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Abstract

This thesis concerns with the development of a low loss, broadband and flexible
waveguide for terahertz (0.1 THz - 10 THz) applications. In recent years THz
sources and detectors have undergone a great development thus suggesting an
increasing number of possible applications, such as imaging or sensing. How-
ever, the lack of a broadband low-loss waveguide preclude real implementations.
Classical metal or solid core waveguides can not be used for this purpose, owing
to the limited conductivity of metals and the prohibitively high absorption of
dielectrics in the THz range. Since air is one of the most transparent dielectrics
for the THz radiation, many innovative fibers designs have been proposed in the
literature with the goal to maximize the amount of field that propagates in air at
the expense of that in the dielectric. In this sense hollow core waveguides offer an
interesting solution because a high percentage of the THz radiation is confined
in an airy core.

The fiber proposed in this thesis is an hollow core fiber whose cladding is based
on a lattice of dielectric tubes. Since only one turns of tubes around the core
is enough to give reasonably low leakage loss, the whole structure is also very
compact (< 1 cm for the overall diameter) and potentially flexible. This strongly
simplifies the manufacturing of the fiber: no stack and draw process is required
and the whole waveguide can be assembled manually starting from the stand
alone cladding tubes.

In order to improve the fibers performances in terms of low propagation loss and
wide transmission bandwidths, a theoretical analysis of the confinement is given

first. A new theoretical model able to predict fiber’s transmission properties is



proposed. It is based on the observation that the spectral properties of the mi-
crostructured fiber can be derived from those of the cladding tubes. Since tube
waveguides can be described analytically, this model allows to determine how
the geometrical and physical features of the microstructured cladding affect the
spectral behavior of the whole waveguide. General guidelines for the design of
this kind of fibers are then given.

Perturbations to the ideal structure are then investigated in order to evaluate
their effect on the performance of the fiber. Since very often cladding tubes are
obtained from a previous drawing process, shape alterations are considered first.
It is shown that the circular case allows to obtain wider transmission bandwidths
and lower losses, suggesting that the drawing process of the tubes must be care-
fully controlled. Other perturbations, such as elliptical core shapes or bending
are also taken into account. The former is of key importance for most of the
proposed THz applications since they are based on the propagation of pulses
with unknown polarizations. Core’s ellipticity may cause undesired echoes in the
system thus compromising performances. Also bending loss plays a central role
in most of the THz setups since flexible waveguides are required. Through a de-
tailed numerical analysis it is shown that the proposed fiber is actually strongly
robust against both of these kind of perturbations.

Finally, manufacturing and characterization of two different kind of microstruc-
tured waveguides is shown, starting from polymethylmethacrylate and Zeonex
tubes, respectively. The whole structure is assembled manually and, thanks to
the its self sustain feature, no gluing or further drawing steps are required. An
heat-shrink tube is used for the jacket in order to preserve the flexibility of the
fiber. Experimental data for the straight case confirm that propagation loss is
strongly reduced with respect to the absorption of the bulk material used in the
cladding. For example, a 31 and 272 times reduction at 0.375 and 0.828 THz re-
spectively is shown for the PMMA case, giving propagation loss of 0.3 dB/cm and
0.16 dB/cm. Bending characterization confirms that this waveguide can be used
in a real flexible THz setup with bending radii down to few tenth of centimeters

without any visible reduction of the transmission spectrum.
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Chapter 1

Introduction

1.1 Terahertz: applications and devices

The terahertz (THz) spectral range includes all the waves with a frequency that
range from 0.3 THz to 3 THz (tera = 10'?), which correspond to wavelengths
of [1 — 0.1) mm. Falling in between microwave and infrared spectral regions, it
shares features with both of them. On one hand the working wavelength is rea-
sonably small so that THz waves can be used for imaging down to sub millimeter
resolutions. On the other hand, photon energy (E,) is extremely low (E, < 12.4
meV when f < 3 THz) which means that the THz radiation can be used safely
without any concern about the ionization of the sample. These features make
THz technologies very interesting for high resolution imaging both for industrial
and biological applications, such as those shown in Figs. [[T] (a) and (b).
Likewise microwave radiation, THz waves can also penetrate many non conduct-
ing materials, even though the penetration depth is smaller. Moreover, dielectric
materials exhibit very different absorption spectra and refractive indices in the
THz range, which makes it possible to identify them through a simple transmis-
sion or reflection analysis. These features can be used for both the identification
of unknown materials and security purposes, as shown in Fig. [I] (¢).

Being above the microwave spectral region, potential applications for the THz

radiation include also high frequency and broadband communications. Unfortu-



Wisible image
of human tooth

Terahertz image of
cavity in human tooth

(a) (b) (c)

Figure 1.1: Comparison between the visible and THz image of a human tooth
(a), bottom side of an integrated circuit device (b) and a ceramic knife hidden

inside a shoe (c¢) . All the images belong to TeraView Ltd. (www.teraview.com).

nately THz waves are strongly absorbed from the water vapor which is present
in the earth’s atmosphere as shown in Fig. [[2] thus limiting long range trans-
missions. However, THz networks can be profitably used for short distance or
satellite broadband communications.

Of course, all these possible scenarios, rely on proper sources and detectors for the
THz radiation. Despite of being in the middle between microwaves and infrared
spectral regions, both frequency multiplication and lasers suffer from strong lim-
itations for the THz spectral range due to their physical characteristics [I]. On
one hand, frequency multiplication generally starts from a sinusoidal source at a
few tenth of gigahertz (giga = 10%), which is then frequency multiplied though
non-linear devices. However, the output power rapidly decreases as the initial
signal passes through the various stages, giving a very weak output signal and
limiting the maximum working frequency to a few hundreds of GHz [2]. Classic
lasers, on the other hand, can not be used owing to the very low photon en-

ergy which is required for THz generation. Owing to the fact that E, must be
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Figure 1.2: Atmosphere’s absorption spectrum measured on different places of
earth. Peaks are due to water vapor absorption. This graph belongs to Zomega

Terahertz Corp. (www.zomega-terahertz.com).

higher than Fpg (where Epq is the bandgap energy of the laser’s semiconduc-
tor) this imposes strong limits on both the semiconductor that can be used and
the working temperature as well. Indeed, with such small Fpg, at room tem-
perature the thermal energy of the atoms in the system is enough to destroy all
the population inversion in the active region of the laser substrate. Even though
quantum cascade lasers have been proposed in the literature as an improvement
of classic laser sources allowing for the generation of electromagnetic radiation at
(virtually) any desired frequency, they are still limited to extremely low working
temperatures (below 100 K) in the THz range [3L[4].

For this reasons many new devices have been developed specifically for the
THz spectral region, such as photoconductive antennas [5H7], four wave mix-
ing devices [8HIT], Raman based molecular modulation devices [12], resonant
diodes [I3}[14], just to cite a few.

Photoconductive antennas are widely used in THz Time Domain Spectroscopy
(THz-TDS) setups for the characterization of bulk materials [I5], waveguides
[16/[17] and innovative devices [I§]. Dealing with the generation of pulses, they
are very interesting as sources because they allow a broadband (a few THz in

general) characterization of the samples with both phase and amplitude informa-



tion. Therefore these kind of antennas are used in chapter [0l to characterize an

hollow core waveguide.

1.2 Terahertz waveguides

All these improvements in both THz sources and detectors allow for a broadband
and reasonably high power generation and detection of THz radiation. However,
one of the main problems that still limits the application of these technologies
is the absence of a low loss waveguide with broadband features. Being the THz
spectral region in the middle between the microwave and the infrared one, for-
mer setups were based on either metal waveguides or solid core fibers. However,
these classical waveguides can not be used for this purpose, owing to the limited
conductivity of metals and the absence of highly transparent dielectrics in the ter-
ahertz range. For example, polymethylmethacrylate, which a polymer commonly
used for the fabrication of solid core fibers in the infrared spectral region [19], has
an absorption rate of 100 dB/cm at 1 THz [20]. Even Zeonex or Topas, which
are two of most transparent dielectrics in the THz range, have absorptions rates
of 1.81 and 1 dB/cm respectively at 1 THz [16/20]. On the other hand, met-
als at THz frequencies strongly reduce their conductivity with respect to their
low-frequency values [2T}[22]. Aluminum, for example, which is supposed to be
a good conductor at low frequencies, almost halves its conductivity in the THz
range. This means that if two aluminum waveguides with identical wavelength
to core size ratios are taken into account, one for microwaves frequencies and one
for THz, the latter will have propagation loss roughly 17 dB/m higher than the
former [23].

Since air is one of the most transparent dielectrics in the terahertz spectral re-
gion, former setups were based on free space propagation. This solution strongly
limits the flexibility of the setup and makes the system extremely sensitive to
the surrounding environment. Despite these problems, this suggested new ways
for the design of terahertz waveguides: increase the amount of field power that

propagates in air.



1.2.1 Improvement of classical metal waveguides

First attempts rely on either the partial removal of the dielectric layer in solid
core fibers or its complete removal in metal waveguides. Parallel plates waveg-
uides with air between the two metal electrodes represent an example of this
improvement. Even though this solution brings some interesting features, such
as zero pulse dispersion or sub-wavelength core size [24], there are various draw-
backs that must be taken into account. First of all the absence of a dielectric
material between the two metal electrodes strongly limits the mechanical stabil-
ity of the structure, thus limiting the maximal length of the waveguide to few
centimeters. Moreover, the absence of field confinement in both transverse direc-
tions, allow for extra propagation losses due to field divergence [25]. Solutions
to overcome this problem have been proposed, such as slightly concave parallel
plates [25], however these are generally optimized for a specific frequency (even
though improvements extends to some hundreds of GHz).

Another important limitation of all metal waveguides is the high rigidity of the
structure, which prevent their application in flexible THz setups. Solutions to
this problem have been proposed in the literature based mainly on single or
multi metal wires waveguides [26H29]. Even though single wire waveguides allow
a potentially low propagation loss (in the order of 0.26 dB/cm at 0.3 THz [26]),
they suffer from a very low coupling efficiency, high bending loss and extremely
high sensitivity to the surrounding environment [26,[30]. Bending capabilities
are partially improved in two or multi-wire waveguides. In general they are an
interesting solution for low loss waveguiding in the lower part of the THz spec-
trum, but their losses rapidly increase with frequency [29)31]. Even in this case,
a dielectric sustain must be considered to guarantee the mechanical stability of
structure, thus increasing propagation loss due to dielectric’s absorption. Innova-
tive designs have been proposed in which the dielectric material within the metal

wires is replaced with air in order to limit absorption effects [28]29].
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Figure 1.3: (a) Cross section of the suspended core fiber proposed in [16]. (b)

Cross section of two porous fibers proposed in [34].

1.2.2 Improvement of classical solid core dielectric

waveguides

Various improvements have been proposed also for solid core fibers. Former solu-
tions for step index fibers tried to use air as the external cladding while increasing
the amount of evanescent field propagating outside the core [32]. However, these
microwires are strongly limited by the absorption of the dielectric material used
in the rod core. Slight improvements can be obtained by using a core size which
is much smaller than the working wavelength. However this cause the guided
mode to have a large spatial extension in the transverse direction thus giving
an extremely high sensitivity to the surrounding environment and high bending
loss.

A possible solution to this problem is given by suspended core fibers [1633],
whose typical structure is shown in Fig. [[3] (a). In this case the rod core is
suspended in the middle of an external hollow core tube by means of very thin
dielectric struts. The main advantage of the external tube is the reduction of the
sensibility to the surrounding environment. However, performances of suspended
core fibers are still limited by the absorption of the dielectric material.

Porous fibers have also been proposed in the literature as a possible way to over-

come the dielectric absorption [341[35]. Some structure examples are shown in



Fig. (b) for clearness. Their structure is very similar to the step-index fibers
shown above, but in this case some airy regions are introduced in the core. Total
internal reflection is still the confinement mechanism, but in this case the overlap
with the dielectric material and, thus, the absorption are much reduced. How-
ever, the airy regions inside the core area, introduce an effective refractive index
for the core which is generally much lower than that of the dielectric material
used. As a consequence, the guided core mode is not tightly confined in the core
region, making it highly sensitive to both the surrounding environment and to

bend induced losses [33].

1.2.3 Hollow core fibers

In recent years hollow core waveguides have been proposed as a very promising
solution for low propagation loss waveguiding in the terahertz range. Differ-
ently from the waveguides shown in the previous section, in these fibers the core
region is made of air and only the cladding region is built from dielectric ma-
terials. Since the electromagnetic radiation is strongly inside the hollow core
region, only a negligible amount of it overlaps with the dielectric material in
the cladding and, therefore, absorption is strongly reduced. However, being the
core refractive index lower than the cladding one, total internal reflection can
not be used as a confinement mechanism for the electromagnetic radiation. Two
different confinement mechanism have been proposed in the literature to over-
come this problem: photonic band gap (PBG) or inhibited coupling (IC). It must
be noticed, however, that for both of these mechanisms the confinement of the
electromagnetic radiation inside the core region is not perfect [36]. Therefore,

hereinafter propagation loss will be composed by two terms:

e absorption loss, which is due to the dielectric materials used in the waveg-

uide (as for classical waveguides);

e leakage loss, which accounts for the power radiated out of the waveguide
due to the non perfect confinement of the electromagnetic radiation inside

the core region.



PBG is based on a periodic arrangement of the refractive index in the cladding
in such a way to obtain a frequency dependent core-cladding reflection for the
electromagnetic radiation that is confined inside the hollow core [37,[38]. By
adjusting the geometrical and physical parameters of the cladding it is possible
to have an almost perfect confinement of the THz radiation inside the hollow core.
However, in general, this can be achieved only for narrow frequency regions, thus
limiting the transmission bandwidths that can be achieved [39]. Moreover, in
order to achieve the band gap effect for the guided core mode, the fundamental
lattice that constitute the cladding needs to be repeated several times. This
limits the minimum overall size that can be achieved for the waveguide, thus
compromising its flexibility and its applications in THz setups [40].

Since most of the applications proposed for the terahertz range require wide
transmission bandwidths and flexibility, most of the waveguides that have been
proposed in the literature rely on the IC confinement mechanism. As it will
be shown in the following chapters, it is based on the coupling between the
core mode itself and the cladding modes. Many different structures have been
proposed in the literature ranging from the stand alone tube waveguides [4TH44]
to microstructured fibers [I7,45146). Being the structure of the stand alone tube
waveguide extremely simple, their main advantage is that they can be easily
obtained with drawing processes starting from drilled cylindrical preforms. The
main limitation of these waveguides is that the electromagnetic radiation is not
tightly bounded inside the core so they suffer of higher leakage loss compared
to the inhibited coupling fibers shown in the next section with the same core
size [47]. Larger core dimensions are required for low loss but these cause many
high order modes to propagate inside the hollow core [44]. In order to overcome
this problem, metallic coatings were proposed [41]. However complex depositions
techniques are required in order to obtain very thin metallic layers so as to not

affect the flexibility of the final structure.



Figure 1.4: Examples of kagome (a,b) [36,46], square lattice (¢) [50] and circular

tube lattice (d) [51] fibers for the visibile/IR spectral regions. A kagome (e) [17]
and a triangular tube lattice fiber (f) [52] for the THz range.

1.3 Inhibited coupling hollow core fibers

Inhibited coupling hollow core fibers offer an interesting solution to the problems
mentioned above. The higher confinement of the electromagnetic radiation inside
the hollow core with respect to the stand alone tubes allows a smaller core size
to be taken into account and it makes the guided core mode less sensitive to the
surrounding environment [17,[36]45][46].

These kind of fibers were first introduced for the visible and infrared (IR) spectral
regions [36,48H50]. Their claddings are more complex and, in general, they are
obtained from multiple drawing steps, with the so called stack-and-draw tech-
nique. Some typical structures are shown in Figs. [[4[a), (b) and (c¢). Depending
on the pattern with which the tubes are arranged to form the microstructured

cladding, two different structures were proposed:

e kagome fiber, obtained from a triangular displacement of the tubes [36L48];



e square lattice fibers [49/50].

Due to the surface tension during the drawing step, in both cases circular shape
of the cladding tubes is lost and the final claddings seem to be be formed by an
intersection of slab dielectric waveguides.

Their transmission spectra are formed by a periodic alternation (in frequency)
of high and low transmission regions. Due to the cladding shape, former theo-
retical models tried to investigate the confinement mechanism of these fibers by
modeling the cladding as an intersection of simple dielectric slabs [49], which are
well known in the literature. The main limitation of these models was that, even
though they were able to predict the spectral position of the high loss regions,
they were unable to justify and predict the spectral width of these high loss re-
gions.

Kagome fibers have recently been proposed also for the terahertz spectral range
[I7] and its structure is shown in Fig. [[4le). Obviously, owing to the larger
working wavelength of the THz spectral region with respect to the IR one, bigger
core sizes were required to guarantee reasonable leakage loss values. As a con-
sequence, in [52] it was shown that microstructured fibers based on a triangular
lattice of tubes can be assembled manually without any further drawing step.
The final structure, named tube lattice fiber (TLF) hereinafter, is reported on
Fig. [L4(f). It is very similar to the kagome one proposed for the IR, but in this
case the circular shape of the cladding tubes was preserved.

The purpose of this thesis is to investigate the spectral properties of these hollow
core fibers in order to define general design rules for a low loss and broadband
waveguiding in the THz spectral range. Therefore, in chapter ] the confine-
ment mechanism of TLF's is investigated. It is shown that the properties of the
whole microstructured cladding can be inferred from those of the single tubes
that constitute the cladding. Since the stand alone tube is well known in the
literature [53L[54], this greatly simplifies the development of a theoretical model
for the waveguiding mechanism.

Recently, a very similar hollow core fiber (see Fig. [[4(d)) has also been proposed

in the literature for the IR spectral range in which the cladding is composed by a

10



circular arrangement of circular tubes around the hollow core [51]. In that paper
it is suggested that its confinement mechanism can be analyzed by means of the
scattering of a plane wave from a hollow tube. The model proposed in this thesis
is absolutely equivalent and, at the same time, is also more general. In chapter
[l for example, it is shown that perturbations in the cladding tubes can easily
been taken into account via a coupled mode theory. A similar analysis would be
much harder to be analytically investigated with the model shown in [51].

In order to compare the performance of kagome and TLFs, in chapter [ kagome
fibers are modeled as a triangular lattice of hollow tubes with hexagonal shape.
Both TLFs and kagome fibers are seen as belonging to the general family of TLFs
in which the cladding is composed by a triangular lattice of polygonal tubes each
of which has an arbitrary number of sides. It is shown that the propagation
loss performance of the microstructured fiber are highly sensitive to the shape of
the tubes used in the cladding and that the circular case allows to obtain better
performance in terms of both minimum propagation loss and transmission band-
width.

In order to understand the causes of higher loss in kagome fibers with respect
to TLFs, in chapter [ a thorough numerical and theoretical analysis of TLFs
with polygonal tubes in the cladding is proposed. As for the analysis of TLF's in
chapter [ also in this case the investigation starts with the study of the spectral
properties of the stand alone polygonal tube and the comparison with its circular
counter part. It is shown that the polygonal shape is extremely detrimental caus-
ing extra loss peaks in the confinement loss spectrum of the guided core modes.
By using coupled mode theory and by viewing the polygonal shape as a pertur-
bation of the ideal circular one, a theoretical model is finally proposed which
is able to predict the spectral position of these extra loss peaks. With similar
analytical considerations, the same model is then extended also for the analysis
of TLFs with polygonal cladding tubes. It proves that the higher propagation
loss of kagome fibers with respect to TLFs is due to the hexagonal shape of the
cladding tubes which causes a dense spectrum of undesired extra loss peaks over

the entire transmission spectrum.
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Chapter Bl is entirely dedicated to the analysis of perturbations in the TLFs, in

particular:
e elliptical core shape,
e bending loss,
e confinement loss dependency on scaling.

Core ellipticity may be caused by a non perfect displacement of the cladding
tubes around the hollow core during the manufacturing of the fiber. This is an
important aspect especially for pulsed applications, such as THz time domain
spectroscopy, since undesired echoes may appear at the output of the fiber thus
compromising the performance of the system. However, numerical analysis shows
that, in general, TLFs are not much sensitive to this kind of perturbation and
only minimal differences in performance are found between the two polarizations
of the fundamental mode are found.

Also the analysis of bending loss is extremely important for practical applications
since the goal of this thesis is to propose a THz waveguide that should be used in
dynamic setups. It is shown that the propagation loss of the guided core mode
in TLFs is affected by two different effects during the bending: a reduction of
the transmission window bandwidth and some extra loss peaks which appear for
tight bending radii. A theoretical model is finally proposed in order to quantify
both of these effects and to define the tolerance of the proposed TLFs to the
bending in real applications.

All the theoretical models presented through this thesis are absolutely general
and they are not limited to the THz range. This means that, through a proper
geometrical scaling of the TLF’s structure, the same fiber can be used also for
other applications, such as visible or IR. Even though the confinement mecha-
nism in not perturbed by the scaling, in general propagation loss changes. It is
shown that, in general, the propagation loss of TLFs scale more rapidly than in
kagome or other classic hollow core fibers.

