/1 mode, the measured bending loss is with an
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Figure 3.15. Simulated bending loss with various bending radius r,. Simulated bending loss
for (a) the Ef; and (b) the E}; modes. Here, a single 90-deg bend model cladded by homogeneous
artificial material is adopted in CST simulations, where the relative permittivity tensor (ex,ey, €,) for

the homogeneous material is (2.75, 3.83, 2.75).

average value of 1.450 dB per bend over 220 to 260 GHz, and 0.250 dB per bend from 260
to 330 GHz. The measured results agree well with the simulations. The relatively higher
bending loss for the E% mode is primarily caused by the weaker wave confinement. It
is observed that the bending loss decreases with frequency increasing for both modes,
since the wavelength becomes shorter with improved wave confinement. Accordingly,
to reduce the bending loss at lower frequencies, a greater wave confinement is required.
To realise a sharper bending with low loss, one technique is to widen the bending core
to achieve better confinement, while a slight lateral offset with respect to the straight

sections is required to obtain a better mode matching so as to further reduce the bending
loss (Kitoh et al., 2002; Song et al., 2016a).

3.3.6 Crossing

For terahertz integrated circuits, crossings allow a denser layout with low crosstalk. As
shown in Fig.[3.17(a), a crossing is constructed from two orthogonal straight waveguides
with different lengths. As illustrated in Fig.[3.17(b), to ensure the lattice integrity around
the crossing, the adjacent holes along the horizontal arm are complete, while they are
halved along the vertical arm. Such a configuration will not affect the transmission, since
the fill factor remains unchanged resulting in the same effective relative permittivities.
The simulated E-field distributions for wave propagating rightward at 275 GHz for
the Ef; and E]1/1 modes are illustrated in Figs. c)—(d), which demonstrate that
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Figure 3.16. Transmission coefficients and bending loss of cascaded waveguide bends with
two different total lengths of 62 mm and 87 mm. Measured transmission coefficients for (a) the
E3, and (b) the E{, modes, and simulated transmission coefficients for (c) the Ef; and (d) the EY,

modes. (e) Measured and simulated bending loss per bend extracted from (a—d).

generally the waves are confined well within the transmitting channel. However, the
field distributions of the Ef; mode shown in Fig.[3.17(c) suggests higher cross-talk at

the crossing due to the scattering effect.

Figures. [3.17(e—f) show a fabricated crossing with a magnified view around the center.
The results are shown in Figs. a)—(b). The transmission levels for both Ej; and
E%l modes are close to that of a straight waveguide with the same length across the

whole band, while the crosstalk levels in terms of the |S3;| for both modes are below
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Figure 3.17. Waveguide crossing. (a) Model of the crossing. (b) Magnified view around the
intersection, simulated E-field distributions for (c) Ef, and (d) EY; modes at 275 GHz. (e) Fabricated
crossing sample. (f) Microscope image of the fabricated waveguide crossing. The layout is to expedite
the measurement by having pairs of ports pointing in the same direction. The relatively wide distance
for Ports 1-4 and Ports 2—3 is to accommodate the flanges of the feeds. During the measurement,

the unused ports are terminated by the tapers with good impedance matching to air.

—15 dB. All the measured results agree well with the simulations. As illustrated
in Figs a-b), the crosstalk level for the Ef; mode is slightly higher than that of
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Figure 3.18. Simulated and measured S-parameters of the crossing. (a) Ef; and (b) EY; modes.

Since the structure is symmetric, |S31| and |S41| are identical.

the E%l mode. This is mainly attributed to the scattering effects associated with the
relatively deeper in-plane field penetration of the Ef; mode as shown in Figs.[.17(c)~(d).
According to Bogaerts et al. (2007), the scattering could be minimised by suppressing
the Ey-field component through widening the waveguides at the intersection or varying
the effective refractive index to flatten the wavefronts. Based on this principle, recently
an improved crossing design based on the effective-medium-clad platform has been
reported (Lees et al., 2021Db).

3.4 Conclusion

The characteristics of the effective-medium-clad dielectric waveguides including disper-
sion, cross-polarisation, crosstalk between parallel waveguides, bending loss, and wave
leakage at crossing have been comprehensively investigated and measured over the
frequency range of 220 to 330 GHz (WR-3.4 band). Benefiting from a low loss and low
dispersion, the waveguides have an average measured attenuation coefficient about
0.075 dB/cm for the Ef; mode over 220 to 330 GHz, while it is around 0.135 dB/cm
over 260 to 330 GHz for the E% mode. Within the same operation frequency ranges, a
measured GVD of around £10 ps/(THz - mm) is obtained. A measured cross-coupling
between the E, and E]; modes is below —20 dB within measurement tolerance over
the whole band. A minimum separation between two parallel straight waveguides is
0.52A¢ at 300 GHz. The experimental results show an average measured bending loss
of around 0.250 dB per bend for the E}; mode and 1.450 dB per bend for the EY; mode
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over 220 to 260 GHz, while from 260 to 330 GHz, an average measured bending loss
is about 0.025 dB per bend for the Ef; mode and 0.250 dB per bend for the EY; mode.
A crosstalk level below —15 dB at the crossing is obtained for both Ef; and E}; modes
across the whole WR-3.4 band.

The proposed characteristics show the potential of the effective-medium-clad dielectric
waveguides to establish terahertz integrated platforms with a high level of design flexi-
bility. Specifically, to vary the refractive indices of the components, it is not necessary
to introduce additional materials or multi-layered structures, which would cause ad-
ditional dielectric loss and increase fabrication complexity considerably. Alternatively,
an arbitrary refractive index can be defined by changing the configuration of the hole
arrays along with the core dimensions to adapt to different guiding scenarios. The
proposed waveguide platform is promising in various applications, since it is able to
integrate various passive and active components in a similar way as the photonic crystal
waveguide platform (Yu et al., 2019c), however with much broader bandwidth. It can
also be scaled to operation at higher terahertz frequencies without incurring higher
losses. The concepts can benefit terahertz integrated circuits at large, in analogy to the

SOI waveguides for integrated optics.
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Effective-medium-clad
Bragg grating filters

HIS chapter presents a series of integrated Bragg grating fil-

ters with performance enhancement via the concept of effective

medium. The bandstop filters are built into a high-resistivity sili-
con wafer and operate over the WR-3.4 band (220-330 GHz) with in-plane
polarisation. The proposed designs exploit an additional degree of freedom
in controlling the effective refractive index so as to fully exploit the potentials
of the Bragg grating structures. As a result, the high insertion loss typically
observed at the low-frequency bound of the filters due to weak wave con-
tinement can be reduced, while radiation caused by leaky-wave effect at the
high-frequency bound is minimised, allowing for a 40% operation fractional
bandwidth. These features are not achievable with conventional waveguide
Bragg grating filters. All-silicon prototypes of filter samples are experimen-
tally validated demonstrating promising performance for a wide range of
terahertz applications. The demonstrated techniques to improve the filter
characteristics by controlling the effective medium can be adopted in both

microwave and optics domains.
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4.1 Introduction

Terahertz integrated systems have attracted great attention for their compactness, porta-
bility, and low cost compared to the conventional quasi-optical systems, while promising
a wide range of applications from imaging to communications (Sengupta et al., 2018;
Withayachumnankul et al, 2018a). In particular, technologies from both electronics and
photonics have accelerated the progress to form terahertz integrated circuits enabling
comprehensive functionalities from signal generation, transmission, processing, to
detection with moderately high efficiency (Sengupta et al., 2018). To this end, effective-
medium-clad dielectric waveguide platform with high efficiency, low dispersion, and
broad bandwidth are proposed as discussed in Chapters|2land 3l However, filters as one
of the most essential components for terahertz integrated circuits are still not available
on this platform. In line with practical needs of wideband terahertz systems, this chap-
ter focuses on investigation of filters based on the effective-medium-clad waveguide
platform (Gao et al., 2020a).

To realise passive filters, one common approach is to periodically alternate high and
low impedance segments or equivalently high and low modal indices along a guiding
structure. This allows to effectively control the interference in transmitted and reflected
waves thus generating the desired stopband or passband response over a particular
frequency range (Pozar, 2011; Macleod, 2017). Accordingly, a number of terahertz
filters based on microwave (Wang et al., 2020; Chen et al., 2013; Xing-Hai et al., 2012)
and optical (Withayachumnankul et al., 2008; |Li et al., 2018} |Akiki ef al., 2020) waveg-
uiding structures have been proposed. However, microwave-technology-based filters
suffer from high metallic loss at terahertz bands. An exception includes rectangular-
waveguide-based filters (Chen et al., 2013)), which achieve relatively low loss due to
low current density on metal. Nevertheless, the manufacturing complexity of metallic
waveguide filters increases significantly with frequency, while their bulky form factor is
not compatible to integrated systems. For optics-inspired terahertz structures, thin-film
filters consisting of multi-layer dielectrics (Withayachumnankul et al., 2008) are also not
integratable despite their structural and design simplicity. Furthermore, although one
dimensional photonic crystal cavities (Akiki ef al., 2020) have good integrability, the
passband has significant fluctuations resulting from the strong refractive index contrast
between air and silicon. In addition, the 3-dB bandwidth tends to be large due to the
same reason thus limiting designability. Recently, a Bragg grating filter based on a

polymer ribbon waveguide was proposed (Li et al., 2018). This filter features structural
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simplicity, but however, it lacks of a supporting structure for integration. Similar to the
concept of Bragg grating structure, an optical bandstop filter realised by varying the
parasitic elements along a waveguide core was reported (Tan et al., 2009). However, its
rejection performance was modest, while the passband response exhibited significant

ripples.

In essence, all open dielectric-waveguide-based Bragg filters suffer limits in broadband
operation, much needed for terahertz applications. The insertion loss rises with increas-
ing frequency because of radiation resulting from the grating period close to one guided
wavelength (Cheben et al., 2018). Moreover, the transmission levels at lower frequencies
tend to be reduced due to weak confinement of guided waves. These effects limit the
filter operation bandwidth, which is generally not an issue for typical narrow-band
operation at optical frequencies, e.g., with relative bandwidth of around 2.3% at C-band
or 3.8% at L-band. In contrast, these effects become an issue at a terahertz band, which
occupies a much larger fractional bandwidth, e.g., 40% for WR-3.4 band. Therefore, it is
impractical to directly scale the existing optical waveguide Bragg grating filters down

to the terahertz frequencies band.

This chapter presents a class of terahertz Bragg grating filters based on the effective-
medium-clad waveguide (Gao et al., 2020b, 2019). This waveguide platform allows the
modal index to be modified by varying the waveguide core dimensions and/or the
claddings configuration. Compared to conventional filters with physical corrugation of
the waveguide core (Wang et al., 2010, 2012, 2013), this technique offers an additional
level of flexibility to control the filter characteristics, e.g., reducing insertion loss and
allowing for broadband operation with a compact footprint. These features are very
desirable in terahertz applications that typically leverage a vast available bandwidth
with limited source power. This chapter is organized as follows: the design principles
and considerations to select filter dimensions are given in Section while the filter
characteristics including transmission performance, bandwidth, central frequencies,
and dispersion are presented in Section The filter applicability at high terahertz
frequencies is discussed in Section 4.4 followed by the conclusion in

Page 71



4.2 Design principles

4.2 Design principles

4.2.1 Overview

As shown in Fig. 4.1|a), the proposed Bragg grating filter is built into a substrateless
effective-medium-clad dielectric waveguide, which consists of a silicon waveguide core
and in-plane effective medium claddings with lower relative permittivity, allowing for
waveguiding through total internal reflection. The claddings are realised by periodically
perforating the silicon slab with subwavelength spacing. Consequently, based on the
Maxwell-Garnett effective medium theory, (Subashiev and Luryi, 2006) the effective rel-
ative permittivity tensor of the cladding material can be locally controlled by adjusting
the ratio between air and silicon. The Bragg gratings are realised by corrugating the
waveguide core laterally in a period of A, which is equal to half of a Bragg wavelength,
i.e., the central operation wavelength of the Bragg grating filter. Importantly, the pro-
posed Bragg grating filter has access to an additional degree of freedom by varying the
cladding to modify the modal indices of the gratings. It will be shown through various
designs that this additional control of the effective-medium claddings can yield benefits

in terms of passband transmission levels, stop-band bandwidth, and device footprint.

4.2.2 Design considerations

To begin with, a simple uniform Bragg grating filter is implemented on the effective-
medium-clad waveguide platform. We design the Bragg grating filter based on a single
250 pum thick high-resistivity silicon wafer with a relative permittivity of e5; = 11.68
and resistivity of >10 k()-cm. The filter is designed to operate in the Ef; mode with
in-plane polarisation, which is compatible with most of available terahertz devices. The
full-wave simulations are performed with CST Microwave Studio 2019, where a realistic
loss tangent of 3 x 10~° is adopted for the silicon material. To save computational
resources, as shown in Fig. [£.1[c), homogeneous cladding materials are adopted in
simulations for initial investigations. It is noted that due to the approximations of the
cladding relative permittivity used in the simulations, the calculated parameters (A, a,

d) need to be slightly optimised for the final design.

A critical step is to properly select the waveguide width for each section and to control
the relative permittivity tensor (e, €y, €,) of the effective medium claddings. This tensor

is determined by the perforation period a and hole diameter d, and can be calculated
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Figure 4.1. Effective-medium-clad Bragg grating filter. (a) Filter cladded by air-silicon effective
medium realised by perforating the silicon slab. (b) Magnified view of effective medium cladding in
square lattice with a perforation period a and a hole diameter d. (c) Same filter with the cladding
replaced by artificial anisotropic material. The artificial material is equivalent to the air-silicon effective
medium with effective relative permittivity tensor (ex, €, €;) = (6.642, 8.193, 6.642). The realised
filter is based on a 250 um thick high-resistivity intrinsic float-zone silicon wafer with a relative

permittivity €s; = 11.68. The unpatterned silicon slab is for handling purpose.

based on the Maxwell-Garnett effective medium theory (Subashiev and Luryi, 2006)
as represented in Egs. (2.1){2.3] For a square lattice, the fill factor can be calculated

from (71d?)/ (4a?). Since the filter operates in the E}; mode with in-plane polarisation,

only ey is considered for the cladding relative permittivity to calculate the waveguide
modal index. The average modal index nq¢ = (ny + np)/2 and the modal index
difference An = nyy — np, are determined by €, and the waveguide widths, where ny
and ny, are the modal indices for the high- and low-index waveguide sections. Here, the
modal indices can be calculated based on the Marcatili’s approximations as indicated in
Egs. (3.1)-(3.3), while for precision they are obtained by CST port mode simulations in

this work. Specifically, a larger ey, which can be achieved by a smaller d given a certain
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subwavelength a, will lead to a higher n.¢ thus a smaller grating period A (Gao et al.,
2020b; Chrostowski and Hochberg, [2015). Such a smaller A can avoid the radiation
caused by the leaky-wave effect at higher frequencies, and thus promising a broadband
operation of the device. However, a higher e could reduce the modal index difference
An leading to a smaller reflection depth and a narrower 3-dB bandwidth (Gao et al.,
2020b; Chrostowski and Hochberg), 2015). Additionally, a higher e can lead to wave
leakage into the slab. Therefore, the trade-offs for selecting the various parameters
(wy, wy, a,d) must be considered in terms of operation bandwidth, device footprint,

rejection level, 3-dB bandwidth, and wave confinement.

