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Abstract

This work discusses both the theoretical and experimental guidance of low-
loss single-mode millimetre-wave (mmW) and terahertz (THz) waves within
microstructured photonic crystal fibre or waveguides, as well as functional
components which can be built upon them. The aim of this work is to provide
good interconnects for mmW and THz system. The interconnects are
desired to be low loss, single mode, low dispersion, as well as easy to
fabricate and integrate. In this work, photonic crystal structures, which can
easily manipulate the wave-behaving photons by artificially changing its
geometrical and material properties, are used in the proposed mmW and
THz waveguides. The proposed photonic crystal waveguides includes
cylindrical Bragg fibres and flat hollow photonic crystal integrated
waveguides. The geometrical differences between Bragg fibres and photonic
crystal integrated waveguides make them work better for different
challenges. The former are promising for long distance guidance of signals
due to its ultra-low loss, while the latter are strong candidates for compact
and multilayer packaging applications since its flatness and other
exceptional properties.

The thesis has three primary themes. The first them is about the design
principles, analysis, and fabrication and measurement of low-loss
asymptotically single-mode THz Bragg fibres. A design principle for
manipulating the photonic bandgap of Bragg fibres, which is called as the
generalized half-wavelength condition, is proposed. Based on the design
principle, an ultra-low loss THz Bragg fibre with single mode and low
dispersion is proposed, verified by the simulation. Considering practical
fabrication challenges, a sub-THz Bragg fibre is fabricated using 3D printing
technology and characterized to be one of the lowest loss waveguide at
around 300 GHz. The mode transition and filtering in the fabricated sub-THz
Bragg fibre is investigated, disclosing the mechanisms of asymptotically
single-mode operation pattern of Bragg fibres.

The second theme is about the design, fabrication and measurement of
single-mode mmW flat and hollow photonic crystal integrated waveguides
with low loss and zero group velocity dispersion. The hollow photonic crystal
integrated waveguides comprise of air-core line-defect photonic crystal
structures sandwiched by a pair of metallic parallel plates. Two different
types of photonic crystals are used in the designs, namely hexagonal lattice
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array of air holes in dielectric slab and Bragg reflectors that consist of
periodic arrangement of dielectric layers and air layers. Therefore, two types
of hollow photonic crystal integrated waveguides are designed. The designs
are fabricated and verified at Ka-band by measurements. The hollow
photonic crystal integrated waveguides possess the merits of both substrate
integrated waveguide and photonic crystal waveguide, but eliminates their
drawbacks, making them strong candidates for compact and multilayer
mmW and THz system-in-package applications.

The third theme is about the design and simulation of mmW and THz
functional components built upon the previously designed microstructured
photonic crystal fibres and flat waveguides. The functional components that
have been designed include waveguide bends, power splitters or combiners,
cavity, h-plane horn antenna, and circular Bragg fibre horn antenna. This
theme aims to demonstrate the expansibility and flexibility of the proposed
microstructured photonic crystal fibres and flat waveguides as promising
platforms for designing mmW and THz functional components.

Though each theme discusses the theoretical analysis and/or experimental
measurements of distinct phenomena, they are deeply related within the
overall theme of engineering low-loss single-mode fibres or waveguides and
their integration into mmW or THz systems.
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Chapter 1
An Introduction to Terahertz Waveguides and Materials

The THz wavelength (0.1 mm ~ 1 mm), or frequency range (0.3 THz ~ 3
THz), is of great interest to the scientific community owing to its associated
characteristic scales in time, length and energy level, and has recently
attracted significant attention for public safety [1], submillimetre astronomy
[2], plasma fusion diagnostics [3], medial and agriculture imaging [4, 5],
communication [6], as well as identification of chemical or biological species
[7]. Historically, this region of the spectrum was known as the “THz gap”,
which refers to the fact that it is particularly difficult to generate THz waves
with artificial sources because of its location in the spectrum within the
interval between optical and electronic technologies [8]. The development of
compact and robust THz systems has proved to be challenging due to the
lack of high-power sources and high-sensitivity detectors, along with the high
loss of typical transmission mediums [9]. Low-loss single-mode THz
waveguides, which are fundamental and key components needed to
interconnect the functional components in a THz system, are of significant
interest, and especially when the power of sources and sensitivity of
detectors are relatively weak.

Material properties and geometrical structures are the two main factors that
affect the propagation loss of a waveguide. Metals introduce more ohmic
loss as the wavelength of the guided wave becomes shorter. Most dielectric
materials attenuate THz waves significantly [10]. Air, among those dielectric
materials, is a very low loss media for the guiding of THz waves. It should be
noted that humid air also damps THz wave significantly, so dry air is
preferable for low attenuation. High-resistivity silicon also possesses very
low material loss at the THz range, but it is not mechanically flexible [11].
Therefore, methods which guide THz waves in air are usually the best
solution for low-loss waveguiding. However, finding structures which tightly
confine THz waves in air without the use of metal is challenging.

Photonic crystals, which comprise structures having periodic regions with
high and low dielectric constants, block modes of certain frequencies from
propagating through the structure. The “photonic bandgap” refers to the
groups of blocked modes so formed. This effect leads to distinct wave
phenomena with useful applications, such as high-reflecting all-dielectric
mirrors [10]. A line-defect in a photonic crystal allows the modes in photonic
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Fig. 1.1 The number of journal articles published per year that discussed the
fields of photonic crystals (index A: blue), mmW and THz photonic
crystals (index B: orange), and mmW and THz photonic crystal
waveguides (index C: yellow). All data collected from Web of Science
[12].

bandgaps to propagate within the defect region, thereby forming a
waveguide. Replacing metals by photonic crystals in waveguides can reduce
the severe ohmic loss at THz frequencies as the cost of introducing a small
amount of dielectric loss and confinement loss. Therefore, photonic crystals
can be seen as artificial structured materials that are capable of waveguiding
THz waves with extremely low loss.

To understand the historical context and growth of the field of mmW and
THz photonic crystal waveguides (PCWs), a search based on the Web of
Science [12] was conducted, as shown in Fig. 1.1. The search was
expanded to include mmW frequencies here since photonic crystal
structures also exhibit very interesting properties at mmW frequencies, such
as flatness, flexibility, integratability, as well as ease of fabrication. All
indexed articles that discuss “photonic crystals” or “mmW and THz photonic
crystals” or “mmW and THz photonic crystal waveguides” were noted.

1 Owing to the different naming conventions, the search terms “millimetre,”
‘sub-millimetre,” “mmW,” “terahertz,” “THz,” “T-ray,” “far-infrared,”
“‘photonic crystal,” “photonic bandgap,” “Bragg fibre,” “waveguide,” and
“fibre,” as well as regional spelling variants were also searched.
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As Fig. 1.1 shows, the interest in photonic crystals experienced a rapid
growth in the 1990s after the term “photonic crystal” being firstly introduced
by E. Yablonovitch et al [13]. However before that, the bandgap effect in
one-dimensional photonic crystals, which is also known as “Bragg reflector”
or “Bragg mirror” or “Bragg stacks”, has already been studied in 1976 [14].
The research of photonic crystals is firstly driven by optical applications,
such as optical fibres, cavities, sensors, gratings, and photonic integrated
circuits. The collision of photonic crystals with mmW and terahertz
technology didn’'t happen until the mid 1990s. Unlike the explosive
development of photonic crystals, very few articles are published on mmW
and THz photonic crystals, since most of them discuss optical applications.
This may be due in part to the lack of low-loss high-refractive-index mmW
and THz materials and suitable fabrication techniques. Among all studies on
mmW and THz photonic crystals, about half of them investigates
waveguides or fibres. Therefore, the study of waveguides still remains at the
core of the field of mmW and THz photonic crystals, and studying it may
pave the way for an increased interest in THz functional components and, in
due course, THz system in package (TSiP) concepts.

1.1 Review of THz waveguides

The THz spectrum is located in the gap between the well-developed
microwave and infrared spectral regions. Waveguides in the THz frequency
range are well poised to benefit from techniques and technologies from both
electronics and photonics, i.e., rectangular/circular metal waveguide [15, 16],
parallel-plate [17, 18], metal wire [19, 20], planar and coaxial transmission
lines [21 - 24], substrate-integrated waveguide [25, 26], sub-wavelength
polymer fibre [27, 28], dielectric tube [29 - 31], dielectric-lined hollow metallic
waveguide [32 - 35], and microstructured fibre [36 - 54].

Hollow metallic rectangular and circular
waveguides play an essential role in
packaging sources, passive components, and
detectors into conventional microwave
systems. Hollow metallic waveguides function
well at microwave frequencies, but as the frequency extends to high
terahertz frequencies, the size of hollow metallic waveguides decreases to
the sub-millimetre scale, which is a severe challenge for metal processing.
Besides, the ohmic loss of hollow metallic waveguides is significant, which
may greatly decrease the performance of THz systems since the power of
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Fig. 1.2 Dispersion curves (left) and group velocity dispersion (right) for the
lowest two modes in the WR1.0 rectangular waveguide.

THz sources are generally much lower than the power of microwave
sources. In addition, hollow metallic waveguides experience strong group-
velocity dispersion near the cut-off frequency of the guiding modes, since
they do not support transverse electromagnetic modes which have no cut-off
frequency. Generally, compared with standard metallic circular waveguides,
standard metallic rectangular waveguides have a much larger bandwidth
which allows only one mode to propagate. A rectangular waveguide, whose
height to width ratio is 0.5, allows a single-mode operation bandwidth of 2:1
(the ratio of the upper band edge to lower band edge) or an octave, while the
highest possible bandwidth of circular waveguides is only 1.36:1. In order to
limit dispersion and avoid evanescent-wave coupling with higher order
modes in standard hollow metallic rectangular waveguide, the lower edge of
the band is usually approximately 30% higher than the waveguide’s cut-off
frequency, and the upper edge of the band is approximately 5% lower than
the cut-off frequency of the next higher order mode. For instance, the
rectangular waveguide WR-1.0 (WR-10) used by Virginia Diodes Inc. to
cover the bandwidth 0.75-1.1 THz (75-110 GHz) has an estimated
waveguide loss between 1.92 (0.061) and 1.35 (0.043) dB/cm at the low and
high end of the band, respectively [55]. Fig. 1.2 shows the dispersion curves
and the group velocity dispersion (GVD) of WR1.0 with gold-coated walls. It
can be seen that the GVD for the lowest two modes in the WR1.0 in the
suggested single-mode band is relatively large. The GVD is responsible for
dispersive temporal broadening or compression of signals. For applications
like spectroscopy or communication, the GVD is desired to be zero or close
to zero to reduce the effect of the signal distortion.

Oversized rectangular and circular waveguides have also been
investigated, both theoretically and experimentally [56 - 58]. Quasi-optical
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techniques are used to efficiently couple freely propagating pulses of THz
electromagnetic radiation into hollow metallic circular and rectangular
waveguides [57]. A completely classical waveguide theory is typically utilized
to calculate the coupling coefficient into the modes of the waveguide for the
incoming linearly polarised and focused THz pulses, which can be treated as
a plane-wave Gaussian beam. The propagation of the THz pulse through the
waveguide is then described as a linear superposition of the coupled
propagating modes with a unique complex propagation vector separately.
The study [57, 58] shows that the linearly polarized incoming THz pulses
significantly couple only into the TE44, TE12, and TM44 modes of the circular
waveguide and the TE1o and TMy2 modes of the rectangular waveguide. By
suitably setting the beam waist of the Gaussian beam, and the size of the
waveguides, coupling of the THz pulse to only one mode of the waveguide
over many octaves in frequency can be performed. A 25 mm long 125 pm
x125 um rectangular brass waveguide has been experimentally
demonstrated to propagate a single TEiy mode over the frequency range
from 0.7 to 4 THz with low loss [57], and a circular silver waveguide with an
inner diameter of 1 mm has been reported to propagate a single TE41 mode
at wavelengths from 190 to 250 ym with losses lower than 8 dB/m [58].

Dielectric-lined hollow metallic waveguides, which

introduce a dielectric coating layer on the inner metallic

walls of an oversized hollow metallic waveguide, have been

intensively studied recently for reducing the propagation
loss [32 - 35, 59 - 61]. These dielectric-lined hollow metallic waveguides aim
to solve the issue of increasing ohmic losses of single-mode coaxial and
rectangular waveguides at terahertz frequencies. In hollow metallic
rectangular and circular waveguides, the ohmic losses are caused by the
electric field not vanishing entirely on the metallic boundary, but instead
penetrating into the wall, where absorption occurs. However, in the
dielectric-lined hollow cylindrical metallic waveguide, the hybrid linear-
polarized HE41 mode and the azimuthally polarized TEy1 mode experience
small absorption due to electric field then vanishing at the waveguide wall
[62]. As free-space THz pulses at the focal spot can often be regarded as a
linearly polarized plane-wave Gaussian beam, the linearly-polarized HE14
mode has a much higher coupling efficiency to the free-space THz pulse
compared with the azimuthally polarized TEos mode. By optimizing the
thickness of the dielectric cladding and the bore diameter to wavelength
ratio, the linearly polarized hybrid HE1 mode exhibits the lowest loss and
becomes the dominant mode [62, 63]. The other modes, e.g. TE1, TMy4,
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TE42, suffer a significant increase in their attenuation coefficient, which is
known as self-filtering. By means of efficient coupling, as with the coupling of
freely propagating THz pulses to the fundamental mode in oversized circular
waveguides, higher order modes can be further eliminated, thus enabling
quasi-single-mode propagation. Therefore, the multimode nature of
oversized waveguide is suppressed in dielectric-lined hollow metallic circular
waveguide. The effective single-mode THz propagation in polystyrene-lined
hollow silver circular waveguide with transmission loss below 1 dB/m and
dispersion of 6 ps/THz/m with a bandwidth of at least 1 THz has been
reported [35, 64].

Parallel-plate waveguides consists of two parallel

conducting plates positioned closely together [17, 65,66].

Generally, parallel-plate waveguides use the lowest-order

transverse-magnetic (TMo or TEM) mode or transverse-
electric (TE1) mode as the operating mode. The TEM mode has a uniform
electric field perpendicular to the plates under the approximation of perfect
electric conductor (PEC), and has no cut-off frequency, so producing
exceptional small GVD (zero for PEC plates, or minute real values for
conductive metal ones). Since even-symmetry incoming THz field patterns
do not couple to the odd symmetry modes in parallel-plate waveguide, and
vice versa, the theoretical single-mode band for TEM is the band lower than
the cut-off frequency of TM, mode. However, even if some coupling to the
TM2 mode did occur, it would experience rapid attenuation due to higher
absorption than that of dominant TEM mode and thus be filtered out. The
single-mode band for the TEM mode is therefore much wider than the
theoretical value in practice. For instance, it is reported that undistorted, low-
loss (0.61 dB/cm at 1 THz) single-TEM-mode propagation of the incoming
0.3-ps FWHM THz pulses can be observed over the frequency range from
0.1 to 4 THz through a 24.4 mm long copper parallel plates with a plate
separation of 108 ym, which is much higher than the cut-off frequency of
TM2; mode (2.78 THz) [17]. In contrast, the electric field of TE1 mode is
orientated parallel to the plates, and has a cut-off frequency which causes
spectral filtering and introduces high GVD, which results in a broadening and
reshaping of the input broadband THz pulses. This was confirmed in Ref.
[66], where a picosecond-scale input pulse propagating through aluminium
plates with a plate separation of 0.5 mm was broadened to more than 150
ps, strongly reshaped, and exhibited a negative chirp. Nevertheless, it was
also observed that the TE; mode exhibits extremely low loss (3.3x10®
dB/cm at 1 THz) and negligible dispersion, and propagates in a single-TE4
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mode pattern over a wide band in oversized parallel plate waveguide by
increasing the plate separation from 0.5mm to 10 mm [66]. The problem of
the multimode nature in oversized waveguide is solved by selectively
optimizing the coupling between the incoming THz Gaussian beam with the
mode of interest via mode-matching. Both TEM and TE; modes are suited
for the transmission of THz pulse in parallel plates with low loss and low
dispersion. The electric field of TE1 mode has a spatial dependent sine
distribution, whereas that of TEM mode has a flat-top profile, and thus the
TE+1 mode is matched to Gaussian beam profiles much better than the TEM
mode, enabling better coupling and selectivity. The ohmic loss of TE4 mode
is much lower than that of TEM mode since the field vanishes at the wall. In
addition, it has been reported that the intrinsic divergence loss in the
unguided direction can be reduced by exploiting slightly concaved plates
[65]. Overall, the TEM mode or TE1 mode can be excited if the incoming THz
Gaussian beam is polarized parallel or perpendicular to the plates,
respectively.

Bare metal wire, also known as Sommerfeld wire, consists

of a cylindrical metallic wire conductor. The dominant mode

of bare metal wire is a cylindrically symmetric radial

transverse magnetic mode (TMp1) which is also known as
Sommerfeld wave [67]. It propagates as a weakly guided radial surface
wave along the conductive surface of the bare metal wire, as thus is a form
of surface plasmon wave. It has been measured that, for a metal wire with
0.9 mm in diameter, the time-domain waveforms have no evident change
after a propagation distance of 24 cm, which indicates the propagation is
essentially dispersionless and the attenuation can be as low as 0.01 cm™ at
1 THz [19]. Since the interaction area between the electromagnetic field and
the metal wire is a small surface, much smaller relatively than other metallic
waveguides, the ohmic loss of the metal wire is relatively low concomitantly.
However, due to the weak confinement of the TMys mode, even mild
geometric perturbations, such as bending, may lead to high radiation losses,
indicating that the radiation loss is one of the main reasons which limit its
practicable applications [68]. In addition, the coupling loss of the free-space
THz beam to the guided mode is quite large, since the polarization of guided
mode and the incoming THz Gaussian beam are poorly mismatched. Some
efforts have been made to reduce the radiation loss and increase the
coupling efficiency. A photoconductive antenna with radial symmetry can be
used to emit a radially polarized THz beam, maximizing the spatial overlap
between the polarization of the input THz beam and the radial symmetry of
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the transverse magnetic mode (TMyp1) [69], thus enhancing the coupling
efficiency. Similar to the bare metal wire, a two-wire waveguide can also be
used to carry the terahertz wave in air with low loss (0.01 cm™ at 1 THz) and
low dispersion [20]. However, the difference is that the dominant mode of
two-wire waveguide is TEM mode confined in the small area between the
wires, which allows more efficient coupling of the electromagnetic energy
into the waveguide.

Subwavelength polymer fibre is a single polymer wire

with subwavelength diameter. With a large wavelength-to-

diameter ratio, the energy of the propagating modes

expands to the air, minimizing the fractional power delivered
inside the lossy polymer core [28]. Radiation loss due to nonuniform
diameter variation and fractional material absorption due to absorptive
polymer core are two dominant loss mechanisms for the subwavelength
polymer fibre [70]. Owing to the efficient quasi-optical coupling of the free
space THz sub-ps pulses to the propagating HE41 mode, subwavelength
polymer fibre exhibits single-HE{1 mode propagation over a wide band,
regardless of the multimode nature of the subwavelength dimensions of the
fibore [71]. However, the group velocity dispersion of the HE44 mode is
significant. It is reported that a 0.6 ps incident THz pulse propagating
through a subwavelength sapphire fibre with 325 pym diameter and 8 mm
length is broadened to approximately a 10 ps pulse [71]. A propagation loss
at 0.3 THz was reported to be of the order of or less than 0.01 cm™, but
when the frequency extended to higher terahertz band the attenuation
increases significantly [70]. Besides, in order to achieve a large wavelength-
to-diameter ratio, the diameter of the fibre decreases to the tens of microns
scale for the transmission of higher terahertz pulse, which makes the
uniformity of the fibre more challengeable. In order to isolate humidity air
from other environmental perturbations, a substantial porosity suspended
core subwavelength fibre was reported to offer low-loss (0.02 cm™) single-
mode guiding over the continuous bandwidth from 0.28-0.48 THz [72].

Polymer tube waveguides normally consist of a large air
core and a thin dielectric hollow cladding. The guiding
mechanism is the antiresonance effect of the thin dielectric
hollow cladding, which acts as a radial Fabry-Perot etalon.
Owing to the antiresonance effect, a series of low loss transmission bands is
separated by frequencies with high loss which satisfy the resonance
condition of the thin cladding [73]. The spacing of the resonance frequencies
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is inversely proportional to the refractive index and the thickness of the
cladding [29]. However, a uniformly thin cladding is fragile and difficult to
fabricate in practice, and materials with appropriately low refractive index are
rare. Moreover, tube waveguides with thin claddings are sensitive to external
perturbations, since the propagating mode extends significantly outside the
cladding. In addition, the low loss and low dispersion propagation of
terahertz waves in polymer tube waveguides always require a large diameter
of the air core, which leads to multimode transmission, and thus the single-
mode transmission is sensitive to the coupling efficiency, leading to limited
beam quality and beam stability. It has been reported that Teflon tube with a
large core (9 mm) and a thin wall (0.5 mm) offers low loss (less than 0.005
cm™") transmission of THz waves (a passband of 200 GHz centred near 400
GHz) [29]. In order to overcome the band limits due to antiresonance
reflection, a high-loss, thick PMMA cladding has been introduced to
minimize the antiresonance reflection by absorbing the propagating field in
the cladding and thus preventing it from being reflected into the core where
the interfere occurs [30]. This PMMA tube waveguide is reported to offer low
loss (0.05-0.5 cm™) and low dispersion (<10 ps/THz/cm) in the 0.3-1 THz
range [30].

Transmission lines, including
microstrip, stripline, coplanar,
and coaxial transmission lines,
are widely used in terahertz
time-domain spectroscopy
(THz-TDS) system for the
generation of  sub-ps-THz
pulses. However, the
transmission lines have not
been considered for the transmission of THz pulses, mainly due to high
attenuation and dispersion [22]. The electromagnetic wave carried by
microstrip and coplanar exists partly in the dielectric substrate, and partly in
the air above it, while coaxial transmission line delivers TEM modes in the
dielectric area between the two coaxial conductors. Microstrip and coplanar
transmission lines both suffer from high dispersion due to the dielectric
substrate and strong frequency dependent loss due to Cherenkov-like
radiation. The coaxial transmission line has low dispersion due to the TEM
mode having no cut-off frequency, but it still has high loss owing to the finite
conductivity of the metal. Reported propagation losses at 1 THz for
microstrip, coplanar waveguide, stripline and coaxial cable are
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approximately a,s=10 cm™, @, =15 cm™, a=6 cm”, and a,,,,=0.48 cm™,
respectively [21 - 24].

Substrate integrated waveguides (SIW) provide a
promising platform for millimetre-wave integrated circuits
due to their ease of integration and printability [25, 26].
However, at THz frequencies, the loss of dielectric-filled
SIW is mainly limited by high material absorption loss [25], while the loss of
hollow SIW converges to the high ohmic loss [26]. In addition, the metal vias
are very difficult to make, especially in the THz range. It has been reported
that a SIW works at 500 GHz with a propagation loss less than 3.5 dB/cm
[25]. Compared with conventional SIW, hollow substrate integrated
waveguide (HSIW), which is also known as air-filled SIW, can reduce the
propagation loss substantially by mainly guiding the electromagnetic field in
the air core [26, 74, 75]. HSIW has been reported to work over the Ka-band
with a minimum loss of about 0.045 dB/cm around 34 GHz [74].

Photonic crystal slab waveguides [76-78] show very
low loss and low GVD, but their performance is
significantly affected by both the substrate and
superstrate, which is why they are usually suspended
in the air. Bends in the PC slab waveguide also greatly decrease the
bandwidth owing to the discontinuities at the bends and the incomplete
photonic crystal bandgap. Propagation loss of less than 0.1 dB/cm and
bending loss as small as 0.2 dB/bend working over the frequency range from
0.326 to 0.331 THz are reported [76]. It is also recently reported that a PC
slab waveguide works between 0.54 ~ 0.63 THz with a mean propagation
loss of 4 dB/cm.

Hollow photonic crystal waveguide (HPCW) [79,
80] is made up of line-defect metallic photonic
crystals sandwiched by two parallel metal plates. In
the horizontal direction, the wave is confined in the
air core by metallic photonic crystals due to the photonic bandgap effect,
while in the vertical direction, the wave bounces between the two parallel
metal plates. Gold-coated square lattice rods sandwiched by aluminum
parallel-plate waveguide is reported to work over the frequency range
between 0.65 ~ 1.0 THz with a propagation loss less than 1.74 dB/cm with a
minimum of about 0.87 at 1 THz [80].

Ribbon waveguide [81, 82], confines the wave in a high-refractive-index
dielectric core via the total internal reflection effect, and has been reported
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in the frequency ranges of 100 to 130 GHz [82] and 440 to
550 GHz [81] with a propagation loss of less than 0.087
dB/cm and 1.04 dB/cm, respectively. Ribbon waveguides
are sensitive to the surrounding materials, and thus
supporting structures are usually needed to keep them suspended in the air.

Substrate integrated image guide (SIIG) comprises
of a dielectric core and two porous sidewalls. The
effective refractive index of the porous sidewalls is
smaller than that of the dielectric core. Thereby the
wave is guided in the dielectric core via total internal reflection effect. It is
reported that a SIIG is demonstrated to work between 85 GHz to 105 GHz
with a mean propagation loss of 0.35 dB/cm [83].