Finally in chapter [fl a TLFs is manufactured starting from polymethylmethacry-

late (PMMA) tubes and manually assembled. An external jacket made from an

12



heat shrink tube allows the final structure to be extremely flexible and mechan-
ically stable. As a consequence both straight and bending characterizations are
performed. For the straight case it is shown that the hollow core greatly reduces
the propagation loss with respect to the absorption caused by PMMA. A 31 times
reduction at 0.375 THz and 272 times reduction at 0.828 THz are obtained. In
the bending characterization of the fiber’s samples, bending radii down to 10 cm
are reached. As expected from the numerical analysis of the previous chapters, a
reduction of the transmission bandwidth appears in the bent fiber, but its effect
is negligible in the first transmission window even for bending radii as tight as
Ry = 10 cm. Moreover, also the second transmission window is highly immune
to extra losses for bending radii down to Ry = 30 cm.

In conclusion, theoretical and experimental results reported on this thesis con-
firm that the tube lattice fiber proposed in this thesis can readily been used for
THz applications. On one hand, all the various proposed guidelines allow for
the design of a THz fiber with low propagation loss and broadband waveguiding
features. On the other one, the manufacturing procedure proposed in chapter
allows to obtain a flexible structure which can be used in many practical THz
setups, such as imaging or bending.

Most of the results shown in these thesis are taken from other author’s publica-

tions in journals [55H61] and conferences [62H73].
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Chapter 2

Waveguiding mechanism in

Tube Lattice Fibers

The purpose of this chapter is to introduce to the inhibited coupling waveguid-
ing mechanism in both the stand alone tube and in tube lattice fibers (TLFs).
Despite the very different cladding shape, it will be shown that in both cases
the confinement of the electromagnetic radiation inside the hollow core can be
predicted by considering the coupling between the core and cladding modes: high
loss regions are ascribable to high coupling conditions between these two modes.
In order to formulate a theoretical model to predict the spectral behavior of both
kind of fibers, it is thus necessary to have an analytical description for both core
and cladding modes.

For the core modes, the analytical description given in [54] is used for both kind of
waveguides since it is valid in general for an hollow core fiber. Cladding modes, on
the contrary, are differentiated owing to the different geometries under analysis.
For the stand alone dielectric tube cladding modes can be described analytically
from the results shown in [53]. For the microstructured fiber, on the contrary, it
is shown that the cladding modes can be approximated by a composition of those
of the stand alone tube. This allows an accurate but also simple description of

the cladding modes of the microstructured fiber.
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Former models that have been proposed in the literature for the kagome and
square lattice fibers approximate the cladding structure as an intersection of slab
waveguides [36L[74]. Even though this solution greatly simplifies the analysis of
the cladding modes, being able to predict the spectral position of high loss re-
gions, it lacks any information about the spectral width of these high loss regions.
Some improvements have been also been proposed in the literature, but they are
mainly empirical [49] or numerical [46l75HTS].

On the contrary, the model proposed in this thesis is able to predict with high
accuracy core modes’ dispersion curves, spectral position and width of the high
loss regions and conditions to ensure the existence of low loss spectral regions
by simply starting from the properties of the tubes in the cladding. The same
model is then finally used also used to improve the tradeoff between propagation
loss and effectively single mode operation.

All the numerical analysis has been performed through a modal solver based on

the finite element method (FEM) [79].

2.1 Circular tube fiber

The cross section of a circular tube fiber (CTF) is depicted in Fig. 2 a). reqe,
rint, and t are external and internal radii and the thickness of the tube, respec-
tively. The tube is made of dielectric material with refractive index ny. Inside
and outside the tube the medium is air with refractive index equal to ny = 1.
The analysis of the CTF is very important not only because it has been recently
proposed as a simple and low loss THz waveguide [44,[80], but also because, as
it will be shown later in this chapter, the dielectric modes of more complex mi-
crostructured hollow core fibers can be obtained directly by the modes of the
single tube one.

In the CTF there are two different kind of confined modes: the modes here called
7airy” in analogy with kagome lattice fibers [48], whose power is mainly confined
inside the air core, and the ”dielectric” modes, whose power is mainly located

inside the dielectric. Since the effective index of the airy modes is lower than ny,
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Figure 2.1: (a) Cross section of the stand alone tube waveguide along with its

physical and geometrical parameters. (b) Cross section of a TTLF-CT with 3

rings tubes around the hollow core.

and the tube is surrounded by air, they are leaky. Modal intensity and electric
field distributions of the lowest order modes are reported in Fig. Dealing
with all dielectric waveguides, both airy and dielectric modes can be classified as
hybrid (HE or EH) or transverse (T'E or TM) [81]. Additionally each mode is
provided with two subscripts, ¥ and p: the former indicates the numbers of pe-
riods in the azimuthal direction, whereas the latter is for the number of maxima
and minima in the radial direction. Their dispersion curves are shown in Fig.

in terms of the normalized frequency F:

FZ%f\/TL%*TLQ. (2.1)

Dispersion curves of the dielectric modes have been obtained from their char-
acteristics equations [53], whereas leakage loss and dispersion curves of the airy
modes have been numerically computed. The discontinuities in the dispersion
curves of the airy modes are due to the coupling with dielectric modes which
causes anti-crossings and high leakage loss. Similar coupling has been observed

in hollow core photonic band gap fibers between core and surface modes [82] and

17



airy modes dielectric modes

Figure 2.2: Modal intensity and electric field distributions of the lowest order

airy and dielectric modes for a stand alone tube waveguide.
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Figure 2.3: Top: leakage loss for the lowest order airy modes of the tube waveg-
uide. Middle: dispersion curves for the dielectric modes with v = {1,2,3} and
uw = {0,1,2,3,4}. Bottom: dispersion curves for the airy modes of the tube
waveguide along with their Marcatili’s approximation. A tube waveguide with

n = 1.44 and p = 0.9 was considered for these curves.

19



in W fibers between core and discrete lossy cladding modes [83]. Since the effec-
tive indices of the airy modes are closed to nr, coupling occurs when dielectric
modes approach their cut-off frequencies.

Far from resonances, airy and dielectric modes are decoupled and this allows the
former to be strongly confined inside the hollow core with a negligible intensity
inside the dielectric layer. This suggests that their characteristics do not sig-
nificantly depend on cladding parameters. In Fig. the numerical dispersion

curves of the airy modes are approximated with the Marcatili’s formula [54]:

2
nlf (s f) = 1= 3 (;;;;;) , (2.2)

where R the air core radius and u,,, is the p-th root of the equation J, i (u) = 0.
A part from the anticrossing frequencies, an overall excellent agreement is found
in Fig. Z3]between the analytical expression given by Eq. (2:2]) and the numerical
values.

The normalized cut-off frequencies of the H F ,, dielectric modes are
Fo=p—1 (2.3)

Equation ([Z3]) corresponds exactly to the cutoff conditions of the TE,,_; modes
of a slab waveguide with width ¢ or, equivalently, to transverse resonance con-
dition. In former models they were used to predict high loss regions in kagome
fibers [36LM48.[76], square lattice fibers [491[50] and also in pipe waveguides [44].
The main limitation of these models is that they cannot predict how the cladding
parameters influence the spectral width of high loss regions. This is extremely
important for IC fibers in general, since one of the main goal is to achieve broad-
band transmission windows. Moreover, the T'F; mode of the slab waveguide
has a cutoff normalized frequency at F. = 0 (f = 0 Hz). This means that the
previous model are not even able to justify the high loss regions found at low
frequencies (F' — 0) in all the IC fibers proposed in the literature. A possible
improvement for this former model was to consider also the T'M modes of the
slab waveguide by introducing an ”effective” cutoff condition [49]. However, due
to the empirical nature of this method, it is extremely application dependent

and it can only hardly been extended to other waveguides with different cladding
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parameters.

Figure highlights that a part from the HFE; , modes, for each value of the
p parameter the dielectric tubes supports also T'Ep ,, T'Mp ;, and many other
HE,, and FH, , modes. This means that there are many different modes with
different number of periods in the azimuthal direction, but with the same num-
ber of peaks in the radial one. For sake of clearness, in Fig. only dielectric
modes with low azimuthal dependence (v < 4) were reported. According to the
coupling theory [84], thanks to the low spatial dependence, these are the only
dielectric modes which can couple to the core ones.

Figure shows that, even though these dielectric modes share the same p
parameter, their cutoff frequencies increase with the v value. Moreover, this
spreading of the cutoff values is connected to the p parameter: the lower the p
value, the higher the spreading. Therefore p = 1 represent the worst case, since
cutoff frequencies of dielectric modes with u < 4 are spread between F' = 0 and
F = 0.5, which explains the increase of the propagation loss for the airy modes
at low frequencies.

Dielectric modes’ cutoffs can thus be used to estimate high loss spectral width. In
general, normalized cutoff frequencies depend only on the ratio p between inner
and outer tube radius [53]:

Tint t
p = =1- )
Text Text

(2.4)

and the refractive index ny of the tube (N, is assumed to be always air). Fig-
ure 2.4l shows the normalized cut-off frequencies of the dielectric modes with low
azimuthal dependence (v < 4) versus p for three different values of the dielec-
tric refractive index ny = {1.44,2.0,2.5}. As p is reduced (p — 0) the cut-off
frequencies spread out over a wider range. For each transmission window, there
exists always a critical p value, named p., at which curves with different u values
cross each other. For p < p. there are no cutoff free spectral regions for that spe-
cific transmission window. In general, since spreading depends on radial index g,
pe reduces as p increases. On the contrary, as shown in Fig. 2.4] these p. values
do not depend significantly on the refractive index of the tube.

Therefore, from a performance point of view, high p values (p — 1) are much
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more appealing in order to obtain wide transmission bandwidths. Here, however,
the spreading of the dielectric modes is much more sensitive to the value of ny
which is used for the tube. In general, the lower the refractive index of the di-
electric material, the lower the spreading of the dielectric modes and, thus, the
wider the transmission bandwidth.

Finally, it should be noted that when p — 1, the spreading of the cutoff fre-
quencies tends asymptotically to the expression given in Eq. (Z3]). This means
that this model and the ones that were previously proposed in the literature are
perfectly equivalent for very thin structures. Indeed p ~ 1 means t/re;: ~ 0
according to Eq. (24). However the purpose of this model is to extend the
previous ones also to the cases in which p < 1 which are more interesting from a

manufacturing point of view.

2.2 Triangular tube lattice fiber with circular tubes

The typical cross section of a triangular tube lattice fiber with circular tubes
(TTLF-CT) is reported in Fig. [ZTb). The hollow core is obtained by removing
the seven innermost tubes. Since the tubes surrounding the core are centered on

the vertices and on the middle points of a hexagon with side length 2A, the core

M

shape is approximately a hexagon whose apothem R™ and radius R™" are:

R::T(L)am = 2A- Text (25)

R™™ = \BA — 1oy (2.6)

The analysis of the waveguiding mechanism here proposed does not depend by
the number of tube rings surrounding the core, thus, for sake of simplicity, here-
inafter a fiber with two rings of tubes is considered. The guiding mechanism is
the same of kagome and square lattice fibers recently developed for visible and
near infrared applications [85]. In this kind of fibers the cladding does not exhibit
photonic band gap. Cladding modes can be still classified in dielectric and hole
modes as shown in Fig. 25(b) and (c) respectively. Intensity and electric field
distribution of the lowest order core modes are reported in Fig. 2Z5a). The field

confinement inside the hollow core is due to the weak coupling between the core
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Figure 2.5: (a) Intensity and electric field distribution of the lowest order core
modes of the TTLF-CT shown in Fig. Il (b)-(c) Examples of dielectric and

hole modes.

modes and the dielectric modes [36,48-50L[76]. Core modes can propagate with
low loss if the difference between their effective indices with those of dielectric
modes is high enough (phase matching condition) and the field overlap is low.
Figure shows the propagation characteristics of the first 14 core modes (con-
sidering that some modes have a doublet polarization). The leakage loss quickly
increases at the resonances with dielectric modes and the dispersion curves are
perturbed by the anti-crossing phenomenon. As in the single tube waveguide,
this occurs when dielectric modes are closed to the their cut-off frequencies. Far
from them, the differences between effective indices of core and dielectric modes
are high enough to give low coupling and, thus, low leakage loss. The irregular
spectral behavior of the leakage loss in the low loss regions is due to the weak
coupling of the core modes with dielectric modes having high azimuthal depen-
dence whose cutoff falls in this range of frequencies. The high order mode (HOM)
with the lowest leakage loss is the T'Ey; mode.

Since the core modes are highly confined within the core, it is reasonable to think
that their dispersion characteristics are similar to those of the airy modes of the

tube waveguide shown in the previous section. In Fig. 2] the curves obtained
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Figure 2.6: Dots represent numerical leakage loss (top) and effective index (bot-
tom) of the lowest order core modes of a triangular tube lattice fiber. The curves
in the bottom graph are the Marcatili’s approximations for the dispersion curves

of the core modes.
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through Eq. (22) with core radius R = (R + R™")/2 are reported with
solid lines. Also in this case an overall excellent agreement is found between the
analytical curve and the numerical values, with discrepancies being limited only
to the resonant frequencies.

Theoretical models that have been proposed in the literature for similar solid
core fibers and photonic band gap fibers [86H88] were based on the analysis of
the single elements forming their cladding. Together with the cladding modes
images that have been reported in Fig. Z3Ib) and (c), this suggests that even
the cladding modes of the TTLF-CT can be derived starting from those of a
single CTF considered alone. This greatly simplifies the analysis of the pro-
posed TTLF-CT since it is reduced to the investigation of a much simpler CTF.
Even though the relative coupling between two adjacent tubes is neglected in
this model for simplicity, the validity of the model is confirmed by the results
reported in Fig. 277 On the top, the dispersion curves of the TTLF-CT’s dielec-
tric modes are compared with those of a CTF around the normalized frequency
F = 1. The green crosses refer to all the dielectric modes of the TTLF-CT in
the considered frequency range, whereas the red dots highlights only dielectric
modes with ¢ = 2 and v < 4. On the same figure, also the dispersion curves of
the dielectric modes a stand alone CTF have been reported for comparison. This
stand alone tube is absolutely identical to the ones that compose the cladding
of the TTLF-CT under analysis, and its dielectric modes have been computed
analytically. Despite some splittings in the red dotted curves due to the weak
coupling between TTLF-CT’s dielectric modes, the agreement is good.

The effective indices of the hole modes are reported on the bottom of Fig. 217
Red points show effective indices of the H F;;-like hole modes, whereas the dashed
black line approximate the numerical dispersion through Eq. (22) by setting
R =1 and uqq.

As a former step for the validation of the model is given in Fig. Vertical
solid lines that have been added to the propagation loss graph represent the cutoff
normalized frequencies of the dielectric modes of a CTF with v < 4. In general,

an excellent agreement is found between these vertical lines and the high propa-
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Figure 2.7: Effective indices of cladding modes versus the normalized frequency
F of a TTL fiber with p = 0.9. Top: dielectric modes around F' = 1 with high
(green crosses) and low (red dots) azimuthal dependence. Squares show effective
index of the dielectric modes with ;=1 and v = {0, 1,2, 3,4} of the single tube
waveguide computed analytically. Bottom: dispersion curves of the H FEj;-like
hole modes (red points)and their Marcatili’s approximation computed with Eq.

[22) where R = 7ips.
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gation loss regions. In particular, these vertical lines are not only able to predict
the spectral position of the resonances between core and dielectric modes, but
they give also an rough estimation for the spectral width of the high loss region.
The effectiveness of the model is then verified by varying the geometrical and
physical parameters of the cladding tubes. As pointed out in the previous sec-
tion, the p parameter for the cladding tubes must be high enough in order to have
spectral regions which are free of low azimuthal order dielectric modes cutoffs.
As shown in Fig. [Z4] this value is about p. = 0.65 and p. = 0.45 for the first
and second transmission windows, respectively. In Fig. [2.8] the leakage loss of
the FM is reported for three different values of p and n = 1.44.

As expected from the results shown in Fig. 24 with p = 0.4 there are no low
loss regions in the considered normalized frequency range and the dispersion
curves exhibit several anti-crossing perturbations due to coupling with dielectric
cladding modes. By increasing the ratio to p = 0.65, a low loss region clearly
appears between F' = 1 and F' = 2, whereas it is only slightly sketched between
F =0and F = 1. Finally, with p = 0.75 the two low loss regions are clearly de-
picted and the anti-crossing perturbations are mainly concentrated around F' = 1
and F = 2.

As a final test for the proposed model, Fig. 2.9 compares dispersion and propaga-
tion loss curves for three TTLF-CTs with the same geometrical dimensions for the
cladding tubes (p = 0.9), but different refraction indices, ng = {1.44,2.0,2.5}.
Even in this case, the behavior of the high loss regions is correctly predicted
from the curves shown in Fig. 24k the higher the refractive index, the wider the
high loss regions. The difference in the minimum propagation loss and dispersion
curves among different ny values can readily been explained by observing that
Eq. (1) depends on ny, whereas Eq. (22)) not. Therefore, once F is fixed in
Eq. @) and ny is increased, the absolute frequency f is reduced. In turn, a
reduction of the working frequency in Eq. (22]) for the same value of core size
R, cause a reduction of the effective index and, thus, an increase in the leakage
loss.

Finally, it is important to point out that the model which has been developed
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Figure 2.8: Leakage loss and dispersion curves for n = 1.44 and three different
values of the ratio p: 0.4 (red dots), 0.65 (blue dots), and 0.75 (green dots).
Dashed black lines show dispersion curves given by Eq. (22 with uy; and
(R + R™™) /2 being R and R™Yqcomputed through Eq. (Z3).
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Figure 2.9: Leakage loss (top) and dispersion curves (bottom) for p = 0.9 and
three different values of the refractive index n: 1.44 (red), 2.0 (green), and 2.5
(blue). Solid black lines shows dispersion curves computed through Eq. (Z2)
with (RmA* + R™i) /2 being R™* and R™™ computed through Eq. (ZH).
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in this section does not depend on a particular arrangement of the tubes in the
cladding. This assumption will be exploited in the next section in order to design

effectively single mode hollow core fibers.

2.3 Effectively single mode fiber design

In hollow core fibers, the overlap between the core mode and dielectric material
plays a key role in determining absorption loss. This is true especially in THz re-
gion where no highly transparent dielectric material exist [I5]. In order to reduce
the absorption caused by the dielectric materials in the cladding, the hollow core
size must be significantly larger than the working wavelength. Unfortunately this
makes the fibers multimoded [89], thus strongly limiting the performance of the
fiber for both pulsed application and data transmission. A way to reduce the
detrimental effects caused by high order modes is to impair them by increasing

the differential loss:

Ao =apy — agou, (2.7)

where apy; and agons are the propagation loss of the fundamental core mode
and those of the high order mode with the lowest loss, respectively. A simple
decrease of the core size through a reduction of r.;; can not be applied since this
would affect also the propagation loss of the fundamental core mode [89]. Indeed,
as shown in the previous section, this would cause a reduction in the p parameter
of the cladding tubes and, in turn, a reduction of the transmission windows
bandwidth followed by an increase of the minimum achievable propagation loss.
The purpose of this section is to show that, by using the proposed model, it is
possible to improve the tradeoff between A« and a gy, simply by changing the
arrangement of the tubes around the core.

A technique to increases HOMs’ loss without affecting the FM one is to couple
them with the hole modes of the cladding. A similar technique has already
been proposed in the literature for both solid and hole assisted fibers [90] and
HC-PBG fibers [91] in order to obtain effectively single mode operation. Since

both HOMs and hole modes’ dispersion curves are well approximated by their
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respective Marcatili’s formulas as given in Eq. ([22])), it is reasonable to suppose
that once the phase matching condition is achieved, this is verified over a wide
frequency range.

Two rings of tubes were used in the TTLF-CT considered in the previous chapter.
However, due to the dielectric materials used in the cladding, when the TTLF-
CT is considered for the THz spectral range, the absorption loss dominates over
the leakage loss even if the cladding is reduced to only one ring of tubes [89].
This opens up for the use of new geometries for the arrangement the tubes in the
cladding. In particular, as shown in Fig. 10} it is possible to obtain a circular
tube lattice fiber (CTLF) by arranging N tubes on a circular pattern with a
distance A between their centers. The relationship between tubes’ external radius
regt and fiber core radius R., depends on N. With some simply geometrical

considerations, it is possible to show that:

Rco A ) — Text- (28>

~ 2sin (&
By starting from that observed in the previous sections, the effective index of the

HOM with lowest loss, namely the T'Ey;, can be estimated as:

2
1 U1C
TEn 21
=1-= . 2.9
"gom 2 (27Tcho) ( )
Similarly, the effective index of the H E;;-like hole modes can be estimated as:
1 uiie \°
HEq, 11
=1-= . 2.10
M holes 9 (27Tfrint ) ( )

By equating Eq. ([29) and (ZI0), it is possible to obtain the the number N of
tubes which are necessary to guarantee the phase matching condition between

core mode T Ey; and the H Fq-like hole modes:

N = T . (2.11)

; A 1
resin ——waT
arcs [2rm 1+p1j211}

A plot of Eq. 2IT] versus p for three different values of A/(r.at) is reported in
Fig. 2111 For reasonably high values of the p parameter, i.e. 0.8 < p < 1, the
optimum N value can be rounded to N = 7.

