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Abstract: We demonstrate how to reduce the loss in photonic bandgap fibers by orders of
magnitude by varying the radius of the corner strands in the core surround. As a fundamental
working principle we find that changing the corner strand radius can lead to backscattering of
light into the fiber core. Selecting an optimal corner strand radius can thus reduce the loss of
the fundamental core mode in a specific wavelength range by almost two orders of magnitude
when compared to an unmodified cladding structure. Using the optimal corner radius for each
transmission window, we observe the low-loss behavior for the first and second bandgaps, with
the losses in the second bandgap being even lower than that of the first one. Our approach of
reducing the confinement loss is conceptually applicable to all kinds of photonic bandgap fibers
including hollow core and all-glass fibers as well as on-chip light cages. Therefore, our concept
paves the way to low-loss light guidance in such systems with substantially reduced fabrication
complexity.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In photonic bandgap fibers, light is guided inside a central defect core of an otherwise perfectly
periodic lattice, yielding a photonic bandgap along the fiber axis at certain wavelength ranges [1].
Light guidance can take place in a core with a lower index than the average index of the periodic
cladding, enabling a large number of applications that cannot be accessed in conventional optical
fibers. Examples are sensing in liquid-filled cores [2,3], nonlinear effects in gas-filled cores [4,5],
broad tunability for supercontinuum generation [6], and many other applications [7-10]. Recently,
the idea of photonic bandgap guidance in hollow waveguides with cylindrical inclusions has also
transferred to planar waveguide technology on the basis of the light cages concept implemented
by 3D nanoprinting [11,12]. It turns out that the losses of fabricated bandgap fibers are higher
than in conventional step-index fibers due to the following reasons: First, the periodic lattice
consists of a finite number of rings of high-index inclusions, thus light can leak through the
microstructured region to the homogeneous surrounding of the fiber. This confinement loss can
be in principle decreased by increasing the number of rings of high-index inclusions. In practice,
this yields a significantly increased effort for fabricating such fibers. Second, large deviations
from the ideal design due to fabrication inaccuracies can lead to high losses. Third, the guided
light can be scattered at imperfections along the direction of propagation, particularly within the
first cladding ring, which is on the order of 1 dB/km [13]. One reason for this scattering loss are
frozen-in capillary waves that occur during the fabrication process [13,14]. Another key factor
for increased attenuation in low-index-contrast bandgap fibers can be bend loss [15]. In this work,
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we focus on providing design rules for minimizing confinement loss on the basis of structural
modifications.

A large number of theoretical and experimental studies has been devoted to tailoring the
properties and reducing the losses of photonic bandgap fibers by introducing structural changes
in the cladding and core surround, e.g., by adding index depressed layers in the unit cell [16,17],
selective index or radius variations of specific inclusions in the cladding [18-21], introducing
additional structures in the core [22-24] or removing inclusions in the vicinity of the core [25].
It is well known that structural changes near the core affects the propagation of the fundamental
core mode most significantly [26]. Particularly, so-called surface modes in hollow core photonic
bandgap fibers and cladding supermodes in high-index inclusion bandgap fibers [24,27,28] reduce
the bandwidth and increase the losses of the fiber [29].

Here, we introduce the concept of corner strand modification by changing the corner strand
radius in a photonic bandgap fiber with higher-index strands. This yields an optimal radius of
these corner strands, for which the losses of the fundamental mode can be orders of magnitude
lower than in the unmodified cladding structure. We also compare our results with the case of
missing corner strands described in Ref. [25] for the first and second bandgap. We find that
for certain ratios of strand radius r and pitch A, the removal and size modification of corner
strands lead to a comparable reduction of loss within the first bandgap. However, the missing
corner strands fail to reduce losses for higher-order bandgaps and also for particular ranges of the
ratio /A in the first bandgap. In order to analyze this phenomenon, we carry out a parameter
study and a quantitative comparison of the different mode profiles, which has been achieved
by normalizing the fiber modes using the procedure described in Refs. [30,31]. As in the case
of missing corner strands, the loss reduction mainly arises from the backscattering of light to
the fiber core due to the presence of the modified inclusions. We also show that this low loss
behavior is tolerant towards fabricational imperfections such as position and diameter deviations.