Microstructured fibres, including

ﬁ\ photonic crystal fibres, have been
% ( | intensively studied in the optical
kﬁ frequency range since 1996 when

the first all-silica endless single-
mode photonic crystal optical fibre was fabricated [10, 84], but they are now
an area of active field for the delivery of terahertz waved [36 - 53]. Amongst
these microstructured fibres, some air-core microstructured fibres stand out
as particularly promising [39, 42, 43, 46, 48 - 52]. A spider-web porous fibre
fabricated by extrusion has been demonstrated with loss better than 35
dB/m between 0.2 and 0.35 THz with a minimum loss of 1.3 dB/m at 0.24
THz, but single-mode operation is not claimed in the work [48]. Using three-
dimensional (3D) printing technology, a hollow core fibre with a triangular-
lattice cladding around an air cylinder was demonstrated operating near
0.105 THz with 30 dB/m propagation loss [42]. A 3D-printed kagome-lattice
THz waveguide with average propagation loss of 8.7 dB/m over three
antiresonance windows in the frequency range from 0.2 to 1.0 THz has also
been presented [49]. In addition, using 3D stereolithography, a hollow core
Bragg fibre with propagation loss of 52.1 dB/m at 0.18 THz [50] was recently
reported. In 2011, two rolled large air-core Bragg fibres were reported which
exhibited propagation losses of 18 dB/m at 0.69 THz and 12 dB/m at 0.82
THz, respectively [43]. Recently, tube-lattice fibers fabricated with a fiber
drawing technique have been demonstrated, in which the electromagnetic
(EM) fields are guided in the low-loss air core, based on the antiresonance
effect [51, 52]. The latest experimental work on a tube-lattice fiber showed a
propagation loss of approximately 5 dB/m in the fundamental transmission
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window around 0.27 THz can be achieved, and losses of 1 dB/m in higher
order transmission windows were inferred, those latter were too low to
measure reliably [52]. However, as a type of anti-resonant fiber, the tube-
lattice fiber in [52] supports a high number of modes, especially in higher
order transmission windows due to the relatively large core size, resulting in
mode-competition problems [85, 86]. Triangular-lattice microstructured fibers
fabricated by stacking were also shown to guide terahertz waves [39, 46],
with a propagation loss less than 0.87 dB/m around 0.77 THz achieved [46].
These air-core microstructured fibers [39, 46] exhibit relatively low loss as
they are able to tightly confine the EM field in the low-loss air core, based on
either the photonic bandgap effect [87, 88] or the antiresonance effect [89,
90], but single-mode operation in these microstructured fibers was not
claimed. A dielectric-lined hollow cylindrical metallic waveguide is a very
promising structure, having achieved propagation loss of 1 dB/m at 2.54 THz
[35]. It can enable quasi-single mode propagation by means of efficient
coupling, but multimode interference was also reported which caused
measurement difficulties.

The guiding mechanism of microstructured fibre can be divided into three
classes: photonic bandgap effect, modified total internal reflection, and
antiresonance reflection. The photonic bandgap effect requires a strictly
periodic structure in the cladding, and the light is confined with the core as
the transverse propagation in microstructured cladding region is made
impossible by the periodic structure. The modified total internal reflection in
microstructured fibre is similar to the total internal reflection in conventional
step index guiding optical fibre. The effective index of the core is higher than
the effective index of the cladding. The core can be either solid or
microstructured, and the cladding can be either microstructured or air [41,
91, 92]. In antiresonance reflection microstructured fibre, each cladding layer
can be considered as a Fabry-Perot like resonator. The wavelengths
corresponding to low and high transmission of terahertz wave are referred
as resonant wavelengths and antiresonance wavelengths, respectively.

Strictly periodic structures are not necessary for both modified total internal
reflection and antiresonance reflection microstructured fibre [92, 93 ].
Moreover, the guiding mechanism may vary among aforementioned
mechanisms in the same microstructured fibre depending on the frequency
of interest [44, 94 ]. According to different structures, the family of
microstructured fibre can be commonly divided into three classes: air-core,
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solid-core, and microstructured core waveguides. The air core
microstructured fibre tends to guide the mode in the low loss air core through
either photonic bandgap effects [95] or antiresonance reflection [46, 93],
which are not to be confused, while the solid core and microstructured core
fibre guides the mode in polymer or polymer/air core via modified total
internal reflection [92] or antiresonance reflection [96].

In the past decade, much efforts has been dedicated to experimental work in
microstructured fibre and flat waveguides. A summary of the properties of
mmW and THz microstructured fibres and flat waveguides are listed in Table
1.1 and Table 1.2, respectively. This thesis aims to make contributions to
these two types of THz waveguides for the low-loss single-mode guidance of
mmW and THz wave.

1.2 mmW and THz materials

The materials typically used for mmW and THz microstructured fibres and
flat waveguides are shown in Table 1.1 and Table 1.2, respectively. For THz
microstructured fibres, all of the materials commonly used are polymers,
including TOPAS, Zeonex, PTFE, HDPE, PMMA, and other 3D printing
materials. Using THz-TDS system [97], most of these polymers are
measured, and their THz dielectric properties are shown in Fig. 1.3. From
Fig. 1.3(a) and Fig. 1.3(c), common polymers, such as TOPAS, PTFE, and
HDPE, are less dispersive than 3D printing materials around 1 THz. From
Fig. 1.3(b) and Fig. 1.3(d), the material absorption of 3D printing materials
are generally higher than that of common polymers. Among them, TOPAS,
which is a kind of cylic-olefin copolymer (COC), possesses the lowest
material absorption coefficient with moderate refractive index, making it a
common choice as the host material for THz microstructured fibres [41, 53].

For flat waveguides, as shown in Table 1.2, the most common material is
high-resistivity silicon. High-resistivity silicon has high refractive index and
extremely low loss for frequencies below 2.5 THz, and it is a favorited
material for flat THz photonic crystal waveguides benefiting from mature
silicon technologies, such as photolithography and plasma etching, though it
is incompatible with fibre fabrication using extrusion or drawing techniques
[10, 67]. Some other dielectric materials have been proposed as promising
host materials for flat THz waveguides, such as fused silica [25], aluminium
oxide (Al2Os3) [98], and gallium arsenide (GaAs) [22]. Along with the above-
mentioned polymers, the mmW and THz dielectric properties of typical
materials are listed in Table 1.3.
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Fig. 1.3 Terahertz dielectric properties of polymers. (a) Refractive index and
(b) absorption coefficient of some common polymers obtained from
GoodFellow Inc.; (c) Refractive index and (d) absorption coefficient of
some 3D printing materials. RGD430, RGD450 and RGD835 are
obtained from Stratasys Inc., and ABS-tuff, AB-flex, and LS600 are
obtained from EnvisionTEC Inc.

Overall, for the photonic crystal structures emphasized in this thesis, high-
refractive index and low-loss materials are desirable to create a significant
bandgap, although in reality trade-offs between the favorited properties of
the materials and the feasible fabrication techniques have to be made. For

Table 1.3 mmW and THz dielectric properties at representative frequencies.

Material  |PermittivityRefractive Absorption |Loss = [Measured [Data Source

Index Coc1efficient TangentFrequency

(m”)

High- 11.676 3.417 1.5 2.095E-|1 THz [11]
resistivity 05
Silicon
InP 12.33 3.511 662.34 0.009 1 THz [99]
Al,O3 9.3 3.05 191.77 0.003 (1 THz
(99.6%)
Fused 3.818 1.954 200 0.0049 1 THz [100]
Silica
High- 12.924 3.595 60 0.0008 (1 THz
resistivity
GaAs
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Rogers 2 1.414 0.622 0.0021 (10 GHz  [101]
RT/duroid
5880LZ
Rogers 2.2 1.483 0.28 0.0009 (10 GHz
RT/duroid
5880
Rogers 11.2 3.347 1.543 0.0022 10 GHz
RO3010
Rogers 10.7 3.271 1.577 0.0023 10 GHz
RT/duroid
6010LM
Zeonex [2.313 1.521 21 0.000661 THz [36]

TOPAS [2.341 1.53 33.98 0.001061 THz Measured at Leeds
PTFE 2.056 1.434 93.01 0.003091 THz using THz-TDS
HDPE 2.359 1.536 65.09 0.002021 THz system by the

PMMA 2.534 1.592 1307 0.039191 THz author
TPX 2.146 1.465 96.14 0.00313|1 THz
PC 2.712 1.647 910.9 0.02639|1 THz
PS 2.525 1.589 147.1 0.004421 THz
ABFlex [2.799 1.674 2390.3 0.068211 THz
ABStuff 2.776 1.667 2094 0.069991 THz

LS600 2.727 1.652 1902.8 0.065001 THz
RGD430 [2.628 1.622 2129.5 0.062701 THz
RGD450 [2.766 1.664 2449.2 0.070321 THz
RGD835 [2.674 1.636 2056.8 0.06004 1 THz

HTM140 [2.689 1.64- 959.1 0.02791{300 GHz |Measured at Leeds
0.02288i using VNA free-
space material
characterization
platform by the
author

THz microstructured fibres, Zeonex or TOPAS are promising low-loss
material which suit for the fibre fabrication techniques. As for mmW and THz
flat waveguides, high-resistivity silicon is a popular choice.

1.3 Fabrication Techniques

1.3.1 Fabrication of microstructured THz fibres

For most of the reported microstructured THz fibres, fabrication usually
involves moulding, drilling, stacking, rolling, 3D printing, solvent deposition,
extrusion, and drawing, as can be seen from Table 1.1. Except for 3D
printing, all above-mentioned fabrication techniques are widely used in the
fabrication processes of optical and infrared polymer microstructured fibres
and they usually have two stages [10, 102]. The first stage of the fabrication
of an optical or infrared fibre is the construction of a preform which is a
scaled-up (larger in diameter, shorter in length) version of the fibre which
contains the necessary transverse microstructures and essential materials.
In the second stage, the fibre preform is drawn to form a fibre using a
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drawing tower which involves heating the preform to a temperature
sufficiently larger than the glass transition temperature of the polymers to
reduce its viscosity so that it can be drawn to fibre. The process may also
involve intermediate stages, such as drawing the initial preform to an
intermediate size called a “cane”, sleeving to increase diameter, or by
stacking several canes to form a new preform [103]. However, on some
occasions, due to the larger dimensions of THz waveguides compared to
that in optics or infrared, no fibre drawing is required since the waveguide
preform is suitable by itself for THz guidance. Much effort has focused on
the primary preforms: stacking of capillary tubes, drilling holes in the bulk
material, moulding/casting into a microstructured mould, extrusion, and so
on.

Drilling is the first method used to fabricate microstructured optical fibre
[104], and it has also been widely employed in THz range [36, 41, 45, 53].
The fabrication of a fibore made by drilling holes in the preform is very time
consuming for a large number of holes, and this technique is not adequate
for fabrication of fibres with high porosity due to the mechanical constraints
of the hole size and the wall thickness between the holes [105]. In addition,
the shape of the holes is limited to the circular shape and the length of
preform.

The high porosity required for some microstructured fibre designs led to the
investigation of stacking. To fabricate preforms through the stacking
technique, the rod, tubes or capillaries are assembled in a hexagonal array
[39, 46, 47] or other regular arrangement [106], and placed into a protective
cladding to hold the arrangement securely in place. The advantage of this
technique is that very large air fractions can be achieved by using very thin-
walled tubes [106, 107].

Another technique employed for fabrication of microstructured THz fibres is
moulding. Two different approaches are considered for this purpose: a
sacrificial polymer technique, and microstructured moulding technique [40,
67]. For the former approach, a sacrificial polymer which has significantly
higher glass transition temperature than the main material of the
microstructured THz fibre is placed in the air region of the preform; the main
material then consequently fills out the space between the sacrificial polymer
by melting. After that the fabricated preform is then drawn into a fibre, and
finally the air holes in a fibre are revealed by dissolving the sacrificial
polymer without affecting the rest of the fibre. For the latter approach, the
fibre preform is constructed by casting main material into a microstructured
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glass mould. The glass moulds are pulled out from the preform, and any
residual glass is etched away before drawing into fibre. Finally, the resultant
preform is drawn down using active pressurization preventing hole closure
and increasing the porosity. However, the transverse cross-section of the
preform may be severely deformed by the active pressurization.

Hollow-core multilayer photonic bandgap waveguides can be fabricated by
rolling up a thin film with a layer of powders on top of acting as a bridges to
maintain the air gap between the layers, or by rolling up a bilayer of thin films
with different materials [43]. Apart from the preparation of thin films of
materials, these techniques are straightforward, but lack mechanical stability
and reproducibility.

As a cost-effective, fast, convenient fabrication technique, 3D printing is
able to produce devices accurately with good repeatability, and hence it has
attracted much attention for the fabrication of functional THz components,
such as waveguides [42, 49, 50, 54, 108], fibres [109], lenses [110], antenna
horns [111] and sensors [50]. 3D printing is also ideal for the fabrication of
highly porous structures, which is a challenge for other techniques, such as
moulding, drawing, rolling, and extrusion, owing to the deformation
encountered during processing [67]. The confident thinnest dielectric wall
thickness is larger than 0.4 mm for most commercial 3D printer currently [42,
54]. This feature limits its practical application on THz fibres working above 1
THz which usually contains sub-wavelength features thinner than 0.3 mm.
Moreover, the printing materials are limited, and the usually have relatively
higher losses than common polymers, such as HDPE, PTFE, etc., which are
not adequate for fabrication of ultra-low loss THz fibre [42, 54]. However,
due to the relative convenience of fabrication, this technique is usually
employed for the demonstration of the fundamental mechanism.

Solvent deposition has been employed to fabricate hollow core polymer
THz fibre containing a second polymer (rather than air layers) [44]. The first
polymer is dissolved in a nonsolvent of the second and vice-versa. Each
layer of the fibre can be deposited and dried non-destructively. In order to
achieve an efficient bandgap, a large refractive index contrast is required.
However, the refractive indexes of most common polymers are in the range
of 1.3 to 2 which is not sufficient for maintaining a large bandgap. An
approach to increase the refractive index of polymer is doping a host
polymer with high refractive index inclusions (such as TiO, particles within a
polyethylene host [43]), but this will increase the material loss of the polymer
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composite significantly, making it inadequate for fabrication of low loss THz
fibres.

Among all the fabrication techniques, the extrusion technique is one of the
best candidates for the fabrication of the performs for the microstructured
THz fibre which enables to continuous manufacture of non-circular preform
with either symmetrical or asymmetrical features [105, 112]. Preforms are
extruded by heating a bulk polymer billet to a temperature higher than the
glass transition temperature, while the soft polymer is then forced through a
structured die using a ram extruder at a fixed speed. The transverse cross-
section of the preform is determined by the die exit geometry. By using the
extrusion technique, the porosity of the preform, which is the scaled-up
version of the final fibre structure, can be up to 65% [105]. As mentioned
above, the preform by itself is suitable for THz guidance resulting in the
elimination of the drawing process. It has been reported that the thickness of
the wall in an all-PMMA air core Bragg fibre can be as thin as 0.2 mm [112].

1.3.2 Fabrication of mmW and THz flat waveguides

Table 1.2 shows the techniques involved in the fabrication of representative
mmW and THz flat waveguides. Unlike the fabrication techniques of THz
microstructured fibres discussed in section 1.3.1, which are diverse, the
fabrication techniques of flat waveguides are more convergent. Along with
other preparation techniques, like metal sputtering and spin coating, all
designs listed in Table 1.2 use laser processing techniques, including laser
direct structuring and photolithography. The use of laser processing
techniques can mainly be attributed to their high fabrication resolution.
Common metal processing techniques include metal sputtering [80], electron
bean evaporation [21], and electroplating [74]. Plasma etching or deep
reactive-ion etching are used to etch samples with high material thickness to
achieve better quality of vertical side walls of etching structures [76, 81]. To
be more specific, the fabrication techniques used in the papers listed in
Table 1.2 are as follows:

e In Ref. [21], spin coating was used to deposit cyclotene resin on
aluminum metallized low-resistivity silicon substrate. After the
polymerization of the cyclotene resin, the signal conductor of the
microstrip line was fabricated using lithography.

e In Ref. [22], photolithography was used to pattern a coplanar
waveguide on a 500-pym-thick GaAs substrate.
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In Ref. [23], photolithography was used to fabricate a coplanar
stripline comprised of aluminum metal lines on a silicon-on-sapphire
substrate (SOS).

In Ref. [25], waterjet drilling was used to drill ground vias out of a
backside copper coated fused 50-um-thick silica substrate which is
optically transparent. Then the vias and the front surface of the silica
substrate were metallized by copper using metal sputtering. Finally,
photolithography was used to pattern the front face of the mode-
selective transmission line.

In Ref. [26], low temperature co-fired ceramic (LTCC) and laser
direct structuring were used to fabricate a hollow substrate
integrated waveguide. Four layers of Dupont® GreenTape 9K7 were
firstly stacked and pre-laminated, and then laser direct structuring
was used to create vias, cavities and slots in the pre-laminated
structure. Then, silver paste was used to fill the vias and metalize the
top and bottom layers. Finally, the aligned samples were laminated
and co-fired forming the HSIW.

In Ref. [74], laser direct structuring was used in hollow substrate
integrated waveguide to create vias, holes and air channel out from
Rogers® RT/duroid™ 6002 laminate. Two FR-4 boards with vias
aligned with the 6002 laminate were used to sandwich the 6002
laminate creating the HSIW. The vias were metallized using standard
PCB processing techniques.

In Ref. [76], photolithography and plasma etching techniques
were used to pattern 200-pym-thick 4-inch high-resistivity silicon wafer
creating a photonic crystal slab waveguide with lattice constant equal
to 240 pym.

In Ref. [77], optical lithography has been used to fabricate a
photonic crystal slab waveguide which is made of high-resistivity
silicon [77]. The thickness of the silicon layer is 100 pm. The
fabrication accuracy is reported to be 1 ym which is much smaller
than the wavelength of mmW and THz frequencies, so this technique
can provide very good fabrication quality for mmW and THz
waveguides.

In Ref. [80], optical lithography and metal sputtering were used to
fabricate a hollow photonic crystal waveguide. A SU-8 layer of 70 um
thickness, placed upon Al coated Si wafer, was exposed using optical
lithography and developed into a square lattice rods with a period of
160 pym. The square lattice of SU-8 rods was then metalized by
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sputtering approximately 400 nm of gold. After manually removing a
row of metalized SU-8 rods, the line-defect square lattice metal rods
were mounted into match parallel plate waveguide made by
Aluminium and consequently forms the HPCW.

e In Ref. [81], photolithography and deep reactive-ion etching
techniques were used to fabricate two dielectric ribbon waveguides.
The dielectric ribbon waveguides are square. Two high-resistivity
silicon wafers with the thicknesses of 585 ym and 385 um are firstly
patterned by photolithography and secondly etched by deep reactive-
ion etching, resulting in two square ribbon waveguides with an edge
length of 573.68 ym and 373.15 ym, respectively. The etched angle
for the large and small ribbon waveguides are 2.5 ° and 1.95°
respectively. Similar techniques was used in Ref. [82] to fabricate a
100 pm thickness rectangular ribbon waveguide made of high-
resistivity silicon.

e In Ref. [83], laser direct structuring was used to cut SIIG with lattice
constant of 0.645 mm and air hole diameter of 0.5 mm out of a 380-
pum-thick high-resistivity silicon wafer.

In  summary, the thicknesses of waveguides fabricated using
photolithography or plasma etching range from 70 ym to 573.68 um, while
waveguides fabricated by LTCC or standard PCB processing technique
have more flexible thickness tuning range.

1.4 Concluding remarks

In this chapter, comprehensive reviews of mmW and THz waveguides,
materials and fabrication techniques were presented performed, in order to
provide a solid support of background material to underpin the research
work that will be discussed in the following chapters.

Firstly, a comparison of different types of mmW and THz waveguides was
made. When the frequency moves deep into the central THz spectrum from
either microwave frequencies or optical frequencies, the traditional
waveguides, such as microstrip lines and optical fibres, which are widely
used in microwave or optical domains, now meet new challenges at THz
frequencies in terms of the propagation loss. All-dielectric air-core
microstructured fibres are recent active research topics recently which are
promising to provide low-loss guidance of THz signals. Many other efforts
have been devoted into the development of flat mmW and THz waveguides



-23-

which can benefit compact and multilayer system-in-package (SiP)
applications.

Secondly, the properties of various dielectric materials used in mmW and
THz waveguides are reviewed. The materials loss is no longer negligible in
the THz frequency range, and plays a significant role in the link budget of a
THz system, especially when the power of the sources and the sensitivity of
the detectors are much lower compared to microwave and optical
corresponding components. COC polymers (e.g. Zeonex and TOPAS) and
high-resistivity silicon are promising low-loss host materials for
microstructured fibres and flat waveguides, respectively.

Finally, techniques used to fabricate mmW and THz microstructured fibres
and flat waveguides were reviewed. The fabrication techniques needed for
the two types of waveguides are greatly different. For THz microstructured
fibres, thermal processing of polymers are widely used, such as extrusion,
moulding, and fibre drawing. Among all thermal processing techniques, fibre
drawing technique provides the finest fabrication quality, but it also
encounters challenges when fabricating highly porous fibres. For flat
waveguides, photolithography is commonly adopted because of its highly
precise fabrication quality. Commercial photolithography techniques are
generally good enough to fabricate flat THz waveguides whose minimum
feature scale is about tens of a micron. However, it is challenging for
photolithography to fabricate thick layers as the wall of the etched structures
will not be very perpendicular to the substrate. That is why that in some
waveguides deep reactive-ion etching techniques are used.

1.5 Outline of thesis

This thesis is organized as follows. In chapter 2, a new design principle to
manipulate the photonic bandgap of Bragg fibres is proposed. The design
principle is called as the generalized half-wavelength condition. It helps to
maximize the photonic bandgap at a specific value of effective refractive
index so as to select a right operating mode for the Bragg fibre, and
therefore it enables dynamically tuning of the photonic bandgap. With the aid
of the novel design principle, an asymptotically single-mode Bragg fibre with
the propagation loss less than 1.2 dB/m operating over the frequency range
from 0.85 to 1.15 THz is designed and verified by simulation. In Chapter 3, a
sub-THz Bragg fibre is fabricated using 3D printing technology. It has been
characterized to be less than 3 dB/m operating from 0.245 to 0.265 THz,
which is the one of the lowest loss microstructured fibre in the frequency



-24 -

range from 0.1 to 0.3 THz. In Chapter 4, the mode transition and filtering in
the fabricated sub-THz Bragg fibre which is presented in Chapter 3 is
investigated using 3D full-lwave simulations. The mechanism of
asymptotically single-mode operating pattern of Bragg fibres based on
modal-filtering effect is revealed, supporting the Bragg fibres to work in
single-mode fashion.

Chapter 5 and Chapter 6 present two novel designs of flat hollow photonic
crystal integrated waveguides. The design concept are similar between the
two types of waveguides, and the operating frequency range of them can be
easily scaled to high THz frequencies by changing the lattice constant of the
photonic crystal structures. Two proof-of-concept waveguides for each type
of hollow photonic crystal integrated waveguide are fabricated and
characterized at Ka-band. Good agreements between the measurement
results and numerical predictions are observed, validating the design
principles.

Chapter 7 presents several designs of functional components based on the
previously studied mmW and THz photonic crystal waveguides, including
waveguide bends, power splitters or combiners, cavity, h-plane horn
antenna, and circular Bragg fibre horn antenna. The expansibility and
flexibility of proposed photonic crystal waveguides in terms of manipulating
the electromagnetic wave are successfully demonstrated, which make the
proposed waveguides strong platforms for building functional components
and multilayer packaging.

Chapter 8 concludes the thesis and also points out the potential applications
of the proposed mmW and THz photonic crystal waveguides in the fields of
THz interconnecting, sensing, and multilayer packaging.
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Chapter 2
Modelling and Design of low-loss asymptotically single-
mode THz Bragg fibre

In this Chapter, we proposes a novel design of single-TEp1-mode small-air-
core Bragg fibre working from 0.85 THz to 1.15 THz. It is composed of
concentric dielectric layers in air, separated by support bridges. The support
bridges act as defects in the photonic crystal structure which can cause
mode coupling between the core mode and the surface states, resulting in
the increasing of the propagation loss [113]. However, the proposed single-
TEos-mode Bragg fibre, which has a null point in the electric field close to the
interface between the core and the cladding, can greatly suppress the
negative impact of the support bridges on the propagation loss, exhibiting
strong superiority over single-HE{1-mode Bragg fibre. In addition, unlike
conventional single-TEq;-mode Bragg fibre which requires a large core,
whose diameter is about 7.5 times of the operational wavelength, and 8
cladding layer periods [114], the single-TEq1-mode Bragg fibre in this chapter
utilise a much smaller core, whose diameter is about 3 times the operational
wavelength, and just 4 cladding layer periods. Thus, both the overall size of
the Bragg fibre and the need for support bridges for mechanically
maintaining the air gaps are greatly reduced. Moreover, the loss
discrimination between the desired mode and other unwanted competing
modes in the design is about 3 times larger than that of the conventional
design [115], resulting in better mode selectivity. Furthermore, we also
proposed a generalized half-wavelength condition describing the relationship
between the material properties, the geometry, and the photonic bandgap,
which provides an efficient technique to manipulate the shape of the
photonic bandgap for Bragg fibre. The theoretical calculations indicate that
the proposed Bragg fibre can achieve propagation loss less than 1.2 dB/m
between frequencies from 0.85 THz to 1.15 THz with only 4 cladding layer
periods, which makes it a strong candidate for low loss guidance of THz
wave.