To bear out this prediction, three different kind of fibers have been considered:

32



Figure 2.10: Fibers geometries obtained by arranging N = {6,7,8} tubes on a

circular pattern. Geometrical dimensions for a generic arrangement have also

been reported.
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Figure 2.11: Optimum number of tubes in the cladding of a tube lattice fiber in

order to guarantee the resonance between the T Ey; core mode and the H F;-like

hole modes according to Eq. (ZIT).

a TTLF-CT fiber and two CTLF-CTs with N = 7 and N = 8, respectively.
The dielectric material has been assumed to be Teflon, with a complex refractive
index ny = nf% — jn%;. In the THz spectral region Teflon dispersion is neg-
ligible [I51[02H95], therefore n’, = 1.44 will be assumed for all the considered
frequencies. On the contrary, several values have been reported in the literature
for the imaginary part. At f = 1 THz, n%; varies from 0.69 - 1073, correspond-
ing to about 120 dB/m [93], to 4.5 - 1073 corresponding to 870 dB/m [I5]. In
the present analysis a n%; = 1.2 - 1073 has been assumed corresponding to 220
dB/m [941[95]. By fixing ¢ = 0.1 mm, the first low loss region centered around
1.2 THz and the resonance for p = 2 is at f = 1.45 THz. In the three fibers,
the tube diameters have been chosen to have the same core radius R.,. In order
to evaluate only the leakage loss, firstly a lossless material has been considered
by assuming n’; = 0. In Fig. leakage loss and dispersion curves of the FM
and the first four HOMs are reported in case of R., = 1.2 mm. The dispersion
curves are approximately the same for the three fibers, according to the theory.
Also the minimum of the leakage loss of the FM does not significantly change

among different fibers. On the contrary, according to the theory, the leakage loss
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Figure 2.12: Leakege loss and dispersion curves for TTL (top), Heptagonal (mid-
dle), and Octagonal (bottom) fibers with a core radius R, = 1.2 mm and tube
thickness t = 0.1 mm. Solid red lines show dispersion curves of the HFEy; airy

cladding modes.
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Figure 2.13: A« versus apys for different values of the core radius, R., =
{1.6,1.2,0.97,0.73} mm (from left to right), in case of lossless (a) and lossy
dielectric (b).

of HOMs significantly increases passing from the TTLF to the NV = 8 and then,
finally, to N = 7 CTLF case. In the latter the improvement is about a order of
magnitude if compared to the original TTLF-CT. In fact, as shown in Fig. 2.12]
in the fiber with 7 tubes, the dispersion curve of the H Eq1-like hole modes (solid
red line) is much closer to those of HOMs than in the other fibers. Furthermore
this phase matching condition is maintained over a broad range.

In order to better highlight the improvement allowed by the CTLF structure, in
Fig. 2I3ka) the differential loss A« are plotted versus the minimum of the FM
loss apps for the three fibers considered above. All fibers exhibit a quasi-linear
relationship in the log-log scale used for the graph and the N = 7 CTLF-CT
exhibits the steepest curve. However, as the core size is increased, the N = 7 and
N = 8 cross each other when R., = 1.6 mm. This can readily been explained
through Fig. 11l In the current analysis, an increase of r.;; is used to increase

the core size while keeping the ¢ value constant for the cladding tubes. This cause
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the p parameters to approach high values (p — 1). According to Fig. 2Tl the
optimum number N of tubes is then changed from 7 to 8.

Figure ZI3(b) shows the same comparison between the three fibers, but consid-
ering a lossy dielectric in the cladding with n%; = 1.2-1073. The absorption effect
is high on the fundamental mode than on HOMs due its lower leakage loss. As a
consequence, the curves shown previously in Fig. [ZT3(a) are right shifted toward
higher values of apps, whereas the vertical shift is negligible. Notwithstanding
this, the same conclusions drawn for the lossless case can be drawn.

Although the threshold over which the fiber can be considered effectively single
moded depends on the particular application, to fix the ideas, let assume that
a differential loss Aa = 20 dB/m is required. Fig. shows that, by using
a TTLF-CT fiber, a core radius of 0.73 mm is required thus giving apy = 8
dB/m. However, the same condition can obtained in a CTLF-CT with 7 tubes
with a core radius of 1 mm and o = 1 dB/m, which is almost a decade lower
than TTLF-CT’s one.

Finally, in order to show that effectively single mode operation can be obtained
over a broadband, Fig. 2.14] shows propagation loss and dispersion characteris-
tics versus frequency for a CTLF-CT with N =7, R., = 0.73 mm, 7z = 0.59
mm and ¢t = 0.1 mm. As expected HOMs and hole modes dispersion curves are
almost completely overlapped over the entire considered frequency range. As a
consequence the differential loss is always higher than 70 dB/m, whereas the FM
loss is lower 10 dB/m over a band of 0.4 THz with a minimum of 2.8 dB/m at
1.07 THz.

2.4 Effect of multiple turn of tubes around the

core

The confinement mechanism that has been proposed in this chapter does not
depend on the number of layer of tubes that are used in the cladding. Therefore,
in the previous section, it has been shown that, when the absorption loss is

reasonably high, the cladding can be conveniently reduced to only one turn of
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Figure 2.14: Leakege loss and dispersion curves of an heptagonal fiber with a
core radius R., = 0.73 mm and tube thickness ¢t = 0.1 mm. Solid red lines show

dispersion curves of the H Fy;-like hole cladding modes.

tubes. However, CTLFs fibers have recently been proposed also for the infrared
spectral region [51] where dielectric materials have, in general, lower absorption
if compared to the THz spectral region. Since the purpose of this chapter is to
investigate the confinement mechanism of TTLFs and CTLFSs in general, in this
section the effect of multiple turns of tubes in the cladding is addressed.

It has recently been shown in the literature, that in kagome fibers the confinement
loss does not depend on the number of turns of tubes that are used in the cladding
[75]. In order to investigate this feature also in the TTLF structure proposed in
this chapter, similar fibers with identical core sizes (R., = 13.6 um), ¢ = 500
nm, rey = 5 pm and n = 1.45 are compared in Fig. by changing the turns
of cladding tubes from 1 to 3. In all the considered cases an external jacket
of infinite extent and with the same refractive index of the cladding tubes is
considered. Differently from kagome fibers, the increase in the number of tubes’
turns around the hollow core reduces the propagation loss in TTLF-CTs. A

two orders of magnitude improvement appears in moving from one to two turns.
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Figure 2.15: Comparison between TLFs with identical core sizes and different

turns of tubes around the hollow core.

However, it must be noticed that this improvement is spectrally limited only to
the middle-upper part of both the first and second transmission windows, i.e.
F € [0.6;1.0] and F € [1.6;2.0]. In the remaining part of the spectrum, where
high leakage loss is found due to the coupling between the core mode and low order
dielectric modes, additional turns do not enhance the confinement mechanism. If
the number of turns is additionally increased (moving to the 3 turns case) only
negligible reductions of the propagation loss are obtained. Moreover, they are

also spectrally limited to extremely narrow regions.
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Chapter 3

Performance analysis in
tube lattice fibers with

polygonal tubes

In the previous chapter it was shown that both TTLFs and CTLFs offer the
interesting possibility to guide electromagnetic radiation inside an hollow core
with low propagation losses. Their confinement mechanism is based on the low
coupling between core and cladding modes. However, also other ICF's with simi-
lar cladding structures have also been recently reported in the literature, based
either on a kagome [I7,36L[47.[74] or square lattice cladding [49[96], for applica-
tions that range from the THz to the ultraviolet spectral regions. Similarly to
TTLFs, for all of these fibers the transmission bandwidth can be increased by
reducing the struts thickness and by increasing the lattice pitch.

Recent experimental results on kagome fibers (KFs) demonstrated that an hypocy-
cloid core shape allows to significantly reduce the propagation loss with respect to
the ideal kagome structure [47]. This loss reduction is explained by the fact that
an hypocycloid core boundary does not cause distortions in the cladding structure
and its length is higher if compared to the ideal kagome lattice. These factors

combine to reduce the coupling with cladding modes. On the contrary, numerical
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and experimental papers on CTLFs for the far infrared spectral region [51107]
claim that that the reduction of propagation losses in CTLF with respect to the
hollow tube one is due to the negative curvature of the core boundary and to the
low density of states of the scattering element composing the cladding.

This chapter starts with the observation that both KFs and TTLF-CT belong
to the same family of microstructured hollow core fibers in which the cladding is
composed by a triangular lattice of tubes. Geometrical differences between the
two structures are due to the different shapes of the tubes used in the cladding.
However, despite this similarity in the cladding shape and the fact that both
structures have roughly the same core’s boundary perimeter and a negative cur-
vature, KFs exhibits much higher propagation loss than the TTLFs. Therefore,
the purpose of this chapter is to further investigate the role of the cladding in
determining the propagation loss in ICFs. Through a thorough analysis on the
shape of cladding elements, it is shown that the performance of these fibers are
strongly affected by this parameter. Eventually it is shown that a cladding com-
posed of circular tubes is highly desirable in order to obtain low propagation loss
and wide transmission bandwidths, which justifies the performance improvement

allowed by circular cladding shapes shown experimentally.

3.1 Outline of the IC waveguiding mechanism

and considered geometries

Figure[Bd)(a) shows the typical transverse cross section of a kagome fiber in which
the core is formed by the removal of the 7 innermost tubes. Belonging to the
same family of ICFs as the TTLFs and CTLFs shown in the previous chapter,
its waveguiding mechanism can still be described by considering the coupling
between the core and the dielectric modes with low spatial dependence [36,46L[49].
Owing to its particular cladding structure, the former theoretical model that have
been proposed in order to give an analytical description for its dielectric modes,

modeled the cladding as an intersection of slab waveguides of infinite width and
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TTLF-CT TTLF-PT (N=12)

Figure 3.1: Cross sections of a kagome fiber (a), a TTLF-CT (b) and a TTLF-PT
(©).

thickness ¢ [3649L[76]. According to this model high loss regions are placed at:

F=m, m € N. (3.1)

where F' represents the normalized frequency given by Eq. (2.1)).

Even though the same model was successfully applied also to TTLF [85], in the
previous chapter it was shown that a more accurate prediction on the effects of
cladding’s parameters on the fiber’s performance can be obtained by consider-
ing the spectral properties of the tubes that constitute its cladding. Since the
dielectric mode of tube are known analytically [53], this model extend the pre-
vious one at almost no extra computational price. In particular, condition given
by Eq. (BJ) corresponds to the cutoff of the HE, ,, tube’s dielectric modes.
However, this tube-based model extends the previous slab-based one in terms of
higher ability in predicting the effects of cladding’s features on the propagation
loss spectrum of the guided core modes. Eventually this allowed to correctly
estimate the spectral width of high and loss propagation loss regions, along with
the necessary conditions to ensure the existence of the transmission windows.

Figure BII(b) shows the typical structure of a TTLF-CT. Its cladding shape is
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very similar to the KF one shown previously in Fig. BIla). As suggested by
relative figures’ insets, only the shape of the cladding tubes have been changed
moving from the KF to the TTLF-CT. This suggests that actually both fibers
belong to the same kind IC fibers in which the cladding is composed by a trian-
gular lattice of polygonal tubes (TTLF-PT) each of which has N sides. For sake

of example, a 12 sided TTLF-PT is shown in Fig. Bl As a consequence:

e KFs — TTLF-PT with NV =6,

e TTLF-CT — TTLF-PT with N = oc.

Moreover, the overlap between two adjacent cladding tubes is another important
parameter for IC fibers [98]. For sake of clarity, the inset of Fig. BI(b) shows a
detail of the contact point between two tubes in a TTLF-CT: t’ is the dielectric
thickness at the contact point and then ¢t < ¢ < 2t. The normalized tubes’

overlap is defined as

2t —t
no = . (3.2)

In general, the overlap depends on the fiber fabrication process. TTLFs have
been fabricated both by manual assembling of dielectric tubes [52] in the THz
spectral region or by a stack and draw technique [51] for the far infrared one. In
both cases the overlap between the tube is very low (no ~ 0 — ¢ ~ 2t). KFs, on
the contrary, are usually made by a stack and draw technique and the overlap
values reported on the literature vary from very low (no = 0) [17] to high values
(no ~ 1) [36L4748.99] depending on the manufacturing process.

All the fibers considered in this chapter are composed by tubes with the same
thickness ¢ = 500 nm and dielectric refractive index ny = 1.45 (constant with
the frequency). The hollow core is obtained by removing the seven innermost
tubes, whereas only one ring of tubes is used in the cladding. All the numerical
analysis have been performed through a modal solver based on the finite element

method (FEM) [79].
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(b)

Figure 3.2: Cross sections of kagome fiber (a) and TTLF-PT with N =6 (b).

3.2 Application of the tube-based model to kagome
fibers

In this section the validity of the tube-based model is verified also for the KFs.
Actually, Fig. B2 shows that the original KF’s introduced in the previous section
differs slightly from a TTLF-PT with N = 6 due to some additional dielectric
structs that appear on the core boundary. FigureB.3]compares the effective index
and the normalized propagation loss for the fundamental core modes of these
two fibers for the first two transmission windows (F € [0.5;2]). A no = 1 was
assumed in the simulations in order to obtain a constant dielectric thickness in the
cladding. Three different values of p were considered, p = [0.6,0.8,0.95]. Being
obtained by varying the tubes’ external radius (r.,:) while keeping a constant
dielectric thickness ¢ = 500 nm, this ensures that these three fibers have different
core radii (R.,) whereas the transmission windows are spectrally placed at the
same values of absolute frequency (see previous chapter).

It has been shown in the literature that for KFs [46] and hollow core Bragg
fibers [100] the CL scales as:

CL (ﬂ;w)s. (3.3)

Therefore in Fig. the normalization of the confinement loss is obtained by
multiplying the raw data values with (fR.,/c)? in order to simplify the compar-

ison.
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Figure 3.3: Normalized confinement loss and effective index of the fundamental

core mode versus the normalized frequency F for the two fiber structures reported

in Fig. with

t

= 500 nm, p = {0.95,0.8,0.6} (from top to bottom) and

no = 1. Vertical lines indicate the cutoffs of the low azimuthal order dielectric

modes according to the tube-based model.
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Although the CL spectra of the KF and the TTLF-PT do not overlap perfectly,
it is clear that the average loss spectrum is not significantly affected by the di-
electric struts around the core. Dispersion curves’ dependence is even weaker and
slight differences appear only at the anti-crossing points caused by the coupling
with dielectric modes.

Gray regions reported in Fig. highlight the cutoff frequencies of the low az-
imuthal order (v < 4) dielectric modes of a circular tube. According to the tube-
based model presented in the previous chapter, they predict the spectral position
of anti-crossings between core and dielectric mode, thus determining the spectral
position of high loss regions. As expected, as p is reduced, the cutoff of the reso-
nant dielectric modes spread out over a wider range, causing the high CL regions
to become wider and transmission windows to gradually disappear. As shown in
Fig. a p = 0.6 is enough to have no cutoff free spectral region for F' < 1 and
the complete disappearance of the first transmission window. These results are in
agreement with those reported in [46], even though the microstructured cladding
is slightly different. In conclusion, the application of the tube-based model to
kagome fibers allows to understand why large pitches together with extremely
thin dielectric structures (which means high p values) are generally required in

order to have low propagation loss and broadband transmission.

3.3 Triangular tube lattice fibers with polygonal

tubes

In order to evaluate the effect of the cladding tubes’ shape on the confinement
loss of the fundamental guided core mode, TTLF-PTs are considered in this sec-
tion. By smoothly varying the number N of sides in each tubes from N = 6 to
N = oo the strong performance difference between KFs and TTLF-CTs will be
explained.

Figure B4(a) compares the dispersion curves and the propagation loss for the
fundamental core modes of TTLF-PTs whose claddings tubes have re,; = 5 um,

p =009 no=1and N = {6,12,24,36,48,96, 0o}, respectively. For all of these
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fiber an ideally infinite external jacket has also been considered with the same
refractive index as the cladding tubes. As expected from the Marcatili’s approx-
imation given by Eq. (Z2]), a change of N does not affect the dispersion curve
of the core modes because core radii are approximatively the same for the var-
ious fibers. Despite this, CL strongly changes with N: N = 6 represents the
worst case in which the CL is prohibitively higher and noisier than the other
ones. However, as IV is increased, both the CL’s noisiness and the average value
decrease: N = oo represents the best case with a propagation loss two and three
decades lower than the N = 6 one in the first and second transmission windows,
respectively.

The improvement given by the increase in the number of sides is incremental
and begins at low frequencies. Moving from N = 6 to N = 12 gives only neg-
ligible improvements to the fiber’s performance for both transmission windows.
Conversely N = 24 is already enough to have the TTLF-PT’s propagation loss
curve to be overlapping with the circular case for F' < 0.85. Further increases
in the number of sides progressively reduce CL also in the second transmission
window. Eventually, for N = 48 the TTLF-PT’s curve almost overlaps with the
TTLF-CT over the entire considered frequency range.

In order to investigate the possible effects of the external jacket on the con-
finement mechanism of the fibers considered above, Fig. B4(b) compares the
performances of the same fibers in the case in which the dielectric jacket is re-
moved. As expected CL are reduced with respect to Fig. B4la) due to the
reduced coupling efficiency between the dielectric modes and the freely radiating
bulk modes of the jacket. In general the same conclusions drawn for Fig. B4fa)
are still valid. However, the main effect of the jacket removal is to allow a faster
convergence toward TTLF-CT’s performance when N is increased. N = 48, in-
deed, is already enough to allow for a CL spectrum which is almost overlapping
with the circular case.

Finally the effects of the tube overlap was also investigated. Figure B4l(c) com-
pares the performances of the same fibers shown in Fig. B4la) by reducing the

normalized overlap from no = 1 to no = 0. A small increase in the dispersion
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Figure 3.4: Confinement losses and effective indices versus the normalized fre-
quency F for the fundamental core modes of TTLF-PTs with different number
N of sides. (a) refers to fibers with an external dielectric jacket and no = 1; (b)
refers to fibers with no external jacket and no = 1; (c) refers to fibers with an

external dielectric jacket and no = 0. 49



curves of the core modes is found due to the slight increase of the core size of the
fiber after this change. If compared to the fully overlapping case, with no = 0
the CL spectra become smoother and lower in magnitude. This is extremely
important: differently from what it has been shown in the literature, the vari-
ation of the dielectric thickness in the cladding does not necessarily make CL
worse. However the convergence toward the best performance becomes slower
for no = 0. Differently from the no = 1 case, even for N = 48 noticeable differ-
ences with respect to the circular case are found for F' > 1.5. In this case the

perfect overlapping with the circular case is obtained only with N = 96.

3.4 Analysis of the performance of an hypocycloid-

like core-cladding interface

In the previous section it has been shown the shape of the cladding tubes have a
strong impact on the confinement loss performance of the fiber. However, it has
recently been shown in the literature that an hypocycloid core-cladding interface
allows to strongly reduce the confinement loss in kagome fibers [47]. According
to the authors, indeed, the hypocycloid core-cladding interface increases the core
boundary perimeter with respect to the kagome fiber, thus reducing the unde-
sired couplings between the core and the dielectric modes. Other works [51], on
the contrary, claims that this reduction of the losses is connected to the negative
curvature core-cladding boundary.

In order to deeply investigate the role of the core boundary in the confinement
loss mechanism of ICFs, hypocycloid-like tube fibers (HLTFs) are here consid-
ered. Their typical structure is shown in Fig. each HLTFs is obtained
from its relative TTLF-PT with N sides by cutting the cladding tubes at their
contact points. This results in a hypocycloid-like curve in which the arcs have
alternatively N/2 or N/3 sides. All the HLTFs considered here have 7.,y = 5
pm, p = 0.9 and no = 1.

Figure compares the numerical results of various HLTFs having the same

core size and different N. Despite all the considered HLTFs have roughly the
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N/3 ~ N/2

Figure 3.5: Cross section of an hypocycloid-like tube fiber with N = 12. The

arcs are polygons with alternatively N/2 and N/3 sides.
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Figure 3.6: Confinement loss (top) and effective index (bottom) of the funda-
mental mode versus the normalized frequency F for various HLTFs with different

number of sides V. CTF’s performance is also considered for comparison.
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Figure 3.7: Transverse cross section of a hybrid TTLF-PT with a circular hypocy-

cloid core boundary.

same core boundary perimeter and a negative curvature, the confinement loss
dependence on N is still very high. As it has been shown in the previous section,
the higher the number of the sides, the smoother and lower the propagation loss.
Therefore, N = 6 is still the worst case with its extremely noisy CL spectrum,
whereas with N = 48 performance are already reasonably close to the circular
case.

For sake of comparison, on Fig. also dispersion and confinement loss curves of
a CTF with the values of R., and ¢ have also been reported. A direct comparison
with the circular HLTF shows that the circular hypocycloid interface allows for
a one order of magnitude CL reduction over both the considered transmission
windows, thus confirming the experimental results reported in [47].

Great attention has been devoted in the literature also to the effects of the dielec-
tric structs that connect the core boundary to the outer jacket [46l75l76]. In order
to investigate the influence of the outer part of the cladding on the performance
of ICFs, the structure shown in Fig. [37is finally considered. This structure is
obtained by taking the outer part of a TTLF-PT with N sides which has been
cut at the contact points of its cladding tubes and then by adding it a circular
hypocycloid core boundary. No jacket was considered in order to evaluate only
the contribution of the outer cladding part. Figure compares dispersion and
confinement loss curves when the number N The CL reduction with respect to
the simple HLTFs confirms that also external part of the cladding contributes

to the reduction of the propagation loss. Once again this gain depends on the
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Figure 3.8: Confinement loss (top) and effective index (bottom) of the fundamen-
tal mode versus the normalized frequency F for hybrid TTLF-PTs with different

number of sides N and an hypocycloid core boundary.

number N of sides, but in this case the convergence rate toward the best perfor-
mance is much faster: N = 24 is, indeed, enough to obtain a CL spectra which
is very close to the circular case. This reduced sensitivity on the number of the
sides is connected to the reduced overlap of the core mode field with the external
part of the cladding with respect to the part that is facing the core.

