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Hollow fibers with a kagome-lattice cladding are part of a 
class of broadband guiding fibers that are able to guide light 
through an inhibited coupling between core and cladding 
modes [1]. This type of fiber exhibits broad regions of low 
loss guidance interspersed with high loss regions correspond-
ing to frequencies where cladding modes with slow azimuthal 
variation approach their cut-off and are then able to couple 
strongly to core modes as a result of diminished refractive 
index difference and an increased field overlap compared 
with modes of higher azimuthal dependence. Hollow fibers 
with a kagome cladding have been shown to enable efficient 
multioctave supercontinuum generation [2] and pulse com-
pression to subcycle pulse widths and gigawatt peak pow-
ers [3]. Similar in structure to a kagome fiber, and a kind of 
precursor to this fiber in the manufacturing stage, is a lat-
tice of tubes stacked in a triangular arrangement (triangular 
tube lattice, see figure 1(b)). Vincetti and Setti [4] used the 
finite-element method (FEM) to show that dispersion of core 
and cladding modes in a triangular tube lattice waveguide is 
accurately predicted by dispersion for a single dielectric tube, 
except at regions of high loss. Since a triangular tube lattice 
has much in common with a kagome lattice that has been per-
turbed, we expect similar relations to hold true for the modes 

of a kagome lattice and dispersion of a single hexagonal tube. 
Additional support for this idea comes from references [5]
and [6], which point to the antiresonance effects of the imme-
diate core surround as the main influence on transmission in 
these types of fibers.

Previous authors have commented on the ability to tailor dis-
persion of microstructured fibers, including semi-periodically 
structured fibers, due to their sensitive dependence on geom-
etry [7]. As a dramatic example, consider two microstructured 
fibers drawn from the same triangular tube lattice preform. 
Depending on how the hollow portions of the stack are pres-
surized during the drawing process, we can produce either a 
photonic band gap fiber [8–14] or a kagome [1, 15–17] fiber, 
the two of which guide light in fundamentally different ways 
[1, 18, 19]. Due to the highly geometric nature of the kag-
ome lattice we expect to find some correlation between the 
geometric features in the kagome structure and its guidance 
characteristics.

In this work, we present a comparative modal analysis 
for a kagome lattice and a kagome lattice with a hexago-
nal defect (see figure 1(a)). Fully-vectorial eigenmodes of 
Maxwell’s equations  with periodic boundary conditions 
were computed by preconditioned conjugate-gradient 
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minimization of the block Rayleigh quotient in a planewave 
basis, using a freely available software package [20]. This 
software takes a propagation constant as input on a given 
dielectric structure and outputs definite-frequency modes. 
We used this software to study mainly the fundamental 
mode of the defect and a few lattice modes that we iden-
tified as being related to the defect modes. The computed 
modes were output in terms of a scale invariant normal-
ized frequency α  =  Λ/λ where we have taken Λ to be the 
lattice pitch and λ is the free space wavelength. All the 
modeled geometries considered were given glass struts of 
index n = 1.45, corresponding to silica glass, and transverse 
thickness t = 0.0346Λ. Because we have used a flat material 
dispersion throughout the frequency range considered, this 
work has greatest potential for application in the frequency 
range between ultraviolet and mid-IR.

To map dispersion, we identified modes based on their 
transverse power profile. As expected, the lowest frequency 
mode observed within the defect possessed an approxi-
mately circularly symmetric profile, bearing similarity to 
the HE11 mode of a circular fiber. It is this mode which we 
call the fundamental mode. We also proceeded to map the 
dispersion for airy cladding modes bearing similarity to the 
fundamental defect mode, albeit in a kagome lattice without 
a defect. For the sake of comparison, we refer to these modes 
that appear within the hexagonal air holes as fundamental 
modes of the lattice. As we mapped the dispersion for the 
fundamental defect mode we noticed apparent discontinui-
ties in the curve where the fundamental mode seemed to hop 
down in effective index as frequency increased. We expect 
the lossy regions mentioned earlier to overlap with these 
discontinuous or perturbed regions. However, we note that 
this type of simulation with periodic boundary conditions 
gives no information on the attenuation of a mode, so we 
were unable to confirm this. Upon inspection of the power 
profiles of some of the defect modes near the discontinuity it 
appeared that the fundamental mode for frequencies higher 
than the point of discontinuity evolved from a set of modes 
which were considered higher order modes at frequencies 
lower than the point of discontinuity. Combining this set 

of modes shows that they most closely resembled the next 
order circularly symmetric mode of a circular fiber. As can 
be seen in figure 2, some of the modes found by our software 
in this range carry a brighter central spot which is approxi-
mately circularly symmetric. It is these higher order modes 
that we follow and plot below in addition to the fundamental 
mode. Mapping these higher order modes did in fact match 
up with the lowered dispersion curves and extended them to 
lower frequencies (see figure 3). The dispersion for the lat-
tice modes was found to show the same behavior as for the 
corresponding defect modes (figure 4).

Reference [4] uses an approximate expression for the dis-
persion of modes in a cylindrical air hole within a dielectric 
of infinite extent and show that this expression accurately pre-
dicts dispersion in both a hexagonal defect in a triangular tube 
lattice waveguide and the airy cladding modes of the triangu-
lar tube lattice. We checked if the modes of a single hexago-
nal tube were good predictors for the dispersion of modes in 
a kagome lattice (figure 5) and also included the dispersion 

as approximated by a cylindrical dielectric waveguide as was 

done in [4] and given by: ⎜ ⎟
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radius of the hexagonal air hole. Using this same relation to 
predict dispersion in our modeled geometries shows that it is 
also reasonably accurate for fibers with a hexagonal defect in 
a kagome cladding, and we see in figure 5 that the modes for 
each structure mentioned agrees pretty well, as we initially 
expected. We would like to mention that the data acquired for 
the modes of a single hexagonal tube through our software 
may be slightly skewed due to the inherent assumption of a 
periodic tiling of our computational cell through all space. 
However, we have tried to mitigate this source of inaccuracy 
by using a large computational cell compared to the transverse 
size of the tube.

