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Abstract—We present a novel lotus-shaped negative curvature
antiresonant hollow core fiber with the potential for low loss and
very wide bandwidth. A minimum loss of ~10 dB/km at 1550 nm
and less than 100 dB/km over a bandwidth of ~650 nm is demon-
strated, with effectively single mode behavior over lengths of a
few tens of meters. We demonstrate power penalty free 10.5-Gb/s
data transmission through an 86 m length of fiber at both O and
C telecom bands. The fiber macrobend sensitivity has also been
tested, which is relevant for telecom as well as for other applica-
tions including beam delivery and gas-based sensing. The bend loss
is found to be below 0.2 dB/m for bend radii down to 8 cm at wave-
lengths away from the short wavelength edge of the transmission
band.

Index Terms—Fiber optics communications, hollow core optical
fibers, low latency, microstructured optical fibers.

1. INTRODUCTION

UE to the unique guidance mechanisms offered by hol-

low core photonic crystal fibers (HC-PCFs), which en-
able light transmission in low index media such as air and
vacuum, these fibers are great contenders for applications in
low latency data communications [1], [2]. Furthermore, they
also have potential use in gas based linear/non-linear optics,
laser and particle guidance and high power, ultra-short pulse de-
livery [3], [4]. Based on their guidance mechanism, HC-PCFs
are broadly categorised as hollow core photonic bandgap fibers
(HC-PBGFs) and hollow core antiresonant/inhibited coupling
fibers (HC-ARF). Within the broad HC-ARF category, many
different fiber topologies have emerged, such as those with a
Kagome cladding (K-HCF) [S]-[7], or a simpler structure with
a single ring of touching or non-touching/non-contact tubes as
antiresonant elements [8]-[12].
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Fig. 1. (a) Microscope image of a cane, (b) Microscope image of a fabricated
typical single ring NCTHC-ARF.

To date, HC-PBGFs still offer the lowest loss recorded for
HC-PCEFs, although this comes at the expense of useable band-
width, only 10 s of nm in the lowest loss fiber [13]. While this
can be extended to up to ~200 nm, this yields some compromise
on the minimum loss [2]. On the other hand, in recent years the
loss in K-HCFs, which offer octave wide bandwidth, has im-
proved so much that at certain wavelengths they can already
compete with HC-PBGFs, albeit with an increased bend loss
[6], [7]. The main reason behind such dramatic recent improve-
ment has been the realization of the importance of imposing a
negative curvature hollow core boundary [5], [8] and [10]-[12].

Early works observed that a K-HCF with a negative curvature
core wall significantly reduced attenuation as compared to the
standard core geometry [5]. These fibers were soon followed
by attempts to reduce the cladding complexity by using a sin-
gle ring of non-contacting tubes (NCT) surrounding the core.
This was found to allow not only a faster preform preparation
compared to HC-PBGFs or K-HCFs, but also in certain cases a
lower transmission loss and a wider bandwidth [9], [12]. How-
ever, one of the main practical challenges in the fabrication of
such non-contact tubular hollow core ARFs (henceforth referred
to as NCTHC-AREF) is to achieve the required high structural
uniformity in: (i) the gap between the non-contact tubular ele-
ments and (ii) the size (and by mass conservation the thickness)
of each glass tube. To illustrate the typical non-uniformities that
can be observed in these fibers, we show in Fig. 1 an example
of a single ring NCTHC-ARF fabricated in our group. While
this is only one example, all NCTHC-ARFs reported to date
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Fig. 2. Schematic drawing showing the cross section of the stack design.

seem to qualitatively present these undesirable features [8], [9]
and [11].

The optical microscope image of the cane (or primary pre-
form) is shown in Fig. 1(a). From this image, the cane structure
appears symmetric. Yet, fiber fabricated from this cane [see
Fig. 1(b)] has non-uniform gaps between the tubular elements;
this prevents narrow gaps between the elements being achieved
without some of the tubes contacting each other. Pressurisation
during the fiber draw accentuates any small initial differences
between the tubes that may be present in the cane. In this case,
this introduces 10-20% differences in the size of all the tubular
elements. The increased gap between the tubes increases the
leakage loss in such fibers, while any difference in the wall
thicknesses of the single ring tubular elements will contribute
to wider resonance peaks, which narrow the transmission band-
width.