Comparing the similar TTLF-PTs from Fig. B4lb) and Fig. B8 the benefi-
cial effect of the hypocycloid interface is clear. Thanks to it, indeed, even with

N = 6 the CL spectrum is much smoother and closer to the ideal case than in

the original TTLF-PT with N = 6 shown in Fig. B4b).

3.5 Analysis of the curvature of the hypocycloid

interface

In the previous section it has been shown that an hypocycloid core-cladding
interface having circular arcs is very interesting since it is able to strongly reduce

the CL even in KFs (or any TTLF-PT with low N). This hypocycloid interface
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Figure 3.9: Cross sections of HLTFs with different curvatures of the core-cladding

arcs; in clockwise: ¢ =1, ¢ = 0.5, and ¢ = 0.

may be obtained during the final drawing step of the fiber by adjusting the
internal pressure inside the core region [47]. However, a wrong pressure may
cause different levels of curvature of the arcs, thus differing from the ideal circular
shape shown above.

In this section the performances of HLTFs with different arcs curvatures are
considered. As shown in Fig. B9 these HLTFs are still obtained by cutting
a TTLF-CT cladding at the contacts points of its tubes, but in this case the

!

external radius of the tubes, .,

is bigger than r.;;. The curvature parameter

¢ is defined as

6= et (3.4)
Text

When the curvature is reduced, the arcs that constitute the HLTF tend to become
straight lines. For ¢ = 0 the hypocycloid shape changes into a polygonal one.
¢ = 1 is the maximum value, because for values greater than 1, that is v/, < rest,
the tubes do not touch each other any more. In general, owing to the building
process through which these HLTFs are obtained, the R., changes depending on
the ¢ parameter. As a consequence, by using the Marcatili’s approximation given
by Eq. 22]), re.t have been adjusted so as to have overlapping dispersion curves
for the fundamental core modes.

Figure compares HLTFs for different values of curvatures in terms of both

dispersion curves and CL. As expected, the former are not affected by the change

curvature due to the constant core size that was imposed on the considered
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Figure 3.10: Comparison of dispersion curves (bottom) and CL (top) between

HLTF with different levels of curvature of the core-cladding arcs.

structures. CL, on the contrary, is highly sensitive the ¢ parameter: even if
the curvature is slightly reduced, CL rapidly moves toward higher values. This
sensitivity is stronger when ¢ is close to one, whereas it tends to become weaker
approaching zero. With ¢ = 0.6, for example, CL curve is already very close
to the worst case (¢ = 0). This confirms that the drawing of a TTLF-PT with
an hypocycloid shaped core boundary, such as the one shown in [47], is a very
critical task: the core pressure must be carefully controlled in order to exploit all

the beneficial advantages offered by the hypocycloid shape.

3.6 Effects of the internal sustain on circular CTLF's

In chapter2it was shown that the waveguiding mechanism of TTLFs and CTLF's
fibers does not depend on the particular arrangement of the cladding tubes. This
allowed for a change of the initial triangular lattice structure (TTLF) to a cir-
cular one (CTLF) in order to achieve effectively single mode propagation. This
change of the geometry shape is also very interesting from a manufacturing point

of view, since the circular arrangement of the cladding tubes gives rise to a self
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Figure 3.11: Cross section of two identical CTLF-PTs with (b) and without (a)

internal sustain.

sustained structure. However, a question may arise asking whether or not an in-
ternal sustain can be considered in the CTLF in order to enhance the mechanical
stability of the structure. In the first section of this chapter it was shown that
a similar internal sustain for the kagome fiber does not produce any noticeable
change. The purpose of this section is to answer that question by comparing
the two CTLF-PTs structures shown in Figs. BTl (a) and (b). In all of these
structures n = 1.45, ¢ = 500 nm, 7¢;x = 10 pm and no = 1 giving a core size
R., = 27.6 um. An infinite external jacket was also considered in the simulations
for completeness.

At first, in Fig. (a) CTLF-PTs with no internal sustain are compared by
changing the number of sides (N) in the cladding’s polygons. As shown previ-
ously for TTLF-PTs, the N value strongly affect the propagation loss spectrum.
In general, the higher the number of the sides the lower and smoother the prop-
agation loss, with the circular case representing the best case.

The effects of the internal sustain are shown in Fig. (b). For the internal
sustain ¢ = 500 nm and n = 1.45 were considered in order not to perturb the
spectral position of high loss regions (see Eq. (2J))). Moreover, as shown by
the inset of Fig. B.ITl (b), a complete overlap between the internal sustain and
the cladding tubes was also assumed. Figure (b) confirms that this internal

sustain strongly perturb the performance of the initial structure shown in Fig.
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Figure 3.12: (a) Comparison of TTLF-PTs without the internal sustain with
different number of cladding polygons’ sides. (b) The same fibers considered in

the (a) part but with an internal sustain added to the structure.

(a). In this case, indeed, the increase in the number of polygons’ sides does
not help in the reduction of the propagation loss, being the CL curves almost
overlapping over the whole spectrum independently on the considered number of
sides. As a consequence, even for the circular case, the internal sustain causes an
increase of the propagation loss of 3 orders of magnitude in both of the considered
transmission windows.

This suggests that internal sustains should be avoided in the manufacturing of
CTLF-CT in order to reduce the propagation loss. However it should be noticed
that, thanks to the circular arrangement of the tubes in the cladding, this struc-
ture is self-sustained which means that there is no need for any internal sustain,
gluing or further drawing step to keep the cladding tubes in place. This interest-
ing feature will be exploited in chapter [0l to manufacture a low loss and flexible
waveguide for the THz spectral range.

In order to understand the reasons for the increased losses caused by the internal
sustain, in Fig. CTLF-CTs with and without internal sustain are compared
to the performance of a stand alone CTF which represents the internal sustain
of the fiber. Respective fibers’ structures were reported in the same figure using
the corresponding color for clarity. Figure confirms that the CTLF-CT al-

lows a reduction of the propagation loss with respect to the stand alone CTF.
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Figure 3.13: Comparison of the propagation loss between the internal sustain
considered alone (red), the CTLF-CT (black), the CTLF-CT with internal sus-
tain (green) and the internal sustain with external triangular elements (blue).
Vertical violet lines highlight loss peaks similarities between the blue and green

curve.

However, when the CTF is used as the internal sustain of the CTLF-CT, the
propagation loss is strongly increased as to overlap with the performance of the
internal sustain considered alone. The two insets shown in Fig. B.I3lcompare the
Poynting vector magnitudes (with a logarithmic scale) between CTLF-CTs with
and without the internal sustain at F' = 1.7. Low power intensity is found on
the dielectric layer when no internal sustain is taken into account, as expected
from the very low coupling between core and dielectric modes in the middle of
the transmission windows (see chapter ). However, when the internal sustain
is inserted into the CTLF-CT structure, the power inside the dielectric layer is
much increased with respect to the previous case highlighting an extra resonance
between the core and dielectric modes. In particular, as shown by the inset of
Fig. B3l these extra resonances concentrate an high amount of power on the
triangular structures found between the internal sustain and the cladding tubes’
contact points. Therefore, in Fig. B3] the performance of the CTF with these

external triangular structures is also reported for comparison. As highlighted by
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the violet arrows reported on the same figure, this structure and the CTLF-CT
with the internal sustain share many resonance peaks across the considered trans-
mission windows, especially in the low loss spectral regions. This confirms that
the increase of the propagation loss in the CTLF-CT when the internal sustain
is taken into account is due to the triangular shaped elements that are added to
the cladding. Indeed, they bring many new resonances between core and dielec-
tric modes that appear inside the transmission windows, thus compromising the

performance of the fiber.
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Chapter 4

Fano resonances in tube
lattice fibers with polygonal

tubes

In the analysis of the confinement mechanism of TTLFs and CTLFs given in
chapter [2 it was shown that the properties of the whole fiber can be inferred
from those of the tubes that constitute its cladding. This greatly simplified
the analysis of the confinement mechanism and allowed for the formulation of
a simple theoretical model able to predict the effects of cladding’s physical and
geometrical features on the performance of the guided core modes. The main
advantage of this formulation rely on the fact that the modal analysis of the
circular dielectric tube can be performed analytically [53L[54].

In chapter Bl however, it was shown that when the shape these circular tubes is
perturbed, the confinement loss of the core modes rapidly worsen. In particular,
by considering a polygonal shape for the cladding tubes, it was shown that the
noisiness and the magnitude of the confinement loss spectrum can be controlled
by changing the number N of sides in the polygons: the higher the number of the
sides, the better the performance. Of course this behavior is extremely important

from a manufacturing point of view, since it suggests how IC fibers’s claddings
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should be manufactured in order to minimize the propagation loss and obtain
wide transmission bandwidths.

Therefore the purpose of this chapter is to deeply investigate the reasons of extra
losses caused by the polygonal tubes in TTLF-PTs. Following the analysis per-
formed in chapter Bl this work begins with the analysis of the stand alone polyg-
onal dielectric tube. It has already been shown in the literature that a polygonal
tube shape suffers from extra couplings inside the transmission bands [75L[76].
Such couplings can be detrimental for the fiber performances causing a degra-
dation of the pulse propagating along the fiber [I0I] and an increase in the
magnitude and noisiness of the CL spectrum. In [76], couplings are ascribed to
the sharp corners of the polygonal shape which couple together several dielec-
tric modes, allowing them to interact with the core mode. In [75] the better
performances of the circular shape is ascribed to the constant dephasing of the
bouncing cylindrical waves describing the core modes.

The analysis proposed in this chapter starts from the simple observation that
these extra resonances in the polygonal tubes are due to the coupling between
core and high azimuthal order dielectric modes. In particular, these couplings
give a typical Fano resonance shape [I02] in the CL spectrum which has already
been found in a wide variety of optical structures [S86,[T03HI06]. A theoretical
model is then developed by using coupled mode theory analysis [TO7LI08] and by
considering the polygonal shape as a perturbation of the circular one. Eventually
this model allows to predict the relation between the spectral position of these
extra Fano resonances and the number of sides in the polygon.

Finally also the tube lattice fibers with polygonal tubes introduced in the pre-
vious chapter are investigated. As expected, an high correlation between the
spectral features of the stand alone polygonal tube and its relative TTLF-PT is
found. This suggests that the theoretical model developed for the stand alone
polygonal tube can be extended also to more complex hollow core fibers such
as TTLFs. This is extremely important since, on one hand, this allows to de-
fine design rules for the manufacturing of complex ICFs and, on the other hand,

it explains also the differences in performance between kagome and TTLF-CTs
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Figure 4.1: (a) Transverse cross section of a circular tube fiber (left) and its
corresponding planar structure in cylindrical coordinates (right). (b) Transverse
cross section of a polygonal tube fiber (left) and its corresponding planar struc-
ture in cylindrical coordinates (right). r;%(¢) and ro;(¢) represent the distance
between the center of the fiber and the internal or external edges of the circular

and polygonal tubes, respectively; R;,; and R,;: are the internal and external

radii of the polygonal fiber, respectively.

found in chapter

4.1 Outline of the waveguiding mechanism in tube

fibers

Figure[dI](a) show the typical transverse cross section of an hollow dielectric tube
as presented in chapter 2l ¢ = 500 nm and r¢,, = 5 pm represent the dielectric’s
thickness and the external radius of the tube, whereas ny = 1.45 is the refractive
index of the dielectric material. The tube structure is supposed to be filled and
surrounded by air whose refractive index is ny, = 1.

As shown in chapter[2] the stand alone tube structure supports two kind of modes:

the core ones, that confine most part of their electromagnetic power inside the
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hollow core [TO9HITI] and the dielectric ones, that, on the other hand, confine
most of their power in the dielectric ring [53]. In order to distinguish between

them, a ¢ superscript will be used for the former, whereas a

superscript will
be used for the latter. In general, both core and dielectric modes can be classified
as transverse, i.e. TE or T'M, or hybrid, i.e. HE or EH. Each polarization is
then provided with two subscripts, v and p, to account for the number of periods
in the azimuthal direction and the number of local maxima and minima in the
radial one.

In chapter 2] the confinement mechanism inside the hollow core of the circular
tube was effectively described in terms of the coupling between core and dielectric
modes. In particular, high CL peaks are found for the frequencies at which
both phase matching condition and high overlap integral between the core and
a dielectric mode are verified. Since core modes have low azimuthal dependence
and an effective index which is always lower than ny, the above conditions are
satisfied only at the cutoff frequencies of dielectric modes with a low azimuthal
index.

Dispersion and CL curves for the H £9 (fundamental core mode) and the T'E§%
modes are reported in Figs. and [£3] versus the normalized frequency (see Eq.
@1I)). CL increases approaching integer values of the normalized frequency,
i.e. F'=~ with v € N, which correspond to cut-off frequencies of the dielectric

modes HE%

1 and EH{“W Far from these frequencies CL decreases despite the

extremely high density of dielectric modes, and this is due to their high azimuthal

dependence which gives a negligible field overlap integral with the core modes.

4.2 Waveguiding characteristics of the polygonal
tube fiber

In the polygonal tube fibers, the dielectric boundaries are polygons with IV sides.
An example with N = 12 is shown in Fig. [Ik(b). In these fibers, the distance

P

of the internal and external edges from the center of the fiber, 77, ...,

vary with
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Figure 4.2: Top: Dispersion curves of the dielectric modes of the circular fiber.
Middle and bottom: dispersion and CL spectra of the FM core mode of the
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Bottom: confinement loss of the T'Ef% mode in both fibers.

65



Polygonal Tube e
Circular Tube ——

1.72 1.74 1.76 1.78 1.8
F

Figure 4.4: Details of the n.¢s and CL curves reported in figure between
F =168 and F = 1.8.

the azimuth angle ¢ according to:

cos( %)
cos [mod( , QW”) — %} ’

pfnt7eq;t(¢) = Rint,ezt (41)

where Rint eqt is the internal or external radius of the polygon and the mod(z, y)
function returns the remainder of the ratio x/y. Hereinafter, the core radius R,
of the polygonal fibers are assumed to be the mean value between the radius and

the apothem of the internal polygon:

Reo = R;"t {1 +sin (%)] . (4.2)

Dispersion and the confinement loss curves of the H E{% and T E§% modes for a

polygonal tube fiber with N = 24 are reported in Figs. and [£3] respectively.
Being the core size almost equal between the circular and polygonal tubes, disper-
sion curves and confinement loss are very close together. However, the polygonal
fibers exhibits some additional sharp variations in both dispersion and CL curves.
Details of the curves between F' = 1.68 and F' = 1.8 are reported in Figs. 4l and
These extra resonances in the CL curves present the typical asymmetric
shape of Fano-type resonance [102] which have already been observed in several

other optical structures such as gratings [103104], resonators [105], photonic
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Figure 4.5: Details of the n.fs and CL curves reported in figure between
F=1.68and FF =1.8.

crystals [106] and solid-core photonic crystal fibers [86].

This phenomenon can be intuitively explained by considering the well known sim-
plified model which describes the tube fibers in term of planar slabs [44lTT2[1T3].
As highlighted in Figs. [EI)(a) and (b), perfectly circular tubes correspond to
perfectly planar slabs since the inner and outer radii are constant with ¢. In
polygonal tube fibers, on the contrary, radii are not constant with ¢, so they cor-
respond to corrugated slabs with a periodic surface variations along the second
transverse direction. The core modes consist in plane waves bouncing back and
forth by the dielectric slab which acts as a Fabry-Perot interferometer [44]. Tts
reflection coefficient is a slowly oscillating term with frequency whose amplitude
depends on the difference between refraction coefficients ny and ny, whereas the
period also depends on the slab thickness . Low reflection frequencies correspond
to cutoffs of the slab’s modes, which are found for F' = ~.

In the corrugated slab, similarly to photonic crystal slabs, the spectrum of the
reflection coefficient of the corrugated slab is composed by two terms: a smoothly
varying background and some sharp oscillations [I06]. The former is the same
of the planar slab, whereas the latter are due to extra couplings with modes

the corrugated slab. The spectral position of these extra resonances depends
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Figure 4.6: Intensity distribution on the transverse plane of the circular (left)
and 24 sided polygonal (right) fibers at F' = 1.6974 (A), (B); F = 1.7485 (C),
(D); F =1.7297 (E), (F); F =1.7935 (G), (H).

on the dispersion curves of the slab modes, while the shape can be symmetric or
asymmetric depending on the position of the background spectrum in which they
appear. If they happen at a maxima or minima of the background spectrum they
have symmetric Lorentz-line shape, in other cases they have asymmetric Fano-
line shape [106].

By considering the high density of dielectric modes shown on the top of Fig.
and the performance of the core modes shown in Figs. and [43] it is clear
that, actually, only some dielectric modes are able to create extra resonances

with the core modes. Field distributions of the modes involved in the resonances
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Figure 4.7: Intensity distribution on the transverse plane of the circular (left)
and 24 sided polygonal (right) fibers at F = 1.7214 (A), (B); F = 1.7575 (C),
(D).

with HEY? of the polygonal fiber with N = 24 are reported in Fig. In
the polygonal fiber, the hybridization shows that these resonances are due to the
coupling between the core mode and high azimuthal order dielectric modes with
azimuthal number & = {23,25,47,49} that is N &1, and 2N 4 1. In the circular
fiber these resonances are absent and the modes are uncoupled. Fig. HT] per-
forms a similar comparison for the T'£§% mode, showing that the resonances are
due to the dielectric modes with ¢ = {24,48} that is N, and 2N. These results
confirms that the azimuthal dependence of the dielectric modes involved in the
Fano resonance is strictly connected with the number of sides NV of the tube and
the azimuthal dependence of the core mode. In order to understand the reason
of these relations, an approach based on the coupled mode theory is followed in

the next section.
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Figure 4.8: Example of the Ae(r, ¢) in the case of N = 6.

4.3 Coupled mode analysis of the polygonal tube

In order to investigate which dielectric modes are able to couple to the core
ones and at which frequencies, coupled mode theory is here used [I07L[108]. The
polygonal tube fiber can be viewed as a circular one, with a perturbed dielectric

permittivity profile. The perturbation Ae is defined as:

AE(’I‘, ¢) =e? (’I“, ¢) - Ec(ra ¢)’ (43)

where

2 c c
0Ny Tint <r< Text>

eo(r) = (4.4)
Eon%, elsewhere,

Eon?ﬁ]’ Tipnt (¢) <r< rs:nt (¢)5

ep(r,¢) = (4.5)

Eon% ,elsewhere,
are the dielectric permittivities on the transverse plane of the circular and the
polygonal tube fiber respectively. Ae is a periodic function in ¢, with a period of
27 /N. Fig. L8 shows an example of Ae when N = 6. According to the coupled
mode theory [107], such a perturbation causes a coupling between core and high

order dielectric modes when the coupling coefficient

Kco i — ’ — 5 4.6
1d 1 _ C2 ( )
is not null. In Eq. (4],
oo 2T
Kap=2 | [Ac (B0 Eb — —SC _EOEY) v do dr (4.7)
“r g T e+ Ae PR ’ '
00



2w

/(E;O x HY 4+ BEY x HE)r de dr; (4.8)
0

Cc =

=

where subscripts ¢ and z indicate the transverse and longitudinal component
of electric and magnetic fields of the circular tube fiber modes, respectively. A
numerical integration of Eq. (48] is straightforward since both core and cladding
modes of a circular tube fiber are known analytically [53LI10,1T1]. However a
more simple and useful formulation can be obtained through some considerations
on the electromagnetic nature of the fields involved.

In IC fibers, the overlap between core and dielectric modes is extremely low

[36,49], thus
— Kco,di ~ Rco,di- (49)

Ql
R
o

By expressing electric field components in terms of separate functions and by
exploiting the azimuthal periodicity of Ae(r, ¢), with simple but tedious algebraic
manipulations reported in appendix [A] it is possible to show that the coupling

coefficient given by Eq. ({1 is non-zero if
& =mN =+ p, m € NT. (4.10)

Therefore, Fano resonances appear at the cut-off frequencies of the dielectric
modes whose azimuthal number is given by Eq. (@I0). These results are in
agreement with what shown in [I14] for elliptical fibers. In that paper, the el-
liptical shape is seen as a perturbation of the circular one with a perturbation
function having two periods in the azimuthal direction. This causes extra cou-
plings between fiber’s modes whose azimuthal indices differ by +2.

From a practical point of view, a few more comments can be made on Eq. (£I0).
In general, the analysis of core modes can be restricted to those with low az-
imuthal order (the other ones are of little practical interest), i.e. v << mN
(even when m = 1), which gives ¢ > 0. This means that TEf’ and TMg%
modes are never involved in the extra resonances.

Fig. shows the normalized cut-off frequencies F, of the modes H ngv’

i
B,
with v = {1, 2,3}. The normalized cut-off frequencies increase as & increases. As

a consequence, by increasing the number of side N of the polygon, the frequen-
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with v = {1, 2, 3}.

cies of the Fano resonances increase. It is thus always possible obtain a spectral
region without resonances, provided that N is high enough. To accomplish this
task, it should be noticed that for a given &, the H ngl mode has always the
lowest normalized cut-off. If ¢4 is the azimuthal index of the first H ngl mode
with F. > F,, from Eq. [@I0) it follows that to have no Fano resonances in the

range 0 < F' < Iy, it must be
N > by, (4.11)

Figure[£9highlights also that for F,. > 0.4, the cutoff frequencies increase linearly
with &:

¢Fs ~ nint [aF, — b], (4.12)
where nint[x] is the nearest integer to real number x, while ¢ = 31.8 and b = 8
are parameters that depend on the geometrical and physical properties of the

circular tube used as a reference and they were obtained by fitting the numerical

cutoffs’ curve. By substituting Eq. ([@I2) into Eq. (II), it yields:
N(F,) > nint [31.8F, — 8] + s. (4.13)

For example, by considering the fundamental core mode, i.e. HE{%, N must be
greater than 25, 57, and 88 in order to have a Fano resonance free spectral region

F € [0; F] with F, = {1, 2, 3}, respectively.
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Figure 4.10: Detail of a polygonal fiber with rounded corner.

