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We have numerically studied different designs of technologically feasible microstructured fibers with a
germanium-doped core in order to obtain normal dispersion reaching possibly far in the mid infrared.
Hexagonal, Kagome and the combination of both geometries were numerically examined with respect
to different constructional parameters like pitch distance, filling factor of air holes, number of layers
surrounding the core, and level of germanium doping in the core. Our analysis showed that the broadest
range of normal dispersion reaching 2.81 wm, while keeping an effective mode area smaller than 30 pm?,
was achieved for a hexagonal lattice and a 40 mol% GeO, doped core. The proposed fibers designs can be
used in generation of a normal dispersion supercontinuum reaching the mid-IR region.

Fibers © 2018 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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1. Introduction

Since the first demonstration of supercontinuum (SC) in
microstructured fibers [1], these new light sources found numer-
ous applications in different fields, including optical coherence
tomography [2], confocal microscopy [3], and metrology [4]. Ini-
tially, the large spectral broadening was obtained by pumping
the microstructured fiber slightly above the zero dispersion wave-
length, i.e. in the anomalous chromatic dispersion range. In this
way, the ultra-broad spectrum can be obtained, however, com-
posed of many pulses in time domain and having non-uniform
power spectral density [5].

Recently, it has been demonstrated that pumping an all-normal
dispersion (ANDi) fiber causes generation of spectrally broad SC
characterized by a flat time-frequency profile, high stability and
coherence [6,7]. For effective generation of ANDi SC, it is required
that the pump wavelength matches the local maximum of a dis-
persion curve, which results in SC characterized by flat and octave
spanning spectrum with the high degree of pulse-to-pulse coher-
ence [8]. First ANDi SC has been obtained in silica microstructured
fibers pumped at 1050nm and 650 nm. It covered the spectral
range from 0.5 pm to 1.5 um [6]. Since that time many simula-
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tions and experimental efforts have been reported in literature to
shift the all normal dispersion SC towards the mid-infrared. Most of
them are based on fibers made of exotic glasses, like silica heavily
doped by GeO, (60 to 100 mol%) [9], lead-silicate glass [ 10], borosil-
icate glass with flint glass inclusions [8,11,12], chalcogenide glass
[13,14], tellurite glass [15] and hybrid fibers combining sections
with anomalous and normal dispersion [16].

As the transparency window of silica glass reaches 2.8 pum [17],
some efforts have been also undertaken to obtain mid-infrared
shifted ANDi SCin silica fibers, which are compatible with telecom-
munication technology. The silica ANDi fibers can be easily spliced
with standard telecommunication fibers thanks to close softening
temperatures and processed employing equipment typically used
in telecommunication. It has been demonstrated both numerically
[18] and experimentally [19] that it is possible to obtain a flat-
tened normal dispersion in the spectral range up to 2.3 um in a
specially designed microstructured fiber with GeO, doped inclu-
sion surrounded by small holes. The process of SC generation was
studied experimentally in this fiber using a pulse laser operating at
1.56 pm. with a pulse duration of 23 fs. The experimental results
proved that the ANDi SC generated in this fiber spreads from 1.2 pm
to 2.2 um. In the most recent paper the PolAND SC (polarized
all-normal dispersion supercontinuum) was demonstrated from
1.0 wm to 2.5 wm [20].

Another approach was investigated numerically in Ref. [21].
By tailoring the structural parameters of an air-silica microstruc-
tured fiber, a flattened normal dispersion reaching 3 pum has been
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Fig. 1. Cross-sections of the fibers with germanium doped core surrounded by microstructured region of hexagonal symmetry (a), Kagome symmetry (b), and combination
of both (c), @, indicates the diameter of germanium doped core, @, — diameter of air holes, A - lattice pitch.

obtained, thus allowing for ANDi SC generation in the spectral range
of 1 wm-2.2 wm by pumping the fiber at 1.55 p.m.