Here, we address these fabrication limitations by including
additional smaller diameter capillaries in between the original
tubes to help maintain a uniform gap between the antiresonant
elements. This type of NCTHC-AREF is regarded as having a
“Lotus” shaped core which is formed during the fiber drawing
by the equilibrium between gas pressure in the holes and the
surface tension of the fiber material. We have published some
preliminary results of this work in [14].

II. FIBER DESIGN AND FABRICATION

The schematic drawing of the primary stack design is shown
in Fig. 2. We chose 6 uniform capillaries with a diameter of
~3.9 mm to make the preform which eventually form the main
antiresonant tubular elements and a further 6 additional capil-
laries (smaller by a factor of 2) are included between the larger
capillaries and the jacket tube. The core capillary shown in the
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Fig. 3. Microscope image showing cross sections of the fabricated: (a) cane
and (b) Lotus NCTHC-ARF.

(a)

Fig. 4. Electron micrograph of the full fiber cross section showing (a) core
diameter, (b) antiresonant tubular element dimension and inter-tube gap.

center is used only at either end of the initial preform to support
the stacked capillaries prior to drawing.

To fabricate the Lotus shape NCTHC-ARF, we used the stan-
dard two stage stack and draw technique. The cross section of
fabricated cane and fiber are shown in Fig. 3(a) and (b) respec-
tively. As can be seen, a small and very uniform gap between
the large tubes is achieved in both the cane [see Fig. 3(a)] and
the fiber [see Fig. 3(b)]. This is essential to minimise leakage
loss through the gaps [15]. The critical fiber parameters such as
the core radius, core wall thickness, microstructure radius and
the fiber outer diameter are controlled by modifying the draw
parameters. The structural dimensions of the fabricated fiber
are shown in Fig. 4. The measured structural dimensions show
exceptional uniformity in terms of gap between the tubes and
radius of the antiresonant tubular elements. It has a core diame-
ter of 40 um (defined as the maximum diameter of a circle that
can be inscribed inside the core), an average antiresonant tube
radius of 18.6 um (with a standard deviation of 0.27 pm) and
the average tube thickness is ~425 nm. The mean gap between
the tubes is 2.6 um (with a standard deviation of 0.07 pm).
Table I shows a comparison of geometrical parameters of the
Lotus NCTHC-ARF with a 7 tube NCTHC-ARF developed in
our group [9].

While the additional small spacing tubes are very effective
in increasing the cross-sectional uniformity of the structure,
they also lead to the presence of nodes, where the big and
small capillaries contact. These nodes can act as independent
waveguides, introducing additional resonances in the spectrum.
However, the negative curvature in the core surround wall helps
to introduce a radial separation between the core modes and the
high loss glass modes guided in the nodes, which significantly
reduces coupling between them.
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TABLE I
COMPARISON OF LOTUS SHAPED NCTHC-ARF WiTH 7 TUBE NCTHC-ARF

Mean Mean
ca Inter- Core  Membrane
Fiber p- tube gap  radius  thickness
mdus Ty wm) (m)
(um)
7 tube 22.94+0.84 5.4+1.1 20 359
NCTHC-
ARF [9]
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shape 18.6£0.27  2.6+0.07 20 425
NCTHC-
ARF
----- i
m long sample Y
ek TR 10 m long sample r200
180

<12dB/km @ C band
-50 1

Transmitted Power (dBm)
3 8

-80

1000 1125 1250 1375 1500 1625 1750

Wavelength (nm)

Fig. 5. Measured transmission spectra of 111 m (blue-dash) and 10 m (red-
dots) cut back length with the calculated cut back loss (green).