For the same reasons described above, also the spectral density of the Fano
resonances, which is the number of extra resonances lying in a given frequency
range, decreases as NN increases. Moreover, by increasing N, the perturbation
Ae becomes weaker because the difference between the arc and the polygon side
reduces and thus the coupling coefficient tends to zero.

Finally, as shown in appendix[A] Eq. (ZI0) does not depend on the shape of the
perturbation provided that it is periodic with ¢. This means that also polygonal
fibers with rounded corners as shown in Fig. 10l and thus with a constant

dielectric thickness, are affected by Fano resonances.

4.4 Validation of the polygonal stand alone tube
model

In order to validate the model proposed in the previous section, at first a polygo-
nal tube with N = 24 has been was taken into account. The transmission charac-
teristics of the first two core modes, H E{% and T'E§%, in the range F' € [0; 3] are
reported in Figs. 1T and ET2] respectively. On the top of both figures only dis-
persion curves of the dielectric modes which satisty Eq. (£I0) with m = {1,2,3}
modes have been reported.  Vertical lines highlight the relation the cutoff of
the dielectric modes and the Fano resonances in the loss spectrum of the core

modes. Eq. ([EI0) is perfectly able to predict the spectral positions of all Fano
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Figure 4.11: Performances of a tube fiber with N = 24. Top: dispersion curves
for the dielectric modes with azimuthal index £ = m24 + 1 and m = 1 (red
circles), m = 2 (green squares) and m = 3 (blue triangles). For a given value
of m there are both HE and FH modes with different radial index . Middle
and bottom: nfs and CL spectra of the FM HFE{%. Vertical lines show cutoff

frequencies for the cladding modes involved in the coupling.

resonances.
As pointed out in the previous section, when NN is reduced, the Fano resonances
shift toward lower frequencies and their spectral density increase. This is con-
firmed by observing the case with N = 12 reported in Fig. The resonance
frequencies are spectrally denser than in the N = 24 case, thus resulting in noisier
CL curves for the core mode. By reducing N, the perturbation becomes stronger
and some resonances due to dielectric modes with m > 3 appears, even though
their dispersion curves and cutoff lines have not been reported on the figure for
sake of clarity.

Conversely, when N is increased, Fano resonances shift toward higher frequencies
and their spectral density decreases. The case with N = 57 is reported in Fig.
T4l Due to the high number of sides in the polygon, the perturbation function
tends to zero, therefore the intensity of the coupling reduces and the resonances’
bandwidths become very narrow. However, as expected from Eq. ([@I3]), no Fano

resonances are found for F' < 2.
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Figure 4.12: Performances of a tube fiber with N = 24. Top: dispersion curves
for the dielectric modes that has an azimuthal index £ = m24 and m = 1 (red
circles), m = 2 (green squares) and m = 3 (blue triangles). For a given value
of m there are the HE and FH modes with different radial index ~. Middle
and bottom: n.fs and CL spectra of the T'E§% mode. Vertical lines show cutoff

frequencies for the cladding modes involved in the coupling.

As it has been shown in chapter B the spectral distribution of dielectric modes on
the circular tube fiber depends only on the p = r¢,,/rS,, geometrical parameter
and on the refractive indices ny and ny, involved on the confinement mechanism.
This means that, working with the normalized frequency defined by Eq. (1),
spectral position of Fano resonances are not changed when tubes with different
absolute dimensions but identical R.,/t ratio are considered. This is shown by
Fig. which compares CL performance of three 24 sided TFs with the same
R.,/t ratio and ¢t = {0.5,1,2} um. As expected from the Marcatili’s approxi-
mation on Eq. (22]), the three fibers exhibit the same dispersion curve for the
core modes since it scales as R.,/t. On the contrary, CL reduces as t is increased
because it scales as t*/R2 [109].

Finally, it should be noticed that Eq. (#I0) holds for any kind of azimuthal
periodic perturbation, thus also polygonal TFs with rounded corners are affected
by Fano resonances. A detail of a rounded corner is shown in Fig. The

smoothing arc has an internal radius R, thickness ¢ and it is tangent to the

(0]
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Figure 4.13: Performances of a tube fiber with N = 12. Top: dispersion curves
for the dielectric modes with azimuthal index & = m12+ 1 and m = 1 (red
circles), m = 2 (green squares) and m = 3 (blue triangles). For a given value
of m there are the HE and FH modes with different radial index ~. Middle
and bottom: n.fs and CL spectra of the FM HE{%. Vertical lines show cutoff

frequencies for the cladding modes involved in the coupling.
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Figure 4.14: Performances of a tube fiber with N = 57. CL for the FM HEY.
Vertical lines represent the cutoff for the dielectric modes with azimuthal index

& =mb7+1 and m = 1. The insets show details of the resonances.
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Figure 4.15: Details of ners and CL spectra of 24 sided tube fibers with identical
R./t ratios and thickness of 500 nm (black circles), 1 ym (red triangles) and 2

pm (green squares).

polygon’s sides whose length is L. In this way the dielectric thickness is always
constant along the border of the tube. By changing the distance a from the tan-
gent point A to the midpoint of the side M, it is possible to change the normalized

smoothness:

s=1- 2 (4.14)

from 0 (inner polygon with sharp corners) to 1 (inner and outer polygons perfectly
circular). In Fig. lET6a detail of dispersion and C'L curves between F' = 1.55 and
F = 1.85 for a polygonal tube fiber with N=24 and rounded corners are reported
for two different values of s: s = 0 and s = 0.5. As expected, Fano resonances are
still present and their spectral positions do not significantly differ from those of
the polygonal fiber with sharp corners. However, for s — 1, the fiber’s perturbed
shape tends to the ideal circular case, thus the coupling becomes weaker and the
resonances narrower.

Owing to the general formulation of the proposed model, it can also been applied
to the analysis of Fano resonances which are caused by variations in the tube

thickness. For sake of examples, the spectral characteristics of a tube fiber whose
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Figure 4.16: Details of n.yy and CL spectra of 24 sided tube fibers with sharp
corners (black circles) and with smoothed corners with s = 0 (red squares) and

s = 0.5 (blue triangles).

internal and external edges defined as:

Tint(9) = i () [1 — d cos(249)] (4.15)

Teot (@) = 1eu (@) [1+ 0 cos(240)] (4.16)

are shown in Fig. EET7] with § = 4.25 - 1073, Both dispersion and CL curves
clearly show the Fano resonances due to the dielectric modes with m = 1. Higher
order resonances (m > 1) are too weak to be seen with the scale used for the
figure, except for the resonance with m = 2 at F' = 1.7225. This is due to the fact
that with this kind of perturbation, the functions I., ;(¢) reported on appendix

[A] are very close (even though not perfectly equal) to sinusoidal functions.

4.5 Solid core polygonal tube fibers

The analytical model developed in the previous sections for the prediction of
the spectral position of extra Fano resonances in polygonal tubes is absolutely
general and it is not limited to hollow core (HC) tubes. In order to show its
general validity, solid core (SC) IC fibers are here considered. Their generic
structures are still represented by Figs. EI(a) and (b), but in this case the

dielectric tube is filled and surrounded by a dielectric material whose refractive
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Figure 4.17: Details of n.r¢ and CL spectra of a 24 sided polygonal TF (black

dots) and a TF with a sinusoidal borders (red triangles).

index ny, is higher than air, i.e. 1 <np < ng.

Figure AI8(a) compares confinement loss of a SC-CTF and a SC-PTF with
N =12 sides and with ng = 1.47288, n;, = 1.457, r¢,, = 5.25 pm and t = 472.5
nm. As expected, the SC-PTF has some additional asymmetric shaped peaks due
to the extra-resonances between the fundamental mode are the hybrid modes
HE¢ ., and EH¢, with azimuthal index { given by Eq. (@I0), which can be

rewritten as:

€ —mN| =1, m € N. (4.17)

Figure [LI8(b) shows the cutoff normalized frequencies of the ring modes H Eélv
and EH[. with v = {1,2} computed for the SC-CTF under analysis.

It should be noticed that, for a solid core tube fiber (ng —nr)/ny << 1, which
means that the perturbation function Ae given by Eq. (@3] is much reduced in
amplitude with respect to the hollow core case. As a consequence the coupling
strength between core and high order dielectric modes is also reduced. Moreover,
for ¢ > 2, hybrid modes to degenerate into linearly polarized modes:

di di di
LP& «— HEE,  EH

d (4.18)

Due to the weakness of the coupling, only LP%

N, modes give rise to non-

negligible Fano resonances, because they are composed of hybrid modes both

79



_10%p ; :
E 3t : ;
g 10°g i1 JA-PTF(N=12)
';'102;_ A : : ., - _;‘CTF
sob@)  m=3 P ?
30f__ m=2" : i { = HE,
SR F e o 8 RO 0EH!,
20F : : . }
BN E *HE
10 5"6"""-"" ' TIT T T T ) EH‘;'2
0 ( 2&3'
of % ]
€107 1+SC-TTLF-PT
510'3-_ 1 (N=12)
o 3 g
. A6 1¢SC-TTLF-CT
19 H©) -
1098 ]
0.0 1.5 2.0

g=aF-b

Figure 4.18: (a) Comparison of the confinement loss spectra of a circular (black
dots) and a 12-sided polygonal (red triangles) tube fibers. (b) Cutoff frequencies
for the dielectric modes of the circular tube fiber. Dotted vertical lines high-
light the tubes modes which cause Fano resonances in tube fiber according to
Eq. ([@IM). Solid vertical lines highlight the cladding modes which defines the
boundaries of the Fano resonances regions according to Eq. (£24) with g = 3.
Red, green, and blue colors are used for m = 1 and m = 2, respectively. (c)
Comparison of the confinement loss performance between a SC-TTLF-CT (black
dots) and SC-TTLF-PT with N = 12 (red triangles).
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Figure 4.19: (a,b,c) Zoom of Fig. [LI8(a),(b) and (c) for F € [0.39;0.75]. In
(b) the degeneration of the HEZ, | and EH{",  modes composing the LP&
modes is highlighted. The z-component of the Poynting’s vector of the guided

mode at F' = 0.569373 of the PTF (d) and PTLF (e) both with N = 12.

satisfying Bq. @IZ). In LBy ., and LP%y,, ., modes, only one of the
two hybrid modes satisfies Eq. (@17, thus the resonances are much lower and
they are not visible with the scale used in Fig. [£I81 A detail of the resonance
with the lllt’1‘712"71 mode is reported in Fig. [EI%(a) while Fig. HEI9d) clearly
shows the hybridization between the core mode H ET% and the ring LPlin,1 mode
at F' = 0.569373. Therefore, vertical dotted lines reported on Fig. [HEI8|(a)
correspond to the cutoff frequencies of the HE:n"NHﬁ and EH;fN—l,'y modes
(LP,,n ) satistying Eq. (£I7) with m = 1 (red lines), m = 2 (green lines), and
m = 3 (blue lines).
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Figure 4.20: (a,b) Cross sections of an HC-TTLF and a SC-TTLF respectively,
with circular tubes in the cladding. White and gray regions represent low refrac-

tive index (ny,) background material and high index (ng) one respectively.

4.6 Effects of the polygonal tubes in solid and
hollow core TTLFs

In chapter 2]it was shown that the spectral properties of TTLF-CTs can be de-
rived by from those of the circular tubes that constitute their cladding. In chap-
ter B it was numerically shown that when the circular shape of these cladding
tubes is changed to a polygonal one, the core mode experiences extra losses thus
compromising the performance of the fiber. Interestingly these extra losses are
connected on the number N of sides in the cladding polygons: the higher NV the
smoother and lower the CL spectrum of the core mode. In order to provide a
theoretical explanation of this effect, the results obtained above for the stand
alone polygonal tubes are here used to investigate extra losses in ICFs whose
cladding is based on a triangular lattice of tubes. Once again, the model devel-
oped here does not rely on a particular choice for the refractive indices ny and
nr (provided that 1 < ny < ng), thus both solid (SC) and hollow core (SC)
TTLFs are considered, keeping the analysis as general as possible.

SC-TTLFs [B6L8T] and HC-TTLF [52] structures are very similar and their typi-

cal cross sections are shown in Figs. £20(a) and (b), respectively. In both cases
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Figure 4.21: Ey4 field component for the cladding ring modes H E{fQ (a) and
LP[{ 5 (b) respectively.

claddings are composed of a regular arrangement of circular tubes with exter-

nal radius r¢_,, thickness ¢ and refractive index n g, separated by a pitch A and

eat
immersed in a uniform dielectric background with lower refractive index ny. In
the HC-TTLFs, the background material is air (ny, = 1), and the tubes must be
in contact with each other, thus r¢,, and A are bounded each other. In the SC-
TTLFs, on the contrary, the background material has a refraction index ny > 1.
In this case mechanical stability of the fiber is not a problem, thus A can have any
desired value. Typically, for HC-TTLFSs, also an external jacket that surrounds
the cladding tubes is added in order to enhance the mechanical stability of the
entire structure. In this chapter its refractive index will be assumed equal to n g
for simplicity.

As shown in chapter [l and in [86], the confinement mechanism of these fibers can
be completely described in terms of the coupling between core (neys < nr) and
dielectric modes (ng < Nefr < ng). The latter can be described in terms of a
combination of the dielectric modes of the single tubes composing the cladding
as highlighted in Figs. E2Tla) and (b). Therefore, by using the same naming
convention adopted for the stand alone tube, dielectric modes of TTLF's can be

classified in HE%® & EH®

4 & TE§:, and TMg" . As for the SC-TF, in the SC-

TTLF usually |[ng — nr|/ng << 1 and ring modes can be described in terms
of the linearly polarized LP/ ’7 modes, whereas this approximation is no longer
valid in HC-TTLF because the step index is much higher.

In order to show the effects of polygonal tubes in TTLFSs, the solid core case
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is here considered, since the bigger A allows a clearer identification of the reso-
nances with the cladding ring modes. Figure[d.I8(c) shows a comparison between
the confinement loss of a SC-TTLF with circular (SC-TTLF-CT) and polygonal
tubes (SC-TTLF-PT) with N = 12. Physical and geometrical features of the
cladding’s tubes are still those of the previous section (ny = 1.47288, ny, = 1.457,
ré.y = 5.25 pm, t = 472.5 nm) for a clearer analysis, while A = 15 pm [87].

As expected, in the SC-TTLF-CT the confinement loss smoothly varies with
frequency depending on the coupling between the core and the dielectric modes.
Such coupling depends on two factors: the difference between the effective indices
of core and ring modes, and the field integral overlap between them. The effect
of the former is maximized at the crossing point between the dispersion curves of
the two involved modes (phase-matching condition). Since ICFs work in the large
core regime, ner¢ S np, thus the crossing frequencies can be well approximated
by the cutoff frequencies of the dielectric modes. The modes overlap depends
on spatial variation of the dielectric modes along the tubes circumferences: the
higher the periodicity, the lower the coupling. Figures@.2T|a) and (b) show the
azimuthal field components of the electric field (Ey) of two dielectric modes with
low and high spatial dependence, respectively. The former is the LPg < HE{",
mode which gives rise to high coupling with core mode at its cutoff frequency
I = 1. The latter is the LPldf’2 mode which is composed of EHfl&2 and HETS ,
modes and, conversely to the previous one, its coupling with the core mode is
weak due its high spatial dependence along the tubes boundary. For this reason,
the confinement loss variation at its cutoff frequency F' = 1.54 is negligible.

As expected from the analysis of chapter Bl Fig. FI8|(c) shows that when the
circular shape of cladding tubes is changed to a polygonal one, extra losses ap-
pear. However, from a direct comparison between the SC-PTF in Fig. [EI8(a)
and the SC-TTLF-PT of Fig. LI8(c) it is clear that there is a correlation be-
tween the performance worsening the in stand alone tube and in the ICF, even
though the effect on the ICF is spectrally wider. Figure £19(c) reports a detail
of the loss in the spectral region F' € [0.39,0.75], showing that the widening is

due to the resonance of the fundamental mode with a multiplicity of modes and
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Figure 4.22: (a) Example of perturbation function for a TTLF-PT with N = 6.

The z-component of the Poynting vector for the fundamental mode is also shown
on log scale. The inset shows the perturbation function for a generic cladding

tube, with the local reference system centered at its center.

not only with the LPfg1 one. The same behavior holds for all the additional
resonances, although they are not reported here for sake of brevity. However,
as for the stand alone polygonal tube case, this highlights that the azimuthal
index ¢ of the resonant ring modes that couple to the core one is still strictly
connected with N. The reason for the growth in the number of modes involved
in the resonances is investigated in the next section and it is related to a much
more complex core-cladding interface in ICFs with respect to the stand alone

tubes.

4.7 Analytical model for TTLFs with polygonal
tubes

As for the stand alone polygonal tubes, coupled mode theory [T07,[108] is here
used to investigate which dielectric modes are able to couple to the core one. For
this purpose the TTLF-PT can be seen as the perturbed version of a TTLF-CT.
Figure shows an example with N = 6.

As shown previously for the stand alone tube, in ICFs the overlap between
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core and dielectric modes is quite low thus their coupling can still be computed
through Eq. (1), where for the TTLFs case €€ is the dielectric permittivity of
the TTLF-CT, and Ae¢ is the perturbation function shown in Fig. [1.22(a).

In order to find which dielectric modes are able to give a not null coupling coef-
ficient with the core mode, as shown in Fig. [£22]a) the N; tubes composing the
cladding are indexed by i and their centers are specified by vector C;. Therefore,
by introducing a local cylindrical coordinate system (r;,¢;) is at the center of

each cladding’s tube, the perturbation function can be expressed as:
N
Ae(r) = A& - C), (4.19)
i=1

where the explicit expression of AZ is given by Eq. (&3). This means that
the perturbation function in the case of TTLF-PT can be analytically described
as composition of multiple spatially shifted replicas of stand alone case. As a
consequence, in the proximity of each cladding tube, Ae(7) is still periodic along
the azimuthal direction ¢; of the local coordinate system with a period 27/N.

Due to the vectorial nature of the Eq. (7)), its development gives rise to three
similar integrals, one for each field component. By substituting Eq. (@I9) in

each one of these integrals, it yields:

Ny ~

[T _(_ 6%2@ ~ o co Tt ) . .

Kco,ri = ( 1) 2 E 1: // Ag (50 + Aé(ssz EE; > i do; dr; (42())
i=1"y"

where = {r, ¢, 2}, 6, . is the Kronecker index, €¢ is the permittivity of a CTF
centered in the origin, and A, is the surface where A&(7—C;) # 0. Since dielectric
modes can be described as a composition of the modes of a stand alone tube,

their field components can be expressed as:
E(ri, i) = R (ri) cos(Edi) + Ry (r:) sin(€¢y), (4.21)

which are periodic functions with period 27 /£ along ¢;.
As shown in appendix [A]l for the stand alone tube a similar analytical description
is valid also for the core modes. However, as shown in Fig. 23] this is not the

case for TTLFs. Despite that, since AZ(7 —C;) # 0 only near the cladding tubes’
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Figure 4.23: (a) Normalized electric field components of the fundamental mode
along the six innermost tubes of the SC-TTLF-CT (different colors refer to differ-
ent tubes). (b) Normalized fourier transform magnitude of the fields components
shown in (a). Red shaded regions highlights indices for which p > 4, whereas
the horizontal dashed black lines highlight a magnitude intensity 10% of the

maximum value.
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interfaces, ES° can be locally described by means of a Fourier-Bessel series [115]:

ECO ru ¢z Z AzuR Tz COS(:“’¢Z) + BmuR;Z#(Ti) Sin(:“’¢i)a (422)

where [i is the integer at which the Fourier-Bessel series can be truncated without
loss accuracy. As reported in Fig. E23(a), E°° components are slowly varying
along ¢; with ¢ = {1,.., N;}. As a consequence, Fig. L23|b) highlights that the
magnitude of their spectral components rapidly decrease when p increases. By
introducing a threshold at 10% of the maximum value, for example, all the terms
with 4 > i = 4 have a magnitude that falls below the threshold. Therefore,
the series ({22 can be reasonably truncated only to the lowest terms for which
p<

By introducing Eq. ([@22]) into Eq. (@20)), for each tube in the cladding there

are i + 1 integrals equal to those of a PTF:

e according to Eq. (£I0]), for a polygonal tube fiber with N sides, a core mode
with an azimuthal index fi couples with cladding modes with azimuthal
index such that

mN — €| = (4.23)

e in the TTLF, all the harmonics of Eq. ([@22) must be considered for the

core mode, thus the condition on the dielectric modes becomes:
mN — €] < fi (4.24)

This model is then applied in Fig. [L18(c) to the SC-TTLF-PT considered before.
Shaded gray regions highlights the cutoff frequencies of the H Egﬂy and FH, glv
modes satisfying Eq. ([@24]) with @ = 3 and m = {1,2,3} (red, green and blue
lines, respectively). In particular, since for each £ value the HE mode has a
lower cutoff frequency than the corresponding FH one, the vertical solid lines

that delimit these resonant regions are given by:

HEdz

mN—j,y < resonances region — EH®

mN+u7

(4.25)

An excellent agreement is found between these shaded regions and the extra

losses caused by the polygonal shaped tubes in the SC-TTLF-PT.
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In short, in the stand alone tube the core modes are described on the perturbation
domain by only one sinusoidal function along the azimuthal direction. On the
contrary, in the TTLFs, the core modes do not exhibit a periodic trend on the
perturbation. However they can still be described in terms of a series of periodic
functions, each of which gives a non zero term to integral (d.0]). This justify the
increment of the number of the resonances shown in Fig. [L19(a).