2. Results and discussion

As a test system, we consider a photonic bandgap fiber that includes high-refractive-index
cylindrical inclusions made of npjgh = 1.59 (coresponding to CS; [32]) arranged in a triangular
lattice and embedded into a homogenous background of 71, = 1.44 (corresponding to silica
[33]). We define the center-to-center interstrand distance as pitch A with the ratio r/A = 0.2
with 7 = 0.764 um. The corner strand radius R differs from the radius r of the otherwise perfect
cladding structure [see Fig. 1 bottom panel schematic]. The structural parameters of the test fiber
system are chosen such that we obtain a loss minimum, by modifying the corner strands, at a
wavelength of 1.55 um. The considered fiber geometry comprises four cladding rings with seven
missing inclusions in the center acting as the defect core. A schematic of the proposed structure
with modified corner strands can be seen in Fig. 1 at the bottom right of (b), while the schematics
referring to Fig. 1(a) denote conventional unmodified fiber structures with R = r.

The modes propagating in such systems are eigensolutions of Maxwell’s equations with
outgoing boundary conditions in the absence of sources. The eigenvalues are complex-valued
propagation constants 8 = kones, With ko and n.g being the free-space wave vector and the effective
refractive index respectively, and the imaginary part of n.g denoting the modal attenuation. Here,
the eigensolutions are calculated using the multipole expansion method [34,35].

We first analyze the modal attenuation for different radii of inclusion for unmodified corner
strands with radius R = r. In Fig. 1(a), we plot the loss as a function of V parameter, which is
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Fig. 1. (a) Loss as a function of V parameter for varying strand radius r for the first and
second bandgap. Schematics of the structures with increasing strand radius are shown on
the top right, for a constant pitch of A = 3.82 um. Panel (b) displays the loss for different
corner strand radii R for the first and second bandgap. The strand radius of the unmodified
structure is » = 0.764 um. The colors denote different radii of inclusion in the cladding in
(a), while they indicate different corner strand radii in (b), ranging between 0.9 um and 1.3
um [see labels in (a)]. A schematic along with its modified version with enlarged corner
strands (gray circles) in the core surround is shown on the bottom right. Comparison of
panels (a) and (b), with the scale of loss being two orders of magnitude lower in (b), reveals
that the optimal structure with the lowest loss is obtained in the first and second bandgap for
missing (blue dotted line) and modified corner strands (blue solid lines), respectively. In the
case of the latter, the corner strand radius of minimum loss is R = 0.27 um. Note that the V
parameter axis is related to the radius of inclusions outside the first cladding ring and holds
for top and bottom panels, while the wavelength axis corresponds only to the results in the
bottom panel, where the radius of the cladding strands is fixed to r = 0.764 um.

Schematics of the different fiber structures are shown in Fig. 1 to the right. Interestingly, the
loss in the second bandgap is lower than that of the first bandgap even for the unmodified cladding
structure, which has already been observed for other fibers with low index contrast between the
high-index inclusions and low-index background [36]. Figure 1(b) provides the confinement
loss for the fundamental mode (i.e., the mode with the largest magnitude of the electric field at
the center of the core) for different corner strand radii R as a function of wavelength across the
first and second bandgap. For the first bandgap, it is seen that while enlarging the corner strand
radius does reduce the losses by almost two orders of magnitude compared to the fiber with the
conventional unmodified cladding, the geometry with missing corner strands gives the lowest
loss. In contrast, for the second bandgap, we observe that the optimal structure for lowest loss is
with modified corner strand radius, see Fig. 1(b).

We now compare the dispersion of the effective index of the fundamental core mode for the
cladding structures with R = r, R = 1.5r, and R = 0 for the first bandgap. The real and imaginary
part of the effective index are plotted in Fig. 2(a) and (b), respectively. The unmodified and
missing-corner-strand structures show a smooth evolution for both the real and imaginary part
(denoted by black solid lines and red dashed lines, respectively) across the bandgap with high
Im(neg) at the band edges due to the presence of a large number of cladding states, and a minimum
at the center of the bandgap. The effective index for the structure with enlarged corner strands
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(R = 1.16 um), corresponding to the radius providing the lowest loss, is plotted in the same figure
with blue dashed-dotted lines. It is seen that there are three distinct dispersion curves of the
fundamental mode and its anticrossing with cladding supermodes.
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Fig. 2. Real (a) and imaginary (b) part of the effective index of the fundamental core mode
and its possible anticrossings with cladding supermodes with (blue dashed-dotted lines) and
without (black solid lines) modified as well as missing (red dashed lines) corner strands
in the core surround for the first bandgap. The pitch is A = 3.82 um, the strand radius is
r = 0.764 um, and the modified corner strand radius is R = 1.16 pm, which corresponds to
the lowest loss structure when enlarging the corner strands. The normalized absolute value
S, in logarithmic scale (c-d) is plotted for x-polarized modes at the wavelength of lowest loss
for structures with missing (c), conventional (d), and optimized (e) corner strands. The field
distributions have been normalized analytically according to Eq. (2), so that the comparison
of the magnitudes becomes physically meaningful. The best confinement is observed for the
structure with missing corner strands.