III. FIBER CHARACTERISATION AND MODELLING

A. Attenuation

To measure the loss of the Lotus shape NCTHC-AREF, a cut-
back loss measurement was carried out on a 111 m long sample.
The fiber was loosely coiled on the measurement bench to a
diameter of ~30 cm. A white light source was launched into the
fiber through a butt-coupled launch fiber with a closely matched
mode field diameter. An optical spectrum analyser (OSA,
400-1750 nm) was used to measure the transmission spectrum.
The measured transmission and loss spectra are shown in Fig. 5.
The lowest loss measured is 9.8 dB/km at 1612 nm and a loss
of 10.5 dB/km is observed at 1550 nm. This presents the lowest
loss recorded at a wavelength of 1550 nm with a NCTHC-ARF
to date. The fiber shows a wide operational bandwidth, with
loss <100 dB/km over significantly more than ~650 nm, mea-
sured with a conventional optical spectrum analyser. The mea-
sured bandwidth is not inherently limited by the fiber design but
rather by the spectral response of the OSA on the long wave-
length edge. Around 1245 nm and 1332 nm, two loss peaks of
~50/70 dB/km are noticeable, which we interpret as resonance
peaks caused by the nodes where the big and small tubular
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Fig. 6. Structural schematics of three different geometries: (a) full lattice
lotus structure, (b) arc only geometry and (c) extended arc geometry and their
corresponding simulated mode field patterns: (d), (e) and (f).

elements contact. However, these do not prevent the fiber oper-
ating in the O and C telecoms bands.

B. Modelling

A theoretical study was performed to identify the effect and
contribution of these struts/nodes. To identify the main structural
features responsible for the low loss in the fiber, two additional
geometries were modelled using Comsol. The 2D cross section
of the fiber was modelled in Comsol to find the mode fields and
confinement losses. The surface scattering loss is also estimated
from the normalized electric field at the interfaces. The meth-
ods we followed to do these simulations are similar to those
explained in detail in Ref. [15]. The structural diagrams of all
three geometries along with their simulated mode field patterns
are shown in Fig. 6. In all three structures, the core radius and
curvature of the antiresonant elements remain the same. Fig. 6(a)
shows the fabricated NCTHC-ARF having the full lattice lotus
structure. The arc only geometry shown in Fig. 6(b) has core
surround arcs with the same curvature as the fabricated fiber,
which continue all the way to the jacket, however, it does not
have the smaller tubes and the nodes associated. In the extended
arc geometry [see Fig. 6(c)], the outer jacket is pushed fur-
ther away to allow the arcs to continue into an almost tubular
structure.

Fig. 7 shows the calculated loss (including both confinement
and scattering contributions) of all three geometries, compared
with the experimentally measured loss. As can be seen, the
simulated loss of the full lattice lotus structure lies in a simi-
lar range to the measured loss, and the presence of some loss
peaks (although not exactly at the same spectral position) is
also captured by the simulations. In contrast, the calculated loss
of the other two geometries having no nodes is over one or-
der of magnitude higher. The reason for such higher loss in
both nodeless geometries [see Fig. 6(b) and (c)] is that the air
modes guided in the capillaries are close in effective index to the
fundamental core mode, as they have very similar sizes, and thus
they can easily phase match [see simulated mode field patterns
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Fig. 7. Calculated loss (including both confinement and scattering contribu-
tions) of all three geometries compared with the measured cutback loss of the
Lotus shaped NCTHC-ARF.

shown in Fig. 6(e) and (f)]. However in the complete lattice
lotus structure the tube area is decreased by the presence of the
straight elements at the back of the tubes, and these struts act as
reflectors preventing the mode field from extending as far into
the solid cladding [see Fig. 6(d)]. The simulations also indicate
that the observed total attenuation in this fiber is dominated by
confinement loss (CL). One way to reduce the dominating CL in
the HC-AR fibers is to have a large core diameter. However, the
large core increases the bend loss significantly. The Lotus fiber
presented here has core diameter of ~40 pm, which is chosen
as an optimum value to have low CL and bend loss.

The novel Lotus shaped NCTHC-AREF presented here clearly
shows that the additional tubes are very effective in allowing the
realisation of a uniform gap distribution and size of the tubular
elements. As a consequence of this, the loss can be significantly
reduced, from ~30 dB/km at telecom wavelengths in Ref. [9]
to only ~10 dB/km in this work. Note that if one wanted to use
a nodeless structure [both geometries 2 and 3 in Fig. 6(b) and
(c)], the use of 7 or 8§ tubes has been found to provide better
results [8], [9], and [12].