As for the stand alone tube, it is important to point out that the model here
developed does not rely on the particular perturbation, provided that it is a
periodic function along the tube boundaries. As a consequence it can be also
applied in case of non-polygonal deformation. Moreover, it does not rely on
specific values of refraction indexes so it is valid for both SC-TLFs and HC-
TLFs.

4.7.1 Conditions to have a resonance free spectral regions

As for the analysis of stand alone polygonal tubes, the resonance having the
lowest frequency Fj is the most important since it determines the spectral region
F € [0; F,] without Fano resonances where the confinement loss is very close to
that of an ideal TTLF-CT. According to Eq. ([23]), the first resonance is due to
the HE}'(,?_ﬂ,l mode.

Cutoff frequencies of the modes of the stand alone tube are reported in Fig.
IR(b). Figure LIZ(b) highlights that for & >> 1 the linear relation given by
Eq. ([@I2) between the azimuthal dependence & and the cutoff frequencies of
dielectric modes is still valid. Therefore by combining Eq. (AI2) and @24 it

yields:
_ N+b—1pQ
B a

F1 (4.26)

)

thus the number of the sides N which guarantee the absence of Fano resonances

in the spectral region [0 : F] is:

N = [aF? = b+ j], (4.27)

where [2] denotes the nearest integer value that is bigger than x.

89



4.8 Numerical validation

4.8.1 Hollow core TTLF-PTs

At first the theoretical model is applied to HC-TTLF's, whose structure is shown
in Fig. L20(a). In this case ¢, = 5 pm, ¢t = 500 nm, ny = 1.45 and ny = 1 and
a single layer of tubes surrounds the hollow core which is obtained by removing
the seven innermost ones. As shown in section 3], tubes with these physical
properties give a = 31.8 and b = 8 in Eq. (£I2]). Moreover, the polygons in the
cladding are oriented in such a way to contact each other only on vertices, as
happens in the KFs [47,[75].

In Fig. E24(a) a HC-TTLF-PT with N = 6 is considered. It corresponds to a
Kagome fiber with pitch A = 9.5 pm and strut thickness ¢ = 500 nm. Colored
rectangles on the top of the graphs represent the cutoff regions of the rings modes
that satisfy Eq. [@24) with i = 3. Different colors correspond to different values
of the m parameter. Confinement loss is compared to that of a HC-TTLF-CT.
CLs coincide only in the high loss spectral regions corresponding to resonances
with low azimuthal dependence dielectric modes. In the low loss regions, the
Fano resonances due to hexagonal shape of the tubes composing the cladding
cause a significant worsening of the confinement loss with respect to the circular
case. Since F9 = 0.24 and the bands of m = {1,2,3} are partially overlapped
and the Fano resonances cover the whole spectrum.

Figure L.24lb) shows the case of an HC-TTLF-PT with N = 12. Moving from
N = 6 to N = 12 shifts the extra resonance bands toward higher frequencies.
However F'? = (.53 is still too low and the bands are still partially overlapped,
so there is no significant improvement with respect to the previous case. By
further increasing the sides up to N = 24 (Fig. E24{c)) an improvement of
the confinement loss is obtained in both the first and the second transmission
windows. Indeed, being F'9 = 0.91, in the first transmission window there is a
wide frequency range where confinement loss coincides with that of HC-TTLF-
CT. Moreover, the bands with m = 1 and with m = 2 are no longer overlapped

in the second transmission window creating a frequency range where confinement
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Figure 4.24: Comparison of the confinement loss performances between a HC-
TLF with circular cladding tubes (black dots) and an N-sided polygonal HC-TLF
(red triangles), with N =6 (a), N = 12 (b), N = 24 (¢), N = 66 (d). Rectangles
on the top of the graphs represent the cutoff regions for the rings modes that
satisfy Eq. (£24) with g = 3. Different™dolors are used for different values of the

m parameter. In (a) only m < 4 has been considered for clearness.



loss coincides with the circular case. However, for higher frequencies, there are
still a lot of resonant modes that worsen the performance of the fiber.

In order to widen the Fano resonance free region, polygons with a higher number
of sides must be considered. By choosing F'? = 2 in Eq. [£27)) , it yields N > 62.
Actually N = 66 is required in order to satisfy geometrical constraints about the
contact points of the cladding polygons. Figure E24]d) shows the confinement
loss performance for such fiber. As expected, the confinement loss performance
of the 66-sided HC-TTLF-PT overlaps with HC-TTLF-CT’s one in the first two
transmission windows.

The results shown in this section are in perfect agreement with the experimental
ones shown in [47] and the numerical ones given in chapter B} in general, ICFs
whose cladding is based on circular tubes give much better performances with
respect to the polygonal ones because their spectrum is completely free of extra

Fano resonances.

4.8.2 Solid core TTLF-PTs

In order to further confirm the general validity of the proposed model, the CL
performance of a real SC-TTLF is here investigated. For the ideal case a SC-
TTLF-CT is as a reference being ny = 1.47288, n;, = 1.457, t = 540 nm and
réyy = 5.4 pm [87]. However, as shown in the scanning electron micrograph
reported in [87], due to the manufacturing process, cladding tubes are actually
hexagonal tubes with rounded corners instead of circular ones. In section 4] it
was shown that rounded corners do not affect the spectral position of the Fano
resonances, but reduce their bandwidth.

In order to consider a realistic model for the real SC-TTLF-PT shown in [87],
a smoothing parameter s = 0.75 (as defined by Eq. ([@I4])), was considered in
the numerical simulations for the cladding’s hexagons. Figure f25(a) compares
the confinement loss performance of the SC-TTLF-PT with rounded hexagons
with those of a SC-TTLF-CT. Yellow regions represent the spectral regions with
high transmission loss obtained experimentally in [87]. For the SC-TTLF-CT,

the resonance intensities with LP{ ‘ quickly decrease as ¢ increases and the fiber
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Figure 4.25: (a) Comparison of the confinement loss between a SC-TTLF with
circular (black dots) or rounded hexagonal (red triangles) tubes in the cladding.
Resonant rings modes are highlighted on the top of the figure. Yellow regions
represent the high confinement loss regions reported in [87]. (b) Hybridization
between core mode and ring modes LP{ (A) and LP§ (B) computed at F =
0.305 and F' = 0.47, respectively.
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does not exhibit high loss peaks for F' > 0.40. On the contrary, the SC-TTLF-PT
exhibits all high loss peaks experimentally observed, proving that they are due to
the hexagonal shape of the cladding elements. This is further confirmed by Fig.
E25(b) which shows the numerical intensities of the guided core mode found at
F = 0.305 and F' = 0.47. They agree very well with near field images reported
in [87].

Discrepancies between numerical and experimental results are due to the fact
that it was not possible to perfectly reproduce all the features of the real fiber
inside the numerical solver. For example, in the simulations the tubes’ thickness
was considered constant, whereas in the fabricated fiber the cross section of each
tube is actually a ring of closely-spaced rods spaced by around 0.6 ym. However
the image resolution used in the paper does not allow to determine exactly their
shape and size. A better agreement between numerical and experimental results
can be obtained only by a higher resolution scanning micrograph image of the

fiber’s cross section.
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Chapter 5

Perturbations and scaling

effects in CTLF-TFs

In the previous chapters it was shown that hollow core fibers whose cladding is
based on a lattice of circular tubes are very promising for low loss broadband
waveguiding in the THz spectral range. The purpose of this chapter is to further
investigate the spectral properties of these fibers by considering perturbations of

the ideal structure, such as:
e clliptical core shape,
e thickness variations in cladding tubes,
e geometric scaling,
e bending loss.

Elliptical shape of the core can be both undesired, due for example to manufac-
turing imperfections, or desired, in order to have polarization maintaining fibers.
At first, performance of CTLF-CTs whose cladding tubes placed on an ellipse
instead of a circle are investigated. The effects of this perturbation are evaluated
by considering birefringence (B), polarization dependent loss (PDL) and differ-
ential group delay (DGD) for various core ellipticities. Tt is shown that all these

parameters change with frequency, reaching the minimum value at the center of
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the transmission windows. In particular the birefringence goes always to zero at
the center of each TW irrespective of the ellipticity. Numerical results show that
CTLF-CTs are very insensitive to core deformation, which means that they are
not suitable to obtain polarization maintaining fibers.

In chapter 2] it was shown that the thickness of the cladding tubes is essential
in defining the spectral position of high loss regions and, thus, the transmission
bandwidth. Then in chapters Bl and @ it was shown how the shape of these
cladding tubes affects the performance of the guided core mode. Therefore, the
second goal of this chapter is to investigate the effects of a variation in the
cladding tubes’ thickness on the performance of the fiber. This is a very interest-
ing aspect from the manufacturing point of view since these cladding tubes can
be obtained from different drawing steps before their assemblage into the TTLF
or CTLF claddings. Results show that, in general, a variation of the dielectric
thickness in the cladding is highly undesirable, since the spectral width of high
loss regions is expanded, thus reducing the transmission bandwidth.

The confinement mechanism shown in chapter [2] for TTLF and CTLF is abso-
lutely general and is valid for any desired frequency range provided that a scaling
of the whole fiber’s structure is performed accordingly. The analysis of the prop-
agation loss with respect to the core size and the working frequency has already

been performed for other kind of hollow core waveguides such as:
e hollow core in an infinite dielectric medium [54],
e stand alone tube fiber [I09],
e hollow core Bragg fibers [100],
e kagome fibers [46].

Therefore, a further goal of this chapter is to extend this scaling analysis of the
propagation loss also to the CTLF-CTs introduced in the previous chapters.

Finally also the bending loss properties of CTLF-CTs are investigated. Since
most of the THz applications applications require flexible waveguides to allow
dynamic setup configurations, it is extremely important to define general de-

sign rules for the minimization of undesired bending effects due to the bending.
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Through a thorough numerical analysis it is shown that, due to the bending, the

confinement mechanism is affected in two different ways:
e reduction of the transmission bandwidth,

e confinement loss peaks due to extra couplings between the core and the

hole modes.

A complete theoretical model is finally proposed in order to quantify the effects

for both of these phenomena.

5.1 Core ellipticity in CTLFs

The cross sections of both the ideal and the perturbed CTLF-CTs are shown in
Figs. BTl a) and (b), respectively. In the ideal case the cladding is composed
by a circular arrangement of eight hollow dielectric tubes with thickness ¢t = 145
pm and internal radius r;,; = 1.3 mm, corresponding to a core radius R., = 2.1
mm. In the elliptical case (ETLF-CT), the same cladding tubes have the same
parameters, but here they are displaced in such a way that their centers are on
an ellipse instead of a circle. As a consequence, core radius changes along the
azimuthal direction, moving from its minimum value R,,, along the horizontal
direction, to its maximum Rj;, along the vertical one. The ratio between the
two radii defines the ellipticity of the core

_ Bu
- 7,

T

(5.1)

Figure 5l(c) shows the normalized values of Rys/Rco and R,,/Rc, versus the
ellipticity.

In both cases the cladding tubes are embedded into an external jacket in order to
enhance the mechanical stability of the structure. Since the goal of the current
chapter is to focus on the variations of the confinement mechanism in case of
ellipticity, the external jacket is supposed to be of infinite extent for simplicity.
Moreover both the cladding tubes and the jacket are assumed to be composed
of Teflon whose refractive index at 1 THz has been experimentally measured as

ng = 1.44—51.2-1073 [I505] and, throughout this section, is assumed frequency
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Figure 5.1: Cross sections of a circular (a) and a elliptical (b) tube lattice fiber.

The tube parameters are: 7, = 1.3 mm, ¢t = 145 pym and n = 1.44. (¢) Ry /Reo

and R,,/R., versus the ellipticity 7.
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Figure 5.2: Dispersion curve (top) and CL (bottom) of the fundamental mode
HFEq; of the circular TLF.

independent for simplicity.

In chapter 2] it was shown that for these ICFs the electromagnetic radiation is
confined inside the hollow core through the inhibited coupling mechanism. Dis-
persion and CL of the fundamental mode H F;; for the CTLF-CT are shown in
Fig. B2l versus the absolute frequency f and the normalized frequency. CL spec-
trum is strongly frequency dependent. Transmission windows (low CL regions)
are separated in frequency by high CL peaks caused by the coupling between
the core mode and some low azimuthal order cladding modes which occur for
integer values of the normalized frequency F. Hereinafter, light yellow regions in
the figures will show the frequency ranges where confinement loss is lower than
0.5 dB/m.

As shown in chapter[Z] the confinement mechanism shown for the CTLF-CT holds
also for the ETLF-CT since it does not depend on the particular arrangement for
the cladding tubes. However, in ETLF-CTSs the ellipticity of the core breaks the
degeneracy between the two orthogonal polarizations of the core mode, thus caus-

ing birefringence and different confinement loss values. Hereinafter subscripts or
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Figure 5.3: Dispersion curves (top) and CL (bottom) of the two polarizations

HEM and HE™ of the fundamental mode of an elliptical TLF with 7 = 1.95.

superscripts m and M will be used to address the parameters referring to these
two polarizations of the fundamental core mode, HE}; and HEM , whose electric
field is polarized along the minor and the major axis, respectively.

The effective indices n’e’} ¥ and né\? ¥ and the attenuation constants ., and ajs
are shown in Fig. for an elliptical fiber with 7 = 1.95. As expected, the
spectra of au,, and aj; split up with a,, > ajp; and both of them higher than
the in the CTLF-CT. Also the dispersion curves split up, but in a more com-
plicated way. As shown in the inset of Fig. 3] in the first half of the TWs,
ne]‘?f > ngyp, whereas on the other half the order reverses. This means that
in each TW there always is a frequency where the dispersion curves cross each
other. To the author’s knowledge this property has never been observed in other
birefringent fibers even with electromagnetic field confinement based on other
mechanisms such as photonic band gap [I16] or total internal reflection [117].
Figure [5.4] shows the profiles of the z component of the Poynting vector along
the x and y axis at the center of the first three TWs, i. e. F = {0.6,1.6,2.6}.
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Negligible differences are found between the profiles of the HEY{ and HE
modes, thus justifying the small differences in dispersion and propagation loss

shown on Fig.

5.1.1 Birefringence

The birefringence B = nJ —n%f for different ellipticity in the range 7 € [1;1.95]
is shown in Fig. By moving from the beginning to the end of all TWs,
birefringence changes in sign. Maximum absolute values are located close to
the edges of the TWs whereas the minima ones are found close to the center
of the TWs, where birefringence always goes to zero irrespective of 7. The
highest absolute magnitudes are found in the first TW, and they rapidly decrease
moving to the higher TWs. In fact, as the normalized frequency increases, the
ratio R,/ increases too, making elliptical perturbation effects more and more
negligible. However, even with small R,/ ratios and high 7, the birefringence
is always lower than 7-1075. Figure shows the beat length L, = A\/B. In
each TW there is a spectral range where L; is longer than some tens of meters,
which means that the dephasing of the two polarization at the fiber’s output is
negligible if propagation length of meters are considered, as usually is in the THz

applications.

5.1.2 Differential Group Delay

Thanks to their broadband characteristic, CTLF-CTs are particularly interesting
for pulsed applications such as time domain spectroscopy [118]. Due to the
different dispersion values, the pulses traveling on the two polarizations have
different group velocity v, and thus arrive at the receiver with different delays.
If the input polarization is not under control, this can cause an unwanted signal
distortion. Fig. [B.J] compares the differential group delay (DGD = 1/v;* —
1/v}") for various ETLF-CTs with different values of ellipticity. DGD measures
the difference in traveling time per unit length between the two polarizations.
Similarly to the birefringence, also DGD has a strong frequency dependence:

maximum values are found close to the edges of the TWs, whereas minimum
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Figure 5.4: Profiles of the z component of the Poynting vector along the x and y
axis for three normalized frequencies F' = {0.6,1.6,2.6}. Left and right pictures

refer to HEM and HEJ} respectively.
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Figure 5.6: Beat length for various elliptical ETLF-CTs.
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Figure 5.7: DGD for various ETLF-CTs.

ones are found at the center. Even in this case, moving from low to high TWs,
DGD reduces rapidly. Hence the first TW gives the maximum DGD, while in
the successive ones there are wide spectral ranges where DGD remains below 100
fs/m if 7 < 1.35. This shows that CTLF-CTs are very robust against undesired

echoes that may be caused by unwanted ellipticity due to fabrication process.

5.1.3 Polarization Dependent Loss

Figure compares the polarization dependent loss PDL = ol — a% for
various ETLF-CTs with different values of ellipticity. PDL is an important pa-
rameter for this kind of fibers, especially when ellipticity is an undesired feature.
It can be used to estimate the additional loss of one polarization with respect to
the other one. Once again, minima and maxima values are found at the center
and at the borders of the TWs, respectively. For 7 < 1.95, PDL is lower than
0.1 dB/m, which means that even with propagation length of meters, the power

difference between the two polarizations is lower than 1 dB.
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Figure 5.8: PDL for various ETLF-CTs.

5.2 TLFs with thickness perturbations

In chapter [2] it was shown that the thickness ¢ of the cladding tubes is essential
in defining the spectral position of high loss regions and, thus, the transmission
bandwidth. The analysis presented in this section starts from the original CTLF-
CT structure labeled A in Fig. £9)(a). In this structure ¢t = 131 pum, 7.y = 873
pm, R., = 1.405 mm and n = 1.52 which is a typical value for Zeonex at 1
THz [I6]. The first perturbed structure considered is labeled B in Fig. B.0(a):
the two cladding tubes that are centered on the x axis have a thickness t' # t,
whereas the other ones are unperturbed. According to Eq. (ZI)), this different

thickness of cladding tubes sets extra high loss regions at:

;L cm
= W m € N. (5.2)

By normalizing the resonant frequencies given by Eq.([52) with the original ¢

value, it is possible to express the resonant normalized frequencies as:

t
F/:mp, mEN, (53)

which suggests the way according to which the vertical lines of Fig. B.9(b) have
been computed.

As shown in Fig. B0(b), as soon as t’ is reduced with respect to its original value
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Figure 5.9: (a) Original (leftmost) and perturbed (center and rightmost) versions
of the CTLF-CTs analyzed in which some of the cladding tubes have a different
thickness ¢'. (b) Performance of the fibers shown in (a) with different values
of the perturbed thickness t'. Vertical lines represent the additional high loss
regions caused by the tubes with ¢ # ¢ calculated according to Eq. (V)
represents the FM in which the electric field on the transverse plane is directed
on the y axis, whereas (H) is its orthogonal counterpart. (c,d) Birefringence
(B = ngcf - ngff) and differential loss (Aa = off — V) for the two the two
polarization of the FM in the B structure with ¢ = 101 um. Red shaded regions

highlight high CL frequencies due to resonances with the dielectric modes.
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t, both of the first two considered transmission windows reduce their bandwidth.
In particular, as suggested by the vertical lines reported on the graph, this is due
to an increase in the spectral width of high loss regions.

For the case t' = 101 um, both of the polarizations of the FM were also investi-
gated in order to find any difference in performance connected to the different rel-
ative orientation of the electromagnetic field lines and the boundaries. However,
as shown in Figs. B9(c) and (d), only negligible differences for both birefringence
and differential loss were found for the first two transmission windows. It should
be noticed that, differently from the ETLFSs, in these kind of perturbed CTLFs
birefringence does not change in sign inside the transmission window. However,
its magnitude is still very small (|B| < 10=* for both transmission windows),
which means that they can not be exploited to obtain polarization maintaining
fibers due to the very limited difference in performance between the two polar-
izations of the FM.

As a final step, the structure labeled C in Fig. (.9(a) was also considered for a
single value of ' = 101 pum for sake of clearness. As shown from the performance
in Fig. B9(b), when four perturbed tubes are introduced into the ideal struc-
ture the high loss peaks at F' = 1 and F' = 2 are slightly shifted toward high
frequencies. However, especially in the second transmission window, this gain
is negligible with respect to the increased extension of high loss regions, which

cause an overall reduction of the transmission bandwidth.