Considering the trade-offs mentioned above with a priority to minimise the radiation
at the upper bound of this WR-3.4 band, a larger relative permittivity for the cladding
is preferred. To accommodate the grating profile well, a square lattice is adopted for
the filter design as shown in Fig. £.1(b). Thus, the perforation period together with
the hole diameter for the square lattice has to be selected according to the grating
period. To satisfy the subwavelength perforation period condition (Gao et al., 2019,
2020b; |Subashiev and Luryi, 2006; Cheben et al., 2018), the initial perforation period a
for the square lattice is selected as A /4 or equivalently Apg /8, where Agg is the guided
Bragg wavelength (Chrostowski and Hochberg), 2015). Given Iy = I = A/2 = Agg/4,
where Iy and [y, are the lengths for the high- and low-index sections, (Chrostowski
and Hochberg, 2015) each waveguide section can hold two columns of holes along the
z-direction. Given a certain €, and 4, the hole diameter d can be calculated based on
Eq. (2.1). Further reduction of a to obtain more holes per Bragg period would lead to too
small holes, beyond the fabrication limit of around 20 ym based on the standard deep
reactive ion-etching (DRIE) process (Gao et al., 2020b). On the other hand, increasing a
to Apg/4, where only one column of holes would be accommodated by each waveguide
section, a larger hole diameter d would be required to maintain the same air-in-silicon
fill factor. However, the larger material discontinuities between air and silicon could

cause wave scattering, while the device mechanical strength could be degraded.

To deign a filter working at a Bragg frequency of 275 GHz with a 3-dB bandwidth around
16 GHz, we select the waveguide widths as wy = 240 ym and wy, = 100 ym. Given
(€x,€y,€2) = (6.64,8.19,6.64), the corresponding modal indices of ny and ny, for the
Ej; mode are obtained as 2.66 and 2.32, respectively based on port-mode simulations
in CST. Correspondingly, the length for each waveguide section is calculated with

approximations as Iy = I, = 111.5 ym together with the perforation period a = 55.8 ym
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and hole diameter d = 36 ym. In this case, both waveguide sections have low insertion
loss at lower frequencies (Gao et al., 2020b)), while based on the initial investigations,
such a waveguide difference allows for a strong rejection band with a relatively short
total grating length, e.g., 1 cm. The detailed criteria on the selection of waveguide

difference can be found in Section [4.2.3 as below.

4.2.3 Impact of different waveguide width Aw

To investigate the impact of Aw = wy — wy, on the grating diffraction strength, several
key parameters have been studied including the average modal index n.¢, modal index
difference An together with the minimal transmission coefficient and 3-dB bandwidth as
a function of Aw. Here, the high-index waveguide segment width wy; is fixed as 240 ym,
while the low-index waveguide segment width wy, is varied from 230 ym to 10 ym
with a step width of 10 ym. The investigations of n.¢ and An are achieved through
the port-mode simulations in CST, while the minimal transmission coefficients and
3-dB bandwidth are calculated by using the transfer matrix method (Chrostowski and
Hochberg), 2015). It is noteworthy that given the design requirements, the combination
of the two methods allows for a quick selection of starting values for the waveguide
segment dimensions at the initial stage. As shown in Figs. [£.2(a)-(b), the average
refractive index decreases with Aw increasing, while An increases with Aw increasing.
In addition, given a fixed grating number Ng, as shown in Fig. [£.2(c), the minimum
transmission coefficient decreases with Aw increasing showing an increased diffraction
strength. Furthermore, a larger Aw can lead to a broader 3-dB bandwidth as shown
in Fig. [£.2(d). It is noted that the jagged 3-dB bandwidth with a larger Aw and Nj is
mainly due to the strong diffraction strength leading to the positions of the first nulls
varied at the transition bands. Based on these studies, to achieve a uniform filter with
a rejection level below —30 dB and 3-dB bandwidth of 16 GHz in Section [#.3.T} wy, is
selected as 100 ym with a grating number Ng = 40.
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Figure 4.2. Characteristics of a uniform Bragg grating as a function of waveguide segment
width difference. (a) Average modal index. (b) Modal index difference. (c) Minimal transmission
coefficients. (d) 3-dB bandwidth. The high-index waveguide width is fixed as 240 um, while the
effective relative permittivity for the effective medium cladding for the in-plane polarisation is selected
as ex = 6.64. (a) and (b) are simulated based on the port-mode simulations in CST, while (c) and

(d) are calculated by using the transfer matrix method.

4.3 Characteristics of filters

In this section, various characteristics of the proposed filters are discussed including
transmission, 3-dB bandwidth, central frequency, and dispersion. Furthermore, the
impacts of fabrication tolerances on the filter performance are studied. A lateral multi-
layer cladding is introduced for the first time to reduce the transmission fluctuation,
while apodisation is employed to mitigate the band transition ripples. The fabrication
for various filters is based on the standard deep reactive-ion etching (DRIE) process,

while several illustrative designs are experimentally validated.
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4.3.1 Transmission performance

Uniform waveguide Bragg grating

Based on the descriptions in Section[4.2} a uniform waveguide grating filter is realised as
shown in Fig. The filter consists of four major elements including a tapered coupling
structure, a regular waveguide, a transition waveguide, and a Bragg grating with a
grating number of Ny = 40. The 3-mm coupling tapers are introduced for excitation
purpose, i.e., they are inserted into the WR-3.4 rectangular hollow waveguides in
both simulations and measurements, so that the waves can be gradually coupled
from the feed to the device. As shown in Figs. [4.3(b—c), a regular waveguide with a
cladding effective relative permittivity of 2.75 is employed, because it has a tight wave
confinement thus a better mode matching to the hollow waveguide than that of the
waveguide cladded by the higher-index claddings. Thus, it can enhance the coupling
between the filter and the feed. Additionally, the regular waveguides allow consistent

interconnection between the filter and other components on the same platform.

To provide a good impedance matching between the regular waveguide section and the
grating, a transition waveguide is adopted as illustrated in Figs. [4.3(d—e). Specifically,
the hole diameter in the transition cladding decreases gradually leading to increasing
modal index towards the grating. As shown in Fig. #.3(f), the Bragg gratings are
implemented with wy = 240 ym and wy, = 100 ym, while the optimised grating period
A is 223 ym. Correspondingly, the cladding configuration is (a,d) = (55.8 um, 36 ym).
Given Ng = 40, the total grating length is 8.92 mm. The claddings extend to 12 rows on

both sides of the waveguide to accommodate the evanescent fields.

The fabricated sample is shown in Fig. It is observed that the adjacent holes are
slightly connected in the first two columns for the transition claddings due to the
fabrication tolerance. Owing to the concept of effective medium, this imperfection
has negligible impact on the effective relative permittivity. The measurements are
accomplished with the arrangement shown in Fig. by using a Keysight vector
network analyser with VDI WR-3.4 extension modules spanning from 220 to 330 GHz.
The measured and simulated S-parameters are shown in Figs. [f.6(a-b) with good
agreements. However, it is observed that the Bragg frequency is shifted to 280 GHz from
the designed frequency of 275 GHz, while the 3-dB bandwidth is slightly broadened
by around 1 GHz. We found that such a 5-GHz blue shift and the increasing 3-dB
bandwidth happen to all the samples presented in this chapter, and they are mainly
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Figure 4.3. Uniform effective-medium-clad waveguide Bragg grating filter. (a) Top view. (b)
Regular effective-medium-clad waveguide with core width wg = 225 um and length Ig = 500 pm.
(c) Hexagonal lattice of the effective medium cladding for the regular waveguide with lattice period
ag = 100 pum and hole diameter dg = 90 um. (d) Transition waveguide between the regular feeding
waveguide and the Bragg grating with core width of wt = 240 um and length of It =781 um. (e)
Effective medium cladding of the transition waveguide in square lattice. (f) Uniform waveguide Bragg
grating with higher-index waveguide core width wy = 240 pum, lower-index core width wy, = 100 um,
and grating period A =223 um. (g) Square lattice of the effective medium cladding for the Bragg
grating with lattice period 2 = 55.8 ym and hole diameter d = 36 ym. The tapered structures that
are inserted into the WR-3.4 hollow waveguides in both simulations and measurements allow efficient
coupling from the feed to the sample. The unpatterned silicon slab is for handling purpose. Slight
systematic amendments of the dimensions are necessary to account for fabrication tolerances in the

final results, as elaborated in Section [4.3.5]

caused by an observed reduced wafer thickness from 250 ym and slightly over-etched

holes. These causes are confirmed in Section where the relevant dimensions are
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Figure 4.4. Fabricated uniform effective-medium-clad Bragg grating filter. (a) Filter sample.

(b) Microscope image revealing a regular waveguide, transition waveguide, and Bragg grating.

Figure 4.5. Measurement setup. The tapered structures are inserted into the WR-3.4 hollow
waveguides for excitation, while the sample is fixed by a holder at the unpatterned silicon slab.
The WR-3.4 waveguide operates in the TEjg mode, so that the Ef; mode with polarisation in the
x-direction is excitepd for the filter sample. The measurements are conducted by using a Keysight

vector network analyser with VDI WR-3.4 extension modules spanning 220-330 GHz.

modified in simulation to compensate these systematic errors caused by the fabrication
tolerances. It is noted that all the simulated results for various designs presented
in this chapter have been systematically corrected accordingly, and the compensated
dimensions can be found in the Section From Fig. [4.6(a), a 3-dB bandwidth
around 18 GHz is achieved with a stop-band rejection below —21 dB. There exists

significant fluctuation in the pass bands especially at the lower frequencies and near the
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Figure 4.6. Simulated and measured S-parameters and simulated E-field amplitude distribu-
tions of the uniform waveguide Bragg grating filter. (a) Transmission. (b) Reflection. E-field
distributions at (c) 220 GHz, (d) 275 GHz, (e) 280 GHz, and (c) 330 GHz. All the E-field distributions

are normalised by the same factor.

transition shoulders. The fluctuation at the low frequency is mainly due to the weak
wave confinement, as shown in Fig. [4.6(c), resulting in a large field penetration depth
into the claddings. Correspondingly, the field is disturbed by the nearby unetched
silicon slab. On the other hand, the ripples at the transitions are mainly because of the
strong reflection among the gratings. These issues are resolved in the following two

sections.

Cladding effects

The effects of the claddings on the passband transmission are investigated for the three
gratings, which are cladded by air (Headland ef al.,[2020b), by wider uniform effective
medium claddings, and by two-layer mixed effective medium claddings, as shown in
Figs. [4.7(a)—(c). For the air-clad filter, to maintain a comparable 3-dB bandwidth and
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Figure 4.7. Schematics of Bragg grating filters with various claddings. (a) Air-clad filter with
high-index waveguide width wy, = 240 um, low-index waveguide width wy, = 200 um and grating
period A, = 288 um. (b) Uniform effective-medium-clad filter with cladding width of 1.34 mm
containing 12 rows of holes. (c) Two-layer mixed cladding filter with cladding width of 0.6 mm. (d)
Hexagonal lattice of the outer cladding with lattice period 2, = 100 ym and de = 90 um. (e) Square
lattice of the inner cladding with lattice period @ = 55.8 ym and d = 36 um. The hole configuration
of (b) is identical to that in Fig [&.3(f).

grating coupling strength, the waveguide widths are selected as wy, = 240 ym and
wra = 200 pm resulting in a modal index difference of 0.47 at 275 GHz and grating
period A of 288 ym. With a longer A, the grating number N is reduced to 20 to achieve
a comparable rejection depth and roll-off rate. This air-clad Bragg grating filter is
fed by a straight regular waveguide as shown in Fig. [4.8(a). Figure. #.7(b) illustrates
a uniform waveguide filter with wider cladding containing 24 rows of holes, while
the other parameters are the same as in Fig. For further investigation, the wide
uniform cladding is replaced with a two-layer mixed cladding as shown in Figs.[£.7(c)-

(e), where the outer layer with lower index is formed in a hexagonal lattice with
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Figure 4.8. Fabricated waveguide Bragg gratings with various claddings. (a) Air-clad filter
sample. (b) Wide uniform effective-medium-clad filter sample. (c) Mixed effective-medium-clad filter

sample. All subfigures share the same scale.

de = 100 ym and d. = 90 pm, while the inner layer with a higher index is built in a
square lattice with 4 = 55.8 ym and d = 36 ym. Two types of cladding lattices adopted
in this work account for structural completeness, mechanical strength, and fabrication
tolerance. For the inner cladding, a square lattice is introduced to accommodate the
square grating profile as discussed in the design considerations. For the outer cladding, a
hexagonal lattice with a larger lattice period is adopted mainly because of the mechanical
strength and fabrication tolerance. Specifically, the outer cladding has a much lower
permittivity requiring larger air holes given a constant lattice period, which could
lead to weakened mechanical strength. In this case, a hexagonal lattice is preferred to
enhance the mechanical strength. Additionally, with an identical fill factor of air volume
in silicon, a larger lattice period can result in a larger spacing between the edges of the
adjacent holes so as to avoid hole merging due to the over-etching in fabrication. The
fabricated samples of the three filters are shown in Fig.
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Figure 4.9. Simulated and measured S-parameters of the filters with different claddings. (a,b)

for the air-clad filter. (c,d) for wide uniform cladding filter. (e,f) for two-layer mixed claddings filter.

The simulated and measured S-parameters of the air-clad filter are shown in Figs.[4.9(a)-
(b). Obviously, the passband fluctuation is reduced significantly due to a stronger wave
confinement resulting from a larger refractive index contrast between the air cladding
and the silicon waveguide. Thus, there is negligible interference with nearby unetched
silicon slab. Additionally, the transition level is improved to above —3 dB due to the

smaller grating number resulting in weaker reflection. However, the transmission
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level at lower frequencies is decreased below —3 dB, which is caused by the impedance
mismatch between the feeding and the grating waveguide with a modal index difference
around 0.5 from 220 to 235 GHz. Meanwhile, a relatively stronger loss is also observed
at higher frequencies. This is because the grating period is larger than the guided
wavelength leading to radiation akin to a leaky wave antenna (Headland et al.,2018a).
In general, these effects are common for the conventional Bragg grating filters cladded
by air or silicon dioxide, and they result in a reduced operation bandwidth. In the next
case, as indicated in Figs. [.9(c)—~(d), a wider effective medium cladding that is able to
accommodate extended evanescent fields can also alleviate the passband fluctuation.
However, expanding the cladding reduces the structural compactness considerably. In
contrast, as illustrated in Figs. [4.9(e)—(f), the two-layer mixed claddings can achieve a
comparable transmission level but with only half the cladding width. Here, the outer
layer confines the evanescent fields mainly within the two-layer claddings due to their
relatively large refractive index contrast. In this case, the disturbance from the silicon
slab is reduced resulting in a smoother transmission level. However, the transition
shoulders are still lower than —3 dB with such configuration, and this issue is addressed

in the next section on apodisation.