C. Bend Loss

To understand the bend robustness in this fiber and also to
explore the possibility of using this fiber for beam delivery
applications, macro bend loss measurements were carried out.
For this experiment, before including a bend, the transmission
for the effectively straight condition is measured with an OSA.
Without disturbing the input coupling and the output port, the
fiber is bent on a board having different bend radii ranging from
20 cm down to 8 cm.

The length of the fiber used for this measurement is
~12 m. The bend loss as a function of radius for three dif-
ferent wavelengths is shown in Fig. 8. Down to bend radii of
8 cm, the attenuation due to bends for all three wavelengths does
not change significantly.

The wavelength 1300 nm lies in between the two high loss
resonances due to the nodes/struts, however the bend loss is not
increased by their presence, as compared to wavelengths further
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away. Besides, the resonance peaks due to the two struts/nodes
are not affected by the bend. However, we notice a considerable
shift of the short wavelength edge with decreasing bend radii,
as shown in Fig. 9. From this and from the results in Fig. 8 one
can see that at a coiled diameter of ~30 cm our cutback loss
measurements at 1612 nm and 1550 nm in Fig. 5 have negligible
contribution from bend loss.

D. S? Measurement

As in any conventional large core fiber, HC-ARFs support
higher order modes (HOMs) [16], [17]. It is known, however,
that a mode stripping mechanism exists that significantly atten-
uates most HOMs [15] in some HC-ARF designs.

To quantify the degree of HOM existence in this fiber, S
measurement was performed on two different lengths of fiber.

The measured results for short (23.5 m) and long (76.5 m)
length samples at 1550 nm are shown in Fig. 10. The inset
shows the reconstructed mode field intensity distribution of the
fundamental mode and of the higher order LP;; mode for a short
length fiber of ~23.5 m. As can be seen, there is some residual
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Fig. 10. Group delay curve showing the mode content of the fiber at two

different lengths: 23.5 m and 76.5 m.

LP;; mode after 23.5 m, however it becomes practically non-
existent (down to about 60 dB) after 76.5 m, indicating that on
long enough lengths (a few tens of metres) the fiber is essentially
single mode.

IV. DATA TRANSMISSION EXPERIMENT

A 10.5-Gbit/s on-off keyed data transmission experiment was
performed on the fiber to assess its potential in communica-
tions applications. We selected two wavelengths to demonstrate
transmission in the two primary telecomm bands: at 1310 nm
(O band) and 1550 nm (C band). The 1310 nm wavelength
lies in between the two additional resonances introduced by the
nodes/struts around the core, and it allows us to check whether
these introduce any performance degradation. While 1550 nm
is centred in the lowest loss region. To test the fiber under more
challenging circumstances and study the effect that splices might
have, we spliced a 10 m tail of the same fiber to the 76.5 m pre-
viously tested with S?, using a conventional arc-fusion splicer.
Due to the short lengths (and low total attenuation) involved,
we were able to use a single mode fiber (SMF28) with a mode
field diameter of ~10 pm butt-coupled to both input and output
side of the test fiber, despite the fairly large coupling loss that
this caused (~14.5 dB) due to the large mode field diameter
mismatch. At 1550 nm we also used a fiber pigtailed isolator
to avoid any back reflection of light into the transmitter. At the
receiver side the signal was analyzed with a bit error ratio (BER)
tester.

Despite the additional cladding resonances near 1300 nm,
the presence of a splice of the NCTHC-AREF to itself and the
use of severely sub-optimal launch and collection fibers, error
free (BER < 107'?) data transmission was achieved through
the full 86 m length at both wavelengths. Fig. 11 shows the
resulting BER, compared with back-to-back measurements. In
both instances, the BER curves show no power penalty, which is
to be expected given the excellent modal properties of the fiber
after such a propagation distance.
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V. CONCLUSIONS