2.1 Manipulation of photonic bandgap for Bragg fibre
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Fig. 2.1 Schematic of an ideal Bragg fibre. (a) The transverse section of the
Bragg fibre which is uniform along the z-axis. (b) The radial refractive
index profile of the Bragg fibre along the red dashed arrow in (a)
starting from the centre and going into the edge.

Fig. 2.1 shows the geometry and the refractive index profile of the proposed
Bragg fibre. It comprises an air core (n, = 1) cladded surrounded by periodic
concentric dielectric layers of alternatively high (n,) and low (n,) refractive
index materials, the thickness of which are a and b respectively, while r, is
the core radius and A =a + b is the period of the radial photonic crystal.
The outermost layer is a thick protective layer that will absorb any residual
EM waves and isolate the fibre from external perturbations. The dispersion
relations and guided mode in Bragg fibre was first derived by Yeh et al. [87]
A transfer-matrix method can be used to analytically analyse the Bragg fibre,
as presented in the Appendix A. Under the cylindrical coordinates, Bragg
fibres can be treated as an one-dimensional photonic crystal structure. The
periodicity of the photonic crystal structure is about half of the wavelength of
interest, so that the EM wave can be diffracted. Whether wave-behaving
photons can be transmitted through the photonic crystal structure or not
depends on their wavelength, which is known as the photonic bandgap
effect. The photonic bandgap can be tailored by artificially changing the
geometrical and material properties for manipulating the propagation of the
wave-behaving photons. The Bragg fibre utilise the photonic bandgap effect
to select the desired operating mode and filter out other unwanted modes,
resulting in low-loss and single-mode operation pattern.

The Bragg fibre supports guided modes that are similar to the modes of a
hollow metallic cylindrical waveguide. The field of these guided modes
mainly distributed in the hollow core, and decays exponentially in the radial
direction in the claddings. In Bragg fibre, for guided modes with zero
azimuthal mode indices, the modes are exactly TE or TM polarized and are
nondegenerate, such as TEqs and TMo+. For guided modes with nonzero
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Table 2.1 Quarter-wavelength conditions

Quarter-wavelength condition Angle of Incidence

an, = bn, = A, /4 6 =0°

aynZ—1=b [n}—1=12./4 o =90°

a /n(zz —nf=b /n,z, —n=21/4 8 = asin (n;)

azimuthal mode indices, TE modes become HE modes, like HE4, and TM
modes turns into EH modes, like EH44, and they are doubly degenerate.

In this chapter, Bragg fibres that use air as the core and low refractive index
material are investigated, so n, =n.,=1. There are at least four key
advantages for this type of Bragg fibre compared to others withn, > 1: (1)
Owing to the high porosity, the vast majority of the THz wave is distributed in
lossless dry air; (2) The width of the bandgap is maximized by cladding
materials with a high refractive index contrast [116]; (3) The Bragg fibres
with n, = 1 show filtering of the unwanted TM modes owing to the Brewster
phenomenon [117]; (4) The fabrication process is simplified since the
concept is based on only one material, e.g. fabrication by extrusion or
drawing. As a result of this, some support bridges or struts are required in
order to maintain the air gaps between the dielectric claddings, however. As
it is impractical to analyse analytically a practical Bragg fibre with support
bridges, an analysis of the ideal Bragg fibre without support bridges is first
studied, before the impact of the support bridges on the Bragg fibre is
discussed (in section 2.2.5).

To understand the EM-field confinement mechanism, how to obtain the band
diagram is first discussed. According to the Bloch’s theorem in cylindrical
coordinates [118], the constraint which stops the EM field from propagating
through into the cladding crystal can be expressed as

|Re(Xs)| <1 (2.1)

where

i (Epk aka
X, = [cos(kbb) - %(gbkb + ;kb

and k; =/ (n;ky)? — B% (i = a,b,c) is the lateral propagation constant; k, =
w/c is the vacuum wavenumber; w is the vacuum angular frequency; c is the

) sin (kbb)] exp (—ikea)  (2.2)
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speed of light in vacuum; g is the longitudinal constant, 8/k,is the effective
refractive index of the mode (ng ), and ¢ is 1 or 1/n?(i=a,b)
corresponding to S = TE or TM modes, respectively.

The bandgap Eqn. (2.1) can be solved analytically once the geometric
(a,b,r.) and materials (n,, n,,n.) parameters are both known. The quarter-
wavelength condition (QWC) has been widely used as a guiding principle to
choose the layer thickness [114, 116, 119, 120], as shown in Table 2.1.
Here, 4, is a wavelength of interest which is equal or close to the central
wavelength of the photonic bandgap, n, = B/k, indicates the effective
refractive index of interest, and 6 is the angle of incidence between the
normal line of the surface and the direction of the wavenumber in the plane
of incidence. There are at least two disadvantages with the aforementioned
QWC treatment: firstly, the QWC only applies for the first order bandgap and
thus cannot be used to manipulate higher order bandgaps; secondly, the
QWC only maximizes the first order bandgap by making the thicknesses of
the cladding layers equal to one quarter of the wavelength of interest; thus, it
cannot be used to tune the bandwidth. In practical terms, it is highly
desirable that the bandwidth and the shape of any order bandgap can be
manipulated for the sake of maximizing the confinement of the desired
guiding mode as well as filtering out its competing modes. Therefore, a more
flexible and multifunctional design principle than the use of the QWC is
required.

2.1.1 The generalized half-wavelength condition

To manipulate the shape of the bandgap in the Bragg fibre, a generalized
half-wavelength condition (GHWC) is introduced here, which can be
expressed as follows:

A
Ngt@ + Npeb = f?t (2.3)

where

N = [ng —n? (2.4)

My = /nﬁ - (2.5)

Here, { is an integer indicating the order number of the bandgap. By
introducing a porosity factor z, Eqn. (3) can be split into the following two
equations:

A
Nga = TX(?t (2.6)
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Fig. 2.2 The dependence of midrange ratio bandwidth A on porosity factor ©
and effective refractive index of interest n, for different polarisations
and different bandgap orders ¢ . (a)-(c) correspond to TE/HE
polarisations. (d)-(e) correspond to TM/EH polarizations. n, = 1.5235,
n,=1, and the thicknesses a and b are calculated by Eqns. (2.6) and
(2.7). The colour map represents the normalized value of bandwidth,
decreasing from red to blue.

npeh = (1 — T)X(% (2.7)

Therefore, one can obtain the thicknesses of the cladding when the
wavelength and effective refractive index of interest are determined. It is
noted that if t = 0.5 and { = 1 are elected, the GHWC reverts to the QWC.
Thus, the proposed GHWC also covers all solutions provided by the QWC.

As discussed, only n, =n, =1 is considered in this design. Generally, a
large n, increases the refractive index contrast of the cladding layers which
enables a larger maximum bandgap resulting in greater EM-field
confinement in the core [87]. However, the imaginary part of n, which
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accounts for material absorption also significantly influences the
performance. At THz frequencies, the choices available for low loss
dielectric materials are limited. Silica, which functions well for optical and far
infrared applications, has a relatively high loss at THz frequencies [10]. High
resistivity silicon shows low loss [11], but does not permit fabrication of
fibres. TOPAS is known as a low loss and dispersionless polymer material
over the frequency range from 0.2-1.5 THz [10, 41, 53], so this as a
representative practical dielectric in the design is chosen. It is also noted that
the measurement results of the refractive index of TOPAS in [53] are in good
agreement with that in [41], but there are still some minor differences
between them. In this chapter, the more recent measurement results in [53]
is chosen. Namely, the real part of the refractive index of TOPAS is set to
1.5235, and its absorption coefficient is taken as u (dB/cm) = —0.13 +
0.63(f/1x10'?) + (f/1x10'?) 2 from 0.2 to 1.5 THz. Here, f is the
frequency in Hz. However, it is also of interest to investigate the impact of
the uncertainty of the refractive index of TOPAS on the performance of the
design, so this issue is addressed in section 2.2.3.

Substituting Eqns. (2.6) and (2.7) into Egn. (2.1) and solving it, the
dependence of the bandwidth on n, and 7 for different { and different
polarisations can be obtained (Fig. 2.2). The bandwidth is defined as the
midrange ratio of the bandgap, A = (f,, — f1)/[1/2(fi + f1)], when ngg = n,.
Here, f;, and f; are the upper and lower edge of the bandgap, respectively.
From Fig. 2.2, the bandgap for TE modes always expands when n;
increases, while the bandgap for TM modes first shrinks but then expands
after a critical point, where the TM bandgap closes up completely. This
critical point, ng , is related to the Brewster angle 6z = asin(ng) =
asin (ngn,//n2 +n?), according to the Brewster phenomenon for TM/EH
modes in Bragg fibre. In the case, since n, = 1.5235and n, = 1, then ng =
0.836. The Brewster phenomenon reduces the width of the bandgap for
TM/EH modes, but does not affect the TE/HE bandwidth. The bandwidth for
TM/EH modes is always narrower than that of TE/HE modes for the same
n, , especially near the Brewster angle. This reduces the EM-field
confinement of the TM modes and helps to filter them out, which has also
been discussed in the previous work [121].

Owing to the Brewster phenomenon, the bandgaps of the TM/EH modes are
always narrower than those of the TE/HE modes, resulting in a leaky
propagation of TM/EH modes in a Bragg fibre. Thus, the bandgap for the
TE/HE modes are more interesting. Comparing Fig. 2.2 (a), (b) and (c), it is



-31-

0.8
— (=1
= 06 ¢
e ¢=2
s |/ s (=3
-E A C B
= 04 ’,*s T PP
é .~ AN D // \\\
= ,/.W': \E .. 7 .w,\\
B ool e s P ""'f ..... :xﬁ‘...
H— ;_; \‘ 'l i <
N AN
A
0 ; A\ 5
0 0.2 0.4 0.6 0.8 1

Fig. 2.3 The dependence of midrange ratio bandwidth A on the porosity
factor 7 for different bandgap orders number for TE polarization. n, =
1.5235, n,=1 and n, = 0.95. The coordinates of A and B are (0.14,
0.3961) and (0.86, 0.3961) respectively.

found that for the same n, the bandwidth of the lower order bandgap is
generally wider than that of the higher order bandgap. This is validated by
calculating and plotting the bandwidth for different order bandgaps in the
same diagram by using Egn. (2.1) in Fig. 2.3. Since the modes of interest in
the design lie close to ngs =095, n, =095 is used in Fig. 2.3. The
maximum bandwidth for the 1%-order bandgap occurs when T = 0.5, which
satisfies the QWC. In addition, for any given centre frequency of interest, the
maximum bandwidth of the 1%-order bandgap is almost twice that of the 2"-
order bandgap, three times that of the 3™-order bandgap, etc. For a given
bandwidth, a higher order bandgap offers a wider range of possible values of
7. If t = 0and tr = 1 are excluded, which indicate that the thickness of one
material in the photonic crystal is zero, it can be seen that {th order bandgap
has ¢ — 1 closing point(s) when t sweeps from 0 to 1. Moreover, for both TE
and TM bandgaps, the bandwidth of the {th (¢ = 1,2,3) order bandgap has ¢
peaks for any certain value of n,.

2.1.2 Representative cases

The points A and B in Fig. 2.3 have the same bandwidth, but their bandgap
structure is very different, as shown in Fig. 2.4. In Fig. 2.4, the black region
represents the bandpass region for TE/HE modes in which the modes are
allowed to propagate through the cladding periodic structure and are not
confined in the fibre. The remaining white region shows the bandstop region,
defining the bandgap for TE/HE modes. Fig. 2.4 (a) and (b) represent the
points A and B in Fig. 2.3, respectively. The upper and lower edge of the 1°-
order bandgaps at ner = n, = 0.95 for both of them are f;, = 1.1143 and f; =
0.7459. Thus the midrange ratio bandwidth is A = 0.3961 which is the same
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Fig. 2.4 TE/HE bandgap diagrams for the points A (a) and B (b) in Fig. 4.
The x-axis is normalized to the frequency of interest f,(= c/4;). The
red dashed line indicates the target effective refractive index of
interest n, = 0.95. The upper and lower edge of the 1 order
bandgaps for both points A and B are f, = 1.1143 and f; = 0.7459
when n, = 0.95. Thus, the midrange ratio bandwidth is A = 0.3961.
The black region represents the bandpass region for TE/HE modes.

as the value obtained in Fig. 2.3. Although the centre frequency of the 1°-
order bandgaps at n, = 0.95 shifts slightly from 1 to 0.93, it can then be
tuned back by slightly changing the wavelength of interest A, in Egns. (2.6)
and (2.7) so that the target frequency can be achieved. When the effective
refractive index ngis swept from 0 to 1 in Fig. 2.4, the 1°-order bandgap
shape of Fig. 2.4 (point A) is narrower than that of Fig. 2.4 (b) (point B) when
nes < Mg, but when ngs > n,, conversely, the bandgap width of the 1%-order
bandgap in Fig. 2.4 (a) is wider than that in Fig. 2.4 (b). Furthermore, the 1°-
order bandgap of Fig. 2.4 (a) spans several octaves in frequency, which is
much wider than that of Fig. 2.4 (b). The different behaviours between the
points A and B are important differences in the Bragg fibre in terms of
manipulating the shape of the bandgap.

In practical terms, it is also needed to consider the thickness contrast
between the cladding layers, as well as their absolute values. According to
the GHWC, the thickness contrast between the claddings can be derived
from the Eqgns. (2.6) and (2.7):
b _ng(1-1)
a - Ny T

(2.8)

In accordance with Fig. 2.3 and Fig. 2.4, n, =095, n, = 1.5235and n, =1
are selected, thus n,; = 1.1910 and n,, = 0.3122, and the thickness contrast
becomes b/a = 3.8143x(1/t — 1) which has an inverse relationship with .
As a is the thickness of the dielectric claddings and b is the thickness of the
air claddings, 7 is a factor which affects the porosity of the Bragg fibre. The
value of 7 for point A is smaller than that of point B, and hence the thickness
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contrast of A is larger than that of B, and in return the porosity corresponding
to A is higher than that of B. From Eqgn. (2.8), the bandgap order number
does not affect the thickness contrast, but the absolute values of the
cladding thicknesses have a direct relation with ¢. The absolute values of the
cladding thicknesses are important parameters in fabrication since every
fabrication technique has a limit of processing precision. Using the same
parameters as in Fig. 2.4, the thicknesses of the dielectric and air cladding

can be expressed respectively as a = @/‘lt andb=¢ 016;4 ., indicating

that the thicknesses of the claddings are proportional to the bandgap order
number {. Therefore, the thickness of the claddings can be manipulated by
the bandgap order number to fit the processing precision of the available
fabrication techniques, such as fibre drawing or extrusion.

2.1.3 The central gap points

The central gap points of bandgaps are interesting prominent points, and
can be easily manipulated by the GHWC. In Fig. 2.3, the maximum point(s)
of each order bandgap corresponds to their central gap point(s). In order to
verify this argument, the stratified planar anti-resonant reflecting optical
waveguide (SPARROW) model [122] is taken as a reference method to
calculate the central gap points. For instance, the bandgap topologies of
points C (t = 0.25,(=2) and D (t = 0.5,( = 3) are shown in Fig. 2.5. For
better illustration, n, = 0.8 is chosen. In Fig. 2.5, the SPARROW model
curves are overlaid upon the TE/HE bandgap diagram. The x-axis is
normalized by the frequency of interest f;(= c/A,). From Fig. 2.5, the central
gap point (f/f;,n:)=(1, 0.8) predicted by the GHWC is precisely consistent
with the value given by the SPARROW model for both cases. This is true for
every order of bandgap.

Summarily, one can manipulate the shape of the bandgap in Bragg fibre by
using the GHWC, which can efficiently and flexibly manipulate any order of
bandgap, while the QWC only predicts the central point of the 1% order
bandgap. As discussed, the meaning of each variable in the GHWC is clear.
After choosing the materials, for a given effective refractive index of interest
n,, any specific central frequency of {t" order bandgap can be archived by
tuning A;, and its bandwidth is controlled by the porosity factor z. This
condition works with any combination of materials as long as n, > n, > n, >
1, and it is not only functions well over the terahertz spectrum, but also in
other frequency ranges.
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Fig. 2.5 SPARROW model curves overlaid upon the TE/HE bandgap. The
cyan and magenta solid curves are the dispersion curves of the
equivalent isolated cladding layers in the SPARROW model. For both
(a) and (b), the intersections of the green dashed curves are the central
gap points of the corresponding bandgaps given by the SPARROW,
while the black circles are the central gap points predicted by the
GHWC. All parameters are the same as that of Fig. 2.3 except n, = 0.8.
(@)t=0.25,7=2.(b)T=05,7=3.

2.2 Design of THz Bragg fibre

Both HE14 [92, 106, 123] and TEy+ [114] have been chosen as the operating
mode in Bragg fibres. The HE{1 mode is the fundamental mode in Bragg
fibres, which is desirable for single-mode operation, and its linear
polarization makes it easier to couple with other devices. However, in
practical designs, support bridges are required to maintain the air gap
between the cladding layers. In Bragg fibres using the HE11 mode as their
operating modes, the support bridges cause significant coupling between the
core mode and the surface states, including cladding modes and other
modes which are mainly distributed around the bridges. Subsequently, this
effect narrows the effective transmission band and increases the
propagation loss significantly [92, 106, 123].

The negative influence of the support bridges on the performance can be
greatly reduced by employing the TEy1 mode as the operating mode, as
detailed in section 2.2.5. The TEp1 mode is the first mode with zero
azimuthal mode number, and it has a null point in the electric field near the
core-cladding interface which prevents the field penetrating into the cladding;
this minimizes the negative influence of the support bridges and surface
roughness [114], resulting in extremely low propagation loss. In addition,
typical single-TEpi-mode Bragg fibre requires a large core, with many
cladding layer periods and a long transmission distance to filter out the
unwanted modes [114]. In this chapter, by introducing a new approach using
the modal-filtering effect, a low-loss single-TEp1-mode Bragg fibre can be
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Fig. 2.6 Bandgap and dispersion curves of the target Bragg fibre. (a) Global
view of the bandgap. The black (black and grey) region represents the
bandpass region for TE/HE (TM/EH) modes. The dashed magenta line
is the Brewster line. The red box indicates the region of interest and is
detailed in (b). (b) The bandgap and dispersion curves. The blue, cyan,
magenta, red, green, and purple solid lines are the theoretical
dispersion curves of HE4y, TMo1, HE21, TEo1, EH11, and TEg, modes,
respectively, calculated using the transfer matrix method, while the
circles with same colours are their corresponding simulation results
obtained from COMSOL.

achieved with a small air core and only 4 cladding layer periods. Besides,
the TEp1 mode has the additional benefit of an immunity to polarisation-mode
dispersion from fibre birefringence thanks to it being cylindrically symmetrical
and non-degenerate [114]. Moreover, efficient coupling of the TEp1 mode in
a small-core THz Bragg fibre has been reported [124], but the propagation
loss of the designed single-TEp1-mode Bragg fibre in [124] is still as high as
43.4 dB/m.

2.2.1 Bandgap and dispersion curves

Based on the GHWC, the material and geometry properties of the target THz
Bragg fibre are listed in Table 2.2. Here, N is the number of photonic crystal
periods. In order to locate the minimum propagation loss point of the TEy
mode at the centre of the frequency of interest (1 THz), 4, should be tuned
carefully around 0.3 mm in practice. By using Eqn. (2.1) and parameters

Table 2.2 Material and geometric properties of the THz Bragg fibre

Dielectric properties Geometry parameters Tentative indexes

2
"a Mo M | fum] fmm] [em] V| T ¢ ™ [um]

1.5235+ik, 1 1 77.5 1.154 917.1 4| 05 1 0.997 357.29
* The frequency dependent complex refractive index of n, (TOPAS) is
obtained from the reference [53]. The extinction coefficient of TOPAS
K, is calculated based on its absorption coefficient »x, (dB/cm) =
—0.13 4 0.63(f/1x10'2) + (f/1x1012) 2.

* a b e
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listed in Table 2.2, the bandgap diagram of the designed THz Bragg fibre is
shown in Fig. 2.6 (a). Here, the bandgap diagram of TE/HE modes and
TM/EH modes are combined in a single diagram. The black (black and grey)
regions represent the bandpass region for TE/HE (TM/EH) modes, where
the modes are allowed to propagate through the periodic cladding layers and
are not confined in the Bragg fibre. On the contrary, the remaining region for
each kind of bandgap diagram indicates the bandstop region or so-called
bandgap in which the modes are forbidden to pass through the radial
photonic crystal structure, and are subsequently confined in the fibre. The
horizontal dashed black line 1is the Brewster line at which the TM/EH
bandgaps are always closed completely, and the TE/EH modes have no
reflection at the n,/n, interface [87]. The solid red box designates the
parameter range of the designed THz Bragg fibre and is detailed in Fig. 2.6
(b).

In Fig. 2.6 (b), the transfer matrix method [125, Appendix A] and finite-
element method (using COMSOL frequency domain solver) have both been
used to independently calculate the dispersion curves. For simplicity, only
the dispersion curves of the first six representative modes are plotted, i.e.
HE11, TM01, HE21, TE01, EH11 and TEoz. TE01 is the desired fundamental
mode, while HE4, TMo¢, HE2¢, EH4q, and TEp, represent the modes
competing with TEp1. Among these competing modes, HE{1 and HE;; are
the two lowest-order TE or TE-like (HE) modes, while TMoy4 and EH44 are the
two lowest order TM or TM-like (EH) modes, and TE,, is the second mode
with zero azimuthal mode number and a similar null point in the electric field
near the core-cladding interface. The relative positions of all these modes to
the bandgaps affect their propagation loss significantly. These positions are
specially designed to enlarge the loss discrimination between the desired
TEo1 mode and its competing modes, which will be detailed in section 2.2.4.
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Fig. 2.7 (a) Propagation loss and (b) group velocity dispersion of the Bragg
fibre. Solid lines are theoretical results and discrete circles are
corresponding simulation results.
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It is noted that the outermost cladding layer of the Bragg fibre is treated as
an absorption layer and there is no signal reflection from the outside. This is
achievable in practice by using a thick shielding layer. Hence, in the transfer
matrix method, an absorption boundary condition has been used at the
interface of the outermost period and the outermost shielding layer as
suggested in [125], while in the finite-element method, a perfect-matched
layer has been applied.

2.2.2 Propagation loss, GVD, and mode structure

The propagation loss and GVD of the various modes are shown in Fig. 2.7.
In Fig. 2.7 (a), the propagation loss of the desired TEgs mode is less than 0.6
dB/m, which is the lowest loss mode across the frequency range of interest
(from 0.8 THz to 1.2 THz), while the propagation loss of the main competing
mode HE44 is more than 11 times greater than that of TEq¢ at the closest
frequency points (1.2 THz). It should be noted that the proposed Bragg fibre
is a small-core fibre using only 4 cladding layer periods, and that its loss
discrimination is even larger than that of a large core fibre with 8 cladding
layer periods [114]. The larger loss discrimination is attributed to the modal-
filtering effect. Moreover, Fig. 2.7 (b) shows that the GVD of the desired TE;
mode is less than -0.6 ps/THz/cm. In Fig. 2.6 and Fig. 2.7, the numerical
simulation results from COMSOL show an excellent consistency with the
analytical predictions calculated by the transfer matrix method, supporting

Fig. 2.8 Normalized electrical field of the six representative modes at 1 THz.
Relevant material and geometry parameters are listed in table 2. The
field decreases from red to blue.
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the validity and the accuracy of both methods.

The mode patterns at 1 THz are presented in Fig. 2.8. It can be seen that
the electric field of the desired TEg1 mode is essentially confined within the
lossless air core, while that of the competing modes are leaky, thus
experiencing a high signal attenuation introduced by the bulk cladding
materials. Subsequently, the TEg1 mode has significantly less propagation
loss from the surface roughness and the support bridges compared to the
other competing modes.

2.2.3 Impact of the uncertainty of the refractive index of TOPAS

From 0.2-1.5 THz, the real part of the refractive index of TOPAS in [53]
varies in the range of 1.5235+0.0005, while that in [41] varies in the range of
1.5258+0.0002. it is noted that both measurements were conducted by the
same group of researchers across different years. The differences indicate
that the real part of the refractive index of TOPAS may thus vary from 1.523
(lower limit in [53]) to 1.526 (upper limit in [41]). Therefore, it is of interest to
investigate the impact of this uncertainty of the refractive index of TOPAS on
the dispersion curves and propagation losses in the design. The results
from this investigation are shown in Fig. 2.9. Here, the geometry parameters
are the same as those listed in Table 2.2. As for the absorption coefficient of
TOPAS, the measurement results in [53] which is slightly greater than that in
[41] are used, standing for the case of the highest propagation loss in the
design owing to the material absorption within the available parameter range
of the absorption coefficient of TOPAS. For simplicity, only the dispersion
curves and the propagation losses of the two lowest-loss modes are
considered in Fig. 2.9. From Fig. 2.9 (a) and (b), it can be seen, respectively,
that the impact of the uncertainty of the refractive index of TOPAS ranging
from 1.523 to 1.526 on the dispersion curves and propagation losses of the
TEo1 and HE14 modes is negligible.