Apodised waveguide Bragg grating

To reduce the fluctuation around the transitions, an apodisation technique is employed
to gradually increase the grating coupling coefficient (Murphy, 2001; Wang), 2013; |Oth+
onos et al.,2006). Based on the coupled-mode theory, the coupling coefficient x represent-
ing the amount of reflection per unit length is defined as (Chrostowski and Hochberg,
2015)

2An

K= —),
ABo

(4.1)

where An is the grating modal index difference and Apy is the Bragg wavelength in free
space. This apodisation technique has been widely used in designing optical fiber and
waveguide grating structures, (Murphy, 2001; [Wang), 2013; (Othonos et al., 2006) and
there is a number of window functions with various roll-off rates available to taper the
coupling strength such as linear ramp, raised-cosine, Hamming, or Gaussian functions.
However, the trade-offs in terms of the transition level, filter roll-off rate, and device
footprint have to be considered. A window function with a smaller roll-off rate can

generate a smoother transition. However, it requires a large number of periods thus
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Figure 4.10. Bragg grating filter with apodisation. (a) apodised filter cladded by two-layer
mixed effective medium cladding. (b) Bragg grating. (c) Apodised part. (d) Fabricated filter with

apodisation. (e) Microscope image around the grating with apodisation.

a longer footprint to achieve a comparable stop-band level as its counterpart without

apodisation.

Considering the trade-offs discussed above, in this work, a linear ramp function is
used to taper the coupling strength. The realised filter with apodisation is shown in
Figs.[4.10(a)—(c). The key parameters are kept the same as in the two-layer-cladding
design in Fig.[4.7(c), while the grating in the first ten periods is apodised symmetrically.
As depicted in Fig.[4.10(c), the waveguide width difference is gradually increased from
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Figure 4.11. Simulated and measured S-parameters of the filter with apodisation and two-

layer mixed cladding. (a) Transmission and (b) reflection.

0.1Aw to Aw in a step of 0.1Aw, where Aw = wy — wr. Therefore, the modal index
difference An is gradually increased correspondingly. Thus, the coupling coefficient x
is tapered physically so as to achieve a moderately strong reflection at the transition

band. The fabricated sample and a magnified view containing various critical features

are shown in Figs.[4.10(d-e).

As shown in Fig. a-b), when applying the apodisation, the filter can achieve the
fluctuation near the transitions of around —2 dB, while the stopband level is reduced
compared to the one without apodisation shown in Fig. [£.9(e). These results matches
the expectations. Additionally, assisted by the mixed claddings, the filter achieves
smooth passband transmission levels together with a 3-dB bandwidth of 18.5 GHz. The
roll-off rate calculated between —3 dB and —20 dB is 4.42 dB/GHz resulting in a good
frequency selectivity. Indeed, the transition level can be further enhanced by using a
deeper apodisation function, e.g., cosine function, but at the expense of stobband level

or structural compactness.

4.3.2 Bandwidth

To vary the 3-dB bandwidth, the grating modulation can be modified (Chrostowski and|
Hochberg), 2015). According to the bandwidth equation (Chrostowski and Hochberg),
2015)

/\2
AN = ;TOK 4.2)
g
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Figure 4.12. Simulated and measured S-parameters of the filters clad by mixed effective
medium claddings with various bandwidths achieved by different strategies. (a) Transmission
and (b) reflection for the filters with different widths of the lower-index waveguide section, while the
higher-index waveguide width is maintained as 240 um. (c) Transmission and (d) reflection for the
filters, where the inner cladding relative permittivity is varied, while the outer cladding has a constant
relative permittivity of 2.75. For fair comparisons, all the gratings are linearly apodised and cladded

by a two-layer mixed effective medium claddings with a grating number of Ny = 40.

where 1y is the group index, the filter bandwidth is mainly determined by the coupling
coefficient x that is proportional to the modal index difference An as expressed in
Eq. Accordingly, given a fixed wy, a narrower and a broader bandwidth are
obtained by increasing or decreasing wy,, respectively. As shown in Figs. .12(a)—(b), the
filter with a broader bandwidth has a stronger stop band, while the transition level is
steeper. These phenomena originate from a smaller average modal index 7 that can
lead to a larger grating period thus a longer total length L given an constant grating
number (Chrostowski and Hochberg), 2015).
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Alternatively, the 3-dB bandwidth also can be adjusted by varying the cladding relative
permittivity, while maintaining the grating configuration. For the second strategy, we
select wyy = 240 ym and wy, = 100 pm for both filters, while the effective relative per-
mittivity of the inner cladding €jnner is either 7.93 or 5.32. Here, the relative permittivity
of the outer cladding is maintained as 2.75. The measured and simulated S-parameters
as shown in Figs. [4.12c)—(d) illustrate that the filter with a lower-index inner cladding
achieves a broader bandwidth and stronger rejection depth. This is because a lower-
index cladding can reduce the average waveguide modal index 7., while enhancing
the modal index contrast An leading to a larger x thus a broader bandwidth from Egs.
and However, a sudden drop of the Sp; appears at around 320 GHz, which is mainly
due to the mode radiation caused by the longer grating period. This could be remedied

by optimizing the waveguide widths together with the cladding configuration.

4.3.3 Central frequency

To demonstrate that the proposed filter type is tailorable to operate across the whole WR-
3.4 band, filter performances with Bragg frequencies shifted to 310 GHz and 250 GHz
are presented. These filters are in the form of apodised grating cladded by the two-
layer mixed claddings with a relative permittivity of 2.75 and 6.64 for the outer and
inner claddings. To achieve comparable 3-dB bandwidth and rejection, the higher-
index waveguide width wyy is maintained constant as 240 ym, while the lower-index
waveguide width wy is set as 110 yum and 90 ym for the higher and lower Bragg
frequencies, respectively. Accordingly, the grating periods are calculated as 192 ym and
264 ym for the higher and lower frequencies, respectively, while the grating number is
kept as 40 for both designs. The simulated and measured S-parameters are shown in
Figs[4.13(a)-(d). Attributed to its relatively small grating coupling strength, the filter
operating at the higher frequency can achieve a smooth passband transmission level and
a rejection depth below —17 dB. However, for the lower-frequency one, the transition
level at the left shoulder is reduced below —3 dB due to the stronger coupling strength.
It is noteworthy that the transmission level decreases with frequency increasing. This is
mainly caused by the radiation loss due to the wavelengths becoming shorter than the
grating period, thus leading to a leaky mode. This issue is typically not encountered in

optical filters due to a much narrower bandwidth.
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Figure 4.13. Simulated and measured S-parameters of the filters cladded by mixed claddings
with various Bragg frequencies. (a) Transmission and (b) reflection of the filter working at 310 GHz.
(c) Transmission and (d) reflection of the filter working at 250 GHz with an inner cladding relative
permittivity of 6.64. (e) Transmission and (f) reflection of the filter working at 250 GHz with an

inner cladding relative permittivity of 7.93.

To minimise the radiation, a smaller grating period is required together with wavelength
shortening so to maintain the centre frequency. Accordingly, we implement a higher-

index inner cladding with a relative permittivity of 7.93 and a reduced wy, of 80 um to
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Figure 4.14. Simulated and measured group delay of the uniform filter shown in Fig. and
the apodised filter with mixed claddings shown in Fig. (a) Simulation. (b) Measurement.
The group delays in both simulations and measurements are derived from the unwrapped phase, where
the phase contributions introduced by the hollow waveguides and straight waveguide sections are
de-embedded by comparing the phase differences of the straight effective-medium-clad waveguides
with multiple lengths. To mitigate the amplifying effects of the derivative operation on the phase
noise, a smoothing function has been employed to process the measured data with a sliding window

covering 1 GHz.

maintain a comparable 3-dB bandwidth. As a result, the grating period is reduced to
250 ym, as opposed to 264 ym. According to Figs. e)—(f), the transmission levels at
higher frequencies are improved with a transition level well above —3 dB. These results
further show that the proposed filter type can operate in a 40% fractional bandwidth

that is much larger than any practical optical band.

4.3.4 Dispersion

To investigate the dispersion characteristics of the proposed Bragg grating filters, simu-
lations and measurements have been performed on the group delay for a uniform filter
and an apodised filter with mixed claddings. As shown in Fig. the measurements
agree well with the simulations, where both filters show a small fluctuation in the group
delay across the passband. The measured group delay for the apodised filter varies
from 0.12 to 0.17 ns across the entire passband demonstrating an extremely low disper-

sion. For the uniform filter, the group delay is relatively higher with fluctuations at the

Page 90



Chapter 4 Effective-medium-clad Bragg grating filters

lower passband. This is mainly caused by the external disturbance, i.e., the interference
with nearby unetched silicon slab. The results further show that the mixed claddings
together with the apodisation can reduce the filter dispersion. In general, the proposed
Bragg grating filters inherit the low dispersion of the effective-medium-clad waveguides
allowing for broadband operation. This is crucial to terahertz communications with

high-speed data transmission.

4.3.5 Fabrication tolerance and resultant effects

Informed by the manufacturers, the fabrication tolerance for the silicon wafer thickness
is +10 ym, while it is around +3 ym for the diameter of holes created using the standard
deep reactive ion-etching process. To investigate the impact of the fabrication tolerance
on the filter performance, simulations have been performed on the 3-dB bandwidth
change and central frequency shift for a uniform filter as a function of wafer thickness
and hole diameter. As shown in Fig.[.15(a), given a certain hole diameter, the 3-dB
bandwidth almost does not vary with the change of wafer thickness. However, the
bandwidth increases with hole diameter increasing. On the other hand, the central
frequency shift is determined by the combination of both factors as shown in Fig.[4.15(b).
Specifically, given a fixed thickness, the central frequency shifts to a higher frequency
with hole diameter increasing. Additionally, given a certain hole diameter, a reduced

thickness can lead to a blue shift in the stop band.

In the measurements, it is found that the central frequencies for all the samples exhibit
a blue shift of approximately 5 GHz compared to the design frequencies, while the
3-dB bandwidth is slightly broadened, e.g., by around 1 GHz. One example can be
seen in Fig. Based on the analysis on fabrication tolerance discussed above, it
is believed that these discrepancies originate from material and device fabrication
tolerances. It is known that the Bragg (central) wavelength Apy can be determined
as Apg = 2ne/\, where neg is the average modal index of the grating, while A is the
grating period (Chrostowski and Hochberg), 2015). As such, the blue shift could be
caused by a reduction in both ne¢ and A with different weights. In this case, it is possible
to get a smaller neg with a thinner wafer. The measured wafer thickness is around
245 ym, which is within the fabrication tolerance 250 £ 10 ym. Furthermore, the deep
reactive ion-etching (DRIE) process could result in over-etching, specifically with a large
aspect ratio, which is around 10:1 in this work. This over-etching results in a lower

cladding relative permittivity and a narrower waveguide core width thus a lower 7.
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Figure 4.15. Simulated impact of fabrication tolerances on the performance of a uniform
filter. (a) 3-dB bandwidth variation, and (b) frequency shift as a function of the variations of wafer

thickness Ah and hole diameters Ad.
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Figure 4.16. Simulated and measured S-parameters for the uniform waveguide Bragg grating
filter shown in Fig. [#.4] The simulation is based on the originally designed dimensions with the

central frequency at 275 GHz.

Based on the sample quality inspections, it is confirmed that most of the holes are over
etched leading to a lower 1. Meanwhile, such effect could lead to a larger modal
index difference An thus a broader 3-dB bandwidth (Gao et al., 2020b; Chrostowski and|
Hochberg), 2015).

To verify these assumptions, the filters have been re-simulated by enlarging the hole
diameters for only the grating claddings, while for the two-layer mixed cladding filters
in Figs.[4.7(c) and [£.10(a), only the hole size for the inner claddings is varied. This is

because the hole configuration for transition waveguides and the outer claddings do
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Table 4.1. Compensated dimensions for various effective-medium-clad filters. (f: Designed
central frequency; f’: Compensated central frequency; a: Perforation period; d: Designed hole
diameter; Ad: Hole diameter error; d’: Compensated hole diameter; BBW: Broader bandwidth; NBW:

Narrower bandwidth)

Design f(GHz) f' (GHz) a(um) d(um) Ad(um) d' (um)

Fig.14.3(a) 275 280 55.8 36 2.7 38.7

Fig. E b) 275 280 55.8 36 25 38.5

Fig. E C) 275 280 55.8 36 2.7 38.7
Fig.}4.10(a) 275 280 55.8 36 2.3 38.3
Fig.|4.12(a)-(b) BBW 275 280 56.5 36 23 38.7
Fig.}4.12(a)-(b) NBW 275 280 54.8 35 2.7 37.7
Fig.}4.12(c)—-(d) BBW 275 284 59.5 447 29 47.6
Fig.14.12(c)—(d) NBW 275 280 52.5 28 2.7 30.7
Fig.14.13(a)—(b) 305 310 48 31 2.7 33.7
Fig.}4.13(c)—(d) 245 250 66 41 2.7 43.7
Fig.4.13(e)—(f) 245 250 62.5 33 2.7 35.7

Table 4.2. Compensated dimensions for air-clad filter. (w,: Designed high-index waveguide
width; wr,: Designed low-index waveguide width; Aw: waveguide width error; wj;,: Compensated

high-index waveguide width; wj ,: Compensated low-index waveguide width)

Design  f(GHz) f'(GHz) wp, (ym) wp, (pm) Aw (um) wiy, (pm) wj, (um)
Fig.4.7 a) 275 280 240 200 5 235 195

not cause a Bragg frequency shift or a 3-dB bandwidth variation. It is noteworthy that
the actual holes are conical. However, based on the initial simulations, conical holes
have negligible effects on the relative permittivity tensor of the effective medium or the
grating average modal index n¢. To simplify the structural complexity in simulations,
cylindrical holes are adopted. To compensate the frequency and 3-dB bandwidth errors,
with the wafer thickness of 245 ym, hole diameters are swept with a step increment
of 0.5 ym, and it is found that the errors range from 2.3 ym to 2.9 ym. These findings
converge the results shown in Fig. In particular, a thickness decrement of 5 ym

together with a hole diameter increment of 2.7 ym results in a 5-GHz blue shift and
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increasing 3-dB bandwidth by around 1 GHz as shown in Fig. It is noted that
the waveguide width reduction of around 2.5 ym on each side for the air-clad filter
shown in Fig.[4.7(a) also falls within this range. If such a compensation is introduced

in the simulations, the results agree well with the measurements. The details of the
compensated dimensions can be found in Tables[4.T]and