We have demonstrated a novel negative curvature hollow core
antiresonant fiber with a Lotus shaped core. With additional
small capillaries in the cladding structure, an exceptional struc-
tural uniformity in terms of the size of each antiresonant tubular
element and the inter-tube distance is achieved. This regularity
was key to produce the lowest transmission loss reported so far
at 1550 nm for hollow core fibers guiding by antiresonance, of
around 10 dB/km. The fiber exhibits a very wide bandwidth of
well over 650 nm with <100 dB/km attenuation. The drawback
of the presence of cladding nodes where the small stabilization
tubes touch the antiresonant ones is that two resonance peaks
appear in the spectrum. However, their position can be kept
outside the telecoms C and L bands, and their influence on data
transmission was shown to be negligible. The good modal purity
and effectively single mode behavior of the fiber after a few tens
of meters, measured through S? measurement, was exploited to
transmit data. We demonstrated penalty free 10.5-Gbit/s trans-
mission through an 86 m length of fiber (containing one splice to
itself) in two different telecom bands: O and C. Bend loss mea-
surements show low loss for bends down to 8 cm in diameter
at wavelengths away from the short wavelength edge. With fur-
ther loss reduction by introducing additional nested tubes within
the lotus structure [15], these fibers could become serious con-
tenders for applications such as low latency data transmission
applications, for transmission of light below the silica Rayleigh
scattering limit in the spectral range UV-VIS-NIR, high energy
pulse laser beam delivery and gas based non-linear optics.

ACKNOWLEDGMENT

All data supporting this study are openly available from
the University of Southampton repository at http://doi.org/10.
5258/SOTON/D0335



1218

REFERENCES

[1] F. Poletti et al., “Towards high-capacity fiber-optic communications at the
speed of light in vacuum,” Nature Photon., vol. 7, no. 4. pp. 279-284,
2013.

[2] Y. Chen et al., “Multi-kilometer long, longitudinally uniform hollow core
photonic bandgap fibers for broadband low latency data transmission,” J.
Lightw. Technol., vol. 34, no. 1, pp. 104-113, Jan. 2016.

[3] F. Benabid and P. S. J. Russell, “Hollow core photonic crystal fibers: A
new regime for nonlinear optics and laser-induced guidance,” in Proc. 6th
Int. Conf. Transp. Opt. Netw., 2004, vol. 2, pp. 84-90.

[4] C. Saraceno, F. Emaury, A. Diebold, I. Graumann, M. Golling, and U.
Keller, “Trends in high-power ultrafast lasers,” Proc. SPIE, vol. 9835,
2016, Art. no. 98350X-1.

[5] Y. Y. Wang, N. V. Wheeler, F. Couny, P. J. Roberts, and F. Benabid,
“Low loss broadband transmission hypocloid-core Kagome hollow core
photonic crystal fiber,” Opt. Lett., vol. 36, no. 5, pp. 669-671, 2011.

[6] N. V. Wheeler et al., “Low loss Kagome fiber in the 1 um wavelength
region,” in Proc. Specialty Opt. Fibers Meeting Adv. Photon. Congr., 2016,
Paper SOM3F.2.

[71 N. V. Wheeler et al., “Low loss Kagome hollow core fibers operating
from the near- to the mid-IR,” Opt. Lett., vol. 42, no. 13, pp. 2571-2574,
2017.

[8] A.D.Pryamikov, A. S. Biriukov, A. F. Kosolapov, V. G. Plotnichenko, S.
L. Semjonov, and E. M. Dianov, “Demonstration of a waveguide regime
for a silica hollow core microstructured optical fiber with a negative cur-
vature of the core boundary in the spectral region >3.5 pm,” Opt. Express,
vol. 19, no. 2, pp. 1441-1448, 2011.

[9] J. R. Hayes et al., “Antiresonant hollow core fiber with an octave span-
ning bandwidth for short haul data communications,” J. Lightw. Technol.,
vol. 35, no. 3, pp. 437-442, Feb. 2017.

[10] F. Yu and J. C. Knight, “Negative curvature hollow core optical fiber,”
IEEE J. Sel. Topics Quantum Electron., vol. 22, no. 2, Mar./Apr. 2016,
Art. no. 4400610.

[11] C. Wei, R. J. Weiblen, C. R. Menyuk, and J. Hu, “Negative curvature
fibers,” Adv. Opt. Photon., vol. 9, no. 3, pp. 504-561, p. 562, 2017.

[12] B. Debord et al., “Ultra low transmission loss in inhibited-coupling guid-
ing hollow core fibers,” Optica, vol. 4, no. 2, pp. 209-217, 2017.