2.2.4 Modal-filtering effect

That the propagation loss of the desired mode should be smaller than that of
the other unwanted competing modes is important for the transmission
properties of Bragg fibres. Even if several modes are excited at the input,
only the desired mode will remain in the Bragg fibre after a certain distance
[126] while the other competing modes are heavily attenuated. This strong
mode selectivity introduced by the loss discrimination creates a modal-
filtering effect and results in an effectively single-mode operation in the
Bragg fibre.
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Fig. 2.9 The impact of the uncertainty of the refractive index of TOPAS on
the dispersion curves (a) and propagation losses (b) of TEps and HE;
modes. The solid red and blue lines corresponds to Re(n,) = 1.5235.

The light red and blue regions correspond to Re(n,) € [1.523, 1.526].
(a) and (b) share the same legend.

There are many factors that contribute to the modal-filtering effect, including
the Brewster phenomenon, the confinement loss of each mode, the number
of cladding layer periods, and the support bridges. In Fig. 2.2, for any
combination of cladding layer thicknesses (any value of 7), the TM/EH
bandgap always closes up entirely at the Brewster angle, owing to the
Brewster phenomenon and ensuring that the bandgap of TM/EH modes is
always narrower than that of TE/HE modes, especially near the Brewster
line, as exemplified in Fig. 2.6. This behaviour of the TM/EH bandgap
increases the possibility that the TM/EH modes lie outside the bandgap and
become lossy. In addition, the closer the dispersion curve of a guiding mode
lies to the edge of the bandgap, the more field penetrates into the claddings,
and the higher the confinement loss of it is. Thus, even if the dispersion
curves of the TM/EH modes lie inside the bandgap, they are closer to the
edge of the bandgap than that of the TE/HE modes, which leads to higher
confinement loss. Therefore, the Brewster phenomenon increases the loss
of TM/EH modes and increases their loss discrimination with the desired
mode.

The confinement loss is defined as the loss due to the scattering of the
multilayer claddings only, excluding the material absorption, and hence only
the real parts of the refractive indexes of materials have been taken into
account in calculating the confinement loss. This should be differentiated
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Fig. 2.10 Confinement loss diagram in photonic bandgap. The colour map
represents the value of confinement losses. The unit is dB/m. The
details in the black boxes in (a) and (b) is detailed in (c) and (d),
respectively. The dashed blue, black, red, purple, green and cyan lines
are the dispersion curves of HE11, HE21, TE01, TEoz, TM01, and EH11,
respectively.

from the propagation loss which considers the material absorption as well.
Owing to the finite number of the cladding layer periods, the guiding modes
in the bandstop (or bandgap) region are intrinsically leaky since the
confinement is not perfect. This confinement loss, however, decreases
exponentially with an increase in the number of the cladding layer periods. It
is noted that this leaky mechanism should not be confused with the leakage
of modes in the bandpass region which is determined by Bloch’s theorem
[118].

To characterise the confinement loss of the designed Bragg fibre, the
confinement loss diagram (CLD) [127] and the photonic bandgap are shown
together in Fig. 2.10. Here, all the parameters of the geometry and the
materials are listed in Table 2.2, except that only the real part of the complex
refractive indexes is used, since only consider the scattering loss is
considered. The CLD, which presents the confinement loss of the Bragg
fibore based on the properties of the geometry and the materials, is
independent of any mode. Thus, it is useful to provide a global view of the
confinement loss of any Bragg fibre. In addition, as only the region inside the
bandgap where the modes can be confined in the Bragg fibre supports the
guided modes, so the CLD is overlaid with the photonic bandgap diagram. In
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other words, the confinement loss inside the bandgap region is plotted. This
is a new feature compared with the original confinement loss diagram [127],
which highlights the differences of the confinement loss between the modes
of interest. The colour map in Fig. 2.10 represents the value of the
confinement loss in dB/m. Fig. 2.10 (a) is the CLD corresponding to TE and
HE modes, while Fig. 2.10 (b) corresponds to TM and EH modes. From Fig.
2.10 (a) and (b), due to the presence of the Brewster phenomenon for TM
and EH modes, the bandgaps of the TM/EH modes are always narrower
than that of the TE/HE modes for the same order bandgaps, resulting in
higher confinement loss of TM and EH modes compared to that of the
TE/HE modes. For all polarisations, the confinement loss in the central
region of any order bandgap is always lower than that in the fringe region of
the same order bandgap. In addition, for any given frequency, the
confinement loss in the central region of the lower order bandgap is less
than that of higher order bandgap, while the confinement loss in the fringe
region for any order of bandgap is in a similar range. Therefore, it is possible
that the confinement loss in the central region of a higher order bandgap is
in fact less than that in the fringe region of a lower order bandgap.

The confinement loss diagrams, along with the analytical dispersion curves
of TE/HE modes and TM/EH modes are plotted in Fig. 2.10 (c) and (d). As
was discussed in section 2.2.1, the relative positions of the six selected
modes to the bandgap are significant as they affects the confinement losses
of the corresponding modes. It is possible that the confinement loss in the
central region of the higher order bandgap is less than that in the fringe
region of lower order bandgap. Therefore, based on the GHWC, the
bandgap is tailored to place the TEyo1 mode close to the central region of the
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Fig. 2.11 The dependence of the propagation loss at 1 THz of the desired
TEo1 mode and the second lowest loss HE41 mode on the number of
cladding periods.
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2"order bandgap and meanwhile let the HE;; mode be at the edge of 1°-
order bandgap. the TEp2; mode, which has a similar ring field pattern to the
TEo1 mode and can potentially compete mode of TEp1 mode, is restricted to
be located outside the bandgap to reduce its impact. In Fig. 2.10 (d), both
the TMp1 and EH41 mode have been designed to be located outside the
bandgap making them very lossy. Within the frequency range of interest,
from 0.8 THz to 1.2 THz, compared to the aforementioned six representative
modes, other higher order modes are located either in the higher order
bandgaps or outside any bandgap resulting in higher confinement loss and
weak mode competition. Therefore, the designed Bragg fibre has strong
mode selectivity owing to the presence of the photonic bandgap.

According to [128], the propagation loss of the guiding modes in the
bandgap region first decreases exponentially with increase in the number of
cladding layer periods, following the same exponentially decreasing trend as
the confinement loss, and then converges to a constant value due to the limit
of the material absorption. Fig. 2.11 illustrates the dependence of the
propagation losses at 1 THz of the desired TEg:y mode and its main
competing mode HE11 on the number of the cladding layer periods. From
Fig. 2.11, when the number of the cladding layer periods, N>3, the loss of
the TEo1 mode shows almost no change, while the loss of the HE41 mode is
still decreasing. As the introduction of support bridges breaks the periodicity
of the photonic crystal structure and increases the propagation loss, the
number of cladding layer periods is limited to 4 to ensure low loss of the TEy
mode. In other words, four periods are sufficient to achieve tight confinement
of the desired TEg1 mode and is a trade-off for the Bragg fibre, because
when N>4, the loss discrimination between the desired modes and its
competing modes reduces, and the increase of the number of periods does
little to reduce the loss of the desired mode.

TOPAS y Thick protective
cladding layer 2 layer (TOPAS)

Air )\ - Support Bridges
cladding layer (TOPAS)

Fig. 2.12 Schematic of the practical Bragg fibre with support bridges of width
15 pm.
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2.2.5 Impact of the support bridges

The impact of the support bridges on the spectral behaviour of the guided
modes is significant. There are many choices in terms of the deployment of
the support bridges in a Bragg fibre. Support bridges without symmetry in
any two orthogonal directions cause polarization-mode dispersion. At the
same time, it is preferable to have thin and fewer support bridges so as to
minimize their negative impact. However, a trade-off has to be made
between the thickness and the layout of the support bridges and the
fabrication convenience. Accordingly, the layout of the proposed fibre with
support bridges is shown in Fig. 2.12. Thanks to the small core, the need for
support bridges is significantly reduced compared to designs with a larger
core [106]. Here, the width of the support bridges is set to 15 ym, which has
been optimized by sweeping the width from 5 pm to 50 ym to reduce the
propagation losses of the desired TEg1 mode over the frequency range from
0.85 THz to 1.15 THz.

Fig. 2.13 (a) shows the propagation loss of the desired TEp1 mode support
bridges. The propagation loss of the TEp1 mode in the practical Bragg fibre
(solid blue line) follows the trend of the ideal Bragg fibre (dotted black line).
The deviations between them and some narrow peaks in the practical case
are attributed to the presence of the support bridges which break the
periodicity of the photonic crystal structure and introduces strong coupling
between the TEp1 mode and the surface states [92, 113, 129]. The mode
structure at several representative frequencies is shown in Fig. 2.13 (c) — (i),
while Fig. 2.13 (b) shows the mode structure of the desired mode without
support bridges. It can be clearly seen that compared to the ideal case
without bridges, slightly more of the desired field from the TEp1 mode in the
fibre penetrates into the cladding layers, resulting in an increased loss. The
coupling between the core mode with the surface states increases the
propagation loss significantly, which also decreases the effective bandwidth
of the Bragg fibre and so is undesirable. Nonetheless, the propagation loss
of the designed Bragg fibre with support bridges is still less than 1.2 dB/m
from 0.85 THz to 1.15 THz with a minimum of 0.5953 dB/m at 0.98 THz.

Thanks to the special mode structure of the TEyps mode with a null point in
electric field near the interface between the core and the cladding, the
support bridges in the design only slightly increase the propagation loss of
the desired TEp1 mode, while causing coupling between the core mode and
the surface states. In addition, compared to the larger core scheme in [114],
the utilization of a second order bandgap to confine the desired TEys mode
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Fig. 2.13 (a) Propagation loss of TEgs mode. (b) is the normalized electrical
field of TEpr mode at 1THz in ideal Bragg fibre without supportive
bridges. (c) — (i) are the normalized electrical field of TEps at 0.8 THz,
0.82 THz, 1 THz, 1.02 THz, 1.07 THz, 1.16 THz, and 1.195 THz,
respectively.

in the design greatly reduces the diameter of the core. Subsequently, it
reduces the size of the fibre, reducing the need for and negative impact from
support bridges, and hence should be beneficial to fabrication.

2.3 Concluding remarks

This chapter presents a detailed analytical and numerical study of a tightly
confined single-TEgi-mode small-air-core terahertz Bragg fibre which
exhibits both low loss and low dispersion. Firstly, a generalized half-
wavelength condition (GHWC) is proposed, which relates the photonic
bandgap with the material and geometry properties, promoting the
manipulation of the photonic bandgap in the Bragg fibre effectively. The
properties of different order photonic bandgaps in the Bragg fibre have been
investigated.

Secondly, the modal-filtering effect which contributes to increased
discrimination by loss between the desired fundamental modes and other
high order unwanted competing modes has been investigated, which allows
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the fibre to operate in an effectively single-mode fashion. The factors
contributing to the modal-filtering effect have also been discussed.

Thirdly, the use of the modal-filtering effect is proposed in a novel way. The
bandgap is tailored by using the generalized half-wavelength condition to let
the desired TEo1 mode be located near the central region of the second
order bandgap, while maintaining loss discrimination between the desired
TEo1 mode and other unwanted competing modes. This reduces the required
diameter of the core and hence reduces the size of the fibre. It also reduces
the need for support bridges, aiding fabrication.

Finally, based on the analysis, the design of a tightly confined single-TE1-
mode small-air-core Bragg fibre with propagation loss and GVD less than
1.2 dB/m and -0.6 ps/THz/cm respectively over a frequency range from 0.85
THz to 1.15 THz is proposed, presenting significant potential improvements
compared to existing single-mode THz Bragg fibres. Having now determined
an optimised structure for a THz Bragg fibre, the work is focusing on a
number of fabrication methods.
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Chapter 3
3D-printed Sub-THz Bragg Fibre

In this chapter, the design, fabrication, and measured performance of an all-
dielectric asymptotically single-mode low-loss THz Bragg fibre, fabricated by
digital light processing rapid prototyping, are proposed. The material
structure of the proposed Bragg fibre, which uses a single dielectric, reduces
the complexity of fabrication, while also making the fibre suitable for sensing
applications in acidic or high magnetic field environment, which can be
problematic for metallized waveguides [58, 15, 35]. It is also demonstrated
that 3D printing using digital light processing techniques can be used to
conveniently and cost-effectively fabricate high-porosity air-core Bragg
fibres, which is challenging for other fabrication techniques. The Bragg fibre
is designed to have large loss discrimination between the desired HEq4
mode and other competing modes, so creating a modal-filtering effect while
exhibiting strong mode selectivity. Based on the EM simulations, which use
measured characteristics for our materials, and the actual geometric
parameters of the fabricated Bragg fibre prototype, an asymptotically single-
HE11-mode operation was verified, ensuring the low-loss transmission of
THz waves since only the desired HE11 mode can propagate in the low loss
air core. Most importantly, although the loss tangent of the 3D printing
material used in this work (EnvisionTEC HTM140) is much higher than other
low-loss materials commonly used in the reported THz microstructured
fibores, a very low loss asymptotically single-mode Bragg fibre was
nonetheless successfully demonstrated.

3.1 3D fabrication of the THz waveguide

Fig. 3.1 (a) and (b) show the geometry and the refractive index profile of the
proposed Bragg fibre. It comprises an air core (n, = 1), surrounded by
periodic concentric dielectric layers of alternating high (n,) and low (n,)
refractive index materials, the thickness of which are a and b respectively,
while 7, is the core radius and A = a + b is the period of the radial photonic
crystal. The outermost layer is a thick protective layer which will absorb any
residual EM waves and isolate the fibre from external perturbations. Support
bridges are introduced to mechanically maintain the air gaps between
dielectric layers. The thicknesses of the outermost layer and the support
bridges are represented by t and w, repectively.
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Refractive Index

Radius
(a) (b)

Fig. 3.1 The proposed Bragg fiber structure: (a) A cross-sectional diagram
showing the key design parameters; (b) The radial refractive index
profile, taken along the red dashed arrow in (a) starting from the center
and going into the edge; (c) A photograph showing the samples with
lengths 30 mm and 100 mm. The designed and actual dimensions are
listed in Table 3.1.

In this chapter, EnvisionTEC HTM140 photopolymer was the material
chosen owing to its high refractive index to provide cladding layers, the
outermost protective layer, and the support bridges, while air gaps provided
the low refractive index cladding layers (n, = n, = 1). Fig. 3.2 shows the
complex refractive index of HTM140 over the frequency range from 0.24 to
0.3 THz, measured using the Keysight free-space material characterization

Table 3.1 The Designed and Measured Geometric Parameters

Parameters Design (mm) Measurement (mm)
a 0.652 0.667 + 0.005
b 3.888 3.877 £ 0.004
T, 4.742 4.681 £ 0.004
t 4.6 4.544 1+ 0.011

w 0.64 0.652 + 0.009
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Fig. 3.2 The complex refractive index of HTM140. The solid blue curve and
the dashed green curve represent the refractive index and extinction
coefficient of HTM140, respectively, measured using the Keysight
commercial free space material characterization platform. The dotted
red curve and the dash-dotted black curve are the 3™-order polynomial
regression fitted curves based on the solid blue curve and the dashed
green curve, respectively. The root mean squared errors between the
3"-order fitted data and the measurement results for the refractive
index and the extinction coefficient are 0.0026 and 0.002, respectively.

platform with a vector network analyser (VNA) and frequency extenders,
described in detail in section 3.3. The fast ripples in the measurement curves
of the complex refractive index of HTM140 are due to residual VNA
calibration errors. Two third-order polynomial curves were fitted to the real
and imaginary part of the complex refractive index of HTM140, respectively.
Compared to other well-known low-loss THz polymers [10], such as TOPAS,
Zeonex, HDPE, and PTFE, the material attenuation of HTM140 is much
higher, which is a common limitation of most commercial available
photopolymers in 3D printing applications at the time of writing. However,
since the EM field in the Bragg fibre is tightly confined and mainly
propagates inside the low-loss air core, only a small portion of the EM field is
distributed in the periodic cladding material, and thereby the deleterious
impact of the relatively high material attenuation of HTM140 is mitigated by
the air-core Bragg fibre design.

The geometry of the THz air-core Bragg fibre is listed in Table 3.1. The
design principle of the proposed Bragg fibre is based on the previous
theoretical work [130], which is briefly summarized as follows:

1.As n,, n, and n, are given, the photonic bandgap of the fiber is

determined by a and b. Based on the generalized half-wavelength
condition presented in the previous theoretical work [130], the values of
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a and b are chosen to provide a wide photonic bandgap cantered around
0.27 THz, which covers the frequency range of interest.
2.Like the classic hollow cylindrical metallic waveguide, the dispersion
curves of supported modes in the Bragg fibre are mainly determined by
the core radius .. Based on the analytical analysis using the transfer-
matrix method [130], the value of r, is carefully chosen to ensure low
loss propagation of the desired fundamental HE11 mode, as well as a
large loss discrimination between the desired mode and its competing
modes.
3.Both t and w play a relatively insignificant role in the performance of the
proposed Bragg fiber. The outermost layer is designed to be an
absorbing layer, so t > a + b can provide good attenuation of signals
considering the material as HTM140. The support bridges are
perpendicular to the polarization of the HE11 mode, and have negligible
impact on the loss of the fibre, which will be discussed here in section
3.2.3.
Samples with two different lengths (30 mm and 100 mm, as shown in Fig.
3.1 (c)) were fabricated with the EnvisionTEC Perfactory 3 mini multi-lens 3D
printer that uses digital light processing (DLP) rapid prototyping technology.
The DLP 3D printer has a fabrication tolerance of 21 ym in the horizontal
plane. It is found that a minimum dielectric thickness of ~400 pym was
needed to achieve good fabrication quality. In order to satisfy this condition,
the second-order photonic bandgap is chosen as the operating band for the
desired fundamental HE11 mode, which allows the thickness of the polymer
layer to be increased, although it reduces the operating bandwidth [130]. As
shown in Table 3.1, the fabricated fibre dimensions are in good agreement

with the design, within the expected tolerance of the 3D printer’s capability.

3.2 Theoretical analysis and simulation

3.2.1 Analytical analysis and eigenmode simulation of the ideal
Bragg fibre without support bridges

To simplify the complexity of optimizing the design, a Bragg fibre without any
support bridges was first investigated, while the impact of the support
bridges on the Bragg fibre performance will be discussed in later sections.
According to Bloch’s theorem in cylindrical coordinates [118], the bandgap
diagram of the measured Bragg fibre, with the geometric parameters listed in
Table 3.1, is as shown in Fig. 3.3 (a). For convenience, the mean value of
the complex refractive index of HTM140 over the frequency from 0.24 to 0.3
THz, n, = 1.644 + 0.0293i, was used in the calculation of the bandgap since
the slight change over the frequency range of interest has negligible effect
on the bandgap shape, verified using the previous theoretical analysis [130].
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Fig. 3.3 Bandgap and dispersion curves of the ideal Bragg fibre. (a) Global
view of the bandgap behaviour. The black regions represent the
bandpass region for TE/HE modes while the black plus grey combined
regions are for the TM/EH modes. The dashed green line is the
Brewster line. The red box designates the operating parameter range
of interest for the designed THz Bragg fibre and is expanded in (b). (b)
The bandgap and dispersion curves. The blue solid line, green dotted
line, red solid line, cyan dashed line, and magenta dash-dotted line are
the analytical dispersion curves for the HE11, TM01, HE21, TEO1, and
HE12 modes, respectively, calculated using the transfer matrix method.
The corresponding coloured markers are simulation results obtained
from COMSOL.

However, all other analytical results and numerical simulations use the
measured and fitted frequency-dependent complex refractive index of
HTM140. The black regions represent the bandpass region for TE/HE
modes, where the wave can propagate through the periodic cladding layers
and is not confined in the fibre. The combined black plus grey regions show
the bandpass region for the TM/EH modes. In contrast, the white and grey
combined areas indicate the bandstop regions, or electromagnetic
bandgaps, for the TE/HE modes: in this case, the wave cannot pass through
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Fig. 3.4 (a) Propagation loss and (b) group velocity dispersion of the ideal
Bragg fibre for the modes indicated in Fig. 3.3.

the radial photonic crystal structure, and is therefore confined within the

fibore. The white areas show the regions where the TM/EH modes are

confined within the fibre.

The highlighted region of Fig. 3.3 (a), expanded in Fig. 3.3 (b), designates
the operating parameter range of interest for the designed THz Bragg fibre.
In (b), the dispersion curves of the desired fundamental HE{1 mode and
other representative competing modes of the Bragg fibre, calculated by the
transfer matrix method [125, Appendix A] and simulated by COMSOL
frequency domain solver, are overlaid onto the bandgap diagram. Here, both
in the theoretical analysis and simulation, the outermost cladding layer was
set to be an absorbing layer with no reflected wave from the outside. Such
an arrangement is achievable in practice by using a thick and lossy shielding
layer. As mentioned at the end of section 3.1, the second-order bandgap
was chosen as the operating band for the desired HE41 mode to overcome
the fabrication challenges. According to the previous published work [130],
the propagation losses of all modes in a Bragg fibre, including the five
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selected representative modes, are sensitive to, and indeed determined by,
their relative positions to the bandgaps. The proposed Bragg fibre is thereby
designed to exhibit large propagation loss discrimination between the
desired HE11 mode and other competing modes over the frequency range of
interest, creating a modal-filtering effect, as shown in Fig. 3.4 (a), to obtain
signal propagation with only the desired HE{1 mode. Of course, at
discontinuites and transitions the other modes may be excited, but the same
is true of many well-developed waveguiding structures [131], and dealing
with this issue will require further studies of specific cases.

Fig. 3.4 (a) shows that the desired HE{1 mode is the lowest loss propagation
mode across the frequency range from 0.24 to 0.3 THz, and that the
propagation loss of the main competing mode HE; is at least ~4.3 times
greater in dB/m than that of the HE{; mode. The propagation loss
discrimination between HE{1 and HE; modes at the centre of the band is
greater than that at the edge of the band; at 0.27 THz, the propagation loss
of the HE11 mode is 3.085 dB/m, while the propagation loss of HE1,is 14.7
dB/m. Note that, owing to the significant difference in polarization between
HE1s and TEy4, there is barely any transfer from HE14 to TEq1. Therefore,
TEo¢ is not the main competing mode of HE44, although it is the second

Fig. 3.5 Normalized electric field of the five selected representative modes at
0.27 THz. The field linearly decreases from red to blue. The magenta
arrows in TMos, TEg1 and HE;42 indicate the directions of the electric
field.
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lowest loss mode at some frequencies. In addition, Fig. 3.4 (b) shows that
the desired HE11 mode exhibits low group velocity dispersion, with less than
-0.56 ps/THz/cm between 0.246 to 0.276 THz. In Fig. 3.3 and Fig. 3.4, the
consistency seen between the analytical theoretical analysis and the
numerical COMSOL simulations validates the accuracy of both methods.

The normalized mode patterns of five selected representative modes are
presented in Fig. 3.5. It can be seen that the electric field of the desired HE 4
mode is well-confined within the low loss air core, while the mode patterns of
the competing modes spread into the lossy cladding region, thus
experiencing high signal attenuation. It is noted that the normalized mode
patterns of the TEys and TMyy mode appear similar to each other, but the
direction of the electric field is radically different: the TEq1 has circular E-field
lines and the TMys mode has radial ones. Also, the central peak in the
normalized electric field of the HE1, mode is barely visible in Fig. 3.5, but
closer inspection shows that the polarization and electric field components
are similar to those of the ideal HE1> mode and very different to those of the
TEo1 and TMg1 modes. Thus, it can still be categorized as the HE4; mode.

3.2.2 Eigenmode simulation of practical Bragg fibre with support
bridges

The support bridges, which mechanically maintain the air gaps between
dielectric layers, introduce additional EM-field leakage since they act as
discontinuities in the photonic crystal, periodically perturbing its structure
[130]. The support bridges also cause mode coupling between the guided
mode in the core and the surface modes, resulting in a higher propagation
loss [113]. However, the desired HE{1 mode mainly propagates within the
core region, and thereby the negative impact of the support bridges on the
propagation loss of HE 1 is relatively small compared to the other competing
modes. Nevertheless, it is preferable to use thin support bridges and as few
of them as possible to minimize their negative impact. Making use of the
DLP rapid prototyping technology, only two bridges per air gap were
necessary. Such a highly porous structure would be difficult to achieve with
other thermal fabrication technologies owing to the deformation exhibited in
the processing [67].

The impact of the support bridges on the desired HE{i mode was
investigated using the COMSOL eigenmode solver. A practical Bragg fibre
with support bridges using the measured data listed in Table 3.1 was
simulated. As shown in Fig. 3.6, the presence of the support bridges has
negligible impact on the propagation loss of the desired HE{1 mode, leading
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Fig. 3.6 Theoretical propagation losses of HE11 mode in ideal and practical
Bragg fiber. The inset shows the normalized electric field of the HE 14
mode in a practical Bragg fiber with support bridges.

us to the conclusion that the negative impact of the support bridges on the
propagation loss of the desired HE11 mode can be well suppressed provided
only a very few support bridges are used, placed perpendicular to the
polarization of the HE11 mode. Additionally, a high-porosity structure like this
fibre is barely achievable using thermal fabrication techniques. The inset
shows the mode pattern of the desired HE11 mode in this practical Bragg
fibre with support bridges; note that the HE11 mode is well-confined in the air
core, despite the presence of the support bridges.