4.4 Applicability at high terahertz frequencies

To investigate the applicability of the proposed Bragg grating filter type at high ter-
ahertz frequencies, two factors must be considered namely the material availability
and fabrication capability. Essentially, the electromagnetic properties of the available
materials should be unchanged with frequency increasing. This fact holds true for
float-zone intrinsic silicon up to 2 THz (Dai et al., 2004). Additionally, to enable the filter
to operate in fundamental modes, the wafer thickness has to be reduced with increasing
frequency. Nowadays, free-standing silicon substrates with minimal thickness reach-
ing 10 ym are commercially available, which promises scalability to higher terahertz
bands. Furthermore, with the operation wavelength decreasing, the subwavelength
hole diameters have to be decreased. An etching process with fabrication tolerance
less than a quarter of wavelength is required. Noticeably, since the accuracy of the
deep reactive ion-etching process is closely related to the aspect ratio between the wafer
thickness and hole diameter, simultaneously decreasing the wafer thickness and hole
diameter will maintain a feasible aspect ratio range allowing for fabrication at higher
terahertz bands. With these considerations, based on the Marcatili’s theory (Marcatili,
1969), the fundamental-mode operation frequency range and hole diameter in the filter
cladding as a function of wafer thickness are studied. To investigate the maximum
fundamental-mode operation frequency range, the waveguide width scales with the
thickness by a ratio of 0.9. As shown in Fig.[£.17(a), a 50-um thick wafer thickness can
support the operation frequency range from 1.02 to 1.67 THz. With such a thickness, as
shown in Fig.[4.17(b), the required hole diameter is around 7.2 ym at 1.34 THz, which
is feasible if electron-beam lithography is used to define patterns. To demonstrate
the applicability of the filter operating above 1 THz, an effective-medium-clad Bragg
grating filter is simulated, which works at WR-0.65 band (1.1-1.7 THz) with a fractional
bandwidth of 42.9%. The filter is built into a 50-um thick silicon on a footprint of 1.7 x
0.2 mm?. As shown in Fig. the filter operates at the central frequency of 1.4 THz
with a 3-dB bandwidth of 76 GHz, and rejection level below —24 dB showing a good

Page 94



Chapter 4 Effective-medium-clad Bragg grating filters

35— 40—
(a) (b)
3.0 =
X 230
520 5
e £ 20
515 8
o
310 L
ol ¢ i 2 10
0.5 355,
0 f 0

0 50 100 150 200 250 0 50 100 150 200 250
Wafer thickness (um) Wafer thickness (pm)

Figure 4.17. Operation frequency range and hole diameter for different wafer thicknesses.
(a) Fundamental-mode operation frequency range and (b) hole diameter as a function of wafer
thickness. The operation frequency range is derived based on the Marcatili's theory. To enable a
maximum bandwidth supporting only Ef; and E% modes, the waveguide width is normalised to the
wafer thickness with a ratio of 0.9 and an effective relative permittivity tensor of (2.75, 3.83, 2.75) is
adopted for the cladding of a straight waveguide. The given hole diameter is for the filter cladding
with an effective relative permittivity tensor of (6.64, 8.19, 6.64), where the effective medium is
formed in a square lattice with a lattice period of 0.125 guided Bragg wavelength at the central

frequency for each band shown in (a).

frequency selectivity. With such a small footprint, it would be challenging to handle a
single filter in measurement. However, it is feasible to handle an integrated platform
containing such a filter and other components in a larger footprint. Nevertheless, the
investigation shows the potential of the proposed filter type for high terahertz band
operation with broad bandwidth and high efficiency.

Page 95



4.5 Conclusion

Transmission Reflection

(b)

L
=

|
[\®)
[=)

S-parameters (dB)
|
&

I
)
W

ol@

1.1 1213 14 15161.71.112 1314 15 1.61.7
Frequency (THz)

Figure 4.18. Simulated S-parameters of a uniform effective-medium-clad Bragg grating filter
operating at WR-0.65 band. (a) Transmission and (b) Reflection. The filter is designed based on a
thin silicon wafer with a thickness of 50 m. The dimensions are given as wy = 48 um, wy, = 20 um,
A =428 um, (a, d) = (10.7 um, 6.9 um). The grating number is 40 leading to a total grating
length of 1.712 mm.

4.5 Conclusion

A class of integrated waveguide Bragg grating filters based on all-silicon effective-
medium-clad waveguides has been comprehensively investigated. Various filter char-
acteristics including transmission level, 3-dB bandwidth, and Bragg frequency have
been considered over the wide operation frequency range from 220-330 GHz (WR-3.4
band). The filters are made into a substrateless high-resistivity float-zone silicon wafer
based on the standard deep reactive-ion etching process. Relying on their tailorable
effective medium claddings that are realised by periodically perforating the silicon
slab, the proposed Bragg grating filter type has an additional degree of flexibility to
control the performance compared with the conventional silicon-on-insulator (SOI)
ones. By applying the apodisation technique, the transition level is improved above
—3 dB. Importantly, two-layer mixed effective medium claddings with different rela-
tive permittivities are introduced to improve the passband transmission levels above
—1.5 dB with average ripples less than 0.5 dB, while maintaining the lateral footprint
within one wavelength. Furthermore, the combination of hybrid claddings and apodisa-
tion can further reduce the dispersion with a measured group delay varying between
0.12 and 0.17 ns across the whole passband. The radiation loss at higher frequencies

for a grating with a long period is minimised by introducing higher-index effective
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medium claddings, thus allowing for a broadband operation. With high efficiency, low
dispersion, and broad bandwidth, the proposed filter type is applicable at high terahertz
frequencies, e.g., above 1 THz. It can be foreseen that such Bragg grating structures
can be implemented together with other components on this substrateless integrated
platform for a wide range of terahertz applications. One important application for
bandstop filters is to mitigate radiation interference from terahertz transmitters with
passive astronomical observations. In addition, terahertz bandpass filters also can be
realized by cascading multiple proposed Bragg grating filters with a certain spacing
between two adjacent grating filters (Melloni and Martinelli, 2002). The presented

effective medium techniques can be adopted in optics for enhancing filter performance.
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er 5

Effective-medium-clad
polarisation splitters

OLARISATION-division multiplexing is crucial to increasing
channel capacity within a limited bandwidth. One enabling com-
ponent for this technology is a polarisation splitter, which is able
to separate/combine signals with orthogonal polarisations. In particular,
terahertz polarisation splitters with low insertion loss, broad bandwidth,

and high polarisation extinction ratio are in demand for various applica-

tions. The broadband operation can be satisfied by microwave-inspired
orthomode transducers (OMTs), but the use of metallic waveguides to reach
high extinction leads to high ohmic loss and bulky structures. On the other
hand, optical integrated polarisation splitters have low loss and good inte-
grability but narrow bandwidths. Therefore, terahertz polarisation splitter
technology presents unique challenges with no directly scalable solution
existing in these neighbouring spectral domains. To this end, this chapter
presents a polarisation splitter based on the tapered directional couplers and
effective medium. A 40% fractional bandwidth together with an average
polarisation extinction ratio above 20 dB and an insertion loss below 1 dB
is achieved at the WR-3.4 band extending over 220-330 GHz. This superior
performance is due to the anisotropy of the effective medium claddings
that affect the two guided modes differently. Various characteristics are
comprehensively investigated including transmission, crosstalk, isolation,
higher-order mode conversion, and dispersion. It can be foreseen that such
a design can find a wide use in terahertz integrated systems, especially for

short-range communications with increased channel capacities.
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5.1 Introduction

All-silicon effective-medium-clad dielectric waveguides together with their peripherals
have been demonstrated to be able to route the terahertz waves with low dissipation,
low dispersion, and broad bandwidth, while supporting two orthogonal fundamental
modes namely E¥, mode (with in-plane polarisation) and EY, mode (with out-of-plane
polarisation) (Gao et al., 2019, 2020b). To enable an integrated platform allowing for
functional systems, various capabilities for on-chip signal processing must be provided
within this framework, such as filtering, modulation, multiplexing, and polarisation con-
trol (Withayachumnankul et al., 2018a). Owing to the controllable relative permittivity
of the effective medium, various passive components with different functionalities and
high performance have been conceptualised and demonstrated (Gao et al., 2019, 2020b),
2021} [Liang et al.,[2021). The filters have been comprehensively studied in Chapter 4]

where the effective medium plays a critical role in improving the device performance.

To manipulate on-chip polarisation states, polarisation rotators and splitters are indis-
pensable components (Gao et al., 2020a; Dai et al., 2012; Barwicz et al., 2007;|Chen et al |
2015} Dai et al.,2021; Fang et al., 2021} Komatsu et al.,2009). In particular, polarisation
splitters able to separate/combine signals with orthogonal polarisations are in demand
for many applications especially for communications to achieve increased channel
capacities (Pfau et al.,[2007; Sakaguchi et al., 2011} Dong et al., 2012bja). Additionally,
the polarisation splitters are crucial to building functional devices/systems for applica-
tions such as polarimetry (Fang et al., 2021) and polarisation diversity (Pfau et al.,[2007;
Barwicz et al.,2007; Komatsu et al., 2009; Chen et al., 2015; |Dai et al.,|2018|, 2021).

In this context, a terahertz polarisation splitter implemented onto the effective-medium-
clad waveguide platform is presented in this chapter. The proposed splitter is based on
tapered directional couplers (Cook, 1955; Louisell, 1955; Milton and Burns, (1975; Kim
and Ramaswamy, (1993; |Cao et al., 2010; Riesen and Love, 2013;Wang et al., 2016) that
can offer a much broader bandwidth compared to conventional directional couplers.
Compared to the polarisation splitter involving out-of-plane stacked multiple materials
to increase the birefringence (Sun et al., 2016, 2017; Liu et al., 2019), the proposed concept
relies on in-plane effective medium, which can significantly enhance the polarisation
birefringence while requiring a single-step fabrication process based on the standard
deep reactive-ion etching without introducing additional materials. These concepts lead
to a proposed design with a fractional bandwidth of 40% covering the whole WR-3.4

band over 220-330 GHz with a simulated average insertion loss below 1 dB, and an
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average polarisation extinction ratio above 20 dB for both the Ef; and EY; modes on a

footprint of 4.7)\01275 X 7.2)&0,275.

Section 5.2| reviews the existing techniques for polarisation splitting in both microwave
and optical domains. Section [5.3|discusses the design principles, where a mathematical
analysis shows bandwidth enhancement of the polarisation splitter through effective
mediums. Section [5.4] presents various characteristics of the proposed polarisation
splitter including transmission, path crosstalk, ports isolation, higher-order mode con-

version, and dispersion. The conclusion is given in Section [5.5|

5.2 Existing techniques for polarisation splitting

To perform polarisation splitting in a dual-polarisation waveguide, techniques from
both microwave and optical domains can be utilised but with tradeoffs in terms of

integrability, bandwidth, efficiency, and fabrication complexity.

5.2.1 Microwave-based orthomode transducers

Inspired by microwave technologies, as shown in Fig. the orthomode transducers
(OMT) based on rectangular metallic waveguides have been proposed for terahertz
operation (Asayama and Kamikura, 2009; Groppi et al., 2010; Kamikura et al., 2010; Reck
and Chattopadhyay, 2013} Gonzalez and Asayama, 2018; (Gomez-Torrent et al., [2018;
Gonzalez and Kaneko, 2021a)). Typically, the OMTs are in form of 3D structures with
broad bandwidth and low polarisation crosstalk due to the cut-off of the host waveg-
uides. In one example by |Gonzalez and Kaneko| (2021a), as illustrated in Figs. [5.1[a)
and (b), the OMT consisted of a square waveguide as a common port accepting both
orthogonal modes. This port was connected to an in-plane Y-branch to split the hori-
zontal polarisation and the vertical polarisation. By properly designing the waveguides’
dimensions, good impedance matching between the input and output waveguides can
be achieved for the desired mode, while the other mode below the cut-off frequency is
strongly rejected (Gonzalez and Asayama, 2018} Gonzalez and Kaneko), [2021a)). Such a
polarisation splitting device can achieve an average insertion loss around 1 dB with a
crosstalk level below —35 dB over a broad bandwidth from 275 to 500 GHz equivalent
to a fractional bandwidth of 58% (Gonzalez and Kaneko) 2021a). However, the OMTs
are not integratable due to their bulky 3D structures. Additionally, apart from the
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Figure 5.1. Microwave-based orthomode transducers (OMTs). (a) 3D schematic and (b)
assembled structure of a double-ridged waveguide OMT operating over 275-500 GHz ((GonzaleZ]
land Kaneko, [2021a]). (c) 3D schematic and (d) fabricated 220-330 GHz turnstile OMT based on

micromaching process (Gomez-Torrent et al 2018). (e) 3D schematic and (d) fabricated structure

of an asymmetrical OMT for 500-600 GHz operation (Reck and Chattopadhyay] [2013)).

significantly increased ohmic loss of metallic waveguides with increasing frequency,
the fabrication based on CNC machining is another challenge at this scale
Torrent et al,[2018};|Gonzalez and Kaneko, 2021a). Although micromaching technologies

can be adopted to fabricate a multi-layered OMT with a complicated structure as shown
in Figs.[5.1{c) and (d), the fabrication complexity is high involving a multi-step process
including lithography, deposition, deep reactive-ion etching, and gold sputtering for
each layer of the OMT. Additionally, the geometrical symmetry required to achieve high
performance over a broad bandwidth makes the fabrication more challenging. Simpler
OMTs with no symmetries requirements, as shown in Figs.[5.1(e) and (f), can relax the

fabrication requirements, at a cost of a narrower bandwidth and increased crosstalk
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levels due to the higher-order mode conversion (Uher et al.,[1993; Reck and Chattopad-
hyay, |2013). Nevertheless, such kind of polarisation splitting device is still useful for
some special applications, e.g., radio astronomy receivers (Wootten and Thompson,
2009; |Gonzalez and Asayama), 2018; Kojima et al., 2020).