[13] B. J. Mangan et al., “Low loss (1.7 dB/km) hollow core photonic
bandgap fiber,” in Proc. PDP Opt. Fiber Commun. Conf., 2004,
Paper PDP24.

[14] M. B. S. Nawazuddin et al., “Lotus shaped negative curvature hollow core
fiber with 10.5 dB/km at 1550 nm wavelength,” in Proc. 43rd Eur. Conf.
Opt. Commun., 2017, Paper Tu.1.A.2.

[15] F Poletti, “Nested antiresonant nodeless hollow core fiber,” Opt. Express,
vol. 22, pp. 23807-23828, 2014.

[16] T.D. Bradley et al., “Modal content in hypocycloid Kagomé hollow core
photonic crystal fibers,” Opt. Express, vol. 24, no. 14, pp. 15798-15812,
2016.

[17] V. Bock ef al., “Modal content measurements (S2) of negative curvature
hollow-core photonic crystal fibers,” Opt. Express, vol.25,no.4, pp. 3006—
3012, 2017.

Mubassira Banu Syed Nawazuddin (M’ 15) received the Bachelor of Engi-
neering degree in electronics and communication from the University of Madras,
Chennai, India, in 2004, the Master of Technology degree in electronics and
instrumentation with a specialization in sensor systems technology from Vel-
lore Institute of Technology, Vellore, India, in 2006, and the Ph.D. degree for
the work titled Micromachined parallel plate structures for Casimir force mea-
surement and Optical modulation from MESA+ Institute of Nanotechnology,
University of Twente, Enschede, the Netherlands, in 2013.

After completing the Master of Technology degree, she joined, as a Research
Assistant, the Microwave Laboratory, Indian Institute of Sciences, India, where
she worked on the design and simulation of RF MEMS switches. In 2008,
she moved to Netherlands to pursue Ph.D. Since 2016, she has been working
as a Research Fellow with the Optoelectronics Research Centre, University of
Southampton, Southampton, U.K. Her research interests include fabrication and
characterization of novel hollow core antiresonant fibers.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 5, MARCH 1, 2018

Natalie V. Wheeler received the Ph.D. degree from the University of Bath,
Bath, U.K., in 2011, in the fabrication and integration of hollow core photonic
crystal fibers (HC-PCFs) for use as gas cells in applications including frequency
metrology and slow light.

In 2010, she started as a Research Fellow with the Optoelectronics Re-
search Centre, University of Southampton, Southampton, U.K., working on
the fabrication of HC-PCFs for telecommunications applications, designing,
and fabricating HC-PCFs, which have been used in world-leading transmission
experiments that highlight the potential of HC-PCFs in future high-capacity
transmission networks. She has coauthored more than 120 journal and confer-
ence papers. Her current research interests also include fabrication of low-loss
and low-bend sensitivity HC-PCFs for operation in the mid-IR and gas spec-
troscopy. She is a recipient of the prestigious Royal Society University Research
Fellowship.

John R. Hayes received the Ph.D. degree from the Optoelectronics Research
Centre (ORC), Southampton, U.K., for the development of highly innovative
microstructured fibers.

In 2003, from industry, he joined the ORC, where he was with Pirelli develop-
ing the vapor axial deposition (VAD) method for the high-volume manufacture
of single-mode telecoms fibers. He was part of a team that initially transferred
VAD technology from Sumitomo Electric Industries, Japan, and established a
U.K. fiber manufacturing facility, and later became the Head of a team of engi-
neers that supported its 24/7 operation. Since joining the ORC, he has created
a diverse range of novel microstructured fibers and has coauthored more than
110 conference and journal papers. He is a member of the Optical Society of
America.

Seyed Reza Sandoghchi (S’11-M’17) received the Bachelor’s (Hons.) degree
in telecommunication engineering from the Sadjad Institute of Higher Edu-
cation, Mashhad, Iran, in 2005, the Master of Engineering degree in optical
telecommunication from the University of Malaya, Kuala Lumpur, Malaysia, in
2011. He has been awarded the Ph.D. degree by Optoelectronics Research Cen-
tre, University of Southampton, Southampton, U.K. in 2017, and is currently
working as a Research Fellow in the same institute.

