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Abstract: Waveguiding mechanism and modal characteristics of hollow
core fibers consisting of a single or a regular arrangement of dielectric tubes
are investigated. These fibers have been recently proposed as low loss,
broadband THz waveguides. By starting from a description in terms of
coupling between air and dielectric modes in a single tube waveguide, a
simple and useful model is proposed and numerically validated. It is able to
predict dispersion curves, high and low loss spectral regions, and the
conditions to ensure the existence of low loss regions. In addition, it allows
a better understanding of the role of the geometrical parameters and of the
dielectric refractive index. The model is then applied to improve the
tradeoff between low loss and effectively single mode propagation,
showing that the best results are obtained with a heptagonal arrangement of
the tubes.
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1. Introduction

Development and enhancement of low loss waveguide covering the electromagnetic spectrum
from 300GHz and 30THz, have been driven by a growing interest in Terahertz (THz)
technology [1]. In that spectral region, the development of low loss waveguides with high free
space coupling efficiency is a tough feature, due to the high conductivity-losses of metals and
the high absorption of dielectrics [2-7]. To overcome that problem, several solutions have
been proposed borrowing concepts and techniques from both microwaves and photonics
technologies [8-16]. All of these try to reduce absorption loss by increasing the percentage of
electromagnetic power transmitted through the air.
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In optical waveguides, this issue can be addressed with fibers having an air cladding and a
subwavelength dielectric core [13] even with one [14] or more [15, 16] air holes.
Alternatively, hollow core (HC) fibers confine electromagnetic field inside an air-core
surrounded by a microstructured cladding [17-19]. Two techniques can be applied in order to
confine the field in a hollow core. The photonic band gap fibers (PBGFs) operate using a
cladding with a periodic refractive index which forbids radial propagation at certain
frequencies [20]. Low loss region is spectrally limited in the frequency range where the
effective index of the mode lies in the photonic bang gap. Numerical analyses have shown
transmission bandwidth in the THz range of a couple of hundreds of GHz [21, 22]. In the
second technique, fiber cladding does not support photonic band gap [17]. The guided modes
confined in the hollow core are prevented from efficiently coupling to cladding due to the
weak coupling with cladding modes. Compared to PBGFs, these fibers exhibit much broader
low loss regions alternate with high loss regions, and thus they are called broadband HC
fibers (BHCFs).

A HC fiber with a cladding formed by a periodic arrangement of Teflon tubes in a
triangular lattice (Triangular Tube Lattice - TTL) has been recently demonstrated [23].
Numerical analysis has shown that this fiber falls into the class of the BHCFs [24]. It exhibits
very interesting properties such as transmission bandwidth of several hundreds of GHz, low
loss, low dispersion and high coupling efficiency with free space propagating beams [24],
[25]. Despite that, further improvements are limited by the lack of a proper understanding of
waveguiding mechanism and simple models. Interesting and useful models have been
proposed for BHCFs with kagome [26-28] and square lattice [29, 30] in visible and near
infrared spectral regions. High loss regions correspond to strong resonances between the core
modes and particular cladding modes. Since both kagome and square lattice can be seen as an
intersection of slab waveguides of infinite width, the resonance frequencies are approximated
by the transverse resonance condition [29], corresponding to cut-off frequencies of slab
modes. These models are unable to explain some important features of transmission spectrum
such as the high loss region at low frequencies and the bandwidth of the high loss regions.
These features have been ascribed to the different behavior of TE and TM modes approaching
cut-off frequencies [30]. Although the model has been successfully applied to predict high
loss regions in square lattice [30] and TTL fibers [24], it requires to introduce an “effective”
cut-off conditions for TM modes whose choice is not rigorously defined.

The transverse resonance condition has been also applied to analyzed tube, also called
pipe, waveguides for terahertz waveguiding [31]. Fibers with a hollow core surrounded by a
thin dielectric layer have already analytically investigated in the 60’s, but focusing only on
the modes guided by the dielectric layer [32]. Leaky modes propagating in a hollow core have
been analytically analyzed by considering a dielectric with infinite extension [33].