5.2.2 Optics-based polarisation splitters

Unlike in the terahertz domain where integrated polarisation splitters are still rarely
available, they have been extensively studied in the optical regime especially for silicon
integrated photonics (Dai et al., 2012). In general, the optical polarisation splitters also
known as polarisation beam splitters (PBSs) can be realised based on various meth-
ods including Mach-Zehnder interferometers (MZIs) (Soldano et al., 1994; Liang and
Tsang), 2005} Dai et al., 2011a), multimode interferometers (MMIs) (Rahman et al., 2001;
Hong et al.,[2003; Zhang et al., 2006; Jiao et al., 2009; Hosseini et al., 2011;|Sun et al., 2017;
D’Mello et al.,2018; Kudalippalliyalil et al., 2020), photonic crystals (PCs) (Kim et al., 2003;
Ao et al., 2006; Zabelin et al., 2007; Shi et al., 2007), photonic inverse design (Shen et al.}
2015), and directional couplers (DCs) (Kiyat ef al., 2004; | Augustin et al., [2007; Ko+
matsu ef al., 2009; Chang and Li, 2011; Zou et al., 2011; Dai and Bowers, 2011} Dai et al.,
2011b; |Dai, 2012; Lou et al., 2012; Ding et al.| 2012; Sacher et al., 2014; Kim et al., 2015
Chen et al., 2016; Wang et al., 2016; Sun et al., 2016, 2017; Wu et al., 2017;|He et al., 2017;
Ong et al., 2017; Yin et al., 2017; Li and Dai, 2018; Kim et al., 2018; Cheng et al.,|[2019;
Liu et al.,[2019;[Zhang et al., 2020; |Li et al., 2020; |Liu et al., 2021; Deng et al., 2021a). Despite
their good integrability and low loss compared to the metallic structures mentioned
above, again there exist tradoffs among these conventional optical PBSs in terms of
operation bandwidth, insertion loss, structural compactness, and fabrication complexity.
Mach-Zehnder interferometers with high structural simplicity have been widely used in
optical modulators and sensors, while they also can be used as PBSs to split two orthog-
onal polarisations by leveraging the birefringence of the two waveguide arms (Dai et al.,
2011a). One example of the MZI-based PBS is shown in Fig.[5.2(a). The birefringence of
such a polarisation splitter is small leading to a relatively low polarisation extinction
ratio despite the introduction of additional highly birefringent materials, which would
in turn increase the fabrication complexity and material loss (Dai et al., 2012). Addition-
ally, the footprint for the MZI-based PBS tends to be large due to the same reason, while
the bandwidth is narrow (Soldano et al.,|1994; Liang and Tsang), 2005} Dai et al., 2011a).
For the MMI-based PBSs, the TE and TM modes can be separated into different through

Page 104



Chapter 5 Effective-medium-clad polarisation splitters

pe—
W' e w' “~heater Cross

(@)
©2011 IEEE

(d)

Figure 5.2. Optics-based polarisation beam splitters. (a) Schematic of a Mach-Zehnder-

interferometer-based PBS operating over 1505-1595 nm (Dai et al| 2011al). (b) Schematic

of a multi-mode-interferometer-based PBS for 1525-1575 nm operation (Hosseini et al, [2011]).

SEM images of fabricated PBSs based on (c) a photonic crystal of pillar type operating over

1550-1580 nm (Ao et al} [2006]) and (d) a photonic inverse design method operating over 1534—
1566 nm (Shen et al} [2015)).

paths by utilising the difference in their self-imaging beat lengths (Hosseini et al., 2011).

Typically, the MMI length is chosen simuteneously as even and odd multiple beat

lengths for the two polarisations, respectively (Hosseini et al., 2011). However, due

to a small birefringence of the MMI coupler, the structure is usually electrically quite

long to achieve a sufficient polarisation extinction ratio. The device footprint can be

shortened by using two-mode interference coupler (Hosseini et al.,2011) or by cascading
multiple MMI structures (Jiao ef al,2009). Benefiting from such techniques, as shown in
Fig.[5.2(b), an one-beat-length long MMI-based PBS has been reported (Hosseini et al.,
2011). Nevertheless, the bandwidth of such a PBS is narrow due to the mode interfer-

ence mechanism that is strongly frequency dependent. Another strategy to realise the

polarisation splitting function is to use photonic crystals as illustrated in Fig. [5.2{c),

which are highly sensitive to the polarisation of light waves (Zabelin et al., 2007). Typi-

cally, the PC-based structures can separate the TE and TM modes by leveraging their
polarisation-dependent dispersion properties or bandgap difference between the two
polarisations, so that the two modes can be refracted to different directions
2006; Kim et al. 2003; Zabelin et al., 2007; [Shi et al., 2007). However, the PC-based
PBSs exhibit high insertion losses mainly due to the strong diffraction (Kim et al., 2003}
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Zabelin et al.,2007) and scattering (Ao et al., 2006) at the PC interface. Additionally, ow-
ing to the strong in-band dispersion of the photonic crystals, their fractional bandwidths
are only a few percent (Kim et al., 2003; Ao et al., 2006; Zabelin et al., 2007; Shi et al.,[2007).
Rather than relying on theoretical design concepts, a PBS has been proposed based on
inverse photonic design method leading to an ultra compact footprint (Shen et al., 2015)
as shown in Fig.[5.2(d). However, the structure of such a PBS is highly complex with
little insight into the details of the operation mechanisms, while the optimisation is

computationally demanding.

With structural and design simplicity, directional couplers have been widely used
for optical PBSs. Similar with the MMI-based structures, the operation principles of
the directional-coupler-based PBS also rely on the beat length difference between the
TE and TM modes (Kiyat et al., 2004; Deng et al., 2021a)). Specifically, given a certain
coupling length, the mode with a shorter beat length can be coupled from the input
waveguide to its adjacent waveguide, while the one with a longer beat length can pass
through the input waveguide with no coupling (Dai et al., 2012). Therefore, a strong
polarisation birefringence leading to a greater difference in beat length is demanded to
achieve a compact PBS together with a high polarisation extinction ratio (Dai et al., 2012).
However, for a conventional silicon-based uniform directional coupler, the polarisation
birefringence is usually weak leading to a quite long coupler length together with
a relatively low extinction ratio. Furthermore, due to the coupling being strongly
dependent on the frequency, the operation bandwidth is narrow, while the stringent
requirements on the coupler dimensions result in a device performance that is highly
sensitive to the fabrication tolerances (Dai et al., 2012). Recently, an optics-inspired
terahertz PBS based on a silicon directional coupler (Deng et al., 2021a)) was proposed,
which operated over 445-475 GHz with a fractional bandwidth of 6.5% and an average
polarisation extinction ratio of >8 dB on a footprint of 0.8A; x 11.5A., where A is the
wavelength at central frequency. Another terahertz PBS design proposed by the same
group adopted the existing optical techniques and showed slight improvements in the
operation bandwidth and PER (Deng et al.| 2021b). However, a relatively high average
insertion loss reaching around 3.7 dB and a narrow fractional bandwidth of around 7%

together with a long footprint limited its applications.

To further increase the polarisation birefringence of the directional-coupler-based PBS,

several approaches have been proposed by introducing asymmetric couplers (Dai et al.}
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Figure 5.3. Optical polarisation beam splitters (PBSs) based on directional couplers. Schematic
of a PBS based on (a) cascaded bent-waveguide couplers operating over 1475-1610 nm (Wu et al
2017)), (b) bent-slot-waveguide coupler operating over 1470-1630 nm (Dai et al} [2011b]), (c)

subwavelength grating-tapered waveguide coupler operating over 1435-1655 nm (LLi et al} [2020)),
(d) tapered directional coupler for 1520-1620 nm operation ((Chen et al} [2016)), (e) multi-mode

waveguide coupler operating over 1520-1620 nm ((Augustin et al, [2007)), (f) triple-bent-waveguide

coupler operating over 1520-1610 nm (Ong et al} 2017)), (g) dielectric-hybrid plasmonic-dielectric

coupler operating over 1530-1565 nm ([Lou et al} [2012)), and (h) bent silicon nitride-silica-silicon slot

waveguide-silicon waveguide coupler operating over 1535-1575 nm (Liu et al} [2019).

2011b) and hybrid-waveguide couplers (Lou et al.,2012) as shown in Fig.[5.3l Both meth-

ods aim to achieve a good phase matching condition over a short coupling length for

the mode propagating through cross-coupling, and simultaneously a phase mismatch
for the other mode allowing it to propagate without significant coupling. In particular,

for the asymmetric-directional-coupler-based PBSs, their performance can be improved
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with assistance of bent waveguides (Dai and Bowers, 2011} Dai et al., 2011b; |Wu et al.,
2017; Ong et al.,2017;|Liu et al., 2019), slot waveguides (Komatsu et al., 2009; Dai et al.,
2011b; Liu et al.,[2019), grating waveguides (Wang et al., 2016; He et al., 2017;|Zhang et al.,
2020; Li et al., 2020; Liu et al., 2021), tapered waveguides (Ding et al., 2012} |Sacher et al.,
2014; |Chen et al., 2016; Yin et al., 2017; Li et al., 2020), triple waveguides(Augustin et al.,
2007; Komatsu et al., 2009; |Dai, 2012; Kim et al., 2015; Li and Dai, 2018; Kim et al., 2018;
Cheng et al.}, 2019; Sun et al., 2017), and/or the combination of these techniques (Ko
matsu et al.,2009; Dai et al., 2011b; Ong et al., 2017; Sun et al., 2017} |Liu et al., 2019; Li et al.,
2020). However, it is still challenging to simultaneously achieve a broad bandwidth
and a high extinction ratio on a compact footprint. Recently, as shown in Fig.[5.3)(c),
an optical PBS consisting of a subwavelength grating waveguide sandwiched between
two tapered waveguides was reported with an average insertion loss less than 0.3 dB
and a polarisation extinction ratio above 20 dB over a fractional bandwidth up to 16%,
which was claimed as the largest bandwidth in the optical domain (Li et al., 2020).
However, it is impractical to directly scale such a PBS down to the terahertz band,
since the footprint would be around 3 x 55 mm? at the WR-3.4 band, while the band-
width would be moderate considering a 40% fractional bandwidth required to cover
the WR-3.4 band. To reduce the footprint, the hybrid-waveguide couplers can provide
alternatives (Zou et al., 2011} Chang and Li, 2011; Lou et al., 2012; Sun et al., 2016, 2017;
Liu et al., 2019). One popular method is to use the plasmonic-dielectric-waveguide cou-
pler (Zou et al., 2011; Chang and Li, 2011} Lou et al., 2012) as shown in Fig. g), where
the metal-dielectric hybrid waveguide can support only a single polarisation that is
perpendicular to the metallic walls and allowed to be cross coupled. Broadly, this leads
to an infinite birefringence allowing for a compact footprint. However, the loss caused
by the metal absorption is significant, which also limits the bandwidth (Zou et al., 2011;
Chang and Li, 2011} Lou et al., 2012). Instead, all-dielectric hybrid waveguides can be
adopted to remove the metallic loss (Sun et al., 2016, 2017} |Liu et al., 2019). As illustrated
in Fig. 5.3(h), such kind of hybrid waveguide usually constitutes vertically stacked
multiple dielectric materials with various refractive indices so as to spatially separate
the modes with only one of them cross coupled (Sun et al., 2016, 2017; |Liu et al., 2019).
For example, a silicon nitride-silica-silicon waveguide was utilised for a PBS, where the
TE mode was confined within the bottom silicon layer and can be coupled to its adjacent
silicon waveguide with an identical height, while the TM mode is concentrated within
the middle silica layer and propagates through (Liu et al.,2019). Such an all-dielectric-

hybrid-waveguide-based PBS requires multi-step fabrication process with increased

Page 108



Chapter 5 Effective-medium-clad polarisation splitters

complexity, while the additional dielectric material loss is not negligible (Sun et al.,2017).
Additionally, its relative bandwidth is only 2.6% based on the conventional coupling
mechanism (Liu et al., 2019). Therefore, so far there is no suitable solution scalable
from either the microwave or optical domains that can provide a terahertz PBS with
low insertion loss, broad bandwidth, high polarisation extinction ratio, and compact

footprint.

5.3 Proposed design

5.3.1 Design principles

As shown in Fig.[5.4(a), the proposed polarisation splitter consists of multiple tapered
directional couplers. The device is built on the effective-medium-clad dielectric waveg-
uide platform to achieve a high efficiency, broad bandwidth, and high polarisation
extinction ratios over the operation frequency range from 220 to 330 GHz. The specific
design of the splitter is based on a 250-ym-thick silicon wafer with a relative permittivity
of €5; = 11.68 and resistivity >10 k() cm. The effective medium claddings are realised
by periodically perforating the silicon slab with deep subwavelength spacings, where
the claddings are formed in hexagonal lattices to enhance the mechanical strength as
shown in Figs.[5.4(b) and (c). The proposed PBS is designed to split the two fundamental
modes with orthogonal polarisations, i.e., the E{; mode with in-plane polarisation and
the EY, mode with out-of-plane polarisation, into two paths as illustrated in Figs. d)
and (e). Furthermore, regular waveguides cladded by lower index effective medium
claddings are used to connect the tapering and the polarisation splitter so as to en-
hance the coupling between the device and the feed while allowing for a consistent

interconnection with other components on the same platform (Gao et al., 2021).

The proposed polarisation splitter can be understood by considering separately two
paths namely the E%l-path and E7;-path as shown in Figs.|5.4(d) and (e). The E}{l-path
includes two tapered directional couplers connected by a 90° sharp bend. Here, the
tapered directional couplers can achieve a much broader bandwidth compared to the
conventional uniform directional couplers, and the details are given in Section[5.3.2]
Furthermore, the effective medium claddings surrounding the couplers have to be
properly selected so as to achieve a sufficiently high polarisation extinction ratio (PER),

as discussed in more details in Section For each coupler, the two evanescently
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Figure 5.4. Schemetic of the proposed integrated polarisation splitter. (a) Polarisation
splitter based on air-silicon effective medium with a thickness of 250 ym. Magnified views of the
hexagonal lattices of the effective medium in the (b) Polarisation splitter region with a relative
permittivity tensor of (ey,€y,€;) = (4.01,5.48,4.01) and (c) the non-polarisation-splitter region
with (ey, €y, €;) = (2.75,3.83,2.75). Magnified views of the unclad components composing (d)
the E%—path and (e) the Ej;-path. The unpatterned silicon slab in (a) is for handling purpose
in measurements, while the tapering structure at each port is for coupling to the feeding hollow

waveguide in both simulation and measurement. The dimensions are given in Table B.1}
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Table 5.1. Dimensions for the effective-medium-clad polarisation splitter.

a(um) dy(pm) dp (um) g1 (pm) g (um) g3 (um) g4 (um) g5 (um) gp (m)
100 90 80 20 75 70 140 252.5 20

g (pm) I (um) lsg (pm) I (pm)  lein (um) lsp (pm) I (pm) lcy (pm) Tby (pm)
112.5 3000 3000 2500 3500 800 2000 2800 1000

ws (pm)  wxy (M) Wy (pm)  wy (um) wg (pm) wp (UM)  Waq (PM)  Wpy (pm)  Sw (pm)
225 225 87.5 205 205 225 700 300 95

coupled waveguides are laterally tapered and inversely positioned with a small coupling
air gap along a sufficiently long coupling length. Such a design aims to achieve a
high power transfer for the EY, mode while rejecting the E; mode over the operation
frequency range from 220 to 330 GHz (WR-3.4 band). The waveguide widths are
selected for supporting only the fundamental mode of each polarisation. In this case,
the double couplers can enhance performance by increasing the polarisation extinction
ratio (PER). Introducing more couplers can further increase the PER but at the expense
of higher complexity and coupling loss. The sharp bend with low bending loss is
adopted to reduce the device footprint while minimising the interferences with the
Ef;-path Song et al.| (2016b, 2020). The claddings surrounding the bend is based on
the principles discussed in Chapter 3| where elliptical hole arrays are adopted with an

identical effective refractive index in both inner and outer claddings.