5.3 CL scaling relations with R., and f

The analysis of the waveguiding mechanism that has been proposed in the pre-
vious chapters is absolutely general and does not rely on a particular frequency
range. This suggests that both the TTLFs and the CTLFs that have been pro-
posed in this thesis can be extended also to other applications. Kagome fibers,
for example, have already been proposed for the infrared spectral region for the
delivery of high power pulses [I19] and pulse compression [120], for the ultra
violet spectral region [74] and also for the THz one [I7].
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The analysis of the change in propagation loss for the HEj; core mode corre-
sponding to a variation in the core size or working frequency is a classic problem
in the literature and it has already been addressed for various hollow core waveg-

uides:

e for a simple air hole immersed in an infinite dielectric medium [54]

CL (5.4)

1 .
R
e for an hollow core Bragg fiber whose cladding is made by B layers of con-

centric dielectric tubes [109]:

1
CL X R(%O'TfQBH, (55)

which for B = 1 represents the stand alone dielectric tube fiber considered

in the previous chapters, thus giving

CL (5.6)

1
X =1 733
Ref?
Recently, numerical analysis have been performed also for kagome fibers, even

though different results were reported:

o [46]:

CL x (R:Of)g. (5.7)

o [75]:
1

Following these results, it is reasonable to assume that also in CTLFs the con-
finement might be expressed as:

1

o ——
Reof1

CL p,q € NT (5.9)

where both p and ¢ are generic coefficients that must be determined. Without

loss of generality, it is possible to assume that p > ¢, thus rewriting Eq. (£.9) as:

o () (L) 510

In the two following sections, different transformations will be considered in order

to numerically determine both p and ¢ coefficients for CTLFs.
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5.3.1 Scaling effects on the confinement loss

A possible solution to determine the difference p — ¢ in Eq. (BI0) is to consider
the scaling transformation schematically represented in Fig. B0l The initial
CTLF-CT structure is shown on the left side of Fig. BEI0(a). For this fiber
t =131 pm, R., = 1.405 mm, n = 1.52 (typical value for Zeonex at 1 THz [16])
and an external dielectric jacket are considered. The analysis is performed by
scaling both the entire fiber’s structure and the working frequency through a

generic parameter M € RT as:

N=X\M = f=fM
R::o:RCO'Mv

(5.11)
t'=t-M,

!
Togt = Text * M,

while keeping the total number of mesh elements constant among various steps
in order to preserve the same accuracy in the simulations.

The analysis of the confinement mechanism given in the previous chapters showed
that the spectral properties of the guided core are completely determined by the
coupling between the core and dielectric modes of the CTLF-CT. When the
normalized frequency given by Eq. ([21J) is taken into account, the latter are not
affected by the scaling proposed in Eq. ([BI1)) provided that the p = ript/rest =
1 — t/rey value is kept constant (which is always true since t'/rl., = t/rext).
Also core modes are not affected by the changed given by Eq. (BI1) since the
Marcatili’s approximation (see Eq. (Z2])) remains unchanged when R, f is kept
constant (which is also true since R, f" = Reof).

Since the transformation (IT]) keeps (Reof) constant, according to Eq. (&.I0),

also CL - RP "1 is constant, i.e.

L/ /
crtt 0 - i o (5) - - (B2). 1

Figure B.I0(b) shows the analysis of the normalized confinement loss (CL'/CL)
for the fundamental core mode of the CTLF-CT versus the scaling parameter

M = R /R, for two different normalized frequencies F' = {0.8;1.8}. Interpola-
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Figure 5.10: (a) Schematic representation of the considered transformation. (b)
Confinement loss plotted versus the scaling factor M for two normalized fre-
quencies F' = {0.8;1.8}. The blue and green solid lines are used to approximate

numerical data and to highlight that CL o< 1/M.
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tion lines have also been reported in order to highlight that:
cr’ R,
1 =—11 e 1
0g<CL> 0g<Rw>, (5.13)

q—p=-—1 — p=q+ 1L (5.14)

which means

Therefore, according to Eq. (9], the confinement loss in CTLF-CT scale as:

cun (k) ()

in which only ¢ is not yet determined. A physical interpretation of this relation

is given in appendix

5.3.2 CL variations with different core radii

A possible solution to find the generic ¢ coefficient in Eq. (BI3)), is to consider the
tranformation shown in Fig. [.IT[a). The physical and geometrical properties of
the cladding tubes are still the same as before, but in this case the number of
the tubes N in the cladding is changed, thus giving a core radius which depends

on N as:

RCO(N) = Text lﬁ — 1] . (516)

N

Since all the properties of the single tubes in the cladding are kept constant,
this solution allows to consider variations in the core size without affecting the
spectral distributions of dielectric modes as shown in chapter2l As a consequence
the absolute frequency values considered in simulations are the same for all the
fibers.

Figure B I1(b) shows the CL performance of the proposed CTLF-CT when N €
[6;12]. As expected the spectral positions of high loss regions are not affected by
a change in the number of sides, highlighting that the confinement mechanism is
not perturbed in the various cases. Moreover, for each CTLF-CT the propagation
loss reduces by moving from lower to higher transmission windows, whereas the
minimum values reached in the middle of each transmission region reduces when

N is increased due to the increased core size.
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Figure 5.11: (a) Generic CTLF-CT structure with an arbitrary number N of
tubes in the cladding. (b) CL of the structures shown in (a) for the first four
transmission windows. The same curves are shown also in (c¢) after the multipli-

cation with the normalizing factor R35 - f45.
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According to Eq. (BI0):
CLn=¢[Reo(N =6)]7 1~ ...~ CLy=12[Reo( N = 12)]97 4, (5.17)

which means that, though a proper normalization, the CL curves with different
N values should be almost overlapping over the whole spectrum. In order to
numerically estimate the correct value for the ¢ coefficient in Eq. (&I3), the
confinement loss curves shown in Fig. BIT(b) were re-plotted several times with
the normalization given in Eq. (GEI7) and by using different ¢ values. The
best agreement with Eq. (BI7) was found for ¢ = 4.5 and the final result is
shown in Fig. BITlc). As expected the CL curves of all the considered CTLFs
are almost overlapping over the all the first four transmission windows. This
confirms that the CL reduction among different fibers due to the different number
of tubes used in the cladding, is correctly compensated by the normalizing factor.
Moreover, an horizontal red line was also added to Fig. B.ITic) to highlight that,
after normalization, the also the CL reduction with increasing frequency is also
compensated.

Together with the result of the previous section (Eq. ([&I3])), this suggests that

for CTLF-CTs:
45
) . (5.18)

Reof

CL
. ( Reo

5.4 Analysis of the bending loss in CTLF-CTs

For the analysis of the bending loss in CTLF-CTs the structure shown in Fig.
BET2lis considered. It is a CTLF-CT with 8 cladding tubes with ¢ = 252 pm and
rint = 743 pm. The dielectric material is supposed to be polymethylmethacry-
late (PMMA) which, as measured experimentally in the following chapter, has a
complex refractive index ng = R(nEMMA) — j3(nEMMA) in the THz range. In
order to evaluate the effects of the dielectric absorption on the bending properties

of the waveguide two different cases are considered:
e real PMMA tubes, in which S(ngy) = S(nEMMA),

e ideal PMMA tubes, in which S(ng) = 0.
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Figure 5.12: Effect of the conformal mapping on the refractive index of the fiber

in the transverse direction.
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Figure 5.13: Comparison of propagation loss in case of bending for CTLF-CT
with either ideal (solid lines) or absorbing (dashed lines) PMMA tubes.

The numerical analysis of the bending loss performed is based on the confor-
mal mapping technique [121], where a bent fiber with refractive index n(z,y) is

analyzed in terms of a straight fiber with a refractive index:
(x,y) = n(z,y)et/ . (5.19)

In this expression, £ = {x,y} is the bending direction while R} is the bending
radius. A schematic of this effect is shown in Fig. for bending in the zz
plane, but the same can be readily applied also for a bending in the yz plane.

In order to better understand the loss mechanisms in bent CTLF-CTs and to
separate the effects of the leakage and of the material absorption, the propaga-
tion loss spectra with R, = {10, 30,00} cm and either PMMA or lossless tubes
were computed for the first two transmission windows and the results are shown
in Fig. As expected, the lossless case is more sensitive to bending because
the loss of the straight fiber is much lower than in the absorbing case. In both
cases, however, the bending causes both an increase of the losses in the middle of
the transmission windows and a reduction of the transmission bandwidth. The
latter is due to a down shift of the high frequency edges close to F' = 1 and
F = 2, whereas the lower edges are almost unperturbed. Since this shift exists in
both cases, it is due to confinement mechanisms and not to material absorption.
In addition to the bandwidth reduction, extra peaks are also observed inside the

transmission windows as highlighted and shown in the inset of Fig. They
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Figure 5.14: (a) Propagation loss of the core mode in the first transmission
window for Ry = {4,6,8,10} cm (from light to dark blue). (b) Propagation loss
of the core mode in the second transmission window for R, = {18,22,26,30}
cm (from light to dark violet). The resonance between core and hole mode is
highlighted in the inset. (c) Evaluation of Eq. (5.20]) for the first resonance edge
(red) and of Eq. (5.24]) for the resonances between core and hole modes (green)

in the two transmission windows.

are due to extra resonances between the core mode and hole modes as already
observed in other inhibited coupling fibers [97,[1221[123]. Their spectral position
strongly depends on the bending radius. This is clearly shown in Fig. BI4(b)
where the calculated propagation loss spectrum in the second transmission win-
dow is shown for decreasing values of R (from 30 cm to 18 cm). When Ry, falls
below 30 cm, this new resonance shifts toward lower frequencies, thus compro-
mising that transmission window. In general, bending effects are higher in the
second transmission with respect to the first one, and their intensity and spectral
position is strongly connected with bending radius.

These results show that bending loss in CTLF-CTs even with highly absorb-
ing materials does not only depend on the material absorption, but also on the

waveguiding mechanism. Although some results on the behavior of bent ICFs
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already exist for the infrared spectral region [97L[122HI124], due to their experi-
mental or strictly numerical nature they are unable to provide a deep insight into
underlying physical mechanism that affects the fibers in the case of bending. For
this reasons, in the next sections a thorough numerical and theoretical analysis

based on the conformal mapping technique is presented.

5.4.1 High frequency edge shift

As shown in Fig. .12 the bending causes an increment of the refractive index of
the outer tubes (relative to the bend), and therefore a change of the dispersion
characteristics of both dielectric and hole modes. The shift of the high frequency
transmission window edges is due to the shift of the cutoff frequencies of the
dielectric modes. By substituting Eq. (5.19]) in Eq. 2)) it is possible to estimate

the new position of the edges due to the bending:

n% —n% n
r_
Fo=m| oty meN (5.20)

where & represents the coordinate of the outermost part of the tube on the right

side of the structure in Fig.
&= Reo + 2(Tint + t). (5.21)
When the fiber is bent, R;, < 0o, thus
e/ > 1 - F <m, (5.22)

which highlights the down shift of the high loss frequency peaks. The bending
radius required to shift the high frequency edge of the first transmission window
to a particular frequency as calculated by Eq. (G20) is shown in Fig. BI4lc)
(red curve).

Figures B.I4)a) and (c) allow a comparison of the numerical results with those
predicted by Eq. (E20) for the high frequency edge of the first transmission
window. Excellent agreement is found. For large bending radii, the shift is negli-
gible, as indicated by the increasing, steep gradient above F' = 0.9. By reducing

Ry, the edge shifts quicker, limiting the transmission window bandwidths.

117



5.4.2 Extra loss due to hole modes resonances

The extra loss due to the resonances between the core mode and hole modes
appear when the modes are phase matched. As shown in chapter[2 in a straight
fiber this cannot happen because of the different size between the fiber core and
the cladding holes. However, Fig. E.12lshows that due to the conformal mapping
on the bent fiber, the refractive indices inside the cladding holes change accord-
ing to their relative position along the bending direction and the bending radius.
In particular, the effective indices of the modes of the outer tubes increase ap-
proaching the effective index of the core mode until the phase matching condition
is reached, causing the extra losses.

In appendix [Blit is shown that in case of an hollow core waveguide with a generic
refraction index ny, for the core, the Marcatili’s approximation given by Eq. (Z2))

changes to:

1 Uy C 2
epf=np— = [ ) . 2
fleff =ML (%fR,/—nL) (5:23)

By assuming a uniform refractive index inside each hole for simplicity, and by
substituting the values 7if (%, yei) in Eq. (E23), it is possible to analytically
describe the effective index of the holes modes of the i-th tube centered at (x;, y;)
for the bent fiber. In Fig. [.I5)(a) the analytical curves of the effective indices
of the core and hole modes at F' = 1.806 are shown as a function of the bending
radius. They are compared with the numerical curves obtained by applying the
conformal mapping technique to a single hole with internal radius r;,¢, refractive
index ny, = 1, centered at (2., y;) and immersed in an infinite dielectric medium
with refractive index R(ny) = R(nEMMA) and J(ny) = 0. A good agreement is
found showing the validity of the proposed analytical model. Small discrepancies
appear only for the hole mode placed on the y axis (hole 3 in Fig. E12]) because
for tight bends, the hole mode field profile shifts toward the outer part of the
bending plane whereas the analytical model neglects this distortion. The same
observations can be made for the effective index of the core mode. The difference
between analytical and numerical results appears for larger bending radii for the
core mode compared to hole 3 mode because having R., > 7;,: the field profile

bending distortion is more pronounced for the core mode than the hole mode,
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Figure 5.15: (a) Numerical (dots) and analytical (dashed lines) effective indices
for the hole modes and the core mode of the CTLF. (b) Bending loss for CTLFs
with 8 (red dots) and 9 (green dots) transparent cladding tubes and for a 8
PMMA tubes CTLF (blue) at F' = 1.806. Dashed lines represent the asymptotic
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as shown in Figs. BI5lc). The crossing points between the core mode and hole
mode curves in Fig. [EI5|(a) represent the phase matching conditions, that is
the resonances between core and holes modes. By equating Eq. (&23]) for both
the core and the mode of a hole positioned at x = x. it is possible to have an

analytical estimation of the bending radii at which these resonances appear:

L

Ro(F) = : (5.24)
2
In [M(FQ,RCO) n \/(M(FéRco)) — M(F,7int) + 1

1 [ wupmt/n%, — n? ?
M(F,R)=1-— 3 (#) . (5.25)
The resonance with the outermost hole mode defines the tolerance of the CTLF-
CT to additional high loss peaks. The green curve in Fig. [BEI4(c) shows the
evaluation of Eq. (524) with 2. = 2., over the first two transmission windows,
whereby the bending radius required to shift the resonance between the core and
the mode of hole 1 to a particular frequency is plotted as a function of frequency.
No resonances are found in the first two transmission windows for R, > 30 cm
meaning that the considered CTLF is relatively robust against extra resonances
for such bending radii. However, when R, falls below this, the resonance appears
in the second transmission window and shifts toward lower frequencies, eventually

reaching the first transmission window at Rj ~ 5 cm.

Bending loss, defined as
BL(Ry) = a(Ry) — a(c<), (5.26)

were also numerically computed at F' = 1.806 and they are shown in Fig. [(15(b)
versus the bending radius. For large bending radii BL increases as 1/R? as
it has already been reported in the literature for other hollow core waveguides
[G4T00125]. For small value of R, many additional loss peaks appear due to the
resonances with hole modes. The intensity profile of the core mode at these peaks
is shown in Fig. BI5l(c). The Ry values of the extra losses are well predicted by
Eq. (524). Figure EI5Ib) shows also the bending loss for the core mode of a
CTLF-CT with PMMA cladding tubes. For large R}, values the bending loss still

scales as R, % as was found for the lossless case. The higher magnitude of bending
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loss with respect to the ideal case can be ascribed to the additional loss caused by
PMMA absorption in the bent fiber. Extra losses due to the resonances between
the core and hole modes are still present and their position is not changed with
respect to the ideal tubes. However, their relative magnitude with respect to
the background bending loss is reduced because the loss is already higher due to
material absorption.

In order to further confirm the proposed model, Fig. [EIB(b) shows also the
bending loss for a CTLF-CT of an alternative design with nine tubes in the
cladding. In this case, R., and ¢ remain the same as before, and 7;,; is reduced
to 596 pum, with a schematic shown in the lower right panel of Fig. [BEI5(c).
According to Eq. (.23), this change causes a reduction of the effective index for
the hole modes in the straight fiber, whereas the core mode is unaffected. As a
consequence a smaller bending radius is necessary to reach the phase matching
condition between core and hole modes. Numerical results shown in Fig. BI5(b)
confirm that the first resonance shifts toward lower values of bending radius, and
allows the bending radius to be further reduced by 10 cm before such resonances
appear. This provides an avenue for increasing the amount of bending possible

before such resonances affect the transmission.
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Chapter 6

Manufacturing and

characterization of a CTLF

In the previous chapters a thorough theoretical and numerical analysis of hol-
low core waveguides whose cladding is based on a lattice of tubes was provided.
Owing to the inhibited coupling confinement mechanism and to the hollow core,
they offer an interesting solution for low loss and broadband waveguiding in the
terahertz spectral range.

A kagome fiber for the THz range has recently been reported in the literature
made from polymethylmethacrylate (PMMA) tubes [I7], showing that ICFs can
be obtained from cheap polymers with a simple stack and draw process. How-
ever, in chapters[3 and [ it was shown that microstructured fibers with circular
tubes in the cladding (CTLF-CTs or TTLF-CTs) allow a strong improvement of
the performance with respect to the kagome fibers in terms of both propagation
loss and transmission bandwidth.

In general, from a manufacturing point of view, CTLFs are easier to assem-
ble with respect to TTLF thanks to their self-sustained structure. The circular
displacement of cladding tubes, indeed, makes it possible to keep the tubes in
place without any further drawing or gluing steps. As shown in chapter 3] these

additional steps may cause undesired structure perturbations and performance
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worsening.

Therefore, in this chapter a CTLF-CT for the THz spectral range is finally pro-
posed. Cladding tubes were drawn from commercially available PMMA tubes and
the structure was assembled manually in such a way as to keep the waveguide
flexible. Final CTLF samples were characterized in both straight and bent con-
figurations. In the straight configuration both dispersion and propagation loss of
the fundamental core mode for the first two transmission windows were obtained.
Thanks to the hollow core, the propagation loss of the fundamental core mode
was strongly reduced with respect to the bulk PMMA material loss in both trans-
mission windows. A 31 times reduction at 0.375 THz (first transmission window)
and 272 times reduction at 0.828 THz (second transmission window) were ob-
tained. Finally, thanks to the high flexibility of the manufactured fiber, CTLF’s
samples were characterized also for bending loss down to bend radii (Rp) of 10
cm. On one hand this experimental characterization confirmed the theoretical
and numerical results shown in section .4l On the other hand, thanks to the
low sensitivity of CTLF's to bending induced losses, it suggests the use of these

waveguide in dynamic THz setups.

6.1 Manufacturing technique

Fig. BIla) shows the transverse cross section of the manufactured CTLF. The
cladding is composed of a collection of eight hollow dielectric tubes placed in a
circle. They have refractive index ny, internal radius r;,; and thickness ¢. The
core of radius R., is located in the central part of this structure and is formed by
air (ng, = 1). The CTLF presented in this paper was manufactured from PMMA
tubes with 16 mm and 12 mm external and internal diameter respectively. This
tube was drawn to an external diameter of 9.6 mm using a polymer fiber drawing
tower. Part of it was used for the external jacket, while the remainder was drawn
again in order to obtain the cladding tubes with an average thickness of t = 252
pm and an external diameter of about 1.99 mm (7, = 743 pm). The final core

radius was R., = 1.62 mm. The cladding tubes were cut into pieces 10 cm and
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Figure 6.1: (a) Microscope image of the transverse cross section of the manufac-
tured fiber along with its physical dimensions and dielectric properties. (b) Side

picture of the fiber.

125



1.65 — . . . . . . 0.035

I 1 0.025
g-'-—"u'g'\mw
16 <«— e

Yot

Im(ng)

1.55 0.005

03 04 05 06 07 08 09 1
f [THz]

Figure 6.2: Frequency dependence of R(ny) and S(ny ) measured experimentally

for a PMMA disk.

20 cm long.
In order to realize a flexible THz fiber, the external jacket tube was cut into
small pieces 5 mm in length. These are necessary to keep the cladding tubes in
place, but at the same time they have to be separated from each other in order
to make the fiber flexible. Therefore the cladding tubes were manually stacked
inside these jacket rings, and the rings were spaced 10 cm apart forming a self
supporting structure. No glue or fusing was necessary to keep the components
in place. An external heat-shrink jacket was added over the entire structure to
enhance its mechanical stability during the bending. Figure [EIi(b) gives a side
picture of the fiber in order to show the final cladding shape.

In order to give a reliable comparison between the experimental results and the
simulations a 2 mm thick PMMA disk was characterized via THz time domain
PMMA)

spectroscopy. Figure shows the measured real, R(n , and imaginary,

J(nEMMAY of the PMMA refractive index in the range [0.25;1] THz. As ex-

PMMA

pected R(ny ) was almost constant in the frequency range of interest, while

J(nfMMAY changes with frequency [15].
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Figure 6.3: THz-TDS setup that have been used to characterize the straight fiber.

6.2 Absorption and confinement loss in CTLFs

The characterization of the fibre in a straight configuration was done using the
THz time domain spectroscopy (THz-TDS) setup shown in Fig. THz-TDS
is widely used for the analysis of THz waveguides as it gives both phase and
magnitude information for the detected radiation. Measurements on fibers of
different length can be easily performed by moving only the first lens after the
fiber’s output, such that the output remains in its focal plane. In general, through
the fourier transform of each temporal scan, the pulses propagating either in free

space or inside the waveguides can be expresses as

Eo(t) +—  Eo(f) = Eo(f)e ", (6.1)

Es(t) «— Es(f)=Es(fle7%s,  §={8" 8"}, (6.2)

where S’ refers to the 10 cm long sample, whereas S” to the 20 cm one.
Dispersion curves were computed by comparing the phase of a pulse propagating
through free space to that propagating through the fiber:

¢ (¢0 — ¢s

nZ prawy (f) =1+ 7 Ts) . S=1{5,5"}. (6.3)
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Actually, due to the extremely low received power in the high loss spectral regions,

¢s might be affected by an error [16]:

Ge(f) = M(f)2m, (6.4)
where M (f) is a piecewise constant function which
e is constant inside each transmission window,
e vary among the various transmission windows.