The purpose of this paper is to deepen the knowledge of the guiding mechanism in case of
hollow core fibers consisting of a single dielectric tube or whose cladding is composed by a
regular arrangement of dielectric tubes, in order to develop a more effective design process.
In the tube waveguides, high loss regions are ascribable to the resonance between air core
modes and those confined in the surrounding dielectric layer. High loss spectral regions can
be accurately predicted by starting from results obtained in [32, 33]. A simple and accurate
model for tube lattice fibers, wherein both the core modes and the cladding modes are
approximated with those of a single tube waveguide, is presented. Numerical results show
that the proposed model is able to predict with high accuracy mode dispersion curves,
frequency and spectral width of the high loss regions also in the low frequency region. It is
also able to identify the conditions to ensure the existence of low loss spectral regions. The
usefulness of the model is then demonstrated by finding out the conditions to improve the
tradeoff between propagation loss and effectively single mode operation. The improvements
can be obtained just by changing the tube arrangement and the best results are obtained with a
heptagonal arrangement of the tubes. The numerical analysis has been performed through a
modal solver based on the finite element method (FEM) [34] already successfully applied to
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the analysis of loss and dispersion properties of tube lattice fibers [24, 25, 35] as well as
photonic band gap ones [36, 37].

The paper is organized as follows. In section 2, the modal solver based on the finite
element method used in the numerical analysis is briefly described. In section 3, the single
tube waveguide is presented, the properties of its modes are described and the waveguiding
mechanism is discussed. In section 4, the model for hollow core fibers with a cladding
composed by a regular arrangement of dielectric tubes is presented and it is numerically
validated for fiber with hexagonal lattice of tubes. In section 5, the model is applied to
improve effectively single mode propagation conditions by considering different tube
arrangements. Section 6 contains the conclusions.

2. Numerical analysis method: The finite element method

In order to accurately investigate the properties of the fibers and numerically validate the
proposed model, a full-vector modal solver based on finite element method (FEM) has been
used. The approach is described in detail in [34] and references therein. Here the most
important features are briefly introduced.

The solver is based on the curl-curl equation:

obtained by decoupling the Maxwell equations. pand § represent £ *and i when V is the

magnetic field h, and 2 'and & when Vis the electric field &; k, =2xf/cis the

wavenumber in the vacuum, being c the light speed in the vacuum and f the frequency.

The expression of the modal solution is Vv =Ve”* where V is the field distribution on the
transverse plane and y=a+ jngk,is the complex propagation constant, being o the
attenuation constant and n, the effective index. Applying a variational finite element
procedure the following algebraic eigenvalue equation is obtained [34]:

[[AJ—[@Z[B]}{V}:O-

The eigenvector {V} is the discretized field vector, which provides the mode distribution
on the transverse plane. The eigenvalue y allows to evaluate dispersion and loss properties. In
particular loss is calculated starting from « , according to

LOSS =20log,, e- o =8.686¢ [dB/m]

where « is given inm™.
In order to enclose the computational domain without affecting the numerical solution,
anisotropic perfectly matched layers (PMLs) are placed before the outer boundary [38].

3. Tube waveguide

The cross section of the single tube waveguide is depicted in the left panel of Fig. 1. t, D, and
d are, respectively, thickness, inner, and outer diameter of the tube. The tube is made of
dielectric material with refractive index n. Inside and outside the tube the medium is air with
refractive index equal to 1. The analysis of the tube waveguide is very important not only
because it has been recently proposed as a simple and low loss THz waveguide [31, 39], but
also because, as it will be shown in the next section, the modes of the tube lattice fiber can be
obtained directly by the modes of the single tube one.
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Fig. 1. (a) Transverse section of the tube waveguide. (b) Intensity and electric field distribution
of the tube waveguide modes: airy modes (top) and dielectric modes (bottom). The modes are
ordered from left to right and, for dielectric modes, from top to bottom following the ordering
of their cut-off frequencies.