The Ej;-path consists of two symmetric tapered couplers bridged by a thin straight
waveguide with a relatively wide coupling gap as shown in Fig.[5.4(e). To minimise
the interference with the EY,-path, the two tapered waveguides are isolated with a
certain distance Isp. The bridging waveguide aids the coupling between the two ta-
pered sections for the Ef; mode. Typically, due to a larger in-plane field penetration
depth of the Ef, mode compared to the EJ, mode (Marcatili, 1969), a combination of
a wider coupling gap and a higher refractive index of filling material can support a
high transmission for the Ef; mode with a low crosstalk level for the E{; mode. Here,
the effective medium with a tailorable refractive index is therefore crucial to the perfor-
mance. Additionally, the core width of the bridging waveguide should be narrow so as
to capture the gradually leaked Ej; mode from the tapered waveguide or equivalently
to provide a good mode matching over a broad bandwidth. To further enhance the PER,
an E% mode filter consisting of multiple tapered waveguides is introduced as shown in
Fig. e), so that the remaining power in the E% mode is trapped in the filter while
the Ef; mode can pass through with a negligible impact. The mode filter leverages the

Page 111



5.3.2 Effective-medium-clad tapered directional couplers

identical principle adopted in the EY,-path design relying on the polarisation depen-
dence of the tapered couplers. It is noteworthy that as shown in Fig.[5.4(a), additional
effective-medium claddings are introduced outside the polarisation splitter region with
a lower relative permittivity compared to the one in the polarisation splitter region. This
is mainly to minimise the leaked mode inference with the nearby silicon slab. With such
a configuration, the leaked mode can be mainly confined within the cladding region
due to the refractive index contrast between the claddings in the polarisation splitter

and non-polarisation-splitter regions (Gao et al., 2021).

5.3.2 Effective-medium-clad tapered directional couplers

The tapered directional couplers also known as tapered velocity or tapered mode
couplers were first proposed several decades ago in the microwave regime for ultra-
wideband applications (Cook) [1955; Louisell, [1955). Generally, the tapered directional
coupler can be realised by tapering the geometries of the guiding structures and/or
the refractive indices of the surrounding materials (Cook, 1955; Louisell, 1955; Milton
and Burns, |[1975; Kim and Ramaswamy, |[1993; Riesen and Love} 2013). As a result, the
tapered couplers can operate in the evanescent coupling regions without even and odd
mode interference or critical beat length involved. This leads to a broad bandwidth
but at a slight expense of a larger footprint compared to the conventional uniform
directional couplers (Cook, [1955; Louisell, 1955). For a tapered directional coupler, it
has been demonstrated that the power transfer between two individual waveguides is
inversely proportional to (dAB/dz)/KK*, where AB = B, — Bp with B, and B, being
the propagation constants of the first and second coupled tapered waveguides, while K
is the complex coupling coefficient between those two waveguides (Milton and Burns,
1975). Here, AB is a monotonically decreasing function of coupler position z, positive
at one end of the coupler and negative at the other end. Milton and Burns (1975) have
proved that nearly 100% power transfer will occur when

dAg 1
=F. < 15. .
o <15 (5.1)

It is noted that a smaller dAB/dz can minimise the coupling between the quasi-even

and odd modes allowing for a high total power transfer across the coupler with a single
mode (quasi-even or quasi-odd mode). Otherwise, some power converted to the other
mode (quasi-even or quasi-odd mode) could remain in the launching waveguide (Milton

and Burns, (1975). Here, the quasi-modes are mainly due to the asymmetry of the coupler

Page 112



Chapter 5 Effective-medium-clad polarisation splitters

at a certain position. A higher coupling coefficient usually can be achieved with a longer
coupling length and a smaller coupling gap together with a sufficient evanescent field
penetration depth (Louisell, 1955; Marcatili, 1969). Given a sufficiently large coupling
coefficient K with across the coupler, the percentage of the total power transfer is mainly
determined by dAB/dz, where an appreciable power transfer requires a slowly varying
AB.

It has been observed through simulations that the power transfer across an air-clad
tapered coupler varies with polarisation (Cao et al., 2010). Below, it will be shown
that the combination of the tapered coupler and effective medium can significantly
enhance the polarisation discrimination with a great design flexibility. Specifically,
the investigations will focus on how the effective medium affects dAB/dz and KK*,
respectively so as to improve the performance. The in-depth analysis provides insight
into the design principles underpinning the superior performance of the proposed

polarisation splitter.

Polarisation dependence: dAS/dz

In this section, it will be proved that given a certain tapered directional coupler with high
coupling coefficients for both orthogonal polarisations, dAp/dz varies with polarisation
leading to a difference in power transfer. This is critical to the polarisation splitting and
explains the main design principle for the E]{l -mode path in the proposed polarisation
splitter. Importantly, it will be shown that the introduction of the effective medium

cladding can enhance such a difference.

In Chapter 3} the propagation constants of a uniform effective-medium-clad dielectric
waveguide for both orthogonal polarisations have been derived. Without loss of gener-
ality, in this chapter, the original forms of the propagation constants are used. According
to Marcatili’s theory (Marcatili, 1969), the propagation constant ; for the E;, modes

can be expressed as:

B: = \/k%—k§2—k§2, (5.2)
prt n2A3+n2A5 -
o= 1+ 22—, (5.3)
w nnlw
-1
x ﬂ A2+A4
ko= <1+—nh ) . (5.4)

For the E%q modes, the propagation constants 87 can be expressed as:
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2 2

B = K-k (5.5)
1

o= (1 LAt As ) , (56)

w Tw

o qn A+ A\
and

A

Asas = (5.8)

2(nf —n35,5) %
For the effective-medium-clad waveguides, A 5) is polarisation dependent due to the
anisotropy of the effective medium claddings, i.e., n;, is unequal to n;, (i =3,5) based
on the Maxwell-Garnett approximations. The above expressions were derived based
on the model shown in Fig. Here, p and g are integers denoting the mode order,
while w and h are the width and height of waveguide core, k; (i = 1,2,...5) is the
propagation constant in the i" medium with a refractive index n; (i = 1,2,...5), ki(y )
and k;(y) are the transverse propagation constants along the x and y directions, and A is

the wavelength in free space. Here, only the fundamental modes are considered, where
p=¢q=1

In this work, the tapered directional couplers are realised by varying the waveguide
core widths w along the wave propagation direction z leading to 8% and B varying with
z, while the core height / and claddings effective properties remain unchanged. Based
on the Eqs.(5.2)-(5.7), B (z) and B (z) are only affected by the transverse propagation
constants k¥(z) and k% (z), which are the functions of the core width w, while the other
parameters are constants. In this case, the varying rate of AB;(z) is proportional to the
varying rate of Aky(z) regardless of the polarisation. Additionally, since dAky/dz is
differentiable, it can be represented as

dAkx . dkxa . dkxb
dz  dz dz ’

where ky, and k,, are the transverse propagation constants along the x-axis of the two

(5.9)

individual waveguides. As shown in Fig.[5.4(d), the two identical tapered waveguides
are inversely positioned. As a result, dk,;,/dz has an opposite sign relative to the
dkya/dz, leading to the dAky/dz monotonically decreasing. Therefore, it is reasonable

to determine the varying rate of Ak, from a single tapered waveguide, i.e., from dk, /dz.
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For a effective-medium-clad tapered dielectric waveguide, based on Egs. and (5.6),
the transverse propagation coefficients k¥(z) and k%(z) for the Ef, and E{l modes can

be expressed as:

1
ki(z) = m°ni , 5.10
x(Z) TNy (nn%w(z) +n%xA3x +n%xA5x> ( )
1
1(z) = = : 11
kx(Z) 7T (ﬂZU(Z)+A3y+A5y> (5.11)
Correspondingly,
2
X
dki(z) niw (z) 5 21 5 , (5.12)
dz rniw(z) + n3, Asx + 1z, Asy
2
dkyc(z) 3.1 1
— = . 1
dz Tw(z) mw(z) + Asy + As, G-13)

Since the waveguide is linearly tapered along z with a slope of m, here w'(z) = mis a
constant. The next step is to compare the varying rate of the transverse propagation

constants between two orthogonal polarisations as:

(5.14)

2
dki(z)/dz nndw(z) 4+ ntAsy + n3Asy
dk’(z)/dz nndw(z) + n3 Azy +n2 Asy |

The distinctive terms in this ratio are n%A3(5)y and n§(5)xA3(5)x. As discussed above,
given a certain cladding configuration, A that can be obtained from Eq. is polarisa-
tion dependent due to the anisotropy of the effective medium claddings. To analyse
Eq. (5.14), a ratio 17 can be defined as:

2 2 2 1/2
p = mMAssy  _ ng (”1 ”3(5)x> (5.15)
2 2 2 4 '
”5(5)xA3(5)x "35)x \™ ~ "3(5)y

where 1 is the refractive index of the waveguide core, while n3,(,) and 75, are the

Yy Yy
refractive indices of the lateral claddings for in-plane (out-of-plane) polarisation. Based

on Egs. (2.1)—(2.2) in Chapter 2} it is known that any air-silicon effective medium with
a certain hole configuration has n3(5), < n3(5), due to its inherent anisotropy, leading
to the second item in Eq. (5.15) being greater than one. Thus, 1 in Eq. (5.15) is always

greater than one for the coupler cladded by effective medium, which means

niAsy > n3,Asx, (5.16)

niAsy > n, Asy. (5.17)
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Back to Eq. (5.14), this condition implies that for the effective-medium-clad tapered

coupler

dk(z) - di’(z)
dz dz

(5.18)

As discussed previously, dAB/dz is proportional to dAky /dz, which can be determined
from a single tapered waveguide dk,/dz. Therefore, it can be concluded that given an
identical high coupling coefficient, the E}; mode will always have a higher power trans-
fer compared to the E{; mode. This polarisation-dependent power transfer property
forms a basis for polarisation splitting along the E% ;-mode through path and for the E% 1
mode filter in the Ef; path as shown in Fig. Owing to the anisotropy, the effective
medium can significantly enhance the polarisation discrimination, which does not exist

in the silicon-on-insulator platforms with isotropic claddings.

Coupling coefficient: K

To achieve a sufficiently high PER, the cladding configuration has to be properly se-
lected, since the resultant refractive indices also affect the coupling coefficient that is
a critical parameter to determine the total power transfer. According to Marcatili’s
theory (Marcatili, [1969), the coupling coefficient K of a directional coupler decreases
exponentially as a function of g/¢, where g is the distance of the coupling gap, while ¢
is the 1/e evanescent field penetration depth into the coupling gap and can be expressed
as (Marcatilil, 1969):
1
¢ = Enr (5.19)

Agap

where Ag,p and ky can be obtained from Egs. (5.8), (5.10), and (5.11). Specifically, a

smaller coupling gap g and/or a larger field penetration depth ¢ can result in a higher

coupling coefficient K. Accordingly, for an effective-medium-clad tapered directional
coupler with a slightly varying small air gap, reducing the outer cladding refractive
index will lead to an increased k, thus an increased field penetration depth ¢. This
results in an increased coupling coefficient K for both polarisations. It can be concluded
that a lower refractive index is preferred to improve the coupling and thus achieve
a higher transmission level for the desired mode, e.g., the E{l mode, while a higher
refractive index is required to reduce the crosstalk level for the unwanted mode, e.g.,
the E{; mode. To this end, the effective medium with a finely tailorable anisotropic

refractive index tensor can be exploited to satisfy such a requirement. Specifically, a
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Figure 5.5. Performance comparision between a single tapered directional coupler cladded
by effective medium (EM) and air, respectively. (a) Simulated transmission coefficient. (b)
Simulated polarisation extinction ratio (PER). The PERs are derived by comparing the transmission
coefficients between the E% and Ej; modes of a tapered coupler with an identical cladding as shown
in (a). For both cases the coupler dimensions are identical with a sufficiently long coupling length

(3.5A0) and a small coupling air gap (around 0.1A)

higher refractive index of the outer cladding for decreasing the coupling level of the E7;
mode can be achieved with a small air fill factor, while a sufficiently high transmission
for the EY; mode can be maintained due to a lower sensitivity to the refractive index

change of the effective-medium-clad waveguide according to Egs. and (5.6).

Taking a single tapered directional coupler as an example, an optimal effective-medium
cladding relative permittivity tensor (ey, €y, €-) has been obtained through CST simula-
tion as (4.01,5.48,4.01) resulting from a hole array configuration with (a,d) = (100 ym,
80 ym). As shown in Fig. this cladding configuration can achieve an average trans-
mission level of around —0.7 dB for the E]l/1 mode and —11 dB for the Ef; mode, leading
to an average PER around 10 dB over the frequency range from 220 to 330 GHz. On the
contrary, an air-clad coupler shows a comparable average transmission level for the EY
mode and around —3.7 dB for the Ef; mode, resulting in an average PER around 3 dB.
In this sense, compared to the case with air claddings, the effective medium claddings

can provide an enhanced PER with a slightly decreased transmission level.
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PBS model

X
E]l

Y
x\bz
WR-3.4 hollow waveguide
Figure 5.6. 3D model of the effective-medium-clad polarisation splitter fed by the WR-3.4
hollow waveguides. The presented setup is for Ef; mode excitation, while the E% mode can be
excited by rotating the hollow waveguides by 90°. Similar feeding strategies are applicable to the

measurements.

