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An improved design for hollow antiresonant fibers (HAF's) is presented. It consists of adding extra antiresonant glass
elements within the air cladding region of an antiresonant hollow-core fiber. We use numerical simulations to com-
pare fiber structures with and without the additional cladding elements in the near- and mid-IR regimes. We show
that realizable fiber structures can provide greatly improved performance in terms of leakage and bending losses
compared to previously reported antiresonant fibers. At mid-IR wavelengths, the adoption of this novel fiber design
will lead to HAFs with reduced bending losses. In the near-IR, this design could lead to the fabrication of HAFs with

very low attenuation. © 2014 Optical Society of America

OCIS codes: (060.2280) Fiber design and fabrication; (060.2400) Fiber properties; (060.4005) Microstructured fibers.
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Guidance of light in air has attracted attention since the
dawn of optical fiber technology [1,2]. The field has made
major advances since the discovery and development
of photonic crystal fibers [3]. Hollow-core photonic
bandgap fibers (HC-PBGFS) [4,5] proved to be able to
guide light in air with attenuation as low as 1.2 dB/km
at 1.62 pm wavelength [6]. Another type of hollow-
core fiber known as “Kagomé” fiber [7] has also been
developed for its particular characteristic of combining
relatively low attenuation with broad bandwidth [8].
Although it does not possess a photonic bandgap clad-
ding, it guides light with reduced leakage compared
to a standard capillary because of the presence of an
antiresonant glass layer [9,10] surrounding the air core.

It has been shown that the performance of Kagomé
fibers is mainly due to the first silica layer around the
air core [11,12]. The core modes do not decay exponen-
tially in the cladding, and so increasing the cladding
thickness has only a small impact on loss reduction.
Leakage is instead limited by the rate of coupling into
cladding modes. This understanding led to simplified de-
signs for hollow antiresonant fibers (HAFs) comprising a
single silica ring around a central air core [12]. Recently,
it was shown [13-16] that adoption of a “negative curva-
ture” core boundary (as shown in the HAF structure in
Fig. 1) can lead to further loss reduction.

In this Letter we introduce a modified form of HAF
(structure 1AE in Fig. 1) in which we reduce the coupling
from the core into the cladding voids by introducing
additional antiresonant elements into the voids. We show
with numerical simulations that the level of leakage and
bending loss of HAF's can be effectively and substantially
reduced by the addition of such elements in realizable
fiber structures.

We used Comsol to perform our numerical simula-
tions. Figure 2 shows the transmission spectrum
(between 2.75 and 3.8 pm) of the different fiber struc-
tures modeled.

The standard HAF modeled has the same core radius
(R, = 47 pm), silica wall thickness (¢t = 2.66 pm), and
core boundary curvature (Curv = 2/d = 34322 m™!) as
the fiber reported experimentally in [15] and that simu-
lated in [16]. The cladding hole diameter in the HAF is
d = b58.27 pm. In the modified design 1AE, we have
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inserted extra glass rings (with inner diameter d; ) nested
within the original ones. While the silica thickness of
these inclusions is still the same as in HAF (?), so that
it is also antiresonant, the diameter d, is half of d. The
third structure (2AE) is obtained in a similar way, and
the diameter of its extra cladding rings is chosen to
be d2 = dl / 2.

We can compare the level of leakage loss of the differ-
ent structures by looking at all the broken lines in Fig. 2.

The oscillations of the leakage losses at longer wave-
lengths are related to the coupling between the silica
cladding modes and the fundamental-like core mode of
the fiber. The origin of this resonant coupling has been
described in Ref. [16]. Overall the leakage loss is reduced
by several orders of magnitude by passing from the stan-
dard HAF design to the 2AE structure. Even in the case of
1AE, leakage losses are reduced below 0.1 dB/km.

In Fig. 2 we have also plotted the total calculated
losses of the considered fiber structures when the
material attenuation is taken into account (data from
Ref. [17]). For all structures the fraction of power of
the fundamental-like core mode in the silica is somewhat
less than 107 [16]. Since silica attenuation at about a
3 pm wavelength is of the order of 100 dB/m [18], it
becomes the main factor limiting fiber attenuation when

HAF

1AE

Fig. 1. HAF represents the current state of the art in hollow-
core antiresonant fibers. Attenuation in the HAF is limited
by coupling to the voids in the cladding. In the modified struc-
ture 1AE, this coupling is suppressed by including additional
antiresonant elements within the cladding voids.

© 2014 Optical Society of America
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Fig. 2. Comparison between different fiber structures: current
state-of-the-art hollow antiresonant fiber (HAF, green curve),
one additional nested element (1AE, red curve), and two addi-
tional nested elements (2AE, blue curve). Note that the solid red
and blue curves are coincident. The broken lines represent the
leakage losses only while the solid lines include the effects of
material attenuation of fused silica.

the leakage loss is reduced below about 0.01 dB/m. We
can clearly see this effect by looking at the solid lines of
Fig. 2. The level of loss for the HAF (solid green line),
1AE (solid red line), and 2AE (solid blue line) are almost
the same (note also that the red and blue lines perfectly
overlap).

We have investigated the fiber bending losses (com-
puted as in [16]) to explore the effects of the proposed
structural modifications on fiber performance.

The results, at a wavelength of 3.05 pm, are shown in
Fig. 3. The solid lines show the total fiber loss, while the
broken lines show the leakage loss for bend radii be-
tween 5 and 40 cm. In the case of the HAF structure
(green line), we can notice the presence of local attenu-
ation peaks [16] and an increase in the attenuation level
when smaller bend radii are adopted. Figure 3 shows that
in the case of the 1AE (red line) and 2AE (blue line) struc-
tures, the bending losses no longer exhibit the additional
peaks and the total losses (solid lines) are dominated by
the fiber material attenuation in this parameter range.