3.2.3 Propagation simulation of the real Bragg fibre using
practical geometry and material parameters

To verify that the fabricated Bragg fibre operates with asymptotically single-
mode behaviour, an electromagnetic simulation using the actual as-
fabricated geometry and material parameters was carried out using CST
Microwave Studio®. The set-up and the simulation results are shown in Fig.
3.7. The total length of the Bragg fibre was 30 mm. An open boundary was
applied at the maximum and minimum plane of all directions. The
fundamental HE{y mode of a hollow cylindrical metallic waveguide (HCMW)
was used to feed the Bragg fibre from the left at x = -1.11 mm. x = 0 mm
indicates the interface between the HCMW and the Bragg fibre. The mode
profile in the Bragg fibre for a frequency of 0.27 THz at x =1 mm and x = 30
mm are shown in Fig. 3.7 (c) and Fig. 3.7 (d), respectively, from which it can
be seen that the mode profile at the front part of the Bragg fibre (x = 1 mm)
is a superposition of multiple modes, but eventually the mode profile at the
end of the Bragg fibre (x = 30 mm) becomes the desired HE{1 mode.
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(a) Perspective view (b) Circular waveguide feed
x=-1.11 mm

(c) Mode profile at x = 1 mm (d) Mode profile at x = 30 mm

(e) Field polarization at x = 1 mm (f) Field polarization at x = 30 mm

Fig. 3.7 Transmission simulation of the Bragg fibre using practical geometry
and material parameters listed in Table 3.1: (a) Perspective view of the
setup of the transmission simulation; (b) HCMW feed at x = -1.11 mm;
(c) Mode profile at x = 1 mm; (d) Mode profile at x = 30 mm; (e) Field
polarization at x = 1 mm; (f) Field polarization at x = 30 mm.

Therefore, the proposed Bragg fibre shows strong mode selectivity while

allowing the wave to be transmitted in an asymptotically single-mode

pattern.

3.3 Measurement results and discussion

The measurement set-up used is shown in Fig. 3.8. The WR-3 rectangular
waveguides (RWG) at both ends are on Oleson Microwave Labs (OML) 220
GHz to 325 GHz frequency extenders, which were connected to a Keysight
PNA-X vector network analyser. The left WR-3 RWG was connected to port
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Fig. 3.8 Setup of the characterization experiment. The WR-3 rectangular
waveguides at both ends were mounted on OML 220 GHz to 325 GHz
frequency extenders which were connected to a Keysight PNA-X.

1 of the PNA-X, and the right WR-3 RWG to port 2. A circular corrugated
horn antenna with rectangular waveguide input was mounted on each
frequency extender. The EM wave emitted from the left horn antenna was
collimated and focused onto the core of the Bragg fibre by a pair of parabolic
mirrors. The Gaussian beam profile resulting coupled directly to the desired
HE1; mode in the fibre. A 2D simulation of the 2-inch diameter 90° off-axis
parabolic mirror using COMSOL gives the Gaussian beam waist w, at focal
point of 3.19 mm, which is about 68.15% of the core radius r,. Using mode-
coupling theory for HCMW [58], the coupling coefficient between the free-
space Gaussian beam and the desired HE11 mode in the proposed Bragg
fibre is estimated to be 88%, thanks to the similar Bessel function patterns
between the HE{1 mode in Bragg fibre and the TE{1 mode in HCMW. The
coupling coefficient into the proposed Bragg fibre is thus fundamentally high.
The corrugated horn antenna on the right was placed on a movable stage to
permit both alignment with the core at the output end of the Bragg fibre, and
the measurement of the Bragg fibres of different lengths. Two auxiliary
visible lasers were initially used to determine the focal points of the parabolic
mirrors, aiding alignment.

The measured transmission coefficients of the 30 mm and
100 mm Bragg fibres are shown in Fig. 3.9 (a). A standard LRL calibration
was performed to shift the reference plane to the output ports of the WR-3
RWGs which were mounted on the frequency extenders, and then a cut-
back calibration method [132] was used to calculate the propagation loss
which removes the impact of coupling loss between the free-space Gaussian
beam and the fibre. However, the cut-back method was not able to remove
the systematic phase error caused by impedance mismatch in the
transmission path, resulting in the fast ripple in the data. However, it should
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Fig. 3.9 Measurement results. (a) The raw measurement data of the
transmission coefficients. (b) The moving window average of the
transmission coefficients based on their raw values. (c) The measured
propagation loss of the proposed Bragg fibers (blue line) and the
analytical analysis result of the desired HE11 mode (red line).

be noted that this frequency domain measurement approach is
fundamentally accurate and, while the time domain measurements used for
many reported THz waveguides may yield very smooth data, this is only
because of the lower level of frequency resolution achievable. The IF
bandwidth was set to 100 Hz, the averaging factor was 384, and 456
frequency points were recorded over the truncated frequency range of
interest from 0.24 to 0.3 THz. The raw measurement data of the
transmission coefficients for the two sample fibres are shown in Fig. 3.9 (a).

To reduce the systematic phase error, a moving window average technique
was applied to the raw measurement data of the transmission coefficients,
shown in Fig. 3.9 (b). In other words, the transmission coefficient at each
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frequency point is the mean value of its 11 nearest neighbour points
(including itself), occupying about 2.2% aperture of the frequency range from
0.24 to 0.3 THz. Since the Bragg fibre is a passive component with no
resonance peaks in the transmission spectrum, this technique is effective.
Therefore, compared with the raw data in Fig. 3.9 (a), the smoothed curves
in Fig. 3.9 (b) actually represent the average data of the transmission
coefficients.

Using the cut-back calibration method [132] and the average data of the
transmission coefficients shown in Fig. 3.9 (b), the measured propagation
loss of the proposed Bragg fibre is shown in Fig. 3.9 (c). The blue line shows
the averaged measurement value of the propagation loss. Again, the
residual fast ripple is still caused by impedance mismatches between
components in the transmission path, which is not corrected out with a cut-
back calibration. The red line shows the COMSOL simulated propagation
loss for the HE41 mode of the fabricated Bragg fibre. The averaged
measured data is in good agreement with the simulated propagation loss of
the HE41 mode over the central frequency region from 0.246 to 0.276 THz.
From 0.22 to 0.246 THz, and from 0.276 to 0.3 THz, the measured loss of
the waveguide is much greater than the simulated HE; result. This is
believed to be due to mode transition between the desired HE41 mode and
other higher order competing modes at these frequencies introduced by the
higher propagation loss of the HE{1 mode and the smaller loss
discrimination. Besides, the surface roughness can also contribute more to
the loss at higher frequencies due to shorter operating wavelength.
Nevertheless, a low average propagation loss, below 5 dB/m across the
frequency range of interest from 0.246 to 0.276 THz, was achieved, with an
average minimum of 3 dB/m at 0.265 THz.

A comparion of the reported experimental work on THz microstructured
fibers is shown in Table 1.1. Among the THz microstructured fibers listed,
the work in [48] shows a lower minimum loss at similar frequency range, but
its average propagation loss is higher than that of this work. Also, the THz
microstructured fiber in [48] does not work in a single-mode pattern, while
the proposed Bragg fiber is able to operate in an asymptotically single-mode
pattern over the frequency range from 0.246 to 0.276 THz. It is noted that
the dielectric-lined hollow cylindrical metallic waveguide in [35] exhibits lower
loss at 2.54 THz and can enable quasi-single mode propagation by means
of efficient coupling. However, due to the simplicity of its structure, it offers
very limited degrees of freedom to optimize the loss discrimination between
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its desired mode and higher order competing modes, resulting in multimode
interference which causes measurement difficulties, though much longer
sample waveguide was used [35]. In contrast, the geometry of the proposed
all-dielectric Bragg fiber offers a high degree of freedom to manipulate its
photonic bandgap and dispersion curves, and it thereby allows the
realization of low propagation loss of the desired mode and large loss
discrimination between the desired mode and its competing modes
simultaneously, resulting in strong mode selectivity.

3.4 Concluding remarks

In this chapter, the design and measured performance of a THz Bragg fibre,
fabricated by digital light processing rapid prototyping, is described, which
provides low-loss guiding of THz waves. The Bragg fibre was measured with
a free space measurement platform using a Keysight PNA-X and OML
frequency extenders, and its propagation loss was extracted using the cut-
back calibration method. The results show the average propagation loss of
the proposed asymptotically single-mode Bragg fibre is less than 5 dB/m
over the frequency from 0.246 to 0.276 THz, which is, to the best of my
knowledge, the Ilowest loss asymptotically single-mode all-dielectric
microstructured fibre yet reported in this frequency range, with an average
minimum loss of 3 dB/m at 0.265 THz.
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Chapter 4
Mode Transitions and Filtering Effect in Asymptotically
Single-mode Bragg Fibre

Modal-filtering effect [114, 127, 130], achievable by exploiting loss-
discrimination between the nominal operating mode and other competing
modes, allows Bragg fibre to operate in an asymptotically single-mode
pattern. In such asymptotically single-mode THz Bragg fibre, a certain
propagation distance is required to ensure the transition from multimode
operating pattern to the effectively single-mode pattern. However, most
previously published works on THz waveguides [30, 35, 42, 43, 49-52, 54,
60, 114, 127, 130, 133, 134, 133, 134] only focus on the steady state of the
supported propagating modes in the fibre. A rigorous investigation of the
EM-field mode transition and filtering processes prior to steady-state
propagation is largely lacking. Specifically, it is essential to know the mode
transition distance since this determines whether the THz waveguide is
suitable for certain applications. For example, due to the small loss
discrimination between the desired mode and the unwanted modes, the
conventional design principles [114, 115,135] for optical Bragg fibre require
several kilometres to eliminate the unwanted modes, and are therefore
unsuitable for THz Bragg fibres, which are mainly considered in applications
that require much shorter waveguiding distance, such as biological and
security imaging [4, 136].

In this chapter, the mode transition and filtering phenomenon is investigated
by using a 3D full-wave simulation of the EM wave propagation inside and
along the length of a hollow all-polymer THz Bragg fibre, using directly
measured material dielectric properties and with real geometric parameters
[54]. The THz Bragg fibre discussed here can achieve asymptotical single-
mode pattern propagation with large loss discrimination between the
fundamental and other higher-order modes. Two different excitation methods
(waveguide-port excitation and Gaussian-beam excitation) are considered in
the full-wave simulations, representing multimode excitation and quasi-single
mode excitation conditions, respectively. Using a multimode waveguide port
excitation method, the filtering of different high-order modes, which
correspond to different radiation angles, is clearly observed, indicating a
good mode selectivity of the proposed Bragg fibre. With appropriate
Gaussian-beam excitation, most high-order competing modes can be quickly
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and effectively filtered out after a distance of approximately 13.7 free-space
wavelengths, and beyond this point, the electric field amplitude of the
desired HE11 mode is observed to be approximately 7 times larger than the
main competing HE1, mode’s. Additionally, the propagation loss of the HE1»
mode is more than 10 dB/m higher than that of the fundamental HE {1 mode.
Therefore, the asymptotically single-mode propagation of the desired
operational mode can be formed inside the fibre. The simulated propagation
loss of the Bragg fibre is approximately 5 dB/m, which is in a good
agreement with the experimental result of 3 dB/m, recently published by the
authors [54].

4.1 The fibre

The geometry and refractive index profile of the fabricated all-polymer Bragg
fibre prototype are shown in Fig. 3.1. The design principles of the fabricated
Bragg fibre were reported in Chapter 2 and Chapter 3, and in the previous
published papers [54, 121, 130, 137] . It is also briefly summarized as
follows:

1) Among several available photopolyers for the EnvisionTEC Perfactory
3 Mini 3D printer, HTM140 is chosen as the material for the high
refractive index regions for the proposed hollow-core single-polymer
Bragg fibre due to its relatively high refractive index and low material
loss.

2) The values of a and b are subsequently chosen based on a
generalized half-wavelength condition [130] to provide a wide
photonic bandgap centred around 0.27 THz which covers the
frequency of interest.

3) The core radius 7, is carefully chosen to place the dispersion curve of
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Fig. 4.1 Calculated (lines) and numerically simulated (asterisks) propagation
losses of selected lowest-loss supported propagating modes in the
fibre without support bridges.
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the desired HE{1 mode in the low confinement loss photonic bandgap
region.

4) Both the width of the support bridges w and the thickness of the
outermost protective layer t have little influence on the performance
of the proposed high-porosity Bragg fibre, and they are chosen based
on simulation optimization results.

the propogation losses of the several selected lowest-loss supported modes
of the fabricated Bragg fibre can be calculated analytically using a transfer
matrix method [87, 119]. The analytical results (lines) based on the transfer
matrix method with the simulation results (asterisks) based on COMSOL are
shown in Fig. 1 (c). The HE441 mode is selected as the fundamental mode as
it has the lowest propagation loss over the frequency range from 0.24 to 0.3
THz. Since the HE44 mode is a linearly polarized mode which can barely
couple with the circularly polarized TEqs mode, the main competing mode of
HE4 is thus HEi, rather than TEpi. The minimum loss discrimination
between the HE {1 and HE+2 modes over the frequencies of interest occurs at
0.265 THz, where they show a difference in their propagation loss of
approximately 10 dB/m.

4.2 3D Full-wave EM simulation
Unlike standard hollow metallic rectangular or circular waveguides, the

iGaussian Beam Source Plane

HMCW

(2)

(b)

Fig. 4.2 Cutaway views of the proposed Bragg fibre for CST simulation using
different excitation schemes. (a) Hollow cylindrical metallic waveguide
excitation scheme. The core radius of HMCW is the same as the core
radius of the Bragg fibre, namely 4.681 mm. The length of the HMCW
is 1.131 mm. (b) Gaussian beam excitation scheme. The distance
between the source plane and the input port of the Bragg fibre is 25.4
mm. The focal length and the beam waist of the Gaussian beam are
25.4 mm and 3.604 mm, respectively. The length of the Bragg fibre in
both (a) and (b) is 125 mm. The origins of the coordinate in both
schemes are placed at the centre of input port of the Bragg fibre.
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Bragg fibre is a non-standard waveguide structure which, in practice,
requires signal feeding from the other types of waveguide port or from free-
space signal sources. In this work, two different excitation methods,
conventional waveguide-port excitation and Gaussian-beam excitation, are
considered, as shown in Fig. 4.2.

4.2.1 Multi-mode hollow cylindrical metallic waveguide excitation

From Fig. 4.1, at the operational frequency of 0.265 THz, the propagation
loss of the HE11 mode is lowest. Moreover, the loss discrimination between
the HE44 mode and the HE{2, mode is highest as compared to the other
frequencies in the operational bandwidth of 0.24 to 0.3 THz. Therefore, the
frequency point of 0.265 THz is chosen to analyze the fibre, as indicated by
the vertical dashed line in the figure. The 3D full-wave model of the
proposed Bragg fibre using the measured geometrical parameters and
material dielectric properties, shown in Fig. 4.2, is simulated using the CST
Studio Suite®. All boundaries are set as radiation boundaries in order to
absorb any incident EM waves. A hollow metallic circular waveguide
(HMCW) is used to excite an EM field at x = 0 mm. The core radius the
feeding waveguide n,,, = 1, = 4.681 mm, and its length [, = 1.131 mm which
is the same as the free-space wavelength 4, at 0.265 THz. Given the
operating frequency f, the criteria allowing a HMCW to work in single-mode
pattern is [138]

c c

<r<

(4.1)
3.41f 2.62f

where c is the speed of light and r is the core radius. If f = 0.265 THz, then
the criteria becomes 0.332 mm < r < 0.432 mm. Since the core radius of the
feeding waveguide 1, = 4.681 mm > 0.432 mm, the feeding waveguide is
highly multimode. Therefore, at the end of the feeding waveguide, the output
field pattern is a superposition mode composed from many supported
modes. Using a multimode excitation scheme allows better understanding of
the filtering of competing higher-order modes in the proposed Bragg fibre.
The absolute electric field at 0.265 THz at the z = 0 plane, one of the
longitudinal symmetry planes of the fibre, is shown in Fig. 4.3 (a). Overall,
the EM field is substantially confined to the core of the fibre. However, the
fibre does not work in a strictly single-mode pattern, requiring a certain
distance before a relatively steady asymptotically single-mode state is
obtained. The fibre is divided into two zones, as shown in Fig. 4.3 (a).
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In zone I, which extends between 0 mm < x < 16 mm (0 < x < 14.14,), the
EM modes transition from HMCW multi-modes to Bragg fibre modes. In this
region, several radiation angles can be clearly observed, indicating a
relatively strong radiation of electromagnetic field from the air core to the
cladding layers. The radiation angles correspond to different supported
propagating modes in the Bragg fibre; they are mainly lossy high-order
competing modes. Fig. 4.3 (b)-(g) show the transverse mode patterns of
several representative points. In zone |, Fig. 4.3 (b)-(e), the gradual
changes of the guided mode from a highly superposition mode to a relatively
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Fig. 4.3 Absolute electric field with HMCW excitation at 0.265 THz using a
log scale colour map. The coordinate scheme is the same as that in
Fig. 2. (a) z = 0 mm plane. Vertical dashed lines represent the positions
of different transverse cut planes. Solid red arrows represent the
different radiation angles of the electromagnetic field which correspond
to different modes. (b) Plane | (x = 1 mm). (c) Plane Il (x = 5 mm). (d)
Plane lll (x =9 mm). (e) Plane IV (x =16 mm). (f) Plane V (x =
63 mm). (g) Plane VI (x = 91 mm).
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pure HE{1 mode is achieved. Most higher-order competing modes are
filtered out in this zone, allowing the Bragg fibre to operate in a relatively
pure EM mode pattern thereafter. However, due to the relatively low loss
among the competing modes, a small portion of the main competing mode
HE12 may still exist in the fibre; it will also be gradually filtered out in the next
zone by a modal-filtering effect.

In zone I, for x > 16 mm (x> 14.14,), a periodic pattern with a period of
approximately 61 mm or 53.91, is observed. This periodic pattern is caused
by mode-beating [139,140], from the interference between two modes of
slightly different propagation constant. In this case, the two modes are the
desired HE11 mode and its main competing mode HE1,. Fig. 4.3 (f) and Fig.
4.3 (g) show the mode pattern at one representative peak and valley,
corresponding to the situation when the two modes are approximately in
phase and 180 degrees out of phase, respectively. Fig. 4.3 (f) shows that at
the valley, the overall mode pattern behaves similarly to the desired HE;
mode, though the slight distortion of the mode pattern also indicates the
existence of a small portion of the competing mode. Fig. 4.3 (g) shows
clearly the mode pattern of HE4 at the beat peak. The residual competing
mode in zone |l can be gradually filtered out from the fibre by propagation
loss, allowing the Bragg fibre to be operated in asymptotically single-mode
pattern in this zone and beyond.

4.2.2 Single-mode free-space Gaussian excitation

Like conventional optical fibre and other hollow core THz microstructure
fibres [95, 141, 142], Bragg fibres can be excited using a focused Gaussian
beam. The EM mode transitions from the free-space Gaussian mode into a
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Fig. 4.4 Estimated coupling coefficient between the free-space Gaussian
beam and the HE11 mode in the proposed Bragg fibre.
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guided Bessel-function mode within the Bragg fibre. The mode transition
process is closely related to the mode coupling at the input port. An efficient
input coupling leads to a smooth mode transition process, consequently
reducing the overall losses of the fibre [84, 95].

As the mode pattern of the desired HE11 mode in the Bragg fibre is similar to
that of the TE11 mode in HMCW. The mode-coupling theory [58, 143], which
describes the coupling coefficient of TE11 mode in HMCW when excited by a
Gaussian beam can be used to estimate the efficiency of coupling from free-
space Gaussian beam into the Bragg fibre, as shown in Fig. 4.4. When the
ratio of the Gaussian beam waist to the core radius w, /7, is equal to 0.77,
the coupling coefficient is as high as 90%. This ratio can be also used to
maximize the coupling coefficient of the HE11 mode in Bragg fibre, as well as

Plane | Plane IV Plane V Plane VI
x = —25 mm x = 15.5mm x = 62 mm x = 94 mm
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Fig. 4.5 Absolute electric field with focused Gaussian beam excitation at
0.265 THz using log scale colour map. The Gaussian beam is excited

at the x = —25.4 mm plane and focused at the input port of the fibre
with a beam width at beam waist w, = .. The coordinate scheme is the
same in Fig. 2. (a) z = 0 mm plane. (b) Plane | (x = —25 mm). (c) Plane
I (x =1 mm). (d) Plane lll (x =11 mm). (e) Plane IV (x = 15.5). (f)
Plane V (x = 62 mm). (g) Plane VI (x = 94 mm).
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to suppress the coupling of Gaussian beam to other competing modes.

Since the core radius of the Bragg fibre r, = 4.681 mm, a Gaussian beam
waist wy = 0.77r, = 3.604 mm is set in the full-wave simulation to maximise
the coupling coefficient. The absolute electric field at the operating frequency
of 0.265 THz at the z = 0 mm plane is shown in Fig. 4.5 (a), while Fig. 4.5
(b)—(g) show the transverse mode patterns at several representative points.
From Fig. 4.5, when using free-space Gaussian beam as the feeding source
(Plane I), the mode pattern at the input port of the fibre (Plane Il) is relatively
pure and close to the mode pattern of the desired HE11 mode. Additionally,
compared with the strong radiation of electromagnetic field at the input of the
fibre in the previous excitation scheme using HMCW, the radiation of the
wave at the same part of the fibre in this excitation scheme is much weaker,
and only very few radiation angles are observed. However, due to the
impedance mismatch at the input interface of the fibre, a small amount of
EM energy of the main competing mode HE 1, is excited and causes a slight
distortion on the overall mode pattern at Plane Ill, but the mode pattern
quickly converges to the HE41 mode at x = 15.5 mm (Plane V), which is
approximately 13.71,. After this point, although the phenomenon of mode
beating also exists, the amplitude of the mode beat is relatively weak,
compared with the previous multi-mode excitation scheme using HMCW.
Besides, the mode pattern at the beat valley (Plane V) is still well maintained
as the desired HE11 mode and the distortion caused by the HE1, mode can
barely be observed, suggesting that the amplitude of the competing HE 1
mode is much weaker than that of the desired HE{4 mode.

Therefore, compared with the previous excitation scheme using HMCW, the
excitation scheme using a proper Gaussian beam in this design can lead to
a better mode transition process and a shorter transition distance, and the
fibre can operate in effectively asymptotically single-mode pattern after the
transition point at around 13.7 operating wavelengths. When comparing the

-25.4 mm 0 mm 125 mm

Fig. 4.6 Absolute electric field of the electromagnetic field propagating in
HMCW at z = 0 mm plane at 0.265 Hz. The core radius of the HMCW
is 4.681 mm. The Gaussian beam excitation source is placed at x =

—25.4 mm. The parameters for the Gaussian beam are the same as
those in Fig. 4.5 (a).
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Bragg fibre with a conventional HMCW which uses the same radius as the
air core, the single mode selection in Bragg fibre is much more obvious. Fig.
4.6 shows the EM-wave propagation in HMCW with Gaussian beam source
excited from the left. The mode pattern in the HMCW is highly multimode,
while, under the same excitation condition, the Bragg fibre works in
effectively asymptotically single-mode pattern.

4.3 Mode Competing and filtering

4.3.1 Mode beat

When two competing modes with slightly different propagation constants
simultaneously exist in the Bragg fibre, a periodic variation in the amplitude
of the electric field can be observed, which is also known as mode beating
[144]. Considering two EM waves of significantly different amplitudes added
together linearly:

A cos(2mv,x) + B cos(2mu,x) =

v + v,

(A — B) cos(2mv,x) + 2B cos(2m x) cos(2m B x) (4.2)

Here, A and B are the amplitudes of the two waves, where A > B. v, =
1/24n = Bn/2m (n € N) is the spatial frequency of a wave, where n is an
identifier associated with different waves, 1, is the guide wavelength and 8
is the longitudinal wave propagation number. v; and v, are quite close to
each other. In the second term of the right side of Eqn. (4.2) the frequency
(v, —v,)/2 is perceived as a periodic variation in the amplitude of the tone
(v; +v,)/2 . In addition, since A > B, the overall amplitude of the
superposition mode is mainly dominated by the first term of the right side of
the Eqgn. (4.2), while beat amplitude is mainly dominated by the second term.

