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Abstract: We report on numerical and experimental studies on the
influence of cladding ring-number on the confinement and bend loss in
hypocycloid-shaped Kagome hollow core photonic crystal fiber. The results
show that beyond the second ring, the ring number has a minor effect on
confinement loss whereas the bend loss is strongly reduced with the ring-
number increase. Finally, the results show that the increase in the cladding
ring-number improves the modal content of the fiber.
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1. Introduction

Two families of hollow-core photonic crystal fibers (HC-PCF) have emerged in the previous
decade. The first one guides via photonic bandgap (PBG) [1] and the second one guides via
inhibited coupling (IC) between the core modes and the cladding modes [2]. Recently, the
confinement loss in IC guiding HC-PCF, represented by Kagome-lattice HC-PCF has been
reduced from 1 dB/m level [3,4] to a few tens of dB/km with the introduction of hypocycloid-
like shaped fiber core [5-9]. The role of the hypocycloid shape in decreasing the confinement
loss (CL) was pioneered and explained in 2010 by an enhancement of the inhibited coupling
via the dramatic decrease in the spatial overlap between the slow-varying transverse-phase
core modes and the fast-varying transverse-phase silica modes of the core-surround [5].
Furthermore, a recent relationship between the negative curvature and the confinement loss in
the HC-PCF family was experimentally and theoretically demonstrated [10,11]. In this work,
it was shown that the increase of the curvature of the core-surround contour inward arcs
(labeled as & in [10,11]) influences the optical properties of the fiber in three ways. Firstly, the
transmission loss decreases almost exponentially with the increase of 5. Secondly, the spatial
optical overlap of the fundamental core mode with the silica core-surround drops by almost
two orders of magnitude when the core-contour is changed from circular to hypocycloid with
b>1. Finally, when b exceeds the value of 0.5 the modal content approaches that of a single-
mode, despite the core diameter being as large as 30 um. This led to development of a b =1
negative curvature Kagome HC-PCF with a record loss at 1064 nm of 17 dB/km [11] and
while operating in a single mode fashion.

Conversely, such a low attenuation-level with a hypocycloid-shaped core has been
predicted and demonstrated to be achieved even with a single ring [12—15]. For example a 30-
40 dB/km loss figure in the IR and Mid-IR domains was achieved in fibers with both 3-ring
cladding [16] and in a single ring cladding fibers [12,17]. However, the role of the cladding in
light confinement is not fully understood. This is also illustrated in the prior numerical
simulations that considered the cladding contribution to light confinement in circular or
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hexagonal core-shape Kagome HC-PCF, and which led to differences in conclusions
[2,6,18,19]. For example in [19], the authors claim that the cladding has an adverse effect on
light confinement, whilst in [2,6] the authors show that adding a cladding with three rings
shows lower loss than a single anti-resonant ring hollow-fiber. The combination of the lack of
a clear understanding in the cladding role in such fibers on one hand and of the recent ultra-
low transmission loss reported in IC guiding HC-PCF with hypocycloid core-contour, which
put this class of HC-PCF as an excellent waveguide candidate in spectral ranges where the
PBG guiding HC-PCF failed to perform, call for a comprehensive investigation on how the
cladding affects the optical performance of IC guiding HC-PCF.

Here, we report on experimental and theoretical systematic study of the effect of the
cladding ring number on confinement and bend losses in hypocycloid-core shaped Kagome
cladding lattice HC-PCF. Firstly, we report on how the transmission loss evolves with the
cladding ring number in these fibers. Secondly, we investigate the bend loss dependence on
the ring number, and finally we show how the cladding ring number affects the modal content
and the physical mechanism underlying the bend loss.