In the tube waveguide there are two different kind of confined modes: the modes here
called “airy” in analogy with kagome lattice fibers [27], 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 1 and the tube is
surrounded by air, they are leaky. Modal intensity and electric field distributions of the lowest
order modes are reported in the right panel of Fig. 1. The first and second subscript p and v
are, respectively, the numbers of periods in the azimuthal direction and of maxima and
minima in the radial direction. The dispersion curves are shown in Fig. 2 in terms of the
normalized frequency F:

F =%\/n2 ~1f. 1)

Dispersion curves of the dielectric modes have been obtained from their characteristics
equations [32]. 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-crossing and high leakage loss. Similar
coupling has been observed in hollow core photonic band gap fibers between core and surface
modes [40] and in W fibers between core and discrete lossy cladding modes [41]. Since the
effective indices of the airy modes are closed to 1, coupling occurs when dielectric modes
approach their cut-off frequencies. The normalized cut-off frequencies of the HE, , dielectric
modes are F=v-1, and they correspond to the cut-off of the TE,_; modes of a slab waveguide
with width t or, equivalently, to transverse resonance condition. They have been used to
predict high loss regions in kagome [26-28], and square fibers [29,30], and in pipe
waveguides [31]. However they cannot explain neither the spectral width of the high loss
regions nor the high loss at low frequencies. To overcome this lack, an “effective” cut-off
condition for TM slab modes has been introduced to analyze square lattice BHCF [30].
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Fig. 2. Loss of the first airy modes (top) and dispersion curves (bottom) of some airy and
dielectric modes versus the normalized frequency F. A tube waveguide with n=1.44 and p=0.9
is considered. Dashed lines represent the dispersion curves given by Eg. (2).

Figure 2 highlights that, in the tube waveguide, in addition to HE,,, there are other
dielectric modes with the same radial dependence but higher azimuthal dependence which
interact with airy modes. Since their cut-off frequencies are higher, they extend high loss
regions. Moreover, cut-off of modes with v=1 are spread from F=0 to F=0.5 explaining high
loss region at low frequency. Actually, for a fixed value of v, there exist much more dielectric
modes with higher azimuthal index p than those reported in Fig. 2. They have been omitted,
because their interaction with airy modes is very weak. In fact, the higher is the azimuthal
dependence compared to that of airy modes, the lower is the field overlap and thus the
coupling strength [17]. Dielectric mode cut-off can thus be used to estimate high loss spectral
width. Cut-off frequencies mainly depend on the ratio p between inner and outer tube
diameter: p=D/d =1-2t/d [32]. Figure 3 shows the normalized cut-off frequencies of the
dielectric modes with low azimuthal dependence versus p, for two different values of the
dielectric refractive index n. As p reduces, the cut-off frequencies spread out over a wider
range.

1
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6 | | \ | | =2
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()2 \ N\ ) \\\ } \ N " \ \ \ \ { \' \ . —_ },1_4
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Fig. 3. Normalized cut-off frequencies versus the inner and outer diameter ratio p, for two
different dielectric refractive indices: n=1.44, 2.5.
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Below a critical value p;, Some curves cross each other and there are no more free cut-off
spectral regions. Since spreading depends on radial index v, p. reduces as v increases.
However this value does not significantly depend on the refractive index. On the contrary, for
high p values, the spreading increases as n increases. This means that fibers made of
dielectrics with higher refractive index exhibit wider high loss regions. Finally, notice that,
the higher the radial index v and the ratio p, the narrower is the high loss region and the better
is the approximation of the transverse resonant condition. In [31] p varies from 0.875 to 0.947
and n between 1.4 and 1.6. Far from resonances, airy and dielectric modes are decoupled.
Airy modes are strongly confined inside the HC and their intensities inside the dielectric
negligible. This suggests that their characteristics do not significantly depend on cladding
parameters. In Fig. 2 dashed lines represent the dispersion curves of the modes of a fiber with
an circular air core surrounded by a dielectric with infinite extension obtained from the
approximated expression [33]:

2
1( u, cC
n fy=1-=| & , 2
effw( ) Z(ﬂ_ZRf] ()

being R the air core radius, and u,, is the v—th root of the equation J,_,(u,)=0. It has been
obtained under the assumption that z2Rf >>u, c. Despite that, the approximation of the airy
mode dispersion curves is very good, except at the anti-crossing points.