In this paper we study the possibility of further increase in the
normal dispersion range towards the silica transmission cutoff in
the mid-infrared [17] in the microstructured fiber first proposed in
Ref. [18], having a germanium doped core surrounded by one layer
of holes. We demonstrated by numerical simulations that by tuning
geometrical parameters of the fiber, such as GeO, concentration
in the core, diameter of the core, pitch distance, size of air holes
and the number of holes’ layers, it is possible to extend the normal
dispersion range up to 2.81 wm. This makes a significant progress
with respect to the fiber design reported in Ref. [18] with 18 mol%
of GeO,, in the core and one layer of holes surrounding the core, in
which all normal dispersion range reaches 2.3 pm. Therefore, the
proposed fiber design gives a good prospect to fully cover a long
wavelength part of the transparency window of silica fibers with
coherent SC generated in the normal dispersion regime.

2. Fiber structure and computation method

Considered fiber structures are shown in Fig. 1. A germanium
doped core of the diameter @, is surrounded by up to three lay-
ers of air holes of the diameter @;. The number of holes’ layers is
denoted by N. We have numerically analyzed only such fiber struc-
tures which are feasible in stack and draw technology. In order
to achieve those feasibility specific relations between the holes’
diameters, the lattice constant A and the core diameter must be
met. Therefore, it is assumed in all the considered fiber geometries
that the rod/capillaries used to stack the microstructured region
are of the same external diameter. Three technologically feasible
microstructure symmetries were considered, respectively hexag-
onal, Kagome and the combination of both (Fig. 1). An important
advantage of the Kagome geometry is that the first ring of air holes
is located closest to the germanium doped region.

Numerical simulations were conducted using the finite element
method implemented in Comsol Multiphysics Wave Optics Mod-
ule. First, we calculated the spectral dependence of the effective
mode index and field distributions, taking into account Sellmeier’s
equations for germanium doped and pure silica glass [22,23]. Tri-
angular mesh of finite elements defining the fiber geometry and
the second order shape function describing computed electric field
were used. The maximum size of finite elements were equal,
respectively to 0.05um for the core and holes, 0.2 wm for the
cladding and 0.5 pm for the perfectly matched layer (PML). Basing
on the convergence criteria, we estimated a numerical error in com-
puting the real part of the mode effective index at 10-6. Similarly as
in Ref. [16], the parameters essential in PML implementation were
selected basing on the calculation of the effective mode area (Ac¢).

For the cladding diameter of 125 pm, the thickness of PML of 3 pum
and the PML scaling factor of 3, the differences in computed Aq
between the models with impedance boundary conditions (IBC)
and perfect electric conductor on the outside border of PML were
lower than 1% for wavelengths of 0.5 pm and 3 pm, which are the
limits of the examined spectral range. All the calculations of the
effective index were conducted using IBC outside PML.

The field distribution was used to evaluate an effective non-
linear refractive index n; for the supported mode. The effective
nonlinear index can be calculated as a weighted average of the
nonlinear refractive index of constituent materials [24]. We dis-
regarded the wavelength dependence of the nonlinear refractive
index and approximated it for pure and GeO,-doped silica glass
according to the formula 1, =2.507 + 0.505A [10~29 m2 /W], where
A is the relative index difference of doped and undoped glass at
1.5 wm [24].

Finally, the calculated real part of the effective index of the
fundamental mode with the wavelength step of 10 nm was numer-
ically differentiated to determine a chromatic dispersion. The
imaginary part of the effective index was used to calculate a
confinement loss. For fibers with microstructured cladding, the
numerical simulations were limited only to the spectral range, at
which Ay <30 wm?. Such condition assures that the fundamental
core mode is not at cut-off, although in a long wavelength range,
the nonlinearity will be limited and bend loss will be significant.
Experimental results presented in Ref. [19] show that the gener-
ated supercontinuum reaches 2.2 um whereas the effective area is
30 wm? at this wavelength. It confirms that for A,y < 30 wm? the
efficient SC broadening can be obtained.