With silica as the fabrication material, the advantages
of the structures with additional cladding elements can
perhaps be better exploited at shorter wavelengths,
where material attenuation is reduced. We have scaled
down the structural dimension of the HAF, 1AE, and
2AE structures by a factor of 3 by replacing their geomet-
rical parameters with the new values t' = t/3, d' = d/3,
and R, = R, /3. Figure 4 shows the transmission spectra
for the scaled fiber structures between 0.95 and 1.4 pm.

In this wavelength range the attenuation of dry F300
silica is of the order of 1072 dB/m [18] or less. Since
in these fiber structures the fraction of optical power
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Fig. 3. Predicted losses of the HAF (green line), 1AE (red
line), and 2AE (blue line) structures as a function of the
fiber bend radius. The calculation of the leakage losses are
represented with broken lines, while the loss calculations
including silica attenuation are shown with solid lines. Note that
the solid red and blue curves are coincident.

of the fundamental-like mode in the silica cladding is less
than 10, we can completely neglect the influence of the
material attenuation on the total fiber losses.

Figure 4 shows a reduction of the leakage losses by
over 2 orders of magnitude by adopting a 2AE structure
(blue dotted line) as compared to the original HAF (green
dashed line).

In this spectral range, the observed attenuation in
HC-PBGFs is limited by surface scattering [6,19]. In
the current design, the overlap of the guided light with
the silica/air surfaces is far lower than in HC-PBGFs
due in part to the larger core size. The ultimate limit
to the attenuation attainable in these structures, there-
fore, is not currently known.
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Fig. 4. Leakage loss between 0.95 and 1.4 pm for scaled HAF
(green dashed line), 1AE (red dashed-dotted line), and 2AE
(blue dotted line) structures. In this case the geometrical
parameters for these three fiber structures have been modified
tot =t/3,d =d/3, and R, = R,./3.
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Fig. 5. Bending losses of the scaled HAF (green dashed line),
1AE (red dashed—dotted line), and 2AE (blue dotted line) struc-
tures. In this case the geometrical parameters for these three
fiber structures have been modified to t' = ¢/3, d = d/3, and
R.=R./3.

Figure 5 shows the bending losses for the scaled
structures, for a bend radius between 5 and 40 cm, at
a wavelength of 1.06 pm.

As we can see, the leakage losses of the 1AE and 2AE
structures are well below 1 dB/km and almost unaf-
fected by bending for reasonable bend radii. With respect
to the pure bending losses (i.e., the difference between
the leakage losses at a certain bend radius and those
of the “straight” fiber), we note that they are much lower
for the scaled structure (Fig. 5) than in the case of the
unscaled structure (Fig. 3), because we are studying a
shorter wavelength but similar bend radii [20].

In order to illustrate the flexibility and feasibility of
the proposed structures, we show in Fig. 6 the allowed
tolerances for our design. We have considered the
1AE structure shown in the inset of Fig. 6, which has
t = 2.66 pm, d = 58.27 pm, and R, = 47 pm. Then we
have calculated the leakage losses for this structure,
at a wavelength of 3.05 um, for different values of the
internal hole diameter d; [Fig. 6(a)] and thickness {;
[Fig. 6(0)].

As we can see from Fig. 6(a) (¢; =t in this case), the
level of leakage losses is almost stable when the ratio of
d, to d is kept between 0.4 and 0.6, and the leakage is well
below 10~ dB/m for any considered value of d;. From
Fig. 6(b) (d; = d/2 in this case), we can see that a large
tolerance is also allowed for the thickness of the internal
antiresonant element ¢; (£10%). We can calculate the
optimum thickness #;,,; (corresponding to the minimum
attenuation), just like in the case of the external thick-
ness {, by using an antiresonant condition [9,10]:

A
t =0Ck+1)—— k=012, ..., 1
lopt ( )4m ()

where k is an integer, 1 = 3.05 pm is the operating wave-
length, and n = 1.418 is the silica refractive index. We
note that if the additional element is actually resonant
(rather than antiresonant), then the attenuation is in-
creased compared to the case of a standard HAF (dashed
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Fig. 6. Design tolerances for a 1AE structure at 3.05 pm
(t =2.66 pm, d = 58.27 pm, R, = 47 pm). The leakage losses
have been plotted (a) as a function of the internal cladding hole
diameter d; and (b) as a function of the additional element
thickness ¢;.

green line in Fig. 2), as one might expect. By working
with low values of k, we therefore minimize the effect
of variations in thickness. The observed tolerances
lead us to conclude that the fiber performance will prove
robust against realistic variations both in cross-section
and along the length.

In conclusion, we have presented a novel (to our
knowledge) design for HAFs based on the insertion of
additional antiresonant elements into the cladding holes.
This realistic design modification substantially reduces
leakage loss. It should allow the fabrication of HAFs with
negligible leakage losses. At mid-IR wavelengths, where
attenuation of existing silica-based HAFs is limited by
material absorption, this will enable HAFs with low
bending losses. At near-IR wavelengths, where silica
attenuation is negligible, the proposed design should
enable HAFs with very low attenuation. The large core
size compared to low-loss HC-PBGFs may reduce the
impact of scattering on the overall attenuation and make
this fiber design competitive with HC-PBGF's with regard
to attenuation.

This work was funded by the UK Engineering and
Physical Sciences Council under EP/1011315/1.
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