We observe that between the bandgap edge and the anticrossing with the cladding supermode,
Im(neg) of the fundamental core mode is almost two orders of magnitude lower for the enlarged
corner strands than in the unmodified cladding structure and comparable with the loss in the
missing-corner-strand structure. The loss at wavelengths close to the avoided crossing with the
cladding supermodes is very high due to the leaky nature of the cladding supermodes.

The absolute value of the p component of the Poynting vector for missing, unmodified and
enlarged corner strand (R = 1.16 um) is shown in Fig. 2(c)-(e), respectively, at the wavelength of
minimum loss for each structure. To facilitate a quantitative comparison of the Poynting vector
fields, we have normalized the fields of the leaky core modes by satisfying the normalization
condition [30,31]

S+L=1, 2)

where the surface term S and the line term L yield

2n Tn
S = /0 /0 p(E,Hy — EgH,)dpd, 3)
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Here, r,, is the radius of normalization, which spans over the regions of spatial inhomogeneities,
[ is the propagation constant, ko is the wavenumber, and € and y are the permittivity and
permeability in the outermost cladding region. The electric and magnetic fields are denoted by E
and H, respectively. It should be noted that because of the normalization, the unit of the fields is
1/um. Equations (2) to (4) have been derived in Ref. [30] and provide the correct weight of bound
and leaky fiber modes for the modal expansion of the Green’s dyadic of Maxwell’s equations.
Based on the correct normalization, we have shown how to predict the guiding properties under
structural perturbations and how to redefine the Kerr nonlinearity parameter for leaky modes
[30,31,37]. Here, this normalization allows for quantitatively comparing the leakage of energy
for different fiber geometries.

It can be seen in the Fig. 2(d), for the unmodified cladding, that — while most of the energy
is concentrated at the central core defect — a significant portion also leaks out to the exterior
silica background outside the periodic cladding. Comparing the S, component for the lower loss
structures of missing and modified inclusions with the unmodified cladding in panel (c) and (e),
we can see that the leakage to the exterior silica background has drastically reduced for both these
cases, with the missing corner strands having a slightly better confinement.

We also compare the real and imaginary parts of the effective index for the second bandgap
in Fig. 3(a) and (b) for the three structures of R = r, R ~ 0.35r and R ~ 1.45r. The structure
with missing corner strands is not considered for the second bandgap, as it turns out that such
geometry does not reduce the losses. The unmodified cladding and the structure with reduced
corner strands have a smooth dispersion for the real and imaginary part. Taking a look at the
structure with enlarged corner strands of R = 1.11 pm, we can see that there are four distinct
curves for the fundamental mode and its anticrossings with the cladding supermodes, due to
the presence of a higher number of cladding supermodes in the second bandgap. We can see
in Fig. 3(b) that the low loss behavior is exihibited by both the structures with modified corner
strands. Looking at the S, component at the wavelength of minimum loss, we can see that the
leakage to the exterior silica background is very high for the unmodified cladding (d) photonic
bandgap fiber. In contrast, a huge reduction of leakage to the exterior background is clearly
visible for the proposed structures of modified corner strands (c) and (e). This implies that there
is a redistribution of energy density due to the presence of the modified corner strands, which
is the reason for the low loss behavior observed in the spectral distribution of the loss in the
proposed structures. Hence, the variation of the radius of corner strands in the core surround
represents a new way to achieve lower loss values without adding any additional rings to the
cladding structure for both bandgaps. Therefore, we expect that such a fiber is simpler to fabricate
than adding more cladding rings.