However, by taking the numerical dispersion values n’’ f‘?M (f) given by the FEM

software as a reference, it is possible to estimate the integer correction values as:

M(f) = round {f—is (nesff(RAW)(f) — nfng(f))} ) (6.5)

where round(z) approximates the real number x with its closest integer. Once
Eq. (G3) has been computed for at least one frequency in each transmission

window, Eq. (G3) can be corrected as:

NS () =1+ 5 (% - ¢sL+SM<f>2w

37 ) S={5,5"}. (6.6)

In a similar way, propagation loss was computed by comparing the spectral mag-
nitude of two fibers of different length, thus avoiding problems associated with

estimating the coupling efficiency for the fibers

N =I5 1—L5f " <J;E§((§‘))> H ' (67)

Great attention was paid to the positioning of the lenses and the waveguides and

multiple scans were performed in order to maximize the received power over the
entire spectrum and minimize any misalignment. Moreover, integration times as
long as 3 s were used for the scans in order to minimize noise in the received
signal.

For comparison, all the experimentally measured properties of the fibres and
PMMA reported in the previous section were used to generate a model of the
manufactured CTLF in a finite element software package (Comsol Multiphysics).

For simplicity the jacket was approximated with a hollow pipe surrounding the
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cladding tubes, with thickness 3t and refractive index equal to that of PMMA.
Figure [6.4)(a) compares the simulation and experimental results for the effective
mode index (nesy) and loss in the frequency range f € [0.25;1] THz and an
overall excellent agreement is found for both. Two transmission windows were
observed, the fundamental (lowest frequency) one extending from 0.29 THz to
0.47 THz, and the second one extending from 0.61 THz to 0.95 THz. High loss
peaks separate the different transmission windows. As shown in chapter[2 these
peaks are due to the coupling between the core mode (labelled A in Fig. [G4(b))
and the lower order dielectric modes which are confined to the high index (solid)
part of the cladding tubes (labelled C in Fig. [E4i(b)). This coupling occurs
when the two are resonant, as seen in Fig. [64(a), which occurs for frequencies
satisfying [36]48L491[76186L[123]:

mc

frm = —F——,
" 2t\/ﬁ%{fn%

where c is the speed of light in vacuum and ng = 1.6 is the mean value of ny.

m € NT, (6.8)

As shown in chapter 2 high order dielectric modes, such as D in Fig. [64(b), do
not result in such loss peaks.

The propagation loss of the guided mode is strongly reduced with respect to
the bulk materia absorption loss thanks to the hollow core [48]. Comparing the
experimentally measured loss of the CTLF and the material absorption of the
PMMA, a reduction of 31 times (o = 0.3 dB/cm) at 0.375 THz and 272 times
(0.16 dB/cm) at f = 0.828 THz were obtained, with these frequencies corre-
sponding to the approximate centres of the two transmission windows as seen in
Fig. [64{(a). This confirms that the guided mode is confined in the hollow core of
the fiber and also that hollow-core waveguides such as CTLFs are potentially low
loss waveguides for the terahertz range. Materials with lower absorption such as
Zeonex [16] or Topas [20] would reduce the propagation loss of the guided core
mode even further.

Figure [6.4)(a) shows the effect of the cladding tubes’ absorption on the propaga-
tion loss of the core mode. PMMA tubes are compared with ideal lossless tubes
and highly transparent ones. The latter represent a generic low loss THz material,

such as Zeonex or Topas, with an imaginary part of the refractive index about
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Figure 6.4: (a) Top and middle panels show the numerical dispersion curves for
two dielectric modes with different periodicity along the transverse direction, the
core mode and hole modes. For the hole modes the color intensity is proportional
to the power inside the hole regions normalized with respect to the total power
of the mode. Experimental data is also shown. Bottom panel shows numerical
propagation loss for the core mode with different values of I(ngy) and also ex-
perimentally measured loss. (b) Example images for the three different classes of

modes supported by the waveguide.
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a hundred times lower than PMMA [I6L20]. In the first transmission window,
the difference of more than an order of magnitude between PMMA and lossless
tubes shows that PMMA absorption dominates the loss. On the contrary in the
case of low loss tubes, the absorption is negligible. In the second transmission
window, by using low loss tubes instead of PMMA, a reduction of about two
orders of magnitude is obtainable. However, the additional loss obtained from
the low-loss tubes compared to the lossless tubes is no longer negligible. Overall,
this analysis shows that although the absolute value of loss is higher in the first
transmission window, the effects of absorption in the cladding tubes are more
severe in the second transmission window. Even though these highly transparent
polymers would allow a further reduction of the propagation loss, the purpose
of this chapter is not to optimize transmission. The goal is to investigate the
potential of CTLF's in reducing the absorption caused by the dielectric material
of the cladding and their bending loss properties.

As shown in Fig. [£4|(b) and also in the previous chapters, CTLFs also support
hole modes (labelled B). In chapter 2] it was shown that, in the straight fiber,
they do not contribute the the confinement mechanism of the fundamental core
mode. Indeed, despite both core and hole modes are guided in air, owing to the
geometrical constraint R., > 7y, the two are never phase matched. However,
in chapter 2] it was also shown that, through a proper choice in the number of
cladding tubes, hole modes can be exploited to achieve effectively single mode
propagation by increasing the propagation loss of high order core modes. On the
contrary, in section [5.4] it was shown that in bent CTLFs the phase matching
condition with the core mode is possible. In this case extra loss peaks appear in
the confinement loss spectrum of the fundamental core mode.

In order to investigate the performance of the manufactured fiber in a flexible
THz setup, in the section the bending characterization of the longest sample is

shown.
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Figure 6.5: (a) THz-TDS setup that have been used to characterize the 20 cm

fiber sample for the bending. (b) A picture of the setup.

6.3 Bending loss

The 20 cm long CTLF sample was used for the bend-loss characterization, and a
schematic and a photograph of the experiment are shown in Figs. [G.5[a,b). The
setup is basically identical to that used for the characterization of the straight
fiber, however the THz path was changed to accommodate for the bent fibre. The
CTLF’s input remained adjacent to the transmitter antenna, but the output was
shifted in order to achieve the desired bending radius Rp. Two mirrors were used
to redirect the output beam to the receiver. Figure[G.5|(b) shows the experimental
setup in the case of a bending radius Ry = 10 cm, roughly corresponding to a
90° bend. Two clamps were used to hold the ends of the fibre, thus limiting the
actual bendable length of the fiber to Lp = 16 cm.

For each bending radius R, an experimental magnitude spectrum Eg, (f) was
obtained, and the performance of the fiber were evaluated by considering the

normalized transmission:

T = %?((ff))’

where, as for the straight case, Fo(f) represents the magnitude of the free space

(6.9)

pulse.
Normalized transmissions for Ry = {10,30, 00} ¢cm are shown in Fig. As ex-
pected from the numerical analysis of section [5.4] in both transmission windows

the low frequency edges are substantially insensitive to bending, whereas the high
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Figure 6.6: (a) Experimental and numerical normalized transmission of the 20
cm TLF sample for different bending radii. (b) Comparison of propagation loss

in case of bending for CTLFs with transparent and PMMA tubes.

frequency edges shift toward lower frequencies as R; decreases. Moreover, the
first transmission window is less sensitive to the bending than the high order
ones. In the first transmission window, R, = 10 cm is required to observe a
clear shift of the high frequency edge, whereas in the second window the shift is
apparent with R, = 30 cm. Apart from the high frequency edge shift at R, = 10
cm, the normalized transmission in the first window is otherwise unaffected by
the bending. The second window, on the contrary, is more sensitive. When
Ry = 30 cm the normalized transmission separates from the straight case only
for f > 0.85 THz. A reduction of the bending radius down to 10 cm causes a
decrease in transmission over essentially the entire transmission window.

As for the straight case, Fig. compares also these experimental results
with the numerical ones obtained in section [£.4] for the CTLF with real PMMA
cladding tubes. By considering the numerical bending losses BL(f) as given by
Eq. (&20) and the experimental spectral magnitude Fr,—o(f) for the straight

case, numerical normalized transmission was computed as:

NT(f) = LE&’;;JC ) o~BLL] (6.10)

Excellent agreement is found between the numerical and the experimental nor-
malized transmission curves for R, = 30 cm, whereas some discrepancy appear
for the R, = 10 cm one. As highlighted also in Fig. G5I(b), for such a tight

bending radius the curvature of the fiber is not uniform along the whole fiber
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length. This might result in the higher experimental transmission with respect
to the expected one as shown in Fig.

Unfortunately extra loss peaks due to the resonances between core and hole
modes are not visible on Fig. As explained in section B4l this is due to the
high absorption of the PMMA tubes used for the cladding which greatly reduces
the effects of these extra resonances.

In conclusion, the experimental results shown in this chapter confirm and high-

light the main features of the CTLF-CT structure proposed in this thesis:

e a strong reduction of the absorption loss thanks to the hollow core;

broadband waveguiding characteristics thanks to the inhibited coupling

confinement mechanism;

e easy manual assemblage giving a compact and flexible waveguide;

reasonably low sensitivity to the bending.

These features suggest that the proposed CTLF-CTs can be used is pulsed and

dynamic THz setups, such as imaging or sensing.
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Chapter 7

Conclusions

The increasing number of applications for that have been proposed for the THz
range in recent years, requires for a proper flexible, broadband and low loss waveg-
uide for the delivery of THz radiation. Classical waveguides (metal waveguides
or solid core fibers), indeed, can not be used owing to the limited conductivity
of metals and to the high absorption of dielectrics at THz frequencies. Therefore
innovative solutions have recently been proposed in the literature. Among them,
hollow core waveguides seem to be the most promising solution to overcome these
limitations by confining the electromagnetic radiation in the central part of the
fiber which is made of air.

Therefore this thesis concerned with the analysis of the waveguiding mechanism
for a particular kind of hollow core fibers in which the cladding is composed by
a lattice of dielectric tubes. These fibers belong to the general class of inhib-
ited coupling fibers, in which the electromagnetic radiation is confined inside the
core region via the inhibition of the coupling between the core and the cladding
modes. An analytical description of the former is relatively easy since many solu-
tions have already been proposed in the literature for similar hollow core fibers.
No such an accurate description exists, however, for the dielectric modes.

The core idea of this thesis is to simplify the analysis of cladding modes by in-
vestigating the spectral properties of the single dielectric tubes that compose it.

Since the stand alone dielectric tube is known analytically, the great improvement
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of this model with respect to the previous ones is that it allows to completely
predict the effects of tubes’ geometrical and physical parameters on the spectral

properties of the guided core mode. In detail, it allows to determine
e conditions for the existence of transmission windows,
e conditions for effectively single mode guidance,

which are extremely important for the design of an hollow core, broadband and
single moded THz fiber.

This theoretical model was then extended in order to consider also perturbations
of the ideal structure. At first a polygonal shape was considered for the the
cladding tubes instead of the initial circular one. This allowed for a comparison
also with other kind of inhibited coupling fibers (such as kagome fibers) that have
recently been proposed in the literature. Once again, the analysis of the complex
microstructured cladding started from that of the stand alone polygonal tube
and the comparison with its circular counterpart. It was found that this polygo-
nal shape causes many detrimental extra Fano-like resonances in the confinement
loss spectrum of the guided core mode. By considering the polygonal shape as
a perturbed version of the circular one a theoretical model was then proposed
showing that the spectral positions of these extra resonances are actually con-
nected to the number N of sides in the polygon. At the same time it confirmed
also that circular shaped tubes are much desirable for a low loss and broadband
waveguiding, thus concluding general designing and manufacturing guidelines.
Perturbation analysis was then extended to account also for other kind of non
idealities, such as ellipticity of the fiber’s core, bending and scaling. The former
is particularly important from a manufacturing point of view, since it may be
caused by a non perfect displacement of the cladding tubes around the hollow
core. However, all the ellipticity induced effects (birefringence, polarization de-
pendent loss and group velocity dispersion) are reasonably small in magnitude
and, more importantly, they are minimized in the middle of the transmission
windows. This confirmed that the proposed fibers are not much sensitive to el-

liptical perturbations.
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Similarly, being flexibility one of the main features for the waveguide proposed
in this thesis, bending analysis is also extremely important. Through a thorough
numerical investigation, it was shown that the bending loss of CTLFs are affected
by two different phenomena: a reduction of the transmission bandwidth and ex-
tra resonances with cladding hole modes. Both of them showed to depend on
the bending radius Ryp: for the former it affects the spectral width of the trans-
mission window, whereas for the latter the spectral position of extra resonances.
Theoretical models were finally proposed in order to quantify these relations and
predict how bending changes spectral properties for the guided core mode.

All the numerical and theoretical analyses proposed in this thesis were presented
in a normalized frequency F. Therefore, all the models and conclusions that
were drawn are absolutely general and they were not limited to the THz spectral
region. As a consequence, through a proper geometrical scaling, the same fiber’s
structure can be used also for other frequency ranges. However, as shown for
many other hollow core waveguides in the literature, even though this transfor-
mation does not affect the confinement mechanism, it changes the propagation
loss of the guided core mode. Therefore, a thorough analysis on the propagation
loss dependency on both core radius R, and working frequency f was finally
proposed.

Finally the manufacturing and characterization of a real CTLF was proposed.
Cladding tubes were obtained starting from polymethylmethacrylate (PMMA)
preforms, whereas the high fiber’s flexibility was preserved by the removal of
most part of the rigid dielectric jacket and the substitution with an heat shrink
tube. The experimental characterization for the first two transmission windows
showed that, despite the extremely high absorption of PMMA at THz frequen-
cies, the hollow core allows to greatly reduce the propagation loss. Gains are
the order of 31 times (0.3 dB/cm) at 0.375 THz and 270 times (0.16 dB/cm) at
0.828 THz. Bending characterization, on the contrary, was performed for bend-
ing radii down to 10 cm. According to the theoretical analysis, main bending
effects were connected to slight reductions of the transmission bandwidths, but

they appeared only for tight bend radii (R, ~ 10 cm). Finally, together with the
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theoretical analysis proposed in this thesis, these experimental results confirm
that the proposed waveguide can effectively been used as a low loss, broadband

and flexible waveguide in real THz dynamic setups.
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Appendix A

Fano resonances in

polygonal tube fibers

The condition (ZI0) such that the coupling integral (A7) is non-zero can be
obtained by expressing the electric field components as a product of two functions,

each individual functions of r and ¢ [53L[110]:

El(r,¢) = R(r)cos(ug) + Ry (r) sin(ug);

Efi(r,¢) = RI(r)cos({p) + RY (r)sin(£6); (A1)

with z = {r, ¢, z}. By substituting (A.T]) into ([&T), twelve addends, four for each
component, are obtained. For example by considering longitudinal components

the four terms are:

/ cos(u) cos(EB) Loy , (9) +cos(ud) sin(€6) L, ()
0
sin(u) cos(€6) Ly, (6)-+sin(u6) sin(€6) L, , (6)dd (A.2)
where
L. (6) = / Ae(r, )R (r) RY (ryrdr, (A.3)
0

139



with 4,5 = 1,2. Replacing the expression of Ae(r, ¢) given by Eq. (£3) into Eq.
(AZ3) it yields:

int

Pe
L., (6) = co(n? — ) { 72, / R ()R (1) dr—
Pt (¢)
Pt
72, / Re(r)RE(r)r dr b, (A)
PE=t(9)

ext ext

being 7int = (m/m)ﬁgn[p;m(d))*pim] and fiegy = (ng /ng)s & Pe” =22 (@) Since in
(A24) the integrand functions do not vary along the azimuthal direction, the only
dependence by ¢ is given by pl"(¢) and p$**(¢) functions which are periodic in

¢ with period of 27/N. This makes also I, ;(¢) periodic with the same period

and it can be expressed by means of its Fourier expansion:
L, (¢) = Z P sin (qub + pg;,j) . (A.5)
m=0

By substituting the m — th harmonic component of I, ,(¢) into (A2) it yields:

27
Pr /cos(uqb) cos(&¢) sin (qub + pgzm) do

g

+P, /cos(uqb) sin(£¢) sin (qub + pglm) d¢
g

+P /sin(ud)) cos(£¢) sin (quﬁ + pg;’l) do
g

+P, /sin(ud)) sin(£¢) sin (quS + pgzu) do. (A.6)
0

By integrating these integrals, it yields that at least one of them is non-zero if p,
&, mN satisfy one the following conditions:

mN +p— & = 0;

mN —pu+&=0;

mN +p+¢=0;

mN —pu—E&=0.
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The third condition is never satisfied since mN, u, & are all positive; the second
one can be only satisfied to high order core modes with g > mN, but they are
of little practical interest. Thus, rewriting only the first and fourth conditions,
it yields:

& =mN £ p.

Following the same procedure for the other height terms of the radial and az-
imuthal components, with the only difference that 75+ ¢.+ are now equal to 1,
the same condition is obtained.

It is important to point out that the above condition has been obtained without
hypothesis on the shape of the perturbation Ae. The only condition is that Ae

must be periodic.
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Appendix B

Marcatili’s formula for solid

core tube fibers

Marcatili’s formula has been widely used in the literature to describe the dis-
persion properties of the core mode of hollow core waveguides [54]. The main
limitation of this formula is that it was developed assuming that the core is made
of air (ng, = ngi = 1). In this appendix Marcatili’s formula is extended to take
into account also hollow core waveguides with a generic refractive index core.

Consider a circular waveguide of radius R and refractive index n; embedded in
an another dielectric medium of infinite extent and refractive index ny. Here,
for simplicity, both ng and ny are real and ny < ny. Owing to the geometry
of the problem, a cylindrical coordinate system is assumed. Two propagation
constants, K, (7 = {L, H}) and 3, can be defined: the former is directed along
the transverse plane of the waveguide, while the latter along the axial one. These
two constants satisfy the relation Kgn2 = K2 + (3%, where Ky = 27 f/c is the
propagation constant in free space. With these assumptions, it can be shown
that the dispersion relation for the modes guided inside the internal cylinder

satisfies [R1]:

JUELR) Ky Y (KgR)| [JL(KLR) Ky o3 B (KuR)| { v
J(KLR)  Kp gM(kyR) | | J(KLR)  Kund g (KyR) KiR?
(B.1)
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where J,(x) and H,Sl)(z) are the Bessel and Hankel functions of the first kind.
Solving Eq. (B means finding the propagation constants 3 of the guided modes.
Two hypotheses can now be introduced to simplify calculations: first, the core
radius is much bigger than the working wavelength (i.e. KoR >> 1) and, second,
modes guided inside the internal cylinder have a propagation constant which is
very close to that of the bulk material (i.e. 8 ~ Konr). Neglecting all powers of
K /Kp greater than one, and introducing the following approximation:

7Y (KyR)

L T~ (B.2)
HV(KyR)

it is possible to reduce Eq. (B to the following form:

7 Ky,

Jo_1(KLR) =1
1(KLR) =1 (n_H)2_1K07”LL
nr

Ju(KLR), (B.3)

where:
o {1 + (%)2} for HE,,, and FH,, modes

n= 1 for T'Ey,, modes (B.4)

()2 for T'My,, modes
Under the assumptions already made, the term on the right hand side of Eq.
(B3) is in general small. Therefore, a perturbation technique can be applied to

solve Eq. (B3) keeping only the first term of the perturbation obtaining [54]:

Uy . 1 n
K, ~-—2|1-—
L= R YKo R Jmoye 1|
nr

(B.5)

where u,,, is the u-th zero of the function Jy—1(x). Tt is now straightforward to

obtain propagation constants for the guided modes:

2 1 , °
BzRe{\/Kgn%—K%}z%fnL [1—5(2;}7]";%) ], (B.6)

and then finally
UppC

_ B ! i B.7
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Appendix C

1/R., dependency of the
propagation loss on fiber’s

scaling

In chapter Blit has been shown that when a CTLF-CT is scaled according to the
transformation proposed by Eq. (5I1)), the propagation loss of the fundamental
core mode scales as 1/R.,. In order to understand the physical reason of this
effect, a schematic representation of this transformation has been sketched in Fig.

Here Ky represents the free space wave vector defined as

Ky = ?7 (C.1)

whereas ( is the wave vector along the propagation direction. In general, in
waveguides analysis, their ratio is represented by the effective index n.s¢, which
satisfies:

Neff = Kﬂo = cos(0). (C.2)

Through this thesis it has been widely shown that the Marcatili’s formula given
by Eq. (Z2) represents a very good approximation for the effective index of
the fundamental core mode. When the scaling transformation of Eq. (BI1)) is

taken into account, it is straightforward to show that the effective index of the
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Figure C.1: Transverse section along the propagation direction of an ideal hollow

core waveguide (left) and its scaled version (right) according to Eq. (GI1)).

fundamental core mode is not affected by this change, which means:
Neff = néff — 0= 9’. (Cg)

Owing to the transformation, R, = M R.,, which means that the distance be-

tween two successive bounces on the cladding boundary is given by:

R! MR,

ALT= taIfOQ’ " tang MAL (C4)

Due to the non perfect reflection of the core mode upon the cladding boundary,

after a traveled distance Az, the electromagnetic radiation is reduced by a factor
[44):

e 8% = R(9)2/AL, (C5)

where R(0) is the reflection coefficient at each bounce and it has been assumed
to depend only on the angle but not on the frequency for simplicity. As a conse-
quence, the leakage loss is given by:

1 In[R(9)]
AL Az

1

It now straightforward to estimate the effect of the scaling on the leakage loss of
the guided core mode:

AL 1
<= o = 7Y (C.7)

o AL
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which is exactly what it has been shown in Fig. (.10
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