2. Transmission loss evolution with cladding ring number

Figure 1(a) shows computed confinement loss (CL) spectra of Kagome cladding-lattice HC-
PCF with different cladding ring-numbers. The fibers are taken to have a hypocycloid-shape
core with a constant b curvature parameter of 0.3 (see [10,11] for the definition of b), and a
constant inner diameter of 32.5 pm. The thickness of the silica web forming the cladding is
set to 450 nm and the pitch equal to 20 pm. The computation was carried out using a
commercial software (COMSOL Multiphysics) based program on the finite-element-method
(FEM) with anisotropic perfectly matched layer [20], and which was successfully applied to
the analysis of loss and dispersion properties of several IC HC-PCFs [21]. The spectral range
of the computed CL was limited to the first transmission band (i.e A>900 nm) and spans from
900 nm to 2.4 pum. It is noteworthy that for a single ring structure the CL obtained with b =
0.3 negative-curvature core HC-PCF is lower than its circular single-ring counterpart (i.e. an
anti-resonant ring) [16]. Indeed, here the loss in a single ring reaches a minimum of ~50
dB/km in the 1200-1400 nm spectral range, which is almost three orders of magnitude lower
than that of a circular ring with comparable core-size and silica thickness [6]. This loss figure
is in qualitative agreement with the ones experimentally observed in the fabricated single-ring
hypocycloid-core HC-PCF [9,12], and which was explained by the decrease of CL with
increasing b [9]. Furthermore, the results show two distinct trends in the confinement loss
evolution with the cladding ring number. Firstly, there is little overall variation in the
confinement loss by increasing the cladding ring-number from two to four rings. This trend is
similar to the one found with circular or hexagonal core Kagome HC-PCF [18]. For fibers
with a ring-number of 2 or larger, the average base-line of the loss is about 20 dB/km in
1200nm-1400nm spectral range. Secondly, the CL reduces significantly when the cladding
ring number is increased from 1 (i.e. single-ring cladding fiber) to 2 (i.e. 2-ring fiber), with
the average base-line loss figure dropping from 60 dB/km to 20 dB/km. In addition to these
trends, the modulation depth of the peaks and dips that structure the CL spectrum is
significantly increased with the cladding ring-number. As a matter of fact some dips exhibit a
CL of less than 2 dB/km, whilst for some peaks, the CL increases above 100 dB/km. The
origin and the dynamics of these peaks and dips are beyond the scope of the present paper.
Furthermore, the origin of such oscillations were attributed to the structural cladding features
[2], and in some cases they exhibit behavior akin to Fano resonances [22].
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Fig. 1. (a) Simulated loss spectra for four different cladding ring numbers; (b) Structure fiber
profile, (c) Measured loss spectra for four fabricated hypocycloid-core Kagome HC-PCF (one,
two, three and four cladding rings), and (d) corresponding SEM images.

Table 1. Physical parameters of the fabricated hypocycloid-shaped core HC-PCF.
b-curvature Pitch Silica thickness Core inner Representative loss
parameter (um) (nm) diameter (@ 1500 nm)

(um) (dB/km)

1-ring HC- 0.45 19.5 480 58 610
PCF

2-ring HC- 0.34 20.3 405 48 373
PCF

3-ring HC- 0.52 19.2 450 55 251
PCF

4-ring HC- 0.45 18.8 440 47 171
PCF

The overall trends of the CL spectra are qualitatively corroborated experimentally. Figure
1(c) shows the measured loss spectra for four fabricated fibers with a ring-number varying
from one to four. The fibers whose scanning electron micrograph are shown in Fig. 1(d), were
fabricated with similar pitch (~20 um) to within a relative difference of less than 8%, and strut
thickness (~450 nm), core diameter (~52 um) and hypocycloid-core shape (h~0.45). Care was
taken so the curvature of the hypocycloid-core arcs is kept the same for all the fibers and close
to the computed one. Table 1 lists the physical parameters of each drawn fiber along with a
representative loss figure measured at 1500 nm. The loss spectra of the fibers were obtained
by a cut-back measurement on ~50 m long fiber. The curves of Fig. 1(c) show that the four,
three and two ring fibers present comparable loss-figures; in the range of ~150 dB/km and
300 dB/km, which is in good qualitative agreement with the numerical results. Similarly, 600
dB/km loss level measured for the single-ring HC-PCF confirms the numerical results that the
single-ring fiber contrasts with the larger cladding ring-number fibers by a relatively higher
transmission loss [6].

3. Bend loss and modal content evolution with cladding ring number

A further characterization of these different cladding ring-number fibers is made by
measuring the macro bending behavior. Figure 2 shows the bend-loss spectra for different
bend radii (5 cm, 4 cm, 3 cm and 2 cm) measured with the four fiber designs. The bend was
carried out by coiling the fiber four turns for each measurement run.
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Fig. 2. Bending loss spectrum measured for four hypocycloid-core Kagome HC-PCF (with
one, two, three and four cladding rings) at different bending radii (a) 5 cm, (b) 4 cm, (¢) 3 cm
and (d) 2 cm.
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Fig. 3. (a) Zoom-in of measured bending loss evolution at the particular wavelength 1500 nm.
(b) Critical radius versus number of cladding rings at 1310 nm and 1500 nm.

For a bend radius of 5 cm, the loss spectra in 1500nm-1750nm spectral range are
comparable for the fibers with cladding ring number up to 3, all exhibiting a bend loss figure
of ~2 dB/m. However, as the wavelength gets shorter towards the high-frequency
transmission edge of the fundamental band, the loss in the single-ring fiber increases at a
much higher rate than the rest of the fibers, indicating that the cladding layers act as a barrier
to bend-induced mode-coupling between the core modes and radiation modes. This
corroborated with the 4-ring fiber which bend loss figure reaches ~0.1 dB/m level in 1500nm-
1750nm spectral range. Furthermore, for radii shorter than 5 cm, the spectra clearly show that
the bending loss decreases with the cladding ring number. For example in the case with a
bend radius of 3 cm, the spectra show that fibers with more than two layers exhibit a bend loss
which is lower than the single ring design by more than one order of magnitude. Figure 3(a)
shows the evolution of the bend loss at a representative wavelength from the center of the
transmission band (chosen to be 1500 nm) with the bend radius. The results show that when
the fibers are bent with a bend radius of 5 cm, the bend loss is as low as 0.1 dB/m for a 4-ring
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HC-PCF, whilst it is ~50 dB/m for a single-ring fiber. Figure 3(b) shows the evolution of the
deduced 3-dB radius (i.e. the bend radius at which the transmission is attenuated by 3dB upon
a one full turn coil) at 1500 nm and at another wavelength from a spectral range that is closer
to the short-wavelength transmission (chosen to be 1300 nm). For both wavelengths, the 3dB-
radius is decreased by 1 cm per one ring addition to the cladding.
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Fig. 4. Calculated bend loss spectra for four fibers with different cladding ring numbers (1, 2, 3

and 4 rings) at different bending radii (5, 4, 3, and 2 cm).