To get a better understanding of this redistribution of energy density due to the modified or
missing corner strands, we plot in Fig. 4 the real part of S, at the wavelengths of minimum loss
in the first bandgap for the photonic bandgap fiber with R = 0 (a), R = r (b), and R = 1.5r (c) in
four directions, from the center of the fiber (indicated by different colors and linestyles in the
schematic of the fibers). It is seen that there is backscattering of light, indicated by the negative
values of S,, back into the core for the case of R = 0 (a) and R ~ 1.5r (c), which leads to the
redistribution of energy density towards the core region, while light passes through the fiber
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Fig. 3. Results equivalent to Fig. 2 for the second bandgap for structures having R = r
(black solid lines), R ~ 0.35r (magenta dotted lines) and R = 1.45r (blue dashed-dotted
lines). In contrast to the first bandgap, the best confinement is achieved for the structure with
modified corner strands for R = 0.35r.

without any backscattering for the unmodified cladding with R = r (b). We also see that the scale
of Fig. 4(a) is an order of magnitude lower, which corresponds to a lower leakage of energy in the
radial direction compared to the other two structures. We plot in Figs. 4(d)-(f) the real part of S,
at a position corresponding to the center of the first inclusion in each direction for the structures
with (d) missing, (e) enlarged, and (f) unmodified corner strands. Note that there is no rod in the
corner directions for the missing (d) corner strand structure. The wavelength of minimum loss is
indicated by the vertical line for their respective structures. Im(ne) is also plotted as a function
of wavelength in (d-f). It is seen that for the missing (d) and enlarged (f) corner strands, the
backscattering occurs at different rods as we sweep across the wavelength, and the interchange in
backscattering of the rods occurs close to the wavelength of the minimum loss of the structure
[Fig. 4(d) and (f)], while no backscattering is observed for the unmodified structure [Fig. 4(e)].
For the modified structures, the lowest loss occurs when there is optimal backscattering from all
rods in the core surround, while this mechanism of backscattering is absent in the case of the
unmodified structure.

The real part of S, for the second bandgap is displayed in Fig. 5 for the three structures with
reduced, unmodified, and enlarged corner strands. We can see that the radial energy density
is two orders of magnitude lower for the structures with modified corner strands [Fig. 5(a)
and (c)] than for unmodified corner strands [Fig. 5(b)], indicating lower leakage of energy to
the homogeneous background. We also observe that backscattering into the fiber core takes
place for the reduced-corner-strand structure in just one dominant direction compared to the
enlarged-corner-strand structure at the wavelength of lowest loss. The spectral distribution
of the real part of S, and Im(n.g) is displayed for the second bandgap in Fig. 5(d)-(f) at the
same positions as described in Fig. 4(d)-(f). We can see that there is no backscattering for the
unmodified (e) cladding, while an interchange in the direction of backscattering occurs for the
structures with modified corner strands (d,f), near the wavelength of lowest loss, as observed in
the first bandgap as well.

In Fig. 6, we plot the dependence of loss on the V parameter and the ratio of corner strand
radii R over strand radius r for two different ratios of /A for the first and second bandgap. For



Vol. 29, No

Re (S,)(1/um?2)

5 10 15 20 5 10 15 20 5 10 15 20
Distance from center (um) Distance from center (um) Distance from center (um)

10 1072
.

£ 107 18
=%
=, 0
Oy 2
jo)
['4
-4
10710 0 [ 10 6
15 1.7 19 21 23 15 17 19 21 23 15 1.6 1.7 1.8 1.9
Wavelength (um) Wavelength (um) Wavelength (um)

Fig. 4. Real value of the time-averaged Poynting vector in the radial direction for the
x-polarized fundamental mode in the first bandgap, with missing corner strands at 4 = 1.89
um (a), unmodified cladding at A = 1.71 um (b) and with enlarged corner strands (R = 1.16
um) at 2 = 1.55 pm (c). All other parameters are the same as in Fig. 2. The selected
wavelengths correspond to the minimum loss of the respective structures. The fields are
plotted in four different transverse directions from the center as shown in the insets. The
vertical lines in (a-c) mark the position of the center of the first inclusion in each direction.
The bottom panels display the spectral distribution of the real part of the radial Poynting
vector component at the center of the rods along these directions for missing (d), without
(e), and with (f) enlarged corner strands. The gray curve indicates Im(ng) of the respective
structures (right axis). For the sake of comparability, the field distributions have been
normalized analytically using Eq. (2). The vertical lines in (d-f) mark the wavelength of
lowest loss. It can be seen in (a) and (c), that backscattering of light to the core occurs in the
presence of the enlarged and missing-corner-strand structures, resulting in a decrease of the
fiber loss.