3. Simulation results

In the first step, we calculated the chromatic dispersion for the
fiber without any microstructure for two levels of GeO, doping in
the core, respectively equal to 40 mol% and 20 mol%. We chose 40
mol% as a maximal doping level because this is close to the high-
est concentration of GeO, reported for fabricated microstructured
optical fibers [25]. For the two GeO, concentrations, a number
of core diameters providing the first order mode cut-off in the
range from 0.8 to 1.8 wm with the step of 0.2 um were examined.
According to the results displayed in Fig. 2, a greater doping level
broadens the range of normal dispersion. Among examined step
index fibers with the core doping of 40 mol?%, the broadest range of
normal dispersion (upto 2.75 wm) was obtained for the core diam-
eter .= 2.5 um [Fig. 2(a)], while for the core doping of 20 mol%,
the broadest normal dispersion range (upto 2.20 p.m) was achieved
for .= 3 pm [Fig. 2(b)].
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Fig. 2. Chromatic dispersion calculated for a step index fiber with 40 mol% (a) and 20 mol% (b) germanium doped core of different diameters &..
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Fig. 3. First two steps of optimization procedure for the fiber with hexagonal lattice with the core doped with 40 mol% of GeO, and core diameter @, =2.5 um: finding an
optimal holes diameter @, for fixed lattice constant A = ®. (a) and finding optimal lattice constant A for fixed holes diameter @, =0.4 wm (b).

Optimization of the cladding microstructure composed of three
layers of holes was performed for the core dimeter assuring the
largest normal dispersion rage, i.e. @.=2.5pm for 40mol% and
@ =3.0 wm for 20 mol%. First, the lattice constant is fixed at A =@,
and the hole diameters (®;,) were varied until the normal disper-
sion range reached the maximum value. The procedure of scanning
the hole diameters @, witha step of 0.1 wmisillustrated in Fig. 3(a).
For hexagonal lattice and doping of 40 mol%, the optimum value of
the holes diameter was found to be @, =0.4 wm. In the next step,
for fixed @, =0.4 wm, we scanned the lattice constant A to achieve
the largest normal dispersion range. As illustrated in Fig. 3(b), for
hexagonal symmetry, the lattice constant A =2.8 wm yields the
broadest normal dispersion. Finally, another step of optimization
for the fixed lattice constant A=2.8 um was conducted in order
to find the optimal value of holes diameter &;,. The scanning of
@, was done with a step of 0.05 wm. For hexagonal symmetry,
40 mol% doping and lattice constant A =2.8 um, the broadest nor-
mal dispersion range, reaching up to 2.81 wm, was achieved for
@), =0.40 pm.

For the dispersion profile presented in Fig. 3 we observed an
unexpected behaviour in a long wavelength limit, namely a deep
decrease to negative values. We verified that this is related to the
mode cut-off and sudden increase in confinement loss. In Fig. 4
we present the calculated confinement loss corresponding to the
dispersion profiles presented in Fig. 3.

Similar optimization approach was applied for the fibers with
the core doped with 20 mol% of GeO,. In this case, the optimal geo-
metrical parameters assuring normal dispersion up to 2.25 p.m are
as follows: @.=3.0um, A=3.2 um and &, =0.40 pm. Moreover,
to examine the impact of successive holes layers on the dispersion
characteristics, we performed the simulations for only 1 and 2 lay-
ers of holes, while keeping the lattice constant and hole diameters

fixed. The results displayed in Fig. 5 show that the introduction of
the second and the third layer of holes broadens the normal disper-
sion range. Similar three-step optimization procedure was applied
to examine the fibers with Kagome lattice and the combination of
hexagonal and Kagome lattices.