4. Tube lattice waveguide

Despite the confinement mechanism does not depend on the particular arrangement of the
tube lattice, a fiber with triangular tube lattice (TTL) will be initially considered [23, 24]. The
cross section is reported in Fig. 4(a). 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 2I, the core shape is approximately a hexagon
whose apothem R; and circumradius R, are:

I 1 I 1
&:d(ﬁa—ij,and R2: (ZE—EJ (3)

The analysis does not depend by the number of tube rings surrounding the core, thus, for
sake of simplicity, here a fiber with two tube rings is considered. The guiding mechanism is
the same of kagome and square lattice fibers recently developed for visible and near infrared
applications [24]. In this kind of fibers the cladding does not exhibit photonic band gap.
Cladding modes can be still classified in airy modes and dielectric modes. An example of the
two kind of modes is reported in Fig. 5(a). Intensity and electric field distribution of the core
modes are reported in Fig. 4(b). The field confinement inside the hollow core is due to the
weak coupling between the core modes and the cladding modes [26-30]. Core modes can
propagate with low loss if the difference between their effective indices with those of
cladding modes is enough high and the field overlap is low. Figure 4(c) shows the
propagation characteristics of the first 14 core modes (considering 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 make low the 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 dependence whose cut-off fall in this range of
frequencies. The High Order Mode (HOM) with the lowest leakage loss is the TEy; mode.

Since the core modes are very confined within the core, it is reasonable to think that their
dispersion characteristics are similar to those of the airy modes of a tube waveguide. In Fig. 4,
the curves obtained through Eq. (2) with core radius R=(R;+R;)/2 are reported with solid
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lines, and they agree very well with the core mode dispersion curves, except around
resonances due to anti-crossing.
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Fig. 4. (a) Transverse section of a TTL fiber. (b) Intensity distribution of the first four core
modes. (c) Leakage loss (top) and dispersion curves (bottom) of the first core modes of a TTL
fiber with p=0.9. Solid lines show curves given by Eq. (2) with R=(R;+R,)/2 being R; and R,
computed through Eg. (3)

By observing the cladding modes reported in Fig. 5(a), it clearly appears that the field
distributions can be seen as composed by multiple replicas of those of a single tube
waveguide. This simply observation suggests that the properties of the cladding modes can be
obtained from those of a single tube waveguide. The model here proposed follows along the
lines of [30]. The cladding of the fiber can be considered as composed by several tube
waveguides. By considering them as isolated waveguides and by neglecting any coupling
between them, the dispersion curves of the cladding modes can be approximated by those of
the modes of the single tube waveguide. This assumption is confirmed by the results reported
in Fig. 5(b). On the top, the dispersion curves of the dielectric cladding modes are compared
with those of the single tube waveguide around the normalized frequency F=1. Red crosses
show dielectric cladding modes with v=2 and low p, whereas the green ones show modes with
v=1, 2 and high p. Squares refer to single tube dielectric modes. Despite the dispersion curve
splitting due to the weak coupling between dielectric cladding modes, the agreement is good.
The effective indices of the airy cladding modes are reported on the bottom of Fig. 5(b). Red
points show effective indices of the HE,;-like airy modes. Dashed black line shows Eq. (2) by
using the inner radius of the tubes of the cladding R=D/2 and uy;. In further confirmation of
the assumption, in Fig. 4(c), black solid vertical lines show the cut-off frequencies of the first
dielectric modes with v=1, 2, 3 of the single tube waveguide. They accurately predict high
loss regions.
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Fig. 5. (a) Intensity distribution of two cladding modes: a dielectric mode (top) and a HE11-
like airy mode (bottom). (b) 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 points) azimuthal dependence; squares show effective index of the
dielectric mode of the single tube waveguide analytically computed. Bottom: the airy mode
HE;-like (red points); dotted black line shows dispersion curves computed through Eq. (2)
with R=D/2.