5.4 Characteristics of the polarization splitter

This section discusses the characteristics of the proposed polarisation splitter, including
transmission, path crosstalk, ports isolation, higher-order mode conversion, and disper-
sion. Since the sample fabrication has been delayed due to COVID restrictions, all the
results presented in this chapter are from simulations, which are performed with CST
Microwave Studio 2021. A realistic loss tangent of 3 x 107> and a relative permittivity
of 11.68 for silicon are adopted in CST full-wave simulations, where WR-3.4 hollow
waveguides are used for excitation with the tapering structures inserted as shown in
Fig. Various polarisation splitter samples will be fabricated in the near future based
on the standard deep reactive-ion etching (DRIE) process with a 4-inch high-resistivity
tloat-zone silicon wafer that has a thickness of 250 ym. The measurements will be con-
ducted by using a Keysight vector network analyser (VNA) with VDI WR-3.4 extension
modules spanning from 220-330 GHz, while the samples will be fed the same way as in

the simulations in a setup similar to that presented in Chapters 3]and [4

5.4.1 Transmission and path crosstalk

This section focuses on the transmission and path crosstalk of the proposed polarisation

splitter by investigating the effects introduced by the accessories, i.e., the mode filter
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(© (d)

Silicon [l Homogeneous material 1 [ Homogeneous material 2

Figure 5.7. Evolution of polarisation splitter design based on the homogeneous artificial
materials. (a) Bare polarisation splitter. (B) Polarisation splitter with a mode filter along the
Ef,-path. (c) Polarisation splitter with double tapered directional couplers along the E{l—path. (d)
Final design. The dimensions are given in Fig. The relative permittivity tensor (ex,ey, €;) is
(2.75, 3.83, 2.75) and (4.01, 5.48, 4.01) for the homogeneous materials 1 and 2, respectively. The

relative permittivity tensors are calculated based on the hole configurations shown in Figs. b) and

(c).

in the E},-path and the additional tapered coupler in the E};-path. The investigations
correspond to the analyses given in Section

Effects from the accessories

To investigate the effects from the accessories, as shown in Fig [5.7, homogeneous
artificial materials are adopted to expedite the design process and save computing
resources. The relative permittivity tensors of the homogeneous materials are calculated
based on the Maxwell-Garnett effective medium theory (Subashiev and Luryi|, 2006), and
the results correspond to the hole configurations shown in Figs. b) and (c). Various

designs are considered including the bare polarisation splitter, the polarisation splitter

with the mode filter along the E7;-path, and the polarisation splitter with double tapered
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Figure 5.8. Simulated S-parameters of the polarisation splitter with various accessories as
shown in Fig. [5.7} Transmission for (a) the E3; mode along the E};-path and (b) the E]; mode
along the EY,-path. Crosstalk for (c) the EJ; mode in the Ef;-path and (d) the Ef, mode in the

E},-path. Polarisation extinction ratio for () the E};-path and (f) the E},-path.

directional couplers along the EY,-path. Their performance is compared to that of the
final design as shown in Fig[5.7(d). As shown in Fig. the bare polarisation splitter
can achieve a comparable transmission level for the Ef; and E}; modes ranging from
—2.1 to —0.3 dB together with an average crosstalk level of —14 dB leading to average
polarisation extinction ratios above 10 dB over the WR-3.4 band. To further reduce
the crosstalk in the Ef;-path, the E%l mode filter is introduced as shown in Fig. @b)
leading to the average crosstalk decreased by around 10 dB as shown in Figs. [5.8|c).

This is because the EY; component is coupled to the tapered coupler with most of power
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trapped in the filter and eventually leaked into the claddings. As shown in Figs.[5.§(a),
the filter slightly decreases the transmission level of the Ef; mode by around 0.2 dB
due to a small portion of power coupled to the filter. As a result, compared to the bare
splitter, the polarisation extinction ratio for the Ej; mode is improved by around 10 dB,
as shown in Fig.5.§(e). This filtering process further shows that the tapered coupler has
a distinct effect on the power transfer for the two orthogonal polarisations as proved in

Section

To minimise the crosstalk of the Ef; mode in the E},-path, an additional tapered direc-
tional coupler is introduced along the EY,-path as shown in Fig. c). Consequently,
the crosstalk level is reduced by around 10 dB as shown in Fig.[5.§(d). It is noted that
the additional coupler can slightly degrade the transmission of the E]; mode due to
the additional coupling loss as illustrated in Fig. [5.8(b). However, the polarisation
extinction ratio for the EY; mode is significantly improved compared to that of the bare
polarisation splitter as shown in Fig.[5.§(f). Such an improvement also leverages the
polarisation dependence of the tapered coupler that can support a much higher power
transfer for the E/, mode than that for the E; mode.

Consequently, the combination of the mode filter and the double tapered couplers leads
to the optimal design as shown in Fig[5.7(d). Owing to these accessories, the final design
achieves an average polarisation extinction ratio above 20 dB for both orthogonal modes
as shown in Figs5.8(e) and (f), while the transmission levels are slightly decreased due
to these accessories as compared in Figs. a) and (b). This well demonstrates that the
polarisation extinction ratios for both Ef; and EY; modes of the proposed polarisation
splitter can be significantly enhanced by leveraging the polarisation dependence of the
tapered directional couplers. It is noteworthy that a proper selection of the effective

medium is critical to achieve such optimal performance.

Implementation on the effective medium platform

The polarisation splitter full model based on the air-silicon effective medium is shown
in Fig. To verity the implementation accuracy, the S-parameters of the polarisation
splitters cladded by the artificial homogeneous materials and the air-silicon effective
media are compared as shown in Fig. Here, the coupling gap g» as indicated
in Fig.[5.7(d) is reduced to 75 ym from 91.5 ym for the realised polarisation splitter.
This is to compensate the discrepancies caused by the approximations of the effective

refractive indices used in the homogeneous materials. With such an adjustment, the
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Figure 5.9. Simulated S-parameters of the polarisation splitters with artificial and effective
medium claddings as shown in Figs. [5.4|(a) and Fig. [5.7(d). Reflection coefficients for (a) the
Ef, mode and (b) the E]; mode at the input port. Transmission for (c) the E¥, mode along the
Ef,-path and (d) the E% mode along the E%l—path. Crosstalk for (e) the E% mode in the Ef;-path

and (f) the Ef; mode in the E},-path . Polarisation extinction ratio for (g) the E¥;-path and (h) the

E{l—path.
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Figure 5.10. Simulated insertion losses of the effective-medium-clad polarisation splitter for
the E7; and Ei/] modes. The insertion losses are extracted from the transmission coefficients of the
E¥| mode and the E, mode as shown in Figs. c) and (d), where the loss caused by the straight

feeding waveguides are de-embedded.

S-parameters of the realised design agree well with those of the polarisation splitter
clad by artificial homogeneous materials as shown in Fig. It is observed that the
transmission levels for both polarisations are slightly decreased by around 0.2 dB for
the realised polarisation splitter due to the scattering loss of the effective medium.
However, such a slight decrement in transmission has a negligible impact on the overall
performance considering the average polarisation extinction ratios above 20 dB for both
modes as illustrated in Figs[5.9(g) and (h). As shown in Fig. the average insertion
loss for both modes is below 1 dB. It is noted that the relatively high insertion loss at
the lower frequency bound for the EY; mode is mainly due to the coupling loss of the
tapered couplers together with the bending loss, and it can be improved by increasing

the bending radius without changing other characteristics.

The simulated E-field distributions for the EY; and E]; modes at various frequencies are
shown in Fig. As shown in Figs. a), (c), and (e), for the Ef; mode, the waves can
be transmitted well through the bridging coupling over the whole WR-3.4 band, while
the waves coupled to the EY,-path are leaked into the claddings at the second tapered
coupler leading to a low crosstalk level in the EY,-path. At the EY, mode filter side, there
is a small portion of waves coupled to the air slots. Additionally, the discontinuity of the
thin bridging waveguide at the interface between the tapered and straight waveguides
causes wave leakage especially at the lower frequencies. These effects together can

slightly reduce the transmission level of the E¥; mode. For the EY; mode, as shown in
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Figure 5.11. Simulated maximum E-filed amplitude distributions of the effective-medium-clad
polarisation splitter for the Ej; and Ei/] modes at various frequencies. E-field distributions at
220 GHz, 275 GHz, and 330 GHz for (a, c, e) the Ef; mode and (b, d, f) for the the E1V1 mode. All

the E-field distributions are in linear scale and normalized by the same factor.

Figs.5.11|b), (d), and (f), most of the power can be transmitted through the tapered
couplers with a small portion of power leaking to the Ef;-path and trapped by the mode
filter eventually. Additionally, the radiation at the sharp bend is relatively strong at the
lower frequencies leading to a higher insertion loss. In addition, the wave leakage at the
second tapered coupler can lead to a gradually increased insertion loss with frequency
increasing as shown in Fig. This can be improved by reducing the coupling gap
but at a slight expense of the polarisation extinction ratio due to an increased Ej; mode

crosstalk.

A comparison of various polarisation splitting devices at optical and terahertz fre-
quencies is shown in Table Compared to the microwave-inspired orthormode
transducers, the proposed polarisation splitter has a good integrability and comparable
broad bandwidth and insertion loss. In particular, the proposed polarisation splitter has
a much simpler structure and lower fabrication complexity compared to the turnstile
OMT operating at the WR-3.4 band (Gomez-Torrent et al} 2018). Compared to the
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Table 5.2. Comparison of polarisation splitting devices at optical and terahertz frequencies.

(Ac: Central wavelength)

Frequency (THz)

Bandwidth?

PER (dB)
Ef) (E7)

Average IL (dB)
Efy (E1)

Footprint®

Microwave-inspired OMT (Unintegrated)

Asymmetrical OMT

(iReck and Chattopadhyayl |2013+
Turnstile OMT

(iGomeZ—Torrent etal. l |2018}
Double-ridged waveguide OMT
4Gonzalez and Kanekol |2021a+

0.500-0.600

0.220-0.330

0.275-0.500

18.2%

40.0%

58.0%

>20 (>20)

> 30 (>30)

> 30 (>30)

2.5 (2.5)

0.3 (0.3)

<1.0 (<1.0)

3D

3D

3D

Optical PBS (Integrated)
Photonic inverse design

MMI-based

PC-based

(Zabelin et al.}|2007

MZlI-based
Directional-coupler-based
Hybrid-plasmonic-waveguide coupler

Hybrid-dielectric-waveguide coupler

Triple-bent-waveguide coupler

Tapered-waveguide coupler

Multimode-tapered-waveguide coupler

4Augustin etal. l |2007}

Bent-waveguide coupler

Bent-slot-waveguide coupler

Grating-waveguide coupler

(Liet ul.l 5020}

191.57-195.57

190.48-196.72

187.02-196.61

188.09-199.34

191.69-196.08

190.47-195.44

186.34-197.37

185.19-197.37

185.19-197.37

186.34-203.39

184.05-204.08

181.26-209.06

2.1%

3.2%

5.0%

5.8%

2.3%

2.6%

5.8%

6.4%

6.4%

8.8%

10.3%

15.6%

>10 (>10)

>15 (>15)

> 10 (>10)

>10 (>10)

>15 (>15)

>20 (>20)

>20 (>20)

>15 (>15)

>15 (>15)

>20 (>20)

>10 (>10)

>20 (>20)

<1.5(<1.5)

0.8 (1.7)

5.6 (4.6)

0.5 (0.5)

<15 (<15)

<0.4 (<0.15)

0.6 (0.3)

<0.4 (<0.4)

3.5 (6.75)

<1.0 (<1.0)

<0.3(<0.3)

<1.0 (<1.0)

1.6A: x 1.6\,

0.6A¢ x 0.6A,

11.7A, x 11.7A,

3.1A¢ x 580.7A,

1.3A¢ x 3.3A,¢

0.8A¢ x 3.4A,

3.8A¢ x 8.3,

0.9A¢ x 18.5A,

8.2A¢ x 1718.0A,

4.5M; x 13.0A,

0.9A; x 4.6\,

2.8Ac x 50.0A¢

Terahertz PBS (Integrated)

Conventional directional coupler based

(Deng et al.}||2021a

Asymmetric directional coupler based

(Deng et al.”m

0.445-0.475

0.438-0.470

6.5%

7.1%

>8 (>8)

>10 (>10)

<2.0(<3.0)

3.7 (3.7)

0.8A¢ x 11.5A,

0.3A¢ x 23.5A,

This work (Integrated)

0.223-0.330

38.7%

>20 (>20)

<1.0 (<1.0)

4.7Ae X 7.2A,

2 The bandwidth is defined based on the claimed minimum polarisation extinction ratio (PER).

® The footprint for the OMT block is mainly determined by the flange size of the rectangular waveguide.
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existing optical and terahertz polarisation splitters, the proposed design has a much
broader bandwidth together with a low insertion loss (IL), high polarisation extinction
ratio (PER), and a reasonably compact footprint. Specifically, despite a similar PER and
an insertion loss, the proposed polarisation splitter can achieve a more than twofold
bandwidth on a much more compact footprint compared to the subwavelength-grating-
waveguide-coupler based optical polarisation splitter (Li et al., 2020). In addition,
compared to the terahertz polarisation splitters that are directly scaled down from the
optical domain (Deng et al., 2021alb), the proposed polarisation splitter has a bandwidth
that is about six times as broad, with superior insertion loss and PER. Furthermore,
owing to the effective medium increasing the polarisation birefringence, the proposed
design has a much shorter footprint compared to those terahertz polarisation splitters

based on the conventional silicon-on-insulator platforms (Deng et al., 2021a}b).

5.4.2 Port isolation and higher-order modes

This section investigates the isolation between the Ef;- and E},-path together with the
higher-order mode conversion across the device. As shown in Fig. the isolation
between the two output ports are good with an average [S3;(,3)| below —25 dB and
below —20 dB for the Ej; and E%l modes, respectively. The weaker isolation level
for the EY; mode is mainly due to the interference between the two paths, and it
can be improved by further increasing the isolation distance I, between the tapered
waveguides along the Ef;-path as shown in Fig. [5.4(e) but at an expense of a larger

device footprint.

To investigate the higher-order mode conversion across the device due to the structural
discontinuities, monitoring ports able to capture multiple modes are adopted at Ports 2
and 3 of the polarisation splitter in CST simulations. In this case, the hollow waveguides
at the two output ports are removed, while the tapering structures are kept so as to
achieve good impedance matching to air (Lees ef al., [2021a). It is noteworthy that
these higher-order modes are not measurable in experiments since the WR-3.4 hollow
waveguides can only accept the fundamental modes. The simulated results show that
for the in-plane polarisation, there are two higher-order modes excited including E};
and E3; modes with their electromagnetic fields shown in Figs. 5.13(a)~(d), while for
the out-of-plane polarisation, a quasi—Eg1 mode is excited as shown in Figs. e) and
(f). It is noted that the higher-order modes only can be converted from the fundamental

modes with identical polarisations, while the cross-polarisation conversion does not
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Figure 5.12. S-parameters for the port isolation for the effective-medium-based polarisation

splitter model.
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Figure 5.13. Simulated electromagnetc field distributions of higher-order modes. (a) E-field
and (b) H-field distributions for the E3; mode. (c) E-field and (d) H-field distributions for the EJ;
mode. (e) E-field and (f) H-field distributions for the quasi-E}, mode.

exist. The simulated transmission coefficients of the higher-order modes for the two
polarisations are shown in Fig. At Port 2, the transmission level for the E5; mode
is relatively high at the lower frequency bound compared to the E5; mode as illustrated
in Fig. 5.14(a), and this would slightly decrease the power level of the fundamental
mode at the lower frequencies. At Port 3, the transmission coefficients for both EJ;
and E3; modes are with an average level below —20 dB as shown in Fig.[5.14(c). For
the quasi-Ej,, the average |Sy | is below —25 dB as shown in Fig. b), which has

a negligible impact on the overall performance. Additionally, the weak transmission
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Figure 5.14. S-parameters for the higher-order modes conversion. Transmission coefficients for
(a) E3, and (b) Ep, modes at Port 2, and (c) Ej, and (d) Ep, modes at Port 3. The input is Ef; at
Port 1 for Eijq, and E]y] at Port 1 for E‘;/,q.

level for the quasi-E}, mode at Port 3 as shown in Fig. d) would not degrade the
transmission for the E%l mode.