To quantitatively understand the mode competition in the Bragg fibre, based
on Fig. 4.5 (a), Ey along the x-axis of the fibre is plotted in Fig. 4.7. x ranges
from -25 mm to 125 mm, with a step size of 0.25 mm, which is about 22% of
the guide wavelength of the HE44 mode, making it an appropriate step size
to observe the high-frequency changes within one wavelength. In zone [, the
wave propagates in the free-space region. In zone Il, the free-space
Gaussian beam transitions into Bessel function modes supported by the
Bragg fibre. A sharp reduction of the amplitude of Ey at around x = 11mm or
x =9.74, is mainly attributed to the rapid increase of the higher-order
competing modes due to the structure discontinuity at the input port of the
fibre. In zone lll, the amplitude of E, varies periodically and decays as a
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Fig. 4.7 Plot of E, along the x-axis of the fibre. In zone | (=254 mm < x <
0 mm), the wave travels in free space. Zone |l (0 mm < x < 15.5mm) is
a mode transition region where the free-space Gaussian beam
transitions into a Bessel function. In zone Il (15.5 mm < x < 125 mm),
the proposed Bragg fibre operates in an asymptotically single-mode
pattern.

result of both mode beating and propagation loss. The amplitude of the

envelope for the beat is relatively small, however, compared with the
amplitude of the signal.

To compare the EM-field strength of the main HE+1 mode and its competing
mode in zone lll, a discrete Fourier transform is used to transform the E,
signal in zone lll from the spatial domain to the spatial-frequency domain
(Fig. 4.8). The spatial spectrum is relatively clean compared to that of the
multimode excitation method, indicating a good mode selectivity of the Bragg
fibre. The main peak at 894.5 m™ corresponds to the desired HE;; mode.
The secondary peak at 848.9 m™ corresponds to the main competing HE 2
mode. The amplitude of the main peak is about 7 times of the amplitude of
the secondary peak. This agrees well with the previous analyses as in Eqgn.
(4.2) and Fig. 4.7. The superposition of HE44 and HE4, creates the mode
beating in zone lll, and the overall amplitude of the signal in zone lll is
dominated by the desired HE{1 mode, while the HE42, mode dominates the
amplitude of the envelope of the beat. The large differences between the
amplitudes and the propagation losses of the desired mode HE4 and the
main competing mode HE4; allow the fibre to operate in effectively
asymptotically single-mode pattern in zone llI.

Based on the cut-back method by comparing the amplitude of E, at the start
(x =15.5mm) and the end (x = 125 mm) of the zone lll, the propagation
loss of the fibre is estimated to be 4.78 dB/m, which is comparable to the
experimental result of 3 dB/m in the previous experimental work presented in
Chapter 2 and [54].
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Fig. 4.8 Discrete Fourier transform of the E, signal in zone Il of Fig. 4.7.
4.3.2 Mode filtering

In addition to the significant differences of the amplitude of the
electromagnetic fields between the desired HE{1 mode and its competing
modes when the fibre has an efficient Gaussian-beam excitation source,
substantial differences in the attenuation rate between fundamental HE,
and higher-order modes also contribute to the mode selection, creating a
modal-filtering effect. Based on the theoretical results shown in Fig. 4.1, Fig.
4.9 shows the attenuation of the HE11 mode and its competing modes as a
function of the propagation distance. At the distance of 200 mm, the power
of the main competing mode HE:, drops by one half (-3 dB), while the
attenuation of the HE44 mode is only 0.62 dB, and the difference of the
propagation loss of these two modes is as large as 10 dB/m. Therefore,
significant differences in the amplitude and the attenuation rate between the
HE11 mode and its competing modes allow the fibre to operate in effectively

—HE_,
—TM,,
-10f —HE,,
—TE

12t 01
_HE12

Attenuation (dB)

-14

0 100 200 300 400 500
Propagation Distance (mm)

Fig. 4.9 The attenuation of the desired HE11 mode and its main competing
modes as a function of the propagation distance at 0.265 THz.
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asymptotically single-mode pattern with low propagation loss.

4.4 Concluding remarks

In this chapter, 3D full-wave simulations have been used to study the mode
transition and filtering in an asymptotically single-mode hollow THz Bragg
fibre. The Bragg fibre was designed to support asymptotically single-mode
operation centred at 0.265 THz. With multimode excitation using HMCW,
good suppression of the higher-order competing modes was observed in the
mode transition zone of the fibre. Using a Gaussian beam excitation source,
a smoother and shorter transition zone was achieved, which is highly
desirable in practical applications. The phenomenon of mode beating,
caused by the superposition of the desired HE{1 mode and its main
competing mode HE:;, was also observed. However, due to the large
discrimination between the amplitudes and the propagation losses of the
modes, the proposed Bragg fibre can still operate in an effectively
asymptotically single-mode pattern, making it a strong candidate as a low-
loss interconnects for THz systems.
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Chapter 5
Design and Measurement of a Hollow Photonic Crystal
Integrated Waveguide

In this chapter, a novel hollow photonic crystal integrated waveguide
(HPCIW) is proposed, which is comprised of an air-core line-defect
hexagonal dielectric photonic crystal waveguide sandwiched between two
parallel metal plates, as shown in Fig. 5.1. In the horizontal direction, the EM
wave is strongly confined in the air core owing to the photonic bandgap
effect, while in the vertical direction, the EM wave bounces between the two
parallel metal plates. Hence, the proposed waveguide possesses the merits
of both SIW and photonic crystal waveguide, but eliminates their drawbacks.
Namely, it completely eliminates the need for SIW via metallization, thus
simplifying the fabrication process; this is important because the size of vias
decreases significantly with increasing operating frequency. Besides, both
SIW and photonic crystal waveguide are well-known platforms for functional
components and circuit design [76, 77], and HPCIW adopts some of their
best features. In addition, in contrast to the photonic crystal waveguide, the
HPCIW tightly confines the EM wave in the air core, so it is insensitive to its
surroundings, making it a strong candidate for compact and multilayer mmW
and THz system-in-package applications.

Theoretical design of the proposed HPCIW was performed using the MIT
Photonic-bands (MPB) package [145], which indicated that the HE1o mode is
supported over a fractional bandwidth of 26% centred at 0.453c/a, and a
zero group-velocity dispersion point is found at 0.457 c/a, where c is the
speed of light and a is the lattice constant for the hexagonal photonic crystal.

Top Metal Plate
(Semi-transparent)

Fig. 5.1 Trimetric view of the HPCIW.
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Selecting 4.106 mm as the value of a, a HPCIW operating in the Ka-band
was fabricated and characterised. By changing the lattice constant of the
photonic crystal and properly choosing the dielectric material, the design
here presented can be easily scaled to higher frequencies for THz and
optical applications.

5.1 Dispersion relation and guided modes

Fig. 5.1 shows the schematic of the proposed HPCIW with the key design
parameters indicated. The top and bottom layers are a pair of parallel metal
plates, while the middle layer is an air-core line-defect hexagonal dielectric
photonic crystal [146]. The photonic crystal consists of hexagonal arrays of
air holes in the dielectric slab. Compared with conventional hollow metallic
rectangular waveguide or SIW, the proposed HPCIW removes the metallic
parts at the side regions in y direction. It helps to eliminate conduction
current flow between the two metallic parallel plates, which is the main
source of Ohmic loss for the fundamental HEi, mode, replaced by
displacement current flow.

The material for the dielectric slab is desired to be high permittivity and low
loss, to create a significant photonic bandgap and to reduce the material

0.55F
Even (II)

051 =

045 r
Even (I)

— r=0.465a
r=0.466a
—r=0.467a
r=0.468a

Normalized Frequency wa/27c

r=0.469a
r=0.470a

0 0.1 0.2 0.3 0.4 0.5
Bloch Wave Vector ka/27n

Fig. 5.2 Band diagram and dispersion curves for the vertically polarized
modes in the line-defect photonic crystal waveguide. The even and odd
modes here correspond to the symmetric and antisymmetric modes
with respect to the x- z plane. The black region below the light line (k =
w/c) shades the slow modes that are not guided by the HPCIW.



(a) Odd mode (b) Even mode (I)  (c) Even mode (II)

Fig. 5.3 Mode patterns when r = 0.467a. (a) (k,, w,) = (0.1, 0.4687) ;
(b) (kn, w,) = (0.4025, 0.4512); (c) (k,, w,) = (0.4925, 0.5159). Here,
k, = ka/2m and w, = wa/2mnc. Perlodlcal boundaries are applied.

absorption loss. Taking into account the available fabrication techniques,
Rogers RO3010™ material was chosen for the dielectric slab. Its design Dk
(dielectric constant) is 11.2 between 8 and 40 GHz and loss tangent is
0.0022 measured at 10 GHz, according to the datasheet obtained from the
manufacturer. Two rows of unit cells are missing in the photonic crystal, so
creating an air-core line defect, with width w = +/3a, where a is the lattice
constant of the photonic crystal. A line defect with an integer number of
missing unit cells helps to maintain the periodicity of the photonic crystal
structure if there are waveguide bends in the structure, and thereby reduces
other unwanted defects. The radius of the air holes, r, is chosen to be
0.467a. The reason for choosing this value will be explained later.

The fundamental mode of the proposed HPCIW is a vertically polarized HE
mode. Like SIW, the height of the HPCIW, h, is adjustable, but it will slightly
affect the performance, and will introduce high order modes if the value of h
is too large [147]. In this chapter, a HPCIW with a thin dielectric slab, namely,
h <w/2, is considered. Since the electric field of the HE1q mode is evenly
distributed along the z-axis, the height of the HPCIW does not contribute to
the dispersion relation. Therefore, the problem about dispersion relation is
simplified to a two-dimensional (2D) problem in the x-y plane, and it
represents the eigenvalues for the vertically (z-axis) linearly polarized modes
confined in the air core of the line-defect photonic crystal waveguide.

The dispersion curves for the guided modes in the 2D line-defect photonic
crystal waveguide were numerically studied by using MPB, as shown in Fig.
5.2. The dispersion curves related to different values of r are presented, but
the band diagram (the gray regions) only corresponds to r = 0.467a, which
is why the dispersion curves of r = 0.467a are properly aligned with the
edge of the band diagram while others are not. For r = 4.67a, the mode
pattern of the even and odd modes in Fig. 5.2 are shown in Fig. 5.3. As it
can be seen, both the odd mode and the even mode (I) can be tightly
confined by the line defect, but the even mode (Il) is much more lossy with
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Fig. 5.4 The dependence of the fractional bandwidth on the normalized
radius.

significant field penetrating into the bulk of the photonic crystal. This is
because the dispersion curve of the even mode (ll) is close to the edge of
the band diagram where the degree of confinement is reduced [130]. The
even mode (1) is the desired fundamental mode, and by appropriate coupling
in to this field pattern of the HPCIW, avoiding excitation of the odd mode, the
waveguide can operate in single mode fashion [17].

Fig. 5.2 shows the dispersion curve of the even mode (l), which is folded at
the Brillouin zone edge (k = m/a) and turns into the even mode (ll) [148].
There is a gap at the Brillouin zone edge between the even mode (I) and the
even mode (ll) where neither of them can propagate in the HPCIW. The
impact of the radius of the air holes, r, on the dispersion curves is also
shown in Fig. 5.2. The radius changes the dispersion curves continuously
and predictably. The operating fractional bandwidth of the desired even
mode (l) is related to the radius, r, as shown in Fig. 5.4. Here, the fractional
bandwidth is defined as A= (! — w.)/[(w! + w!)/2], where w!* and !, are
the upper and lower bounds of the dispersion curve for the even mode (l) in
the bandgap, respectively. The bandwidth is maximum, A= 0.26, when
r/a = 0.467. This explains the reason for the choice of 0.467a for the radius
of the air holes. It is noted that a photonic crystal with wider bandgap more
strongly confines the field in the line defect, thus reducing the leakage of the
wave from the waveguide [130].

The group velocity and GVD of the even mode (I) when r/a = 0.467 are
plotted vs. normalized frequency in Fig. 5.5. The GVD is defined as 0%k /dw?.
Fig. 5.5(a) shows that as the frequency increases, the group velocity first
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Fig. 5.5 (a) Normalized group velocity and (b) group-velocity dispersion.

increases and then decreases, with the turning point occurring at 0.457a
where the zero GVD occurs, as seen in Fig. 5.5(b).

The design presented here is scalable. One can achieve this by changing
the lattice constant of the photonic crystal, and by properly choosing a low-
loss and high-permittivity material which suits the target frequency band. In
the next section, a design at Ka-band by choosing Rogers RO3010™ as the
host material and setting a = 4.106 mm will be demonstrated.

5.2 Fabrication

Considering the full 3D geometry of the proposed HPCIW shown in Fig. 5.1,
the even mode (l) shown in Fig. 5.3(b) becomes the HE{, mode. Fig. 5.6
shows the CAD design of the HPCIW. The colours do not reflect the original
colours of materials for the purpose of distinguishing different sections. A
short section of microstrip line is used to couple the signal into the HPCIW,
since the quasi-TEM field pattern of the microstrip line is also an even mode
with respect to the x — z plane, and the field of the microstrip line beneath the
signal track is also basically vertically polarized, thus matching the
polarization of the HE4o mode. Fig. 5.7 show the fabricated thru-reflect-line
(TRL) calibration set and the device under test (DUT) before final assembly.
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Fig. 5.6 CAD design of the HPCIW. The HPCIW in region Il is fed by
microstrips in regions | and IlI.

As shown in Fig. 5.7, 2.4 mm female end launch connectors (obtained from
Southwest Microwave Inc.) are used to connect to the microstrip lines and
then 2.4 mm coaxial cables go to the VNA. The input end of the microstrip
line is designed to fit the dimensions of the end launch connector, and the
other end of the microstrip line is designed to match the impedance of the
HPCIW. The microstrip line therefore tapers gradually between the two
ends. The material chosen for the microstrip fed lines is Rogers RT/duroid®
5880LZ™, whose dielectric constant is 2.00 between 8 GHz and 40 GHz
and loss tangent is 0.0021 at 10 GHz. It is one of the lowest dielectric
constant materials with acceptable loss tangent available from Rogers.
Choosing a low dielectric constant material as the substrate of the microstrip
feeds aims to reduce the signal reflection between the microstrip and the
HPCIW. The dielectric thickness and copper cladding thicknesses (both
sides) of the RT/duroid® 5880LZ™ boards are 0.635 mm and 17.5 pm,
respectively. Double-sided copper-clad Rogers RO3010™ was used as the
host material for the photonic crystal structure. A significant dielectric
constant contrast was thus achieved between the dielectric material and the
air holes to form a large photonic bandgap. The thicknesses of the dielectric
and copper claddings of the RO3010™ boards were 0.635 mm and 17.5 pm,
respectively.

Both the microstrip feeds and the photonic crystal structures were machined
using an LPKF ProtoLaser U3. The fabrication was sufficiently precise, but
the walls of the hexagonal holes were slightly burnt by the laser with a very
small amount of burnt dielectric material left surrounding the bottom edge of
the air holes, as shown in the inserted picture in Fig. 5.7(d). Since cleaning
the residual burnt dielectric materials manually could have damaged the
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Fig. 5.7 Photograph of the TRL calibration set and the DUT before final
assembly. p is the period number of the photonic crystal in x direction.
Same pairs of 2.4 mm female end launch connectors and microstrip
lines are used in each device for minimize the repeatability issues.

structure, this material was left in place. The copper cladding of the
RO3010™ was not removed from the dielectric in order to provide extra
mechanical support for the delicate photonic crystal structure. The copper
cladding was not originally incorporated in the design of the HPCIW, but as
the thickness was only about 0.2% of the free-space wavelength at the
central frequency at 33 GHz and about 2.7% of the dielectric thickness, the
residual copper claddings should have negligible impact on the dispersion
relation, and only very slightly increase the overall propagation loss, as
confirmed by additional simulations.

The top and bottom copper plates are made of C101 copper. The copper
plates were first machined with a DMU 40 CNC milling machine and then
manually polished by using 500 grade wet and dry silicon carbide. The
bottom plates had CNC milling tool marks on the surface. The surface finish
of the top plates, which does not require CNC processing, was smooth, but
the surface finish of the bottom plates was relatively poor due to the tool
marks since CNC processing is required to create a concave space to mount
the photonic crystals and microstrip lines.
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Fig. 5.8 Simulated s-parameters for the thru and DUT shown in Fig. 5.7. The
frequencies of the points A and B are 37.58 GHz and 38.69 GHz. The
guided band, ranging from 28.75 to 37.41 GHz, indicates the lower and
upper bands for the even mode (l) shown in Fig. 5.2.

5.3 Simulation

The thru and DUT shown in Fig. 5.7 were simulated using the CST time-
domain solver. A simplified 50Q coaxial connector, mimicking the actual end
launch connector, was used to feed the signal to the microstrip line in the
simulation. The simulated S-parameters for the thru and DUT are presented
in Fig. 5.8. From Fig. 5.8, an obvious transmission window from 28.75 GHz
to 37.41 GHz was observed, agreeing well with the theoretical predictions
based on the dispersion curve of the even mode (l), as shown in Fig. 5.2.
The upper bound of the transmission window is coincident with point A,
which confirms the existence of the frequency gap between the even mode
(I) and even mode (ll) at the Brillouin zone edge shown in Fig. 5.2. The

E-field (V/m)
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0

Microstrip

N,

50Q Simplified Coaxial Conneétor

Fig. 5.9 Electric field pattern of the DUT in log scale at 33 GHz. Two 50Q
simplified coaxial connector models are used to feed the microstrip
lines.



First-tier SOLT Calibration
_- Reference Plane

Fig. 5.10 Measurement Setup. SOLT calibration was applied to set the
reference plane to the ends of the 2.4 mm coaxial cables. Clamps were
used to squeeze out the air gaps between the metal plates and the
photonic crystal layer as much as possible.

return loss within the transmission window is about 10 dB, indicating most

power is coupled into the HPCIW. Above point A, the HPCIW works in the

even mode (Il) fashion. The reduction of transmission at the point B results
from the cross-coupling between the even mode (Il) and the cladding modes

[146].

Fig. 5.9 shows the electric field pattern of the DUT at 33 GHz. The
waveguide operates in single-HE1,-mode, and the electric field is strongly
confined in the line defect. The reflection between the microstrip line and the
HPCIW is small, indicating that the signal is properly coupled into the
HPCIW from the microstrip.

5.4 Measurement

A photograph of the measurement setup is presented in Fig. 5.10. The
samples and connectors were cleaned carefully with isopropanol (IPA)
before testing. A two-tier calibration technique was used to characterise the
HPCIW. The first-tier Short-Open-Load-Thru (SOLT) calibration was
performed using a 2.4mm mechanical calibration kit to place the reference
planes to the ends of the coaxial cables. The second-tier calibration used
TRL calibration [149] to shift the reference plane from the input port of the
end launch connectors to the middle of thru line as shown in Fig. 5.7.

The raw measurement data after first-tier SOLT calibration are shown in Fig.
5.11. From Fig. 5.11(a), a transmission window that matches the simulation
results can be clearly observed, with a frequency range which also agrees
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Fig. 5.11 Measured S-parameters. (a) Thru and DUT; (b) Line and reflect.

with the theoretical analysis based on the dispersion relation. The measured
return losses are also about 10 dB for the thru and DUT, agreeing with the
simulation results shown in Fig. 5.8. A reduction of transmission slightly
above the upper bound of the guided band is observed which corresponds to
the transmission gap between even mode (I) and even mode (Il) as revealed
by previous numerical studies. The g-factor of this transmission gap is
slightly lower than the simulation results, which is probably caused by the
relatively high practical transmission line loss. Compared Fig. 5.8 with Fig.
5.11, the measured S;¢ difference between the thru and DUT is much more
obvious than that of the simulation results, which indicates the insertion
losses of the measurement results are higher than that of the simulation
results. Factors that increase the loss, such as residual air gaps between
different layers, surface roughness, oxidation of copper, residual burnt
dielectric powders, and fabrication errors, are not considered in the
simulation, which contribute to the difference between the simulated and
measured results.
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The measured propagation loss of the fabricated HPCIWSs, shown in Fig.
5.12, is obtained by using TRL calibration method [149]. A guided band
ranging from 28.75 GHz to 37.41 GHz is observed, which corresponds to the
even mode (I) shown in Fig. 5.2 and Fig. 5.3. A narrow frequency range of
negative propagation loss around 32.79 GHz is observed. It is likely that this
ripple is caused by the transition waveguides and photonic crystal structures
were not placed at precisely the same position from one measurement to
another.

An additional method comparing the maximum available gain (G,,.,) [138] of
the thru and DUT was used as a reference to the TRL calibration method. It
is called as the GMAX method in this chapter. The maximum available gain

is defined as:
1 |521I>
G =101lo ,
max &10 <K +VKZ — 1155l

where
_ 1= 181117 = IS5 1% + A2

K )
2|81 12|

and A= S;,5,, — $125,1. Then, the propagation loss using GMAX method is
given by
Grslax(dB) - Gr(rilax(dB)

a (dB/cm) = ZAl (cm) )

where, G}, and G, are the maximum available gains of thru and DUT,
respectively, and Al is the difference of length between them. The thru and

Measurement (GMAX Method)
= = = Simulation (GMAX Method)
T it H
N

v ! B
’- ----- Measurement (TRL Calibration)

"|['® : Guided Band !

Propagation Loss (dB/cm)

20 25 30 35 40 45 50
Frequency (GHz)

Fig. 5.12 Propagation loss of the proposed HPCIW. The simulation result
outside the guided band is less accurate since it doesn’t fulfill the
required of multiline calibration method.
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the DUT is compared intentionally because the s-parameters between them
are more consistent than the line, which indicates the misplacements of
components in the waveguide are smaller. It should be noted that the GMAX
method used here is more accurate than the cut-back method [150] which
only compares the output power of two waveguides with different length,
especially when the impedance of the waveguide is not matched with the
feeding network. It is because both insertion loss and return loss are
considered in the GMAX method, while the cut-back method only takes into
account insertion loss. The propagation loss calculated by using the GMAX
method is also presented in Fig. 5.12 using the red solid curve. Good
agreement between the TRL calibration method and GMAX method inside
the guided band was achieved, and the negative propagation losses around
32.79 GHz are avoided with the GMAX method. From the red solid curve, It
can be seen that at the lower and upper bounds of the guided band, the
propagation loss is seen to increase, which agrees with the lower and upper
limit of the dispersion curve of the even mode (l). The transmission window
slightly above 37.41 GHz supports the propagation of the even mode (ll),
which is outside the guided band of interest. According to the GMAX method,
the measured propagation loss of the HE1o mode is below 0.69 dB/cm over
the frequency range from 28.75 GHz to 37.41 GHz, with a minimum loss of
0.07 dB/cm at 32.66 GHz.

In Fig. 5.12, the simulated loss calculated by using the GMAX method is also
included. From 28.75 GHz to 37.41 GHz, the measured propagation losses
are higher than simulated results on average. The difference in the
propagation loss between the simulation and the measurement results is
smaller in the centre of the guided band than that at the edge of the guided
band. It is because the confinement of the wave by the photonic crystal
structure is stronger in the band centre than that at the band edge, and
consequently the EM wave in the band centre is less affected by the
oxidized copper and defects in the cladding, resulting in a lower loss. Based
on Fig. 5.5, the zero group-velocity dispersion points happens at 0.457a,
which is 33.4 GHz when a = 4.106 mm in the real situation.

5.5 Concluding remarks

This chapter presents a novel hollow photonic crystal integrated waveguide
(HPCIW) which combines the advantages of substrate integrated waveguide
and photonic crystal waveguide. The design concept is experimentally
verified at Ka-band with a good agreement with theoretical analyses. The
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proposed HPCIW supports single-HE{o-mode propagation under even-field
excitation conditions. It achieves a bandwidth of 26% centred at 0.453 c¢/a,
and a zero GVD point at 0.457 c/a. The measured propagation loss of the
fabricated waveguide is less than 0.69 dB/cm from 28.75 GHz to 37.41 GHz,
with @ minimum loss of 0.07 dB/cm at 32.66 GHz. A zero GVD point is
founded at 33.4 GHz according to the dispersion relation. The design
presented in this chapter can easily be scaled to other bands, such as THz
and optical frequencies, by properly changing the lattice constant of the
photonic crystal and choosing a suitable high permittivity host material.
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Chapter 6
Octave Bandwidth Single-mode Hollow Bragg Reflector
Integrated Waveguide

In this chapter, a novel hollow Bragg reflector integrated waveguide
(HBRIW) is proposed, which comprises of an air-core line-defect Bragg
reflector waveguide sandwiched between two parallel metal plates, as
shown in Fig. 6.1. The design is similar to the previous work on hollow
photonic crystal integrated waveguide (HPCIW) discussed in Chapter 5 and
in the recently submitted paper [151]. However, along with some similarities,
there are some differences between HBRIW and HPCIW. Firstly, they both
adopt a photonic crystal structure and contain parallel metal plates, each of
which confines the EM wave in horizontal and vertical directions,
respectively, giving them similar advantages to PCW and SIW. For example,
both HBRIW and HPCIW can be platforms for functional components and
circuit design as what PCW and SIW are good at [146, 98]. Secondly, they
both eliminate the drawbacks of PCW and SIW, such as the via metallization
step of SIW at high frequencies and the difficulties of stacking PCW
vertically for 3D compact and multilayer SiP applications. Thirdly, their
operating bands are both scalable by changing the lattice constant of the
photonic crystal and properly choosing the dielectric material. Fourthly, since
the top and bottom metal plates can be isolated in both types of waveguides,
a direct current (DC) bias can be applied to the top and bottom metal plates
which helps integrate active components into the waveguide. However, due
to the broad photonic bandgap, HBRIW can operate over more than a one-
octave band in single-mode pattern, which is much wider than HPCIW does.
Moreover, the structure of HBRIW is more flexible and smooth for creating

Top Metal Plate
(Semi-transparent)
A

Dielectric Slab Bottom Metal Plate

Fig. 6.1 Trimetric view of the HBRIW.
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bends or tapering functional components than that of HPCIW which is
restricted by the two-dimensional photonic crystal pattern. In addition, the
minimum geometric feature of HBRIW can be about 4 times larger than that
of HPCIW, which makes the fabrication easier.