The effectiveness of the model is then analyzed by varying the geometrical and physical
parameters of the fiber. As pointed out in the previous section 3, to have spectral regions free
of dielectric mode cut-off frequencies, the ratio p must be enough high.
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Fig. 6. Leakage loss (top) and dispersion curves (bottom) for n=1.44 and three different values
of the ratio p: 0.4 (left), 0.65 (middle), and 0.75 (right). Dashed black lines show dispersion
curves given by Eq. (2) with u; and R=(R;+R;)/2 being R; and R, computed through Eq. (3).

This value is about p~0.65 and p.=0.45 respectively for the first two low loss regions
located between the resonances with modes with v=1, 2 and with v=2, 3. In Fig. 6 the leakage
loss of the FM is reported for three different values of p and n=1.44. According with Fig. 3,
with p=0.4 there are not 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 between F=0 and F=1 the low loss region is only slightly

#132105-$15.00 USD  Received 10 Aug 2010; revised 6 Oct 2010; accepted 11 Oct 2010; published 19 Oct 2010
(C) 2010 OSA 25 October 2010 / Vol. 18, No. 22 / OPTICS EXPRESS 23141



sketched. Finally, with p=0.75 the two low loss regions are clearly depicted and the anti-
crossing perturbations concentrated around F=1, and 2. Dispersion curves computed through
Eq. (2) and (3) with R=(R;+R,)/2 are also shown in Fig. 6 with dashed black lines. They are
always in good agreement with FM dispersion curves.

Leakage loss and dispersion curves have been also analyzed by varying the refractive
index of the cladding tubes. Three different values have been considered: n=1.44, 2.0, and
2.5. Tube thickness and diameters are constant with p=0.9. Even in this case, the high loss
regions change in agreement with that predicted by Fig. 3. The higher is the refractive index,
the wider are the high loss regions and their enlargement is towards the high frequencies. By
observing Eq. (1) and (2), normalized frequency depends on refractive index whereas the
effective index does not. This is the reason why in Fig. 7, by increasing the refractive index
the dispersion curves reduce and the leakage loss increases.
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Fig. 7. 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 Eg. (2) with R=(R;+R.)/2 being R; and R, computed
through Eg. (3).

Finally, it is important to point out that, since the hypotheses do not depend on the

arrangement of the tube, the model can be applied to any kind of tube arrangement. This
assumption will be confirmed in the next section.

5. Effectively single mode fiber design

In hollow core fibers, the overlap between mode field and dielectric material plays a key role
in determining absorbing loss. This is true especially in THz region due to high dielectric
absorption. In order to reduce it, the hollow core size must be significantly larger than the
wavelength. Unfortunately this makes the fibers multimode [25]. The multimode propagation
can affect the output beam quality, and the signal quality, especially in time domain
applications. A way to reduce the detrimental effect of the high order modes is to impair them
by increasing the differential loss:

Aa =gy — oy s

where agy is the propagation loss coefficient of the fundamental mode, and ayowm is that of the
HOM with the lowest loss. To address this issue, it is possible to reduce the core size at the
expense of higher ary [25]. The purpose of this section is to show that, by using the proposed
model, it is possible to improve the tradeoff between da and agy, Simply by changing the
arrangement of the tubes around the core.