5.4.3 Dispersion

To investigate the dispersion characteristics of the proposed effective-medium-clad
polarisation splitter, the group velocity dispersions (GVDs) for both fundamental modes
across the two paths are simulated as shown in Fig. As shown in Fig.[5.15(a), the
GVD along the Ej;-path ranges from 6.8 to 1.5 ps/(THz mm) for the E{; mode. The
mildly varying GVD for the E{; mode shows a low dispersion across its through path
allowing for a high data rate. For the EJ,-path, the GVD varies from 23 to 0 ps/(THz
mm), the relatively high dispersion from 220 to 240 GHz is mainly due to the intrinsic
dispersion of the straight waveguide and the two tapered couplers along the E%l path.
Nevertheless, such a dispersion characteristic for the E]; mode is comparable to that of

a single straight waveguide as discussed in Chapter
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Figure 5.15. Simulated group velocity dispersions (GVDs) of the effective-medium-clad
polarisation splitter. GVDs of (a) the E}, mode at Port 2 and (b) the EY; mode at Port 3. The group
velocity dispersions are calculated from the simulated unwrapped phase. To remove the numerical
phase noise, sixth-order polynomial curve fitting is carried out on the phase curves. The contributions

by the regular straight waveguide sections are de-embedded.

5.5 Conclusion

This chapter has presented a terahertz polarisation splitter based on the effective-
medium-clad dielectric waveguide platform over 220-330 GHz. The polarisation splitter
has been comprehensively studied for various characteristics including transmission,
crosstalk, isolation, higher-order modes, and dispersion. The simulated results show
that the proposed polarisation splitter can achieve a 20-dB PER fractional bandwidth
of 40% with an average insertion loss below 1 dB on a footprint of 4.7 275 X 7.2A¢275.
Furthermore, the proposed polarisation splitter has isolation levels above 25 dB. The
average transmission level below —20 dB for the higher order modes dose not degrade
the performance overall. The proposed polarisation splitter show a low dispersion with
GVD ranging from 6.8 to 1.5 ps/(THz mm) for the Ef; mode and from 23 to 0 ps/(THz
mm) for the E}; mode. The thorough analysis shows that the combination of the tapered
directional coupler and the effective medium can provide a high-performance polarisa-
tion splitter in terms of bandwidth and polarisation extinction ratio. In particular, the
effective medium platform yields high design flexibility and low fabrication complexity,
compared to the conventional silicon-on-insulator (SOI) platform based polarisation
splitters. The 40% fractional bandwidth of the proposed polarisation splitter is nearly 20
times as wide as the optical C-band. This is much needed for terahertz applications es-
pecially for communications with increased channel capacities. Considering scalability,

the proposed concepts can benefit integrated photonics at large.
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Tro6

Summary and outlook

HIS chapter concludes the work presented in this thesis. Chapter/]]
introduces the background and motivations of this doctoral thesis,
while the original contributions are detailed in Chapters 2] to [5
including the effective-medium-clad dielectric waveguides, peripherals such
as bends and crossings, Bragg grating filters, and polarisation splitters. The
outlook for future developments on the proposed integrated platform is

presented in this chapter.
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6.1 Thesis conclusion

This doctoral thesis is centred around the development of a terahertz integrated platform
with high efficiency, low dispersion, and broad bandwidth. Importantly, the proposed
platform is envisaged to accommodate various passive and active components for a
wide range of applications especially for high-volume short-range communications.
Based on the Maxwell-Garnett effective medium theory, a series of all-silicon self-
supporting substrateless terahertz integrated waveguides have been proposed, where
the effective medium concept was shown to add significant design flexibility. To
enable an integrated platform, various fundamental building blocks including bends,
crossings, and directional couplers have been presented, while an in-depth analysis of
the propagation characteristics has been performed. To demonstrate the on-chip signal
processing capabilities of the proposed platform, two class of functional components
have been proposed including filters and polarisation splitters. All these components
feature high efficiency and broad bandwidth much needed for terahertz applications,
while the effective medium plays a critical role in enhancing the device performance.

This section provides a brief summary on the original contributions of the thesis.

Effective-medium-clad dielectric waveguides and peripherals
This part contains Chapters [2| and |3 and it presents the air-silicon effective-
medium-clad dielectric waveguides and various peripherals including bends,
crossings, and directional couplers. Based on the Maxwell-Garnett effective
medium theory and Marcatili’s theory, various characteristics have been com-
prehensively investigated including transmission, dispersion, cross polarisation,
and crosstalk between two parallel waveguides together with the characteristics
of bends and crossing. All the designs presented have been experimentally val-
idated showing an extremely low loss, low dispersion, and broad bandwidth.
To verify the performance of the proposed waveguides in terahertz communica-
tions, real-time bit-error-rate testing experiments have been performed, while an

uncompressed 4K-resolution video transmission has been demonstrated.

Effective-medium-clad Bragg grating filters
This part consists of Chapter [}, which has discussed the Bragg grating filters
implemented onto the effective medium waveguide platform. Owing to the ef-
fective medium, the proposed Bragg grating filters have been shown to break

through the bandwidth limitations of this filter type based on the conventional
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silicon-on-insulator platform. Various filter characteristics have been thoroughly
investigated including transmission, bandwidth, central frequency, and disper-
sion. All the samples have been experimentally validated showing almost perfect
agreements between the simulations and measurements. Additionally, fabrication
tolerances and their effects have been investigated to provide insight into the
details of the realised filter samples. The proposed Bragg grating filter type is
potentially applicable at high terahertz frequencies above 1 THz. The proposed
low-loss, low-dispersion, and broadband bandstop filters are much needed for
communications applications, while the concept to enhance the filter performance
by leveraging the effective medium can benefit both the microwave and optical

domains.

Effective-medium-clad polarisation splitters
This part constitutes Chapter 5, where a planar effective-medium-clad polarisa-
tion splitter has been proposed. Attributed to the combination of the tapered
directional couplers and effective medium, the proposed polarisation splitter can
achieve a large fractional bandwidth with high polarisation extinction ratio and
low insertion loss on a compact footprint. Various characteristics of the proposed
polarisation splitter have been studied including transmission, crosstalk, isolation,
higher-order mode conversion, and dispersion. It can be foreseen that such a po-
larisation splitter can benefit the short-distance communications toward increased

channel capacities.

6.2 OQutlook

This thesis has proposed a terahertz integrated platform based on the concept of effective
medium and importantly provides a sound theoretical basis for future developments.
To demonstrate the capabilities of this platform, spectral filtering and polarisation
manipulation have been implemented, while more advanced functionalities can be
further conceptualised and developed based on the achievements in this thesis. As a
complement of the thesis, this section suggests further possibilities and list necessary
advances to accelerate adoption of the proposed concepts, with the aim of resolving
current research challenges and enabling practical applications of integrated terahertz

technologies.
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Broadside radiating antennas
Directional antennas with broadside radiation patterns are critical for communica-
tions. Although, the conventional microwave patch antennas can provide a simple
solution, the significant ohmic loss introduced by the metal will significantly
degrade the antenna efficiency at terahertz bands. To this end, it is necessary
to investigate all-dielectric ground-plane-free broadside radiation antennas for
terahertz applications. The proposed effective medium platform can provide
an attractive support for such kind of antennas and further investigations are

required to resolve the difficulties arising from the absence of a ground plane.

Beamforming networks
Wideband planar beamforming networks are crucial for many applications espe-
cially for passive antennas and radars capable of scanning their beams in a wide
spatial angular range. This is critical for wireless communications to improve the
channel diversity and capacity. To achieve a high-efficiency and broadband tera-
hertz beamforming network, the effective medium waveguide platform is an ideal
base, which can accommodate Butler matrix, Rotman lens, and Luneburg lens.
However, there exist tradoffs in terms of structual compactness, port isolations,
and bandwidth. Therefore, more investigations are needed for high-performance

implementation of such constrained lenses/networks.

Bandpass filters
As one of the most fundamental and important components, bandpass filters
are still not available on the proposed effective-medium platform. It is possible
to realise a bandpass filter based on the platform by implementing photonic
crystal cavities along the guiding channel, but the resulting bandwidth remains
relatively narrow. Alternatively, the bandpass filtering function can be achieved by
cascading multiple Bragg grating filters operating at various frequencies. However,
this strategy can lead to a relatively large footprint. Furthermore, due to the
relatively weak boundary conditions of the silicon material at the air interface,
it is challenging to achieve a high-Q dielectric resonator to build the bandpass
filters with good frequency selectivity. To overcome the material limitations, more

advanced structures need to be investigated.

Polarisation rotators
Polarisation rotators together with the polarisation splitters are indispensable

for polarisation diversity systems, which are critical for integrated circuits and
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coherent receivers for communications. However, compared to the polarisation
splitters, it is much more difficult to realise a waveguide-based polarisation rotator
since, from symmetry considerations, it is challenging to rotate the optical axis of
the dielectric waveguide. Although the conventional optical methodologies have
offered possibilities in the open literature, the resultant achievable bandwidth is
narrow. To this end, it is worth investing efforts to investigate a high-efficiency

and broadband terahertz polarisation rotator based on the proposed platform.

Terahertz active devices
To realise an on-chip terahertz communications system, active and non-linear
devices such as transceivers and mixers are indispensable. The highly efficient
and broadband effective medium waveguide platform can be an ideal frontend to
accommodate various active components such as RTDs and PIN diodes to realise
such active devices. However, it is challenging to achieve an efficient interface
between the dielectric waveguide and the active components due to the distinct
difference in physical size and modal distributions. Thus, to achieve an efficient
interface for high-density terahertz integrated circuits, further research efforts

should be made.

In conclusion, it can be foreseen that the proposed effective-medium platform can greatly
benefit terahertz integrated circuits and accelerate the practical applications of terahertz
technologies, in analogy to the microstrip lines to microwave and silicon-on-insulator

platform to photonic integrated circuits.
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-Idix A

Transmission sensitivity to
waveguide misalignment

Due to the evanescent fields, the proposed effective-medium-clad dielectric waveguides
are sensitive to the alignment with respect to the feeding hollow waveguides. Typically,
the mode with a weaker wave confinement that has a larger evanescent field penetration
into the claddings is more sensitive to the misalignment. To investigate the sensitivity
of the waveguide transmission to the misalignment, the transmission coefficients have
been simulated for a 1-cm waveguide with various imperfect alignment over the WR-2.8
band. As shown in Fig.[A.T(a), for the E{; mode a 5-deg rotation with respect to the
propagation axis or a 0.1-mm shift with respect to the hollow waveguide can cause
significant fluctuations. For the E, mode, as shown in Fig. b), a 0.1-mm shift can
lead to strong fluctuations in the transmission coefficient, while the performance is
more robust to the rotation with slight fluctuations of the transmission coefficient at
lower frequencies. Compared to the E}; mode, the EJ, mode is less sensitive to the
misalignment mainly due to its stronger wave confinement at the WR-2.8 band. It is
noteworthy that given an identical wafer thickness, i.e., 200 ym, the wave confinement
for the E], mode will be degraded at the WR-3.4 band especially at the lower frequencies
as discussed in Chapter 3 leading to a higher sensitivity to the waveguide misalignment

compared to that of the E{; mode.
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Figure A.1. Simulated transmission coefficients for waveguide misalignment investigation.
Simulated transmission coefficients for (a) the Ef; mode and (b) the E]; mode over a 1-cm straight
waveguide with perfect alignment, 5-deg rotation relative to the propagation axis, and 0.1-mm shift in
the x-direction for the Ef; mode and in the y-direction for the E% mode with respect to the feeding
hollow waveguides. The coordinates for the waveguide shift can be referred to Fig. while the

positions of the feeding hollow waveguides are fixed as shown in Fig. b).

Page 138
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Packaging for practical
applications

The proposed effective-medium-clad waveguide platform can realise various compo-
nents with complex functions not achievable with typical metallic components. The
introduction of the hollow-waveguide-based packaging would enable the components
to stand alone and provide a good interface with WR-3.4 waveguide in measurement.
Furthermore, the packaging allows for a component-level testing in a much more

flexible manner compared to the “all-in-one” testing strategy.

A possible package consisting of a top and a base is shown in Fig. B.I{a-c). To avoid
the influence of the package on the evanescent fields that extend around 100 ym in the
y-direction, an air cavity is created as shown in Fig.[B.I(d). In addition, WR-3.4 hollow
waveguides and flanges can be included for interfacing the platform with external
components. To investigate the impact of the package on the waveguide performance,
the transmission coefficients for a 1-cm waveguide with and without the package are
simulated. As shown in Fig. the transmission levels for the waveguide with and
without the package are comparable for both E}; and EY; modes. However, there
are significant fluctuations at lower frequencies for the cases with package. These
resonances mainly result from the cavity resonance effects, and the stronger resonance
for the EY, mode is due to its weaker wave confinement leading to stronger radiation.

To minimise the resonance, terahertz absorbers are needed inside the cavity.
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Figure B.1. Hollow waveguide package accommodating a 1-cm effective-medium-clad

dielectric waveguide. Perspective view of (a) assembled package, (b) package top, and (c) package

base. (e) Magnified cross-sectional view of the package.
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Figure B.2. Simulated transmission coefficients of 1-cm waveguide sample with and without

package.
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Coupling loss between
effective-medium-clad
waveguide and WR-3.4

hollow waveguide

The measured and simulated coupling losses between the straight waveguide and a
WR-3.4 hollow waveguide are extracted by subtracting the loss of the straight section
from the complete setup shown in Fig. As illustrated in Fig. the measured
coupling loss for the Ef; mode is below 0.248 dB, and the measurement agrees well

with simulation. This level of coupling loss is equivalent to that of the photonic crystal

waveguide presented in |Tsuruda et al.| (]2015b[). However, for the E}; mode, due to

the weaker wave confinement, the coupling loss is higher at lower frequencies. It is
found that the sample alignment is more problematic for the E}; mode resulting in the
relatively higher measured coupling loss across the band. This is related to the sample
orientation with respect to the feed rectangular waveguide. As shown in Fig. the
claddings along the E-field of the hollow waveguide are different for the two modes.
For the Ef; mode, it is the effective medium cladding, which could help the waveguide
achieve a better wave confinement, so that it matches better the mode field distribution
of the hollow waveguide that is strongly confined. However, for the EY; mode, the
cladding along the y-direction is air, where the wave confinement is weaker and the
mode matching between the sample and the hollow waveguide is worse leading to a

relatively higher coupling loss.
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Figure C.1. Coupling loss between the effective-medium-clad waveguide and the WR-3.4

hollow waveguide for the E7; and the E%l modes.
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