A theoretical design of the proposed HBRIW was performed using MIT
Photonic Bands (MPB) package [145] which indicated that HEq mode is
supported more than one octave centred at 0.464c/a, and a zero group-
velocity dispersion point is found at 0.536 c/a, where c is the speed of light
and a is the lattice constant for the one-dimensional (1D) photonic crystal
Bragg reflector structure. Selecting 4.28 mm as the value of a, a HBRIW
operating around the Ka-band was fabricated and characterised.

6.1 Dispersion relation and guided modes

Fig. 6.1 shows the trimetric view of the proposed HBRIW with the key design
parameters indicated. The top and bottom layers are a pair of parallel metal
plates, and the middle layer is an air-core line-defect 1D photonic crystal
Bragg reflector structure. The Bragg reflector consists of periodically
alternating layers of high- and low-refractive-index materials. Air is chosen
as the low-refractive-index material for its low refractive index and low loss.
Another material that forms the Bragg reflector is desired to be high
refractive index and low loss, to create a large photonic bandgap and reduce
the material absorption loss. Considering the available fabrication
techniques, Rogers RO3010™ material, whose design Dk (dielectric
constant) is 11.2 from 8 to 40 GHz and loss tangent is 0.0022 at 10 GHz,
was chosen as the high-refractive-index material. The fundamental mode of
the proposed HBRIW is a vertically polarized HE1o mode. Like HPCIW [151],
the height of the HBRIW, h, is adjustable, but it will slightly affect the
performance, and will introduce high order modes if the value of is too large
[147]. In this chapter, a HBRIW with a thin dielectric slab, namely, h < w/2,
is considered. Since the electric field of the HE1o mode is uniform along the
z-axis, h does not contribute to the dispersion relation. Therefore, the
dispersion relation problem can be simplified into a 2D problem in the x-y
plane assuming the third dimension is infinite and uniform, and it represents
the eigenvalues for the vertically (z-axis) linearly polarized modes confined
in the air core of the Bragg reflector waveguide.

As shown in Fig. 6.1, the thicknesses of the high- and low-refractive-index
materials are a and b, respectively, and A = a + b is the period constant of
the 1d photonic crystal structure. To maximize the first-order photonic
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bandgap, a and b are chosen based on the following quarter-wavelength
condition [152]:

n,a =nyb = — (6.1)

where n, and n;, are the refractive index of the high- and low-refractive-index
materials, and 4. is the center wavelength of the first-order bandgap when
the longitudinal propagation constant g = 0. As it can be seen from Eqgn. (6.1)
that, by properly choosing a target operating wavelength (41.) and the
materials for the high- and low-refractive-index layers, the geometric
parameters of the Bragg reflector structure can change accordingly and the

operating band can thereby be scaled to the target operating wavelength. In
this design, n, =+v11.2 =3.35andn, =1, soa = —2-A=0.23Aand n, =

Nng+np

A =0.77A. The width of the line defect in the middle of the Bragg

Ng

Nng+np
reflector waveguide, w, greatly affects the dispersion curves of the defects
modes, but it barely affects the dispersion curves of the cladding modes.
The value of w should be carefully chosen to push the dispersion curve of
the competing second order odd mode to the edge of the photonic bandgap
efficiently preventing the propagation of the odd mode in the HBRIW. This
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Fig. 6.2 Bandgap diagram and dispersion curves for the vertically polarized
modes in the line-defect Bragg reflector waveguide. The orange
dashed line is the light line. The green dashed lines indicate the
operating band which is wider than one octave. The black region is the
bandpass region for the 1D photonic crystal where the EM wave can
pass through the periodic structure and leak out. The white region
above the light line is the bandgap.
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effect is known as the modal-filtering effect [127].

The dispersion curves for vertically (z-axis) linearly polarized modes in the
line-defect Bragg reflector waveguide overlaid upon the bandgap diagram is
shown in Fig. 6.2. The dispersion curves were numerically calculated by
using the MPB package. The photonic bandgap obeys the following
condition which gives the constraint that stops the EM wave from
propagating through into the periodic claddings from the line defect [118]:

IRe(X,)| < 1 (6.2)
where
| Eky  Egkg\ .
X, = [cos(kbb) - %(?’ k” + ; kb) sin (kbb)] exp (—ik,a) (6.3)

and k; = \/(n;ko)> — B2 (i = a,b) is the lateral propagation constant; k, =
w/c is the vacuum wavenumber; £ is the longitudinal propagation constant;
nerr = B/ko is the effective refractive index of the mode; w is the vacuum
angular frequency; c is the speed of light in vacuum; and ¢; is 1 or
1/n? (i = a,b) corresponding to S = TE or TM modes, respectively.

In Fig. 6.2, the dispersion curves in the bandgap region are guided defect
modes, such as the red curve which corresponds to the desired fundamental
even mode. The blue curves that lie in the black region are cladding modes
or lossy defect modes. The purple dotted line lying at the edge of the
photonic bandgap corresponding to a lossy odd mode. The even and odd
modes here correspond to the symmetric and antisymmetric modes
regarding the x- z plane. The mode pattern of point A, for the fundamental
even mode, and point ,B for the lossy odd mode, in Fig. 6.2 are shown in

(a) Even mode (b) Odd mode

Fig. 6.3 Mode pattern for points A and B in Fig. 6.2. (a) Point A. (k,,, w,,) =
(0.015, 0.2788); (b) Point B. (k,, w,) = (0.015, 0.4399). Here, k, =
kA/2m and w, = wA/2mc. Periodic boundaries are applied.
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Fig. 6.4 (a) Normalized group velocity and (b) group-velocity dispersion.

Fig. 6.3. As it can be seen, only the desired fundamental even mode can be
tightly confined in the line defect region, while the odd mode lying at the
edge of the photonic bandgap is very lossy. The phenomenon has
previously been observed in Bragg fibre [130]. Therefore, by properly
coupling in to the even mode of the HBRIW, and not the odd mode, the
waveguide can operate in single-mode pattern [17]. The frequency range
between the two horizontal green dashed lines in Fig. 6.2 gives the
operating band of this design. The parts of the dispersion curve for the even
mode below the lower dashed line (w), = 0.300) and above the upper dashed
line (w! =0.628) are not selected as operating bands since in these
frequencies, the guided mode can be relatively lossy and could potentially
couple into the unwanted cladding modes. The selected operating band
gives a ratio bandwidth of w!/w} = 2.09, which is wider than one octave.

The group velocity and GVD of the fundamental even mode is plotted with
respect to normalized frequency in Fig. 6.4. The GVD is defined as 0%k /dw?.
Fig. 6.4 (a) shows that as the frequency increases, the group velocity first
increases and then decreases, and the turning point happens to be at
0.536¢/a where the zero GVD occurs, as seen in Fig. 6.4 (b).
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Fig. 6.5 CAD design and fabricated samples (before assembling) of the
HBRIW. (a) CAD design. The HBRIW in region Il is fed by microstrips
in regions | and lll. (b) Short HBRIW with the length between the two

microstrip lines | = 46.54 mm. (c¢) Long HBRIW with [ = 150.56 mm.

The inserted picture in (c) shows the backside view of the Bragg
reflector structure.

The design presented here is scalable. One can achieve this by changing
the lattice constant of the Bragg reflector and properly choosing a
combination of high- and low-refractive index material with low loss which
suits the target frequency band. In the next section, a design around Ka-
band by choosing Rogers RO3010™ and air as the high- and low-refractive-
index materials and setting A = 4.28 mm wil Ibe demonstrated.

6.2 Fabrication and simulation

The fabrication process is similar to that of a HPCIW and has been stated in
the last chapter of the submitted paper [151]. The fundamental even mode in
Fig. 6.3(a) becomes a HE1o mode in the full 3D structure presented in Fig.
6.1. Fig. 6.5(a) shows the CAD design of the HBRIW. The colours do not
reflect the actual colours of the materials and are selected to distinguish
different sections. A microstrip line, whose even quasi-TEM field pattern is
basically matched with the polarization of the HE1o mode, is used to couple
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the signal into the HBRIW. Fig. 6.5(b) and Fig. 6.5(c) show the fabricated
samples of the HBRIW before final assembly. Here, the width of the line
defect w = 8.14 mm, and the thicknesses of the high- and low-refractive
index layers are a = 1 mm and b = 3.28 mm, respectively. As shown in the
figures, 2.4 mm female end launch connectors obtained from Southwest
Microwave Inc. are used to connect to the microstrip lines and then 2.4 mm
coaxial cables go to the VNA. The input and output ends of the microstrip
line are designed to fit the dimensions of the end launch connector and
match the impedance of the HBRIW, respectively. Therefore, the microstrip
line is tapered at both ends. To reduce the signal reflection between the
microstrip line and the HBRIW with air as the material of the core region, a
PCB board with low permittivity is preferable as the substrate for the
microstrip line. Thus, the Rogers RT/duroid® 5880LZ™, whose dielectric
constant is 2.00 between 8 and 40 GHz and loss tangent is 0.0021 at 10
GHz, is chosen. As above-mentioned, the material for the high-refractive
index layer of the Bragg reflector is double-side cladded Rogers RO3010™.
The dielectric thickness and copper cladding thicknesses (both sides) for
both RT/duroid® 5880LZ™ and RO3010™ boards are 0.635 mm and 17.5
Mm, respectively.

Both the microstrip feeds and the photonic crystal structures were fabricated
using LPKF ProtoLaser U3. The fabrication was sufficiently precise, but the
walls of the Bragg reflector were slightly burnt by the laser and a very small
amount of burnt dielectric material was left surrounding the bottom edge of
the removed part, as shown by the insert in Fig. 6.5(c). Since cleaning the
residual burnt dielectric materials manually would probably cause
unintended bends or damage to the structure, the residual burnt materials
were left there. The copper claddings of the RO3010™ were not removed
from the dielectric to provide extra mechanical support for the delicate Bragg
reflector structure. The copper claddings are not originally designed in the
HBRIW. However, since the thickness is only about 2.7% of the dielectric
thickness and much smaller than the free-space wavelength over the
operating band, the residual copper claddings have negligible impact on the
dispersion relation and only very slightly increase the overall loss according
to additional simulations. The top and bottom copper plates are made of
C101 copper. They were first fabricated by using a DMU 40 CNC milling
machine and then manually polished by using 500 grade wet and dry silicon
carbide. The surface finish of the top plates is smooth since it does not
require CNC processing, but the surface finish of the bottom plates is
relatively rough owing to the tool marks caused by the CNC processing



Fig. 6.6 Measurement Setup. SOLT calibration is applied to shift the
reference plane to the end of the 2.4 mm coaxial cables. Clamps are
used to squeeze out the air gaps between the metal plates and the
photonic crystal layer as much as possible. The M1.6 nuts and bolts at
both sides of the HBRIW are removed during the measurement to
prevent them from reflecting the outgoing wave.

which is used to create a concave space to place the Bragg reflectors and
microstrip lines.

6.3 Results

Fig. 6.6 shows the measurement setup. A SOLT calibration was performed
using a 2.4mm mechanical calibration kit to place the reference planes to the
end of the coaxial cables. The measurement and simulation results of the
short and long HBRIWs shown in Fig. 6.5 are presented in Fig. 6.7. In the
simulation, a simplified 50Q coaxial connector, mimicking the actual end
launch connector, was used to feed the signal to the microstrip line. The
return losses of both the measured and simulated results are around 10 dB
indicating that most of the power is coupled into the HBRIW. The measured
difference of the insertion loss between the two HBRIWSs is larger than the
simulated one, which indicates a higher loss than the theoretical expectation.
Factors that contribute to the additional loss in practice, such as residual air
gaps between different layers, surface roughness, oxidation of copper,
residual burnt dielectric powders, and fabrication errors, are not considered
in the simulation, resulting in the difference between the simulated and
measured results. The electric field pattern of the long HBRIW at 33 GHz is
shown in Fig. 6.8. The EM wave is interfered at the junction between the
microstrip line and the HBRIW where the EM field is not matched exactly
causing impedance mismatch. However, the distorted field caused by the
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Fig. 6.7 (a) Measured and (b) simulated results of the HBRIWs shown in Fig.
5. The simulation is performed with CST time-domain solver.

interference is gradually dissipated along the waveguide. The desired HE1
mode is seen to be tightly confined in the air core demonstrating the HBRIW
as a single-mode waveguide. Additional, from Fig. 6.1, It can be seen that
the top and bottom metal plates of the HBRIW are not electrically connected,
which means these metal plates can be electrodes by applying a DC voltage
between them allowing for the integration of active components in the
HBRIW. This application has been verified by a simplified simulation using a
microstrip line to feed the ideal structure show in Fig. 6.1, which gives
consistent results as presented in Fig. 6.7.

The measuerd and simulated propagation loss of the fabricated HBRIWS,
shown Fig. 6.9, is obtained by comparing the maximum available gain (G,,qx)
of short and long HBRIWSs, which is the same GMAX method used in
Chapter 5 to characterise the HPCIW. From Fig. 6.9, the measured
propagation loss is observed to be higher than the simulated one, with
factors that increase the loss, such as surface roughness, oxidation of
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Fig. 6.8 Electric field of the long HPCIW in log scale at 33 GHz. Two 50Q
simplified coaxial connectors are applied to feed the microstrips.

copper, residual burnt dielectric material, and fabrication errors, that are not
considered in the simulation. The difference between the measured and
simulated loss is larger at low frequencies than that at high frequencies. It is
due to the ability of confinement of the Bragg reflector being a frequency-
dependent factor, and it is relatively weak when the effective refractive index
(nesr) of the mode is small [130]. From the measurement results, a narrow
frequency range with negative propagation loss around 42.7 GHz is
observed. It is likely because of an unwanted defect in the microstructured
claddings of the short HBRIW being introduced during the fabrication which
resonates at around 42.7 GHz, since there is a deep reduction of the
transmission window around 42.7 GHz in the measured S,4 spectrum of the
short HBRIW, while the long HBRIW does not have such a reduced
transmission window around this frequency.

From the measurement results shown in Fig. 6.9, a wide operating band is
observed ranging from 21 to 44 GHz, and the propagation loss over this
frequency range is less than 0.78 dB/cm. In addition to this, according to Fig.
6.4, the zero GVD point happens at 0.536¢/a, which is 39.4 GHz when a =
4.28 mm in the real situation.

6.4 Concluding remarks

This chapter presents a novel hollow Bragg reflector integrated waveguide
(HBRIW) which can operate in single-HE1-mode over an octave bandwidth
with zero GVD at 0.536¢/a. The proposed HBRIW is experimentally
demonstrated around Ka-band which is constant with theoretical analysis
and EM simulation. The fabricated waveguide loss has been characterised
to be less than 0.78 dB/cm over the frequency range from 21 to 44 GHz. A
zero GVD point is founded at 39.4 GHz based on the dispersion curve. The
design concept here can easily be scaled to other band, such as THz and
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Fig. 6.9 The measured and simulated propagation loss of the proposed
HPCIW.

optical frequencies. Showing many advantages over SIW and photonic

crystal waveguide, HBRIW can be a promising candidate for multilayer

mmW and THz SiP applications.
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Chapter 7
Functional Components

PCW and SIW are well-known platforms for functional components, such as
antennas [153, 154], cavities [155 - 157], splitters [158, 159], combiners
[160], diplexers [161], directional couplers [162], filters [163 - 167],
modulators [168, 169], polarization converters [170], switches [171], sensors
[172], receivers [173], and lasers [174 - 178]. In this chapter, various
functional components built upon the photonic crystal fibres or waveguides
proposed in this thesis, including cavities, bends, splitters, and antennas, are
investigated, demonstrating the potential for photonic-crystal-based
waveguide to be used in a number of important applications, such as
photonic integrated circuits and microfluidic sensors.

7.1 Waveguide Bends

Waveguides bends are essential components for integrated circuits. In this

Bottom copper plate

Port 1

Top copper plate
(Transparent)

Fig. 7.1 Perspective view of the 60" waveguide bend based on HPCIW. The
key geometric and material properties of the waveguide bend are the
same as that of the HPCIW shown in Fig. 5.7.
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Fig. 7.2 Simulated S-parameters vs Frequency of points A to E
corresponding to 28 GHz, 29 GHz, 31 GHz, 33.1 GHz, and 34 GHz,
respectively

section, two types of waveguide bends are discussed, which are built upon

the fabricated HPCIW and HBRIW proposed in Chapters 5 and 6.

7.1.1 HPCIW 60° waveguide bend

The perspective view of the 60° waveguide bend based on HPCIW is shown
in Fig. 7.1. The key geometric and material properties of the waveguide
bend are the same as that of the HPCIW discussed in Chapter 5, except the
height of the dielectric layer is h = 1.27 mm, rather than previously h =
0.635 mm. The change does not affect the dispersion of the guided HE1q
mode which is uniform along the z-direction. The waveguide bend is fed by
rectangular waveguides with same aperture size as that of the line-defect air
core of the HPCIW.

The simulated S-parameters are shown in Fig. 7.2. The HPCIW, as
discussed in Chapter 5, operates from 28.75 to 37.41 GHz. However, due to
the presence of a defect at the junction, the operating band of the waveguide
bend is significantly reduced. The normalized electric field at several
representative frequency points are shown in Fig. 7.3. The EM field at point
A is leaky because it is outside the photonic bandgap of the waveguide. At
points B and C, the EM fields are better confined in the line-defect region,
since they are inside the photonic bandgap, but a small amount of EM field
still penetrates into the bulk photonic crystal structure due to the presence of
a defect at the junction. At point D, a standing wave is formed between the
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Fig. 7.3 Normalized electric field at points A to E shown in Fig. 7.2.

port 1 and the junction which stops the EM field being guided to the port 2,
and hence the transmission at point D is very low. It is probably caused by a
defect mode at the junction which resonates at 33.1 GHz. At point E, a high
transmission is found. The operating band is significantly reduced by defects
mode like the one at point D. Nonetheless, the waveguide bend still supports
a transmission window ranging between 28.7 GHz and 32.5 GHz.

7.1.1 HBRIW 90° waveguide bend

The perspective view of the 90° waveguide curved bend based on HBRIW is
shown in Fig. 7.4. The key geometric and material properties of the

Top copper plate
(Transparent)

Photonic Crystal
(Green)

Port 1

Bottom copper plate

Fig. 7.4 Perspective view of the 90° waveguide curved bend based on
HBRIW. The key geometric and material properties of the waveguide
bend are the same as that of the HBRIW shown in Fig. 6.5.
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Fig. 7.5 Simulated S-parameters vs Frequency of points A to C
corresponding to 21 GHz, 30 GHz, and 42 GHz, respectively.

waveguide bend are the same as that of the HBRIW discussed in Chapter 6,
except the height of the dielectric layer is h = 1.27 mm, rather than
previously h = 0.635 mm. The change does not affect the dispersion of the
guided HE4, mode which is uniform along the z-direction. The waveguide
bend is fed by rectangular waveguides with same aperture size as that of the
line-defect air core of the HBRIW.

The simulated S-parameters are shown in Fig. 7.5. The HBRIW, as
discussed in Chapter 6, operates from 21 to 44 GHz. However, due to the
presence of the curved structure at the junction, the operating band of the
waveguide curved bend is slightly reduced. The normalized electric field at

points A, B, and C in Fig. 7.5 are shown in Fig. 7.6. The EM field at point A is
leaky since the point A is located at the low end of the guided band of
HBRIW, but most of the field is still guided in the waveguide. At point B, the
EM field is very well confined in the line-defect air core, resulting in a large

Fig. 7.6 Normalized electric field at points A to C shown in Fig. 7.5.
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transmission coefficient. At point C, the EM cannot be confined in the
waveguide and radiates out. Overall, from Fig. 7.5, it can be seen that the
90° waveguide bend using HBRIW supports a wide operating band ranging
from 21 to 40 GHz.

7.2 Splitters

The perspective view of a splitter using HPCIW is shown in Fig. 7.7. The
splitter is sandwiched by metal plates in +z and —z boundaries, which
however is hidden in the figure. The geometrical and material properties are
the same as that of the HPCIW discussed in Chapter 5, except that the
radius of the air holes is 1, = 0.44a, rather than r, = 0.467a. It is designed to
shift the dispersion curve of the odd mode outside the operating band, which
would potentially be excited due to the defect at the junction of the splitter
shown in Fig. 7.7. The dispersion curve of the line defect HPCIW now
calculated using the MPB package is shown in Fig. 7.8. Taking into account
a = 4.106 mm, the even mode shown in Fig. 7.8 is supported by the HPCIW
over the operating frequency range from 0.363c/a to 0.437c/a, or 26.5 GHz
to 31.9 GHz.

The structured shown in Fig. 7.7 is simulated using CST time domain solver.

Port

Fig. 7.7 Perspective view of the splitter. The key geometric and material
properties of the splitter are the same as that of the HPCIW shown in
Fig. 5.7. The top and bottom copper plates that cover the whole
structure are not shown for better view.
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Fig. 7.8 Dispersion curves overlaid upon the photonic bandgap diagram. The
second y-axis on the right corresponds to the structure with a =
4.106 mm.

The +z and —z boundaries are set as conductive boundaries using the
conductivity of annealed copper (5.80x10” S/m). The simulated s-parameters
can be found in Fig. 7.9, which shows a transmission window from 26.5
GHz to 31.9 GHz, which agrees with the dispersion curve shown in Fig. 7.8.
However, at several frequencies within the window, the transmission is
reduced. This is investigated by plotting the normalized electric fields at
several representative frequency points, namely points A to F shown in Fig.
7.9, which are shown in Fig. 7.10.

S-parameters (dB)

1

_30 1 1 1 1 1 1
25 26 27 28 29 30 31 32 33

Frequency (GHz)

Fig. 7.9 Simulated S-parameters vs Frequency for splitter. Points A to F
correspond to 26 GHz, 26.25 GHz, 26.91 GHz, 27.86 GHz, 29 GHz,
and 32.02 GHz, respectively
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Fig. 7.10 Normalized electric field at points A to F shown in Fig. 7.9.

Comparing Fig. 7.8 and Fig. 7.9, points A and B are below the lowest guided
frequency of the even mode. Thus, they are the outside the photonic
bandgap and lossy, as shown in Fig. 7.10(a) and Fig. 7.10(b). Points C and
D are within the guided band of the even mode, but the guided line-defect
even mode is coupled with cladding modes distributed in the bulk photonic
crystal structures at these frequencies, and this reduces the transmission
coefficient, as shown in Fig. 7.10(c) and Fig. 7.10(d). As shown in Fig.
7.10(e), the normalized electric field is tightly confined in the line-defect air
core region, resulting a good transmission property. Fig. 7.10(f) shows the
polarization transformation of the EM field from the even mode to the odd
mode between the input port (port 1) and the output ports (port 2 and port 3),
indicating that the odd mode would potentially be excited at the junction of
the splitter. Owing to above-mentioned phenomena, the operating bandwidth
of the splitter is decreased to from 28 to 30 GHz.

Between 28 GHz and 30 GHz, the transmission coefficients (S21 and S31) of
the splitter are greater than -4.27 dB, and the reflection coefficient (Sq1) is
below -7.50 dB. Factors like Ohmic loss, dielectric absorption loss, and
confinement loss are counted for the overall loss of the splitter.

7.3 Cavities
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Fig. 7.11 Perspective view of the cavity.

The perspective view of the proposed cavity can be found in Fig. 7.11. The
key geometric and material properties of the cavity are the same as that of
the HBRIW presented in Chapter 6, except the following factors: 1) the
height of the dielectric layer is h = 1.27 mm; 2) the thickness of the first
layers away from the line-defect core at the side regions is a/2, while the
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Fig. 7.12 Dispersion curves for the modes that are guided in the central and
side regions, overlaid on the photonic bandgap diagram.
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Fig. 7.13 Mechanism of photon confinement in the cavity.

thickness of the first layers at the central region remain the same as a. The
dispersion curves of the line-defect mode supported in the central region and
the side region overlaid upon the photonic bandgap diagram is shown in Fig.
7.12. It can be seen that in the frequency range of 0.2785 < w,, < 0.2909, or
19.5 GHz < f < 20.4 GHz when a = 4.28 mm, the defect mode can only exist
in the central region, not in the side regions. The photon confinement
mechanism has been previously been used in photonic crystal slab
waveguide [179], but it is the first time it is used in the HBRIW structure.
Similar to the situation for electrons in a quantum well, the photon in the
cavity is trapped in the central region, as shown in Fig. 7.13.

The structure shown in Fig. 7.11 was simulated using the CST eigenmode
solver. A cavity mode is found at 21.99 GHz, as shown in Fig. 7.14. The
resonant frequency is slightly higher than the frequency range shown in Fig.

