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Effect of core boundary curvature on the

confinement losses of hollow antiresonant fibers

Walter Belardi' and Jonathan C. Knight

Centre for Photonics and Photonic Materials, Department of Physics, University of Bath, Claverton Down, Bath,
BA2 74Y, UK
"wb286@bath.ac.uk

Abstract: We use numerical simulations to investigate how the curvature
of the fiber core boundary influences the attenuation of hollow antiresonant
fibers. We show the importance of a “negative” curvature core boundary in
reducing confinement losses and also how, for certain curvatures, optical
power is coupled resonantly to cladding modes. We simulate bending losses
and find results in agreement with previously-reported experiments.
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1. Introduction

Antiresonance has long been known [1] as a mechanism enabling light confinement to a
medium with a refractive index lower than that of its surroundings. However the mechanism
has received increased attention in fiber optics following the discovery and development of
Photonic Crystal Fibers (PCFs) [2-4]. While seeking efficient light guidance in hollow core
PCFs [5], a novel type of fiber was developed by arranging its cladding holes in a Kagomé
lattice [6]. This fiber guided light by means of an antiresonant effect and allowed for a much
broader spectral transmission than that achieved in photonic bandgap fibers [3, 4].

Hollow core antiresonant fibers (ARFs) have been studied [7] and several attempts have
been made to simplify their geometrical structure [8—10]. The realization of ARFs with an
extended transmission window and low losses could have a wide range of applications
ranging from gas-light interaction [11] to terahertz applications [12] and medicine [13].

Recently it has been shown that the curvature of the core boundary of ARFs may
significantly affect their losses [10, 14]. In ref. 14 the authors reported on a hypocycloid-core
Kagomé ARF with a minimum loss of 130dB/km at 1.317um. They explained that the
reduction of 1 order of magnitude in the confinement losses of this fiber (compared to the one
in ref. 6) was related to the modification of the fiber core boundary shape. According to them,
a change in the core boundary shape may reduce the overlap between the core modes and the
cladding modes of the fiber, by having the effect of an overall reduction of the fiber losses.
The authors estimated that this power coupling between core and cladding modes could be
reduced by increasing the length of the silica webs surrounding the fiber core or by reducing
their thickness [14]. Thus they speculated that the elongation of the silica webs in the
hypocycloid-core Kagome ARF [14] compared to the circular-core Kagome ARF [6] was
responsible for the loss reduction.

In ref. 10 the authors provided a different explanation for the reduction of confinement
losses in ARFs with a simplified structure. They introduced the word “negative curvature” by
referring to the fact that the core boundary has a convex shape when seen from the center of
the fiber. They claimed that a “negative curvature” of the core boundary was responsible for
loss reduction of ARFs in the near and medium infrared regime [10, 15]. They argued that the
presence of a “negative curvature” was effective in reducing the spatial overlap between the
core mode and the silica core boundary, therefore minimizing the overall fiber losses.

Negative Curvature Fibers (NCFs) have recently been demonstrated with losses as low as
34dB/km at 3.05um [16] and 24dB/km at 2.4microns [17]. Further improvement in their
performance will rely on better understanding the relationship between the core boundary
curvature and the confinement losses.

In this work we provide a detailed numerical analysis of the relationship between the core
boundary curvature and the confinement losses in ARFs, and show the importance of the
“negative curvature” for reducing loss. We show that this relationship can be affected by
resonant coupling between core and cladding modes. We also validate some previous
experimental observations on bending losses.

2. Negative curvature fiber

We used the commercially available finite-element software Comsol to perform our
numerical analysis. We first validated our model through comparison with Refs. [18-20], and
by performing convergence tests. We then based our fiber design on the structure and
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geometrical parameters of an NCF previously reported [16]. A section of the modelled fiber is
shown in Fig. 1. The core radius r. is 47um, the thickness of the silica struts and of the core
wall ¢ is 2.66pum and the inner radius of the silica cladding tube is OA = 128.75um. Since the
fiber in ref. 16 has a minimum loss at the wavelength of 3.05um, we have decided to adopt
this wavelength for our numerical analysis. However the losses of silica material have not
been included in our model.