Optimization performed for the fiber with Kagome lattice hav-
ing 3 layers of holes showed the best results for the core doping of
40 mol% and &, =2.5pm, A=3.8 um, @, =0.25 um. Such combi-
nation of the fiber parameters assures normal dispersion reaching
2.70 um, while keeping Aqs < 30 wm?2. For the core doping of
20mol%, normal dispersion reaching 2.11 pm for A.f <30 pm?
was obtained for the following set of parameters @.=3.0 m,
A=4.0pm, and &}, =0.25 pm. The calculated dispersion curves for
both doping levels and different numbers of holes layers N=1, 2
and 3 are shown in Fig. 6.

Simulations of the fiber with combined hexagonal and Kagome
lattice have shown the best results for the following set of param-
eters: @.=2.5pum, A=3.3 pum, &, =0.25um for 40 mol% of GeO,
doping and &,=3.0 um, A =3.6 um, @, =0.20 wm for 20 mol% of
GeO, doping. Such fiber geometries assure the normal dispersion
range for A,y <30 pwm? up to 2.72 wm and 2.13 pum, respectively
for 40 mol% and 20 mol% of GeO, doping, as it is shown in Fig. 7.

Spectral dependences of the effective mode area Agy up to the
limiting value of 30 wm? for the fibers with optimal parameters
are shown in Fig. 8. In Fig. 9 we present the calculated confine-
ment loss for the optimized designs. The obtained results show that
the fundamental modes are approaching cut-off in the considered
spectral range. For the sake of completeness, Figure 10 presents
the calculated nonlinear coefficient y = 2% for the optimized fiber

CAeff
designs.
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Table 1

Optimal fiber parameters (doping level, core diameters @, lattice constants A and
holes diameters @) assuring the broadest normal dispersion range, up to Amax
wavelength under the condition of Aoy <30 pm?.

hexagonal lattice Kagome lattice combination of
hexagonal and
Kagome lattice

core doping core
diameter and N

40 mol% Alum] 2.8 3.8 33
P=2.5um @ [um] 0.40 0.25 0.25
N=3 amax [om] 2.81 2.70 2.72
20 mol% Alum] 3.2 4.0 3.6
D=3 pm Dy [um] 0.40 0.25 0.20
N=3 amax [m] 2.25 2.11 213

InTable 1 we gathered the optimal parameters of the fibers with
different symmetries assuring the greatest normal dispersion range
and Ay < 30 wm2. Our analysis shows that the largest normal dis-
persion range up to 2.81 wm is obtained for the fiber of hexagonal
symmetry with 40 mol% of GeO, doping in the core and the fol-
lowing geometrical parameters: core diameter @ =2.5 um, lattice
constant A =2.8 wm, holes diameter @, = 0.40 pm, number of hole
layers N=3. It should be underlined that fabrication of such a fiber
is absolutely possible with the use of stack and draw technology.

4. Conclusions

Our numerical analysis shows that increasing the GeO, doping
level in the core of the step index fibers is beneficial for extending



SKAA

www.czasopisma.pan.pl P N www.journals.pan.pl

ADEMIA

62 J. Biedrzycki et al. / Opto-Electionics Review 26 (2018) 57-62

the normal dispersion range. In particular, we have demonstrated
that for the step-index fiber with 40 mol% of GeO, doping in the
core and the core diameter of @.=2.5um, the normal disper-
sion range extends up to 2.75 wm. Further increase in the normal
dispersion range with the limited effective mode area can be
enforced by addition of the microstructured cladding surrounding
the core. Three cladding symmetries, i.e., hexagonal, Kagome and
the combination of both, have been studied in this context. The
greatest increase in the normal dispersion range up to 2.81 wm,
while keeping A, <30 wm?, has been obtained for the fiber with
hexagonal symmetry. The calculated parameters, such as the core
diameter @, =2.5 um, lattice constant A =2.8 wm, holes diameter
@}, =0.40 wm, number of hole layers N =3, make the fabrication of
such a fiber perfectly possible using the stack and draw technology.
For the Kagome lattice and the combined lattice, a smaller increase
in the normal dispersion range was observed. Further studies will
include solving the nonlinear Schrodinger equation to determine
the optimal pumping condition for designed fibers, particularly in
terms of a central wavelength.
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