7.12. It is because that the cavity mode is weakly confined in the x direction,
.

Fig. 7.14 Normalized electric field of the cavity mode resonating at 21.99
GHz.
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Fig. 7.15 Perspective view of the HBRIW-based h-plane horn antenna. The
top and bottom boundary are set to be conductive boundaries using the
conductivity of copper (5.8X10” S/m), so the structure is actually
covered by metal in both sides in the z-direction.

which also contributes to the eigenmode frequency, while in Fig. 7.12, only
the confinement in the Y-direction is considered. The unloaded g-factor of
the cavity mode shown in Fig. 7.14 is calculated to be 595.72 using the CST
eigenmode solver, which can potentially be improved by modifying the width
of thickness of the first layers at the side regions and make the geometric
transition between the central region and the side regions more smooth.

In summary, in this section, a novel cavity based on HBRIW is proposed.
The mechanism for photon confinement in the cavity is similar to the
electrons in a quantum well. The cavity is resonant at 21.99 GHz with a
unloaded g-factor of 595.72. It can potentially be used in many functional
components, like filters, sensors, diplexers, etc.

7.4 HBRIW H-plane horn antenna

The perspective view of the HBRIW H-plane horn antenna is shown in Fig.
7.15. Conductive boundaries are applied at the +z and —z boundaries to
represent the parallel copper plates, which are not shown in the figure. The

-10 T T 1.6

(a) ’ (b)

(dB)

20 25 30 40 45 20 25 30

3 35 4 35 40 45
Frequency (GHz) Frequency (GHz)

Fig. 7.16 (a) The S41 and (b) the VSWR of the HBRIW-based h-plane horn
antenna.
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Fig. 7.17 Top view of E; field component at middle plane of the antenna at
32.5 GHz.

key geometrical and material properties are the same as that of the HBRIW
discussed in Chapter 6. The opening angle of the antenna is 30 degrees. A
rectangular waveguide with same aperture size as the air core of the
antenna is used to feed the antenna. The structure was simulated using CST
microwave studio and the simulated Sq1 and voltage standing wave ratio
(VSWR) is shown in Fig. 7.16. As discussed in Chapter 6, the operating
frequency of the HBRIW ranges from 21 GHz to 44 GHz. The S¢; and
VSWR of the proposed HBRIW h-plane horn antenna is below -17.34 dB
and 1.314, respectively, indicating a good matching between the feeding
rectangular waveguide and the antenna over a more than one-octave
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Fig. 7.18 Far-field pattern of the h-plane horn antenna at 32.5 GHz.
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Fig. 7.19 The far-field pattern at (a) 6 =90° and (b) ¢ = 180°
planes.

operating band.

The E; field component guided within the antenna at 32.5 GHz is shown in
Fig. 7.17. The antenna operating in single-HE,-mode, and the HE o mode is
well maintained in the multimode region. The far-field pattern of the antenna
at 32.5 GHz is shown in Fig. 7.18. The 3dB beam width of the antenna is
14.8 degrees, so the directivity of the antenna is well controlled by the
structure. The far-field patterns in the 6 =90° and ¢ = 180° planes are
shown in Fig. 7.19, where 6 and ¢ are the polar angle and azimuth angle,
respectively. The main lobe magnitude of the antenna gain is 4.43 dB. The
side lobe magnitude is -29 dB which is very well suppressed.

Overall, an h-plane horn antenna formed of HBRIW with S{1 smaller than
-17.34 dB over the operating band from 21 to 44 GHz has been proposed.
The far-field patterns shown side lobes are very well suppressed and the
difference between the main lobe magnitude and the side lobes magnitude
is as great as 33.43 dB.

7.5 Bragg fibre horn antenna

The trimetric view of the geometry of the Bragg fibre horn antenna is shown
in Fig. 7.20. The geometric and material properties of the antenna are the
same as the Bragg fibre discussed in Chapter 3. The opening angle of the
antenna is 12 degrees. It is small because the Bragg fibre is a multimode
waveguide which could potentially excite high-order modes when the
opening angle is large. Since the size of the Bragg fibre is significantly larger



(2)

Fig. 7.20 (a) Full structure and (b) cutaway view of the Bragg fibre horn
antenna.

than the operating wavelength, it is very hard to do a 3D full-structured
simulation due to Ilimited computational sources. Alternatively, a
axisymmetric model is studied using COMSOL, as shown in Fig. 7.21. The
support bridges are excluded in the simulation. A circular waveguide with the
same aperture size as the air core of the Bragg fibre is used to excite the
antenna. The simulated S¢4 and VSWR are shown in Fig. 7.22. According to
Chapter 3.2, the theoretical operating band of the Bragg fibre ranges from
240 to 300 GHz. From Fig. 7.22, the S11 and VSWR is below -38.71 dB and
1.023, respectively, indicating a good matching between the feeding circular
waveguide over the designed operating bandwidth. In the simulation, only
results at a few frequency points are obtained and displayed because of the
limited available computational sources.
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Fig. 7.21 Axisymmetric model of the Bragg fibre horn antenna.
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Fig. 7.22 (a) S11 and (b) VSWR of the Bragg fibre horn antenna.

The normalized electric field guided inside and near the horn at 272.5 GHz
are shown in Fig. 7.23. Like the modal-filtering effect discussed in Chapter 4,
some field corresponding to high-order modes radiates at the front part of
the antenna, while most of the field is guided inside the waveguide which is
operating in asymptotically single-HE{1-mode. The 3D far-field pattern of the
antenna and its cutaway view in the 8 = 90° plane at 272.5 GHz are shown
in Fig. 7.24. The magnitude of the main lobe is 53.95 dB, and the magnitude
of the side lobes are below 22.88 dB. The 3dB beam width of the antenna is
5.43 degree, so the directivity of the antenna is very high.

In summary, a horn antenna design built upon the previous fabricated Bragg
fibre is proposed. The horn antenna operates over the designed band of the
Bragg fibre ranging from 240 GHz to 300 GHz. The high directivity is due to
the small opening angle of the antenna. The difference between the
magnitudes of the main lobe and the side lobes are greater than 31.07 dB.
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Fig. 7.23 Field distribution inside and near the Bragg fibre horn antenna at
272.5 GHz.
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Fig. 7.24 Far-field pattern of the antenna at 272.5 GHz.

7.6 Concluding remarks

In this chapter, several functional components based on the previously
studied photonic-crystal-based waveguides are presented, including
waveguide bends, splitters, cavities, and horn antennas. The aim of this
chapter, however, is not to present optimized functional components, but to
demonstrate the photonic-crystal-based waveguides studied in this thesis
are very flexible and can be promising candidates as platforms for mmW and
THz functional components. Therefore, there is plenty of rooms to improve
the performances of the functional components investigated in this chapter.
For example, the operating frequency ranges of the waveguide bends and
the splitter are significantly reduced owing to defects at the junction, and it
can potentially be improved by adding a suitable coupling structure between
the input waveguide and the output waveguide(s). In addition, the unloaded
g-factor of the HBRIW cavity is low, which can be potentially improved by
making the geometric transition between the central guided region and the
side dissipating region more smooth. Overall, although only several basic
functional components are studied in this chapter, benefiting from the
important flexibility of SIW and PCW, many more functional components can
be developed based on the photonic-crystal-based waveguides proposed in
this thesis.
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Chapter 8
Conclusion and Future Work

The thesis has three primary themes: 1) Chapters 2, 3 and 4 compose the
first theme on THz Bragg fibres; 2) Chapters 5 and 6 make up the second
theme on mmW and THz flat hollow photonic crystal waveguides; 3) Chapter
7 discusses various functional components built upon the proposed mmW
and THz waveguides, forming the third theme of the thesis. To be more
specific, the main contributions of each theme are summarized as in the
following sections.

8.1 THz Bragg fibres

In terms of the Bragg fibre, the author first studied the design principles, and
then fabricated and characterised a Bragg fibre, and finally the crucial
problems on mode transitions and the modal-filtering effect in an
asymptotically single-mode Bragg fibre are further investigated. Specifically,
the contributions of Chapters 2, 3 and 4 are highlighted as follows:

e The Chapter 2 presents a novel design concept, which is verified by
analytical and simulation results, of a single-mode small-core
terahertz Bragg fibre exhibiting the properties of low loss and low
dispersion. Conventionally, a single-TEp-mode Bragg fibre requires a
large core and many cladding layer periods to achieve a significant
propagation loss discrimination between the desired mode and other
unwanted competing modes. The use of a second-order bandgap in
this chapter completely eliminates this requirement, and enhances
propagation loss discrimination using just a small core with a diameter
at least 50% smaller than the conventional design and only four
cladding layer periods. Furthermore, a generalized half-wavelength
condition is proposed, promoting the manipulation of the photonic
bandgap for Bragg fibre. The TEp1 mode has a null point in the
electric field close to the boundary interface between the core and the
cladding, and this phenomenon has been exploited to minimize the
impact of support bridges, which mechanically maintain the air gaps,
on the propagation loss of the fibre. Finally, a novel design is
proposed realizing a tightly confined single-TEp-mode small-air-core
Bragg fibre with propagation loss and group velocity dispersion less
than 1.2 dB/m and -0.6 ps/THz/cm, respectively, between frequencies
of 0.85 THz and 1.15 THz.
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In Chapter 3, the design and measurement of a 3D-printed low-loss
asymptotically single-mode hollow-core terahertz Bragg fibre is
reported, operating across the frequency range from 246 to 276 GHz.
The HE{1 mode is employed as it is the lowest loss propagating
mode, with the electromagnetic field concentrated within the air core
as a result of the photonic crystal bandgap behaviour. The HE14 mode
also has large loss discrimination compared to its main competing
HE1> mode. This results in asymptotically single-mode operation of
the Bragg fibre, which is verified by extensive simulations based on
the actual fabricated Bragg fibre dimensions and measured material
parameters. The measured average propagation loss of the Bragg
fibre is lower than 5 dB/m over the frequency range from 0.246 to
0.276 THz, which is, to the best of the author’s knowledge, the lowest
loss asymptotically single-mode all-dielectric microstructured fibre yet
reported in this frequency range, with a minimum loss of
3 dB/m at 0.265 THz.

In Chapter 4, the mechanism for electromagnetic (EM) mode
transition and filtering in an asymptotically single-HE4-mode hollow
THz Bragg fibre is investigated. Bragg fibres with an asymptotically
single-mode pattern were designed, fabricated, and measured,
achieving measured signal propagation loss of better than 3 dB/m at
265 GHz and with an operating frequency range from 246 to 276
GHz. Mode transition and filtering effects are both verified by 3D full-
wave simulations using measured material properties, with
geometrical parameters extracted from the fabricated Bragg fibre
prototypes. By optimizing the coupling efficiency between the free-
space Gaussian beam and the guided Bessel function mode, the
optimum distance of mode transition from the Gaussian-beam
excitation into the guided mode is calculated to be ~13.7 free-space
wavelengths in the fibre, to ensure fast EM-field convergence to the
desired asymptotically single-mode mode pattern in the Bragg fibre.
After this mode transition region, the electric field amplitude ratio
between the desired HE11 mode and the main competing HE12 mode
is approximately 7 times, with the HE1> mode attenuation being more
than 10 dB/m larger than the fundamental HE{1 mode; the results
indicate that the fibre is one of the best candidates for low-loss
asymptotically single-mode terahertz signal interconnections.
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8.2 Hollow photonic crystal integrated waveguides

In the case of flat mmW and THz waveguides for compact and multilayer
system-in-package applications, the design, fabrication, and characterisation
of HPCIW and HBRIW are presented in Chapters 5 and 6, respectively. The
major contributions of Chapters 5 and 6 are as follows:

In Chapter 5, a novel waveguide medium that combines the
advantages of photonic crystal waveguide (PCW) and substrate
integrated waveguide (SIW) is demonstrated, which is called a hollow
photonic crystal integrated waveguide (HPCIW). The proposed
HPCIW is comprised of an air-core line-defect hexagonal dielectric
photonic crystal waveguide sandwiched between two parallel metal
plates. The HE1o mode can be excited and guided over a fractional
bandwidth of 26% centred at 0.453c/a, and a zero group-velocity
dispersion point is found at 0.457 c/a, where c is the speed of light,
and a is the lattice constant of the photonic crystal. The waveguide is
experimentally demonstrated in Ka-band and shows good agreement
with theoretical analysis and electromagnetic simulations. The
measured propagation loss of the HPCIW varies between 0.07 dB/cm
and 0.69 dB/cm over the designed operating band of 28.75 GHz to
37.41 GHz, with the minimum loss occurring at 32.66 GHz, while zero
group-velocity dispersion is observed at 33.4 GHz. The HPCIW can
be scaled for use at terahertz and optical frequencies, and could
prove to be an important candidate for millimetre-wave, terahertz and
photonic integrated systems employing multi-chip module and
integrated circuit fabrication technologies.

In Chapter 6, a novel waveguide medium is proposed, which is called
a hollow Bragg reflector integrated waveguide (HBRIW), that can
work more than one octave in single-HEi-mode pattern. The
proposed HBRIW comprises of an air-core line-defect one-
dimensional photonic crystal waveguide, namely Bragg reflector
waveguide, sandwiched between two parallel metal plates. It
possesses the merits of both photonic crystal waveguide (PCW) and
substrate integrated waveguide (SIW). The waveguide is
experimentally demonstrated around Ka-band with a good agreement
with theoretical analysis and electromagnetic simulations. The
measured propagation loss of the HBRIW is less than 0.81 dB/cm
over the designed operating band of 21 GHz to 44 GHz, while the
zero group-velocity dispersion point is found to be at 37.5 GHz. The
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HBRIW can be scaled for use at other frequencies, such as terahertz
and optical frequencies. It is could prove to be a strong candidate for
millimetre-wave and terahertz multilayer system-in-package (SiP)
applications.

8.3 Photonic crystal functional components

The Chapter 7 investigates several typical functional components based on
the photonic-crystal-based waveguides that have been discussed in
previous chapters. To be more specific, the following functional components
have designed in Chapter 7:

1)

2)

3)

4)

A 60° waveguide bend based on the HPCIW presented in Chapter 5
and a 90° waveguide bend based on the HBRIW presented in
Chapter 6 have been proposed in section 7.1. The operating
bandwidths of the waveguide bends are observed to be narrower that
the corresponding straight waveguides. It is due to the discontinuity of
the propagation constant at the junction of the waveguide and the
incomplete photonic bandgap. Nonetheless, low loss guiding of
millimetre-wave waveguide curved bends within the supported band
are demonstrated.

A splitter based on the HPCIW presented in Chapter 5 has been
proposed in section 7.2. The splitter operates from 28 GHz to 30
GHz, with a typical Sz1 or S31 value of -4 dB. The operating bandwidth
of the splitter is significantly reduced due to the discontinuities at the
junction and the incomplete photonic bandgap. When the photonic
bandgap of the waveguide is not omnidirectional, the guided modes in
the line-defect air core could potentially couple with cladding modes
which mainly distributed in the bulk photonic crystal structures, and
consequently increases the loss.

A novel cavity based on the HBRIW presented in Chapter 6 has been
proposed in section 7.3. The central region of the cavity supports
modes which are not supported in the side regions. The field is
thereby mainly confined in the central region and decreases
exponentially in the side regions, which is similar to the situation of
electrons in a quantum well. The cavity is resonant at 21.99 GHz with
a unloaded g-factor of 595.72, and it can be a very useful component
in many functional components, like sensors, filters, etc.

An h-plane horn antenna based on the HBRIW presented in Chapter
6 has been proposed in section 7.4. The operating bandwidth of the
proposed h-plane horn antenna is as wide as the basic HBRIW. Over
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the operating band from 21 to 44 GHz, the S11 is smaller than -17.34
dB and the VSWR is less than 1.314. The 3dB beam width of the
antenna is 14.8 degrees. The minimum difference between the main
lobe magnitude and side lobes magnitude is as great as 33.43 dB,
indicating the side lobes are very well suppressed in the proposed h-
plane horn antenna.

5) A horn antenna based on the Bragg fibre characterised in Chapter 3
has been proposed in section 7.5. The horn antenna operates over
the whole operating band of the Bragg fibre. The 3dB beam width of
the antenna is 5.43 degrees, so the directivity of the proposed
antenna is narrow due to the fact that the Bragg fibre is an
overmoded structure operating in asymptotically single-mode pattern,
and it is sensitive to the change of the core radius. The far-field
pattern of the proposed antenna has been simulated suggesting a
minimum difference between the main lobe magnitude and side lobes
magnitude of 31.07 dB.

Overall, the photonic-crystal-based waveguides have proven to be flexible,
expandable, and scalable, as well as very promising candidates as the
platforms for mmW and THz functional components, although there is plenty
of room to optimise the proposed functional components.

8.4 Future work

In this research, several mmW and THz microstructured fibres or
waveguides based on photonic crystals are first investigated, followed by
some designs of functional components formed of them. To give some
recommendations for future works, from easy to difficult, few topics are
pointed out as follows:

Firstly, to extend the operating frequencies of the proposed photonic crystal
waveguides to higher frequencies is of great interesting. In Chapter 3, a sub-
THz Bragg fibre is fabricated and characterized. To fabricated a Bragg fibre
operating above 1 THz could have many important applications, such as
coupling the power of a THz quantum cascade laser (QCL) out from a
cryogenic chamber. The potential fabrication techniques could be polymer
extrusion or fibre drawing, and the promising candidate for the dielectric
materials for the Bragg fibre could be low-loss polymers and silica. In
Chapters 5 and 6, two flat photonic crystal waveguides operating at Ka-band
are demonstrated. They can be easily scaled to other frequencies by
changing the constant lattice of the photonic crystals and choosing proper
low-loss materials. It is very interesting to demonstrate them at around 1
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THz which had never been done before. The potential fabrication techniques
to fabricate the flat photonic crystal waveguides at higher frequencies could
be photolithography and deep-ion reactive etching, and one of the candidate
materials is high-resistivity silicon. The propagation losses of the flat
waveguides can be further reduced by using more precise and robust
fabrication techniques. It is also interesting to widen the zero- or low-GVD
band of these flat waveguides by adjusting the geometric parameters.

Secondly, in Chapter 7, several types of functional components are
presented, including waveguide bends, splitters, cavities, and antennas.
Benefiting from the flexibility of photonic crystal structure, it is not surprise to
build more active and passive components using them, such as photonic
crystal laser, Cherenkov radiation source, high-Q resonator, multiplexer,
filter and antenna array. The potential future works could be either optimising
the proposed functional components presented in Chapter 7, or building
other functional components. For example, the operating bandwidths and
propagation losses of the waveguide bends and splitter can be further
improved by carefully design the coupling at the junction; the Q-factor of the
cavity can potentially be improved by enhancing the field confinement of the
cavity; antenna rotator or omnidirectional antenna can be built based on the
Bragg fibre, thanks to the its circular geometry; and the flat architecture of
the HBRIW H-plane horn antenna makes it desirable for multilayer antenna
array.

Thirdly, sensors to characterize the dielectric properties of solids, liquids and
gases are feasible applications for the proposed photonic crystal based
waveguides. Many matters have special spectrum in the THz frequency
range, like large molecules, explosives, and pharmaceuticals, which is called
as “THz fingerprint”. Sensors using resonating configuration, which measure
the material at a frequency point, or non-resonating configuration, which
detect over a wide band, is interesting for lab-in-a-waveguide systems which
does not require too expensive fabrication and measurement facilities.

Lastly, maybe the most challenging but also most rewarding project goes to
the multilayer THz system-in-package (TSiP) which integrates multi-
functional chips and components. This idea is simple. Since it is obvious that
many functional components can be developed based on the proposed
photonic crystal based waveguides, why not integrate them together and
build a circuit? However, the idea is also complicate. How to integrate active
components with passive components, how to integrate tiny chip with
subwavelength waveguide, how to design the transition between different
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components, and how to couple the EM field vertically, are challenging
problems.

In summary, we have discussed the potential applications of the proposed
photonic crystal based waveguides in many respects. Some of them are
relatively easy and low cost, while some others are difficult and rely very
much on the research grants.
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Appendix A
Transfer-Matrix Method

The dispersion relations and guided mode in Bragg fibre was first derived by

Yeh et al. [87]. In each cladding layer of Bragg fibre (excluding the outermost
layer), the four field components ( £_, H,, H_, E,) can be expressed in matrix

form:
Jm (kl,r) Ym (k[l”) 0 0 —

EZ ia)ei , ia)gi ' m m 4, _
Hg - _iJm (kir) TIYM (kir) _inJm (kir) _lTﬂYm (kir) B;
u | 0 0 J, (kr) Y, (kr) | C
E mp mp log; 1O, s b,

0 __EJ’" (ki,,) _7Ym (kl,r) _T[Jm (kl.r) _k_iYm (kir)_ J ]

(A1)

where J and Y indicate the Bessel and Neumann functions respectively; 4, B,
C and D are the coefficients; m is the azimuthal modal number; and the
choice of i (=a,b,c) is based on the layer number j; r is the radial position;
g; and y; are permittivity and permeability of layer j, respectively. For m=0,
the guided modes in Bragg fibre are exactly TE and TM polarized, while for
nonzero m, TE modes become HE modes, and TM modes become EH
modes. The nonzero m modes are doubly degenerate, while the m=0 modes
are nondegenerate [126].

In the outermost layer, there will be no incoming waves since there is no
reflections from outside [125], and the Bessel (J) and Neumann (Y) functions
are replaced by the first (H' =J+iY) and second (H" =J-iY) kind of
Hankel functions. According to the boundary condition, all of the four field

components should be continuous across the interfaces. Therefore, a
transfer matrix [T] for a s —n . pair (or P —w) is obtained to relate the

coefficients in the innermost layer ( j =1) and the outermost layer (j=N)
[87, 125]:

Al T{l 7—{2 ]—{3 714 AN

Bl — ]-'21 7-'22 1—'23 ]"24 BN (A 2)
C| |Tn T Ty LGy '
D] [T, T, T, T,][Dy

Note that the layer number N includes the core, the period structures and
the outermost layer. Since the Neumann function (Y) goes to infinite at the
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origin, B, =D, =0, and because there is no incoming wave in the outermost
cladding, B, = D, =0. Substituting above conditions into Eqn. (A.2) gives

B B4, s
T, T Cy '

The nontrivial solution condition is:

det[rzl T}

Ty Ty

Eqgn. (A.4) is a multi-value complex transcendental eigenvalue equation.
Since the confined modes in Bragg fibre are analogous to the guided modes
of a hollow metallic circular waveguide with same core radius [126], The
eigenvalue equation can be split into real part and imaginary part, and
simply use the dispersion relations of the hollow metallic circular waveguide
as the initial value of the root’s real part and use zero as the initial value of
the root’s imaginary part, and solve Eqn. (A.4) in a multi-variable root finder,
like ‘fsolve’ in Matlab®. Due to the multi-value nature of Eqn. (A.4), many

other modes with same azimuthal modal number (m) may be found, rather

than the desired mode. Thus, the root (namely the complex effective
refractive index » ) should be verified by using simulation software, like

0 (A.4)

)
eff
‘mode analysis solver’ in COMSOL®. This method is known as transfer
matrix method [87, 125].

Once, the complex effective refractive index (n, ) is obtained from Eqn.
(A.4), one can calculate the propagation loss in dB/m using the following
relations [180]:

407
L= Im
Aln10 () (A-9)
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Index

ng Refractive index of the core

ng Refractive index of the high-index layer
ny Refractive index of the low-index layer
a Thickness of the high-index layer

b Thickness of the low-index layer

T, Radius of the core

A Period of the radial photonic crystal

k; Lateral propagation constant

ko Vacuum wavenumber

ko Vacuum angular frequency

c The speed of light in vacuum

p Longitudinal propagation constant
Neff Effective refractive index

&; 1 for TE modes or 1/n? (i = a, b) for TM modes
A¢ Wavelength of interest

ng Effective refractive index of interest

0 Angle of incident

¢ The order number of the bandgap

T Porosity factor

x Absorption coefficient

Frequency
The midrange ratio of the bandgap

fn the upper edge of the photonic bandgap
fi the lower edge of the photonic bandgap

Brewster angle
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ng Effective refractive index for Brewster phenomenon

K Extinction coefficient

Ao Free-space wavelength

T Core radius of feeding HMCW for Bragg fibre
Aand B Amplitude

v Spatial frequency of wave

Ay Guided wavelength

€ Permittivity

U Permeability
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Abbreviations

mmW Millimetre wave

THz Terahertz

PCW Photonic crystal waveguide

TSiP THz system in package

GVD Group velocity dispersion

THz-TDS Terahertz time-domain spectroscopy
SIW Substrate integrated waveguide
HPCW Hollow photonic crystal waveguide
SIG Substrate integrated image guide

3D Three-dimensional

EM Electromagnetic

COoC Cyclic olefin copolymer

SOS Silicon-on-sapphire

LTCC Low temperature co-fired ceramic
QwWC Quarter-wavelength condition

GHWC Generalized half-wavelength condition
SPARROW Stratified planar anti-resonant reflecting optical waveguide
CLD Confinement loss diagram

VNA Vector network analyzer

RWG Rectangular waveguide

HMCW Hollow metallic circular waveguide
HPCIW Hollow photonic crystal integrated waveguide
MPB MIT Photonic Bands

2D Two-dimensional

DUT

Device under test
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TRL Thru-Reflect-Line

SOLT Short-Open-Line-Thru

HBRIW Hollow Bragg reflector integrated waveguide
DC Direct current

1D One-dimensional

VSWR Voltage Standing Wave Ratio

QCL

Quantum Cascade Laser
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