#132105-$15.00 USD  Received 10 Aug 2010; revised 6 Oct 2010; accepted 11 Oct 2010; published 19 Oct 2010
(C)2010 OSA 25 October 2010 / Vol. 18, No. 22 / OPTICS EXPRESS 23142



06 07 p 038 09 10

Fig. 8. Left: Fibers geometries obtained by arranging tube on the vertices on a polygon with N
sides. Right: on the top detail on the core geometry; on the bottom number N of tubes
necessary to guarantee the resonance between core mode TE,; and the airy mode HE;; versus
the ratio diameters p, for three different I/d.

A technique to increases the HOM loss without affecting the FM loss is coupling the
HOMs with the cladding modes. This technique has been already proposed to obtain
effectively single mode operation in solid and hole assisted fibers [42] and in HC-PBG fibers
[43]. The coupling was obtained, respectively, by changing the hole spacing between the first
and second hole ring or by introducing smaller hole cores around the central one. In the
present case, it is not necessary to change cladding structure, because it is possible to directly
exploit the airy cladding modes [35]. Furthermore, since their dispersion characteristics are
quite similar to those of the core modes (both are well represented by Eq. (2)), phase
matching condition is verified over a wide frequency range. The interaction between core and
airy cladding modes has been already experimentally observed in [26], and [29], but their role
in determining fiber properties has not been thoroughly investigated. Since in THz spectral
region the material absorption loss is extremely high, the leakage loss is negligible compared
to absorption loss even with just one ring of tubes around the hollow core [25]. This opens up
the use of new geometries to arrange the tubes. In particular, as shown in Fig. 8, it is possible
to arrange the tubes on the vertices of a polygon with N sides having length I. The relationship
between tube diameter d and fiber core radius R depends on N. With some simply geometrical
considerations, it is possible to show that:

R-tal Lt
sm(ﬁ)

-1, 4)

By starting from that observed in the previous sections, the effective index of the core
HOM with lowest loss, namely the TEq;, can be estimated as:

1

2
C
nHOM—TEOl(f) =1_E(u01 m) : (5)

Similarly, the effective index of the first airy cladding mode, namely the HE;;-like, can be
estimated as:

2
1 c
nAiryHEu(f):l_E(ull Hj : (6)
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By equating Eq. (5) and (6), replacing Eq. (4), and recalling that D =d —2t, the number
N of tubes necessary to guarantee the index matched coupling between core mode TEq; and
the airy mode HEj;—like is:

a [dB/m]
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Fig. 9. Leakege loss and dispersion curves for TTL (left), Heptagonal (middle), and Octagonal
(right) fibers with a core radius R=1.2mm and tube thickness t=0.1mm. Solid red lines show
dispersion curves of the HEy; airy cladding modes.

N versus p for three different values of I/d is reported in the right panel of Fig. 8. By
excluding values too high and too low of p, the best value of N to maximize the coupling is
N=7.

To bear out this prediction, three different kind of fibers have been considered: a TTL
fiber, a Heptagonal fiber with N=7, and an Octagonal one with N=8. The dielectric material
has been assumed to be Teflon, with a refractive index n=n,-jn;. In the THz spectral region
Teflon dispersion is negligible [3-7], so that n,=1.44 for all the considered frequencies. About
imaginary part, several values have been reported in the literature. At f=1THz, n; varies from
0.69E-3, corresponding to about 120dB/m [4], to 4.5E-3 corresponding to 870dB/m [7]. In the
present analysis it has been assumed n;=1.2E-3 corresponding to 220dB/m [5, 6]. By fixing
t=0.1mm, there is a low loss region centered around 1THz and the resonance for v=2 is at
f=1.45THz. 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. 9 leakage loss and the dispersion curves of the FM and
the first four HOMs for the three kind of fibers are reported in case of R=1.2mm. 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 by changing
the fiber. On the contrary, the leakage loss of HOMs significantly increases passing from TTL
to Octagonal and, finally, to Heptagonal fiber, according to the theory. In the Heptagonal
fiber, the improvement is about a order of magnitude if compared to TTL one. In fact, as
shown in Fig. 9, in the Heptagonal fiber, the dispersion curve of the cladding airy mode
HE; ;—like (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 show
more clearly the improvement, the differential loss Ac versus the minimum of the FM loss