The trends of the above experimental results are qualitatively corroborated numerically.
Figure 4 shows the computed bend loss spectra for four fibers with different cladding ring-
numbers, varying from one to four rings, at different bending radii. The numerical results
were obtained through joint use of the FEM modal solver and of the conformal mapping
technique [23], which allows the replacement of the bent fiber with refractive index n(x,y)

with a straight one having an equivalent index profile n,,(x,y) =n(x, )e'™ where &= x,y is

the transverse bending direction and R, the bending radius. The combined use of the FEM and
conformal mapping have already been successfully used to analyze bending loss in solid core
step index fibers [24], microstructured fibers [25], and HC tube lattice fibers [26]. Similar to
the experimental results, these results show that passing from one ring to two rings the
confinement loss is significantly reduced, whereas a further increase in the number of
cladding rings has a minor effect on the bend loss. This is confirmed by Fig. 5, where the
confinement loss versus the bend radius for two wavelengths (A = 1.5 um and A = 1.55 pm)
for different ring numbers are plotted. The discrepancy between the experimental data and the
numerical data are likely due to micro-imperfections in the fabricated fibers and mechanical
deformations which are not taken into account in the numerical model. Furthermore, the
experimental results show stronger insensitivity to bend when the cladding ring-number is
increased, indicating further the limit of our numerical model.

Furthermore, the evolution of the transmission loss with bend radius doesn’t show a
uniform decrease but exhibits a resonant loss for a bend radius at 1.16 cm, and an oscillatory
behavior shows a structured curve in the radial range of 2-8 cm. The loss resonant peaks are
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explained by the coupling between the fiber core HE|; mode and that of cladding hole (see
Figs. 5(c)-5(f)) [9,26]. The origin of the oscillatory behaviour near 2-8 cm radial range is
more complicated to trace back. We believe that it is due to a bending dependence of the Fano
resonances [27].
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Fig. 5. Confinement loss versus the bend radius for two wavelengths (a) A=1.5um and (b)
A=1.55um for different ring numbers. (c) - (f) Simulated fundamental mode profile at bend
radius 1.1 cm at A =1.5um.

Finally, we observed that the increase of the cladding ring-number affects the modal
content of the fiber. Figure (6) shows a set of reconstructed near field images taken by a CCD
camera of the light output for the different Sm-long piece of fibers considered here and for
different bend radii. A strong multimode guidance is found for the st ring design which
contrasts with the other configurations. The coupling of the HE,; mode with the air-cladding
modes is here playing a key role as it is demonstrated in Figs. 5(c)-5(f). Indeed, the loss level
at the coupling point is strongly dependent of the distance between the first layer of the
microstructure and the outer silica cladding jacket. The results clearly show that an increase in
cladding ring-number improves the modal content and lessens the fiber sensitivity to bend.
This study is an original way to confirm the main role played by the inhibiting coupling
mechanism in such microstructured fibers.
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Fig. 6. Near filed mode profile for four fibers (1, 2, 3, and 4 ring) at no bend and different bend
radii (5, 4, 3, and 2 cm).

Discussion and conclusion

We reported on an experimental and numerical study on the cladding effect in hypocycloid-
core Kagome HC-PCF. The results showed that significant decrease in confinement loss is
observed only when the ring-number is increased from 1 to 2. Additional rings to a 2-ring
fiber have minor effect upon confinement loss. However, increasing the ring-cladding number
resulted in a strong reduction in the measured bend loss, and an improved modal content is
observed with the increase in number of cladding rings.

The trend observed in the evolution of CL and bend loss with cladding ring-number
increase, and the presence of several resonant peaks and dips in the CL spectra reveal a more
intricate dynamics in the light confinement and call for further work to elucidate whether the
CL is enhanced via coherent effect (i.e. Bragg interference) or whether the cladding acts as an
index layer whose dimension and effective index are the physical parameters to control for
further improving the CL. Furthermore, the resonant peaks and their coupling dynamics are
also worthy of further exploration.

Acknowledgment

This research is funded by Agence Nationale de la Recherche through grants PHOTOSYNTH
and X, LIM Labex Chaire. The authors thank the PLATINOM platform for technical
assistance in the fiber fabrication.

#197710 - $15.00 USD  Received 16 Sep 2013; revised 2 Nov 2013; accepted 5 Nov 2013; published 13 Nov 2013
(C) 2013 OSA 18 November 2013 | Vol. 21, No. 23 | DOI:10.1364/OE.21.028609 | OPTICS EXPRESS 28616