r/A = 0.2, low loss is observed around missing corner strands as well as enlarged corner strands
in the first bandgap, see Fig. 6(a), as expected from previous results for the same structure. For
the higher r/A ratio of 0.3, it can be seen that the structure with missing corner strands no longer
exhibits the lowest loss. The lowest loss is observed for the structure with modified corner strands
with a smaller corner strand radii than in the ideal structure. In the second bandgap, we also
observe that missing corner strands do not provide the lowest loss for both ratios of radius-to-pitch,
see Fig. 6(b) and (d), while modifying the corner strands by either reducing or increasing the
strand radius provides low loss. However, we see that the region of low loss for the enlarged
corner strands is much broader than the region of low loss from reducing the corner strands, while
the difference between losses for enlarged and reduced corner strands is very low. Therefore,
enlarging the corner strands will be less sensitive with respect to fabrication inaccuracies. Note
the occurrence of little peaks, which arise close to discontinuities in Fig. 6(a)-(d) due to switching
from one hybrid mode to another at anticrossings. Also, one can notice that the loss reduction is
higher for the lower ratio of »/A. Further simulations with different ratios of r/A confirm this
trend (not shown here). Nevertheless, our approach allows for reducing the loss independently of
the ratio of r/A.
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Fig. 5. Results equivalent to Fig. 4, but for the second bandgap, with reduced corner strands
(R = 0.27 ym) at 4 = 1.03 um (a), unmodified cladding at 2 = 1.03 pm (b), and with
enlarged corner strands (R = 1.11 um) at 4 = 0.99 um (c). It can be seen that backscattering
of light to the core occurs for the second bandgap only in the presence of the modified corner
strands. The vertical lines in (d-f) mark the wavelengths of lowest loss.
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Fig. 6. Loss as a function of V parameter and the ratio between corner strand radius R
and strand radius r in the first (a,c) and second (b,d) bandgap for r/A = 0.2(a, b) and
r/A = 0.3 (c, d). Evidently, the ideal choice of corner strand radius significantly depends on
the bandgap and the ratio of strand radius and A.
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For all cases, we infer that the subtle interplay of backscattering by small and large strand
radii in the core surround leads to a lower loss compared to the unmodified structure. In general,
varying the corner strand radius turns out to be a versatile method for reducing the losses
without increasing the complexity during the fabrication process significantly for the considered
geometries. The trade-off in some cases maybe the presence of a higher number of cladding
supermodes for a given strand radius, which has a significant impact on the dispersion.

Futhermore, we show in Fig. 7 that the low loss behavior is tolerant towards fabricational
imperfections such as position and diameter deviations. In order to simulate these imperfections,
the diameter and position of all the strands in the cladding are varied within a specific range.
To demonstrate the low-loss behavior, the same realization of disorder is studied with enlarged
corner strands of the optimal radius (R = 1.16 um). The calculations are then repeated for 50
realizations of disorder. It is clear from Fig. 7 that for the considered amount of disorder, where
each inclusion is shifted by maximum 0.2 pm for position disorder or changed by 2% in size for
diameter disorder, the low loss behavior prevails.

10°
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Fig. 7. Imaginary part of the effective index as a function of wavelength for postion disorder
(blue) with and without enlarged corner strands (solid and dashed lines, respectively) and
diameter disorder (orange) with and without enlarged corner strands (solid and dashed
lines, respectively). The shaded region represents the standard deviation calculated using
50 realizations of disorder for each case. It can be seen that for the considered amount
of disorder, where each inclusion is shifted by maximum 0.2 um for position disorder or
changed by 2% in size for diameter disorder, the low loss behavior with enlarged corner
strands perseveres.

3. Conclusion

In summary, we have presented a novel pathway to reduce the losses in photonic bandgap fibers
by introducing symmetrically modified corner strands in the core surround. We demonstrate the
behavior of the fundamental core mode for different corner strand radii and obtain ideal corner
strand radii for the lowest attenuation, while the actual value of the loss is reduced by more than
two orders of magnitude. We show this for both the first and second bandgaps. We demonstrate
that this low loss behavior prevails even in the presence of fabricational disorders such as position
and diameter disorder. We also observe that the introduction of the modified strands narrows the
effective bandgap, for certain modified strand radii of the structure due to the presence of cladding
supermodes, which imposes anticrossings of strand and fundamental core modes. Our approach
can principally be used for reducing the confinement loss in all kinds of photonic bandgap fibers
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including hollow-core or all-solid photonic bandgap fibers. Our simulations show that the crucial
quantity is the V parameter, implying that either the strand diameter or their refractive index may
be modified.
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