2.1 Design

The design method used for studying the relation between the confinement losses and the core
boundary curvature is shown in Fig. 1. While calculating the confinement losses, the fiber
core radius is kept constant at a value . = 47um and the contact point between adjacent
cladding holes C is moving along the straight line OA. The core boundary is then built by
connecting the moving point C to the fixed point R with an arc whose circle has center in P
and radius ;. In this way, the modification of the fiber geometry allows us to evaluate several
different fiber structures with the same core radius r., core wall thickness ¢ and cladding tube
radius OA but different curvatures of the core boundary Curv = 1/r,. As shown on the right
hand side of Fig. 1, the fiber structure passes from structure “a” with a very low curvature of
the core boundary to structure “c” where the core boundary curvature reaches its maximum
value.

Fig. 1. Design of a negative curvature fiber: modification of the NCF geometry is obtained by
moving the point C along the straight line OA. In this way the fiber structure passes from “a

ITEt)

to “c,” as shown on the left hand side. The fiber core radius is kept fixed at 47pm.

2.2 Numerical results

Figure 2 shows the numerical results obtained. The confinement losses (blue line with dots)
shown on the left axis are evaluated for different values of the core boundary curvature Curv
which varies from 525m™" to a maximum value Curvyy = 34322m™" (when the lines meeting
at C are parallel), corresponding to a curvature radius rgyuy = 29.14um. The “normalized
curvature” is obtained by dividing each curvature by the maximum value Curvyy. The right
hand axis (red line with triangles) indicates the values of the effective mode area of the NCF.
A magnification of the plot is shown on the right hand side, for values of the normalized
curvature between 0.9 and 1.
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Fig. 2. Relationship between confinement losses (blue line with dots, left axis) and normalized
curvature of a NCF. The values of the effective mode area of the NCF (red line with triangles)
are indicated on the right axis. On the right hand side is a magnification of the same plot for
values of the normalized curvature between 0.9 and 1.

The plot shows that the confinement losses can be reduced by around 4 orders of
magnitude by adopting high curvature. The reduction is not monotonic, with several peaks
appearing in the curve. As a side effect of the increased “negative” curvature, the effective
mode area of the fundamental mode increases by 6% in a roughly linear way. Its value passes
from 3545 pm? to 3767um® It should be noted that for other nearby wavelengths, although
the details of the curves will differ, the overall trend remains the same.

We have also calculated the percentage of optical power in the hollow core, in all the air
holes and in the silica cladding of the fiber. The results are shown in Fig. 3.
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Fig. 3. Percentage of optical power in the air core (green line with ‘x”), in all the air holes of
the fiber (red line with filled dots) and in the silica struts of the cladding (purple line with
empty dots). On the right hand side is a magnification of the plot for curvature values between
0.9 and 1.

The percentage of optical power in the hollow core of the NCF reaches a maximum value
of about 99.9% when the normalized curvature is close to 1. The optical power in the silica
struts of the cladding decreases to less than 0.01%, consistent with the absorptive loss
measurements reported in ref. 17. About 0.09% of the optical power is found in the cladding
air holes. The peaks in the silica cladding curve in Fig. 3 are linked to the peaks in the
confinement losses observed in Fig. 2.
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2.3 Coupling effect

In order to explain the origin of the local peak losses observed in Fig. 2, we have analyzed a
specific normalized curvature range around the value of 0.521 (see Figs. 2 and 3),
corresponding to one of the peaks. The results are shown in Fig. 4.
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Fig. 4. The air core mode (blue - A) and a silica cladding mode (red - B) cross at the value of
the curvature corresponding to the loss peak in the confinement loss curve (shown in green).
Poynting vector plots are shown on the right: C is a low-dispersion (air) cladding mode.