The similarities and differences between the lattice 
and defect led us to wonder if there was a more geomet-
ric approach to explaining regions of high loss. While tak-
ing a look at the full kagome lattice, we noticed that for a 
given kagome lattice—which we shall call the base lattice— 
kagome lattices of larger dimension can be overlaid on this 
base lattice (see figure 6). Considering our base lattice as if it 
were comprised of each of these separate overlaid structures 
occupying the same space, suggests that modes available to a 
kagome lattice at one scale may interfere with modes of the 
same frequency for an overlaid kagome lattice of different 
scale. Let Λ0 be the pitch of the base structure. Then the pitch 
of an overlaid structure will be given by Λ = m*Λ0, with m an 
odd integer. Recall that the frequency of a mode is a normal-
ized frequency given as lattice pitch over wavelength, so to 
compare the frequencies of the modes available to the over-
laid structures to those of the base structure we simply scale 
the base frequencies by the size ratio of the two structures. 

Figure 1. (a) Example section of a fiber cross-sectional geometry 
with a kagome-lattice cladding and central hexagonal defect. 
Indicated within are the pitch Λ and glass thickness t. (b) Section of 
a triangular tube lattice.
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Figure 2. (a) Above is the spread of modes near to each other in frequency that are seen in a perturbed region. Below that are those five 
modes overlapped to show the circularly symmetric mode they are related to. (b) Farther from this region single modes more closely 
approximate the circularly symmetric modes.

Figure 3. Effective index versus normalized frequency for the geometry seen in the insets. Top row of insets, numbered 1–3, show 
evolution of lower frequency fundamental mode as it approaches cutoff. Lower row of insets (4–6) show evolution of a higher order mode 
to new fundamental mode.

Figure 4. Effective index versus normalized frequency for the airy modes of the full kagome lattice. Top row of insets, numbered 1–4, 
show evolution of lower frequency fundamental mode as it approaches cutoff. Lower row of insets (5–8) show evolution of a higher order 
mode to new fundamental mode.
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There is some subtlety though, in that our base lattice has a 
finite thickness, so the ratio of strut thickness to lattice spac-
ing is not constant across the different scales. In the case of a 
real fiber, we believe that the smallest scale structure will be 
the most influential since it is the most abundant and larger 
structures will diminish in importance as their availability 
goes down.

We expected to find that the areas of perturbation for 
the base lattice dispersion curve coincided with cross-
ings of scaled lattice dispersion curves. Instead we found 
that the scaled curves were shifted left in such a way that 
the curves for higher order circularly symmetric modes for 
a given structure more or less lay on top of the curves for 
lower order circularly symmetric modes of a smaller scale 

structure, deviating much more around the inflection points  
(figure 7). What this suggests, is that the high density of 
modes for larger structures in the low frequency regions per-
turbs the modes of the base hexagon as they try to couple 
to these. This, coupled with the similar behavior observed 
in figures 3 and 4, led us to believe that scaling the lattice 
curves to the defect sizes may provide a more accurate rep-
resentation of the defect curves.

The pitch Λ is twice the length of one side of a lattice hexa-
gon, and so we take the length of the side of a hexagon as our 
length for comparison when looking at the defect modes. As 
we see in figure 8, the dispersion for the defect modes fol-
lows the scaled lattice curves very closely. We noticed that 
the dispersion curves for the defect hole modes lacked or had 
diminished perturbation compared to the lattice curve scaled 
to the defect dimensions, with the defect most resembling a 
structure from an overlaid lattice following the lattice behav-
ior closest (compare figures 8–11). For defect modes, perhaps 
the limited amount of structural replicas or the mismatch in 
geometry allows for interference effects as seen in the lattice 
curves to be mitigated.

In conclusion, we have verified the importance of the 
core surround and demonstrated that defect mode dis-
persion curves can be predicted by scaling the lattice 
dispersion, which can be simulated at a much lower com-
putational cost. The scaling we have introduced does at 
least as well as the cylindrical hole approximation, with the 
possibility of adding some predictive ability for the lossy 
regions. We have also shown that the cladding geometry 
has a significant influence on the guiding properties of kag-
ome-cladding fibers. We believe that this insight will aid in 
the design of fibers with kagome or kagome-like cladding. 
For future work, motivated by the kagome lattices similar-
ity to three different periodic dielectric structures which all 
exhibit band gaps, we hope to use simulation to study the 

Figure 5. Dispersion of airy modes in kagome lattice (black), of a single hexagonal tube (blue), and using the approximation for a 
cylindrical dielectric waveguide (orange).

Figure 6. Kagome lattice with an example of a scaled overlaid 
kagome lattice shown in bold.
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Figure 7. Lattice dispersion for fundamental mode (black curve) and the same curve scaled to the first few overlaid kagome lattices (orange 
for 3Λ0, blue for 5Λ0, green for 7Λ0, and red for 9Λ0).

Figure 8. Dispersion for kagome lattice with the defect seen in the inset (black curve), lattice dispersion scaled by ratio of defect size to 
base hexagon size (blue curve), and cylindrical hole approximation (orange curve).

Figure 9. Dispersion of circularly symmetric modes for the geometry shown in the inset.

Laser Phys. Lett. 12 (2015) 055102
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influence of band-gaps on the regions of guidance found in 
kagome fibers.
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