ag, for different core radius is shown in Fig. 10 by considering nj=0 and n;=1.2E-3. All

fibers exhibit a quasi-linear relationship. The Heptagonal fiber exhibits the sharpest curves in
case of both lossless and lossy medium. As the core size increases, p tends to 1, because d
increases and t is constant to 0.1 mm. By observing Fig. 8, this means that the optimum value
of N changes from 7 to 8. This is why, with R=1.6 mm, the values of the Octagonal and the
Heptagonal fibers are the same.
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Fig. 10. Differential loss versus the minimum of the FM loss for different core radius in case of
lossless dielectric (left) and lossy dielectric (right) with nj=1.2E-3. By starting form bottom-left
side the core radii are: R=1.6mm, 1.2mm, 0.97mm, 0.73mm.

The material absorption shifts the curves toward higher FM loss. In this case, loss is
composed by leakage and absorption loss. The effect of material absorption on the total loss is
different for the different fibers: the lower is the leakage loss, the higher is the sensitivity
towards material absorption, whereas the larger is the core, the lower is the sensitivity. In the
Heptagonal fiber, absorption increases the FM loss, whereas the differential loss is
substantially unchanged. In the Octagonal fiber, the differential loss is unchanged only for
large core. Finally, in TTL fibers the absorption effects on the FM loss and on the differential
loss are comparable. Although the threshold over which the fiber can be considered
effectively single mode depends on the particular application, to fix the ideas, let assuming a
differential loss of 20 dB/m. Figure 10 shows that with TTL fiber a core of 0.73 mm is
required, and the FM loss is about 8 dB/m. The same condition is obtained with a core around
of 1 mm and a FM loss of 1 dB/m in case of Heptagonal fiber, that is almost a decade lower
than TTL one.
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Fig. 11. Leakege loss and dispersion curves of a heptagonal fiber with a core radius R=0.73mm

and tube thickness t=0.1mm. Solid red lines show dispersion curves of the HEy;-like airy
cladding modes.

Finally, in order to show that effectively single mode operation can be obtained over a
broadband, Fig. 11 shows loss and dispersion characteristics versus the frequency of a
Heptagonal fiber with R=0.73 mm, cladding tubes with diameter d=1.18 mm and thickness
t=0.1 mm. The differential loss is always higher than 70 dB/m, whereas the FM loss is lower
10 dB/m over a band 400 GHz with a minimum of 2.8 dB/m at 1.07 THz.

6. Conclusion

In this paper the waveguiding mechanism in hollow core fibers composed by a single
dielectric tube or a regular arrangement of tubes has been thoroughly analyzed. The high loss
regions are due to the resonant coupling between core modes and dielectric modes like in the
kagome and square BHCFs.
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In the single tube waveguides, the high loss spectral regions and the dispersion curves of
the core modes can be accurately predicted by starting from analytical equations. In the tube
lattice fibers, a simple and useful model has been proposed. In the model, both the core and
the cladding modes are described in terms of the modes of a single tube waveguide.
Numerical results show that the model is able to predict loss and dispersion properties with
the change of geometrical and physical parameters, allowing a better understanding of the
role of tube diameter, thickness, and refractive index into design process. High loss regions
mainly depend on ratio between inner and outer tube diameters, whereas the dielectric
refractive index dependence is weaker. The model has been then applied to improve
effectively single mode operation of the fiber by enhancing the coupling between high order
core modes and airy cladding modes. It has been analytically shown, and then numerically
verified, that fibers made of tubes arranged in a heptagonal symmetry exhibit the best tradeoff
between high HOMs loss and low FM loss.

Finally, since there is a similarity between a circle and a hexagon, it is possible that the
proposed model could be also applied to the analysis of BHCFs with a kagome lattice. These
aspects will be subject of future investigations.
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