He has a strong background in electromagnetism, numerical modeling, and
optical fiber fabrication. His research interest includes among other microscopy
and nanoscopy, and fiber characterization methods. His current research inter-
ests include hollow core photonic band gap fibers, where his main research
activities include developing characterization systems.

Thomas D. Bradley received the M.Physics and Ph.D. degrees from the Uni-
versity of Bath, Bath, U.K., in 2009 and 2014, respectively.

His Ph.D. degree and earlier career research has focused on the fabrication,
characterization, and loading of gas species in both antiresonant and photonic
bandgap hollow core fibers. In 2014, he joined the Optoelectronics Research
Centre, Southampton, U.K., where he is currently a Postdoctoral Researcher in
the microstructured optical fiber groups. His current research interests include
the fabrication of low-loss antiresonant hollow core fibers, development of novel
characterization tools for optical fibers, and gas filling in hollow core fibers. He
was the recipient of the Best Early Career Presentation Prize at the Engineering
and Physical Sciences Research Council Manufacturing the Future Conference,
in 2014.



NAWAZUDDIN et al.: LOTUS-SHAPED NEGATIVE CURVATURE HOLLOW CORE FIBER WITH 10.5 DB/KM AT 1550 NM WAVELENGTH

Gregory T. Jasion received the M.Eng. degree in aerospace engineering and
the Ph.D. degree from the University of Southampton, Southampton, U.K.

He is a Royal Academy of Engineering Research Fellow with the University
of Southampton. He specializes in the field of multiphase flow with an emphasis
on computational modeling. These interests brought him to the Optoelectronics
Research Centre to develop fluid dynamics models to understand and improve
the fabrication process of hollow microstructured optical fibers.

Radan Slavik (M’07-SM’07) received the M.Sc. and Ph.D. degrees in optics
and optoelectronics from the Faculty of Mathematics and Physics, Charles
University, Prague, Czech Republic, in 1996 and 2000, respectively, and the
D.Sc. degree from the Academy of Sciences of the Czech Republic, Praha,
Czech Republic, in 2009.

During 1995-2000 and 2004-2009, he was with the Institute of Photonics
and Electronics, Czech Academy of Sciences, Prague, Czech Republic. During
2000-2003, he was with the Centre d’Optique, Photonique et Laser, Universite
Laval, QC, Canada, as a Postdoctoral Research Fellow. Since 2009, he has
been with the Optoelectronics Research Centre, University of Southampton,
Southampton, U.K. His research interests include optical and optics-assisted
signal processing. He is a Fellow of the Optical Society of America.

1219

David J. Richardson (F’14) received the B.Sc. and Ph.D. degrees in funda-
mental physics from Sussex University, Brighton, U.K., in 1985 and 1989,
respectively.

He joined the Optoelectronics Research Centre (ORC), Southampton Uni-
versity, Southampton, U.K., in 1989. He is currently a Deputy Director of the
ORC with responsibility for the ORC’s fiber related activities. He is a prominent
figure in the international photonics community and has authored or coauthored
more than 1000 conference and journal papers and produced more than 20
patents. His current research interests include among others: optical fiber com-
munications, microstructured optical fibers, and pulsed high-power fiber lasers.
He received a Royal Society University Fellowship in 1991 in recognition of
his pioneering work on short-pulsed fiber lasers. He is a Fellow of the Optical
Society of America and the Institute of Engineering and Technology. He became
a Fellow of the Royal Academy of Engineering in 2009.

Francesco Poletti (M’05) received the Laurea degree in electronics engineering
from the University of Parma, Parma, Italy, in 2000, and the Ph.D. degree from
the Optoelectronics Research Centre (ORC), Southampton, U.K., in 2007.

He is currently a Professor at the ORC. He has worked for three years
on optical network design with Marconi Communications and for more than
ten years on the development of new generations of microstructured optical
fibers with ORC. He has coauthored more than 80 journal and 200 conference
publications and produced 4 patents. His research interests include the design
of photonic bandgap and antiresonant fibers, the development of fiber-optic
characterization techniques, and the fabrication of non-silica-based fibers and
devices. He is the recipient of a Royal Society University Fellowship and a
European Research Fellowship Consolidator Grant.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