We have calculated the effective index of all optical modes present in the fiber in the
range 0.999-1.001. These modes belong to three categories which are shown on the right side
of Fig. 4: the degenerate fundamental-like core mode (A), silica cladding modes (B) and
degenerate air hole cladding modes (C). Figure 4 shows the evolution of the effective index
with the curvature for modes A (blue long-dashed line), B (red lines with circles, triangles
and squares) and C (purple short-dashed line). The peak in confinement loss of the core mode
(green dashed-dotted line) corresponds to the crossing between modes A and B. We conclude
that the loss peak is caused by the strong coupling between modes A and B at the specific
normalized curvature of 0.521. It should be noted that the same behavior has been observed
also for other peak losses of Fig. 2 at low as well as at high curvature, which leads us to
generalize this result to all peak losses. We should also clarify that this “local” longitudinal
phase matching does not explain the overall trend of reduced confinement loss with curvature
observed in Fig. 2. This has been explained in ref. 14 as related to an overall diminished
power coupling between the air core mode and the rapidly-oscillating transverse field of the
silica-confined cladding mode.

2.4 Importance of the negative curvature

For the sake of completeness, we report here that we have also performed numerical
simulations on an identical structure to that shown in Fig. 1 but applying a “positive”
curvature to the core boundary. In this case, the arc used to build the core boundary belongs
to a circle whose center is not in the cladding area (as in Fig. 1) but in the core. The core
boundary then presents a concave shape when seen from the center of the fiber. By using this
design, we could compare the performances of two different fiber types with exactly the same
parameters (and similar elongations of the silica webs surrounding the core) but opposite
curvatures of the core boundary (“negative” or “positive”). In this case the confinement losses
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were never lower than a few dB/m, proving that the positive curvature was not effective in
reducing the mode overlap between fundamental and cladding modes. We conclude that the
“negative” curvature of the core boundary is essential for reducing confinement losses.

2.5 Bending losses

We have adopted the method of ref. 19 to simulate propagation in a bent NCF with a
maximum curvature Curvy,y = 34322m™" (normalized curvature of 1). The bending direction
that has been chosen is the one along the x-axis. We have first analyzed the relationship
between confinement losses and bend radius at the wavelength of 3.05 pm (left hand side of
Fig. 5). As in Fig. 2, this relationship is affected by the evolution of the coupling between air-
core and cladding modes, which is particularly visible in the two loss peaks at the bend radii
R, =7cm and R, = 17cm. On the right hand side of Fig. 5, we have shown the confinement
losses of the bent NCF across its full transmission window for different bend radii R. Overall,
bend losses are lower on the longer-wavelength side of the transmission window. By
comparing the curve with R = 5cm (dark blue line with dots) and that one with R = 15¢cm
(green line with diamonds), we can see that the wavelength of the loss peaks change. As a
consequence of this wavelength shift, if we consider the wavelength range around 3.2pum, the
confinement losses of the NCF are greater for a bend radius R = 15cm (green line with
diamonds) than for a smaller bend radius R = 10cm (red line with “x”). A very similar
behavior was already observed experimentally in Fig. 4 of ref. 13.

Finally, the confinement losses of the considered NCF are only marginally affected by the
bending when the bend radius is greater than about 20cm, as also shown experimentally in
ref. 13.
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Fig. 5. The relationship between confinement losses and bend radius is strongly affected by the
coupling between air-core and cladding modes, which causes some peak losses. The
wavelength associated to these peaks also depends on the particular bend radius adopted.

3. Conclusion

We have studied the impact of the core boundary curvature on the confinement losses of
hollow antiresonant fibers designed with similar geometrical characteristics to those
previously reported. We have identified the origin of the observed loss peaks in the coupling
between the air-core and cladding modes of the fiber. We have outlined the importance of a
“negative” curvature core boundary for achieving loss reduction and studied the specific
evolution of the fiber bending losses.
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