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A critical component of optical communications is the availability of a
suitable waveguide technology for the transport of electromagnetic waves
withlow loss over abroad spectral range. In the past four decades, despite
extensive research, the attenuation and spectral bandwidth of silica-based
optical fibres have remained relatively unchanged, with state-of-the-art
fibres offering values of 0.14 dB km™and 26 THzbelow 0.2 dB km™,
respectively. Here we report a microstructured optical waveguide with
unprecedented transmission bandwidth and attenuation, with a measured
loss 0f 0.091 dB km™at 1,550 nm that remains below 0.2 dB km™overa
window of 66 THz. Instead of a traditional solid glass core, this innovative
optical fibre features a core of air surrounded by a meticulously engineered
glass microstructure to guide light. This approach not only reduces
attenuation and other signal degradation phenomena, but it also increases
transmission speeds by 45%. Furthermore, the approach theoretically
supports further loss reductions and operation at wavelengths where
broader bandwidth amplifiers exist, potentially heraldinganewerain
long-distance communications as well as remote delivery of laser beams.

The quest for long-distance communication has driven human creativ-
ity for centuries, from the use of fire beacons at night in the Old and
Middle Ages, to the mechanical optical telegraphs of the Napoleonic
era, up to the groundbreaking electric telegraphs of the 1850s. The
transmission of the first Morse-coded message across the Atlantic via
asub-seatelegraph cablein 1858 was amonumental achievement that
shrank geographical divides and revolutionized communication’. The
realizationin the early twentieth century that modulated radio waves
could be reflected by the ionosphere further enhanced communica-
tion capabilities, thus enabling long-distance communications even
in the absence of a direct connection and of a line of sight*. However,
the inherent noisiness, unreliability and limited bandwidth of radio
wave communication prompted the development of higher-quality
cables that could transmit multiple voice calls simultaneously. Heavi-
side’s coaxial cable’, with suitably developed conductive and insulating

materials, became the technology that underpinned long-distance
transmissions for decades. The transition from coaxial cables to optical
fibres marked another notable milestone in communication technol-
ogy. The pioneering work of Kao and Hockhamin the 1960s identified
the potential of using purified glass for transmitting modulated optical
signals (hence information) to kilometre-scale distances*, leading to
the development of low-loss optical fibres by Corning in the 1970s>.
Thisinnovation ushered in the era of digital optical communications,
which for the last half a century has formed the backbone of global
telecommunication networks and enabled the internet revolution®.
Isafurther step ahead possible?

All these breakthroughs were driven by the primary objective to
transmit more information, as either more simultaneous messages
and voice calls in the analogue electrical era or more bits per second
in the digital age. A second, non-negligible goal has always been the
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reduction of the attenuation (or ‘loss’) of the transmission medium, to
increase the distance thatasignal could reach before needing regenera-
tion or amplification. Shannon’s mathematical theory of information
linked the two goals: lower attenuation required less amplification; the
resultingimprovementin the signal-to-noise ratio enabled the system
toincrease its maximum throughput of information’.

Upshifting the frequency of the modulated signal carrier from
tens of MHz used in the long-distance electrical coaxial cables to hun-
dreds of THz used in optical communications enabled an increase
in information throughput of more than a million times. Simultane-
ously, optical fibres also presented an ultralow level of attenuation of
around 0.15 dB km™, which remained approximately constant over a
bandwidth of ~10 THz where optical amplification from erbium-doped
fibre amplifiers was available. This was a substantialimprovement over
coaxial cables, where attenuation was frequency dependent (asvf) and
reached much higher values than optical fibres at the top frequencies
(forexample, ~4.5 dB km™at 30 MHzin the transatlantic TAT-6 cable®).

Despite unrelented progress in the field of optical communica-
tions since 1970, the minimum attenuation of silica glass fibres has
remained approximately unchanged for more than four decades: from
0.154 dBkm™in1985°t0 0.1396 dB km™in 2024'°. The seemingly insur-
mountable attenuation limit of -0.14 dB km™for information-carrying
waveguides has so far hindered further breakthroughs in communica-
tionsystems. It has also forced technology to converge to this relatively
narrow frequency range of only 5% of the carrier frequency (10 THz at
around 192 THz).

Having failed in many decades to identify and synthetize amore
transparent glass than silica, a potential route to further lower the
propagation loss of along-distance communication waveguide is to
avoid thescatteringand absorptionsintroduced by the glass and which
cause loss of signal power in telecoms fibres. This can be achieved
by transmitting electromagnetic radiation in a hollow region rather
than through a solid glass core. Theoretical foundations”, early loss
estimates™ and first experiments™' for cylindrical, metal, hollow
waveguides pre-dated the development of ultra-pure glass fibres.
Experimental works from Bell Labs in the mid-twentieth century with
dielectric-coated metallic hollow pipes (WT4) reached losses as low
as 0.5 dB km™ at frequencies of 70 GHz and impressive capacities of
476,000 voice channels®. The technology was however discarded in
the mid-1970s for installation complexities and techno-economic
reasons.

New researchinthelate1990s and 2000s investigated the poten-
tial for achieving ultralow loss at visible/near-infrared frequencies
by transmitting light through hair-thin flexible hollow core fibres
(HCFs). These glass-based waveguides could transmit light in an air
core, thanks to a periodic ‘holey’ cladding around it that created an
out-of-plane photonic bandgap'". While such research produced
anoutstanding new tool for scientific investigations, it failed to attain
fibres with attenuation below1 dB km™and with adequate modal purity
for long-distance communication. It is only with the advent of a sec-
ond generation of HCFs, guiding light through antiresonances and
inhibited coupling effects in sub-wavelength-thick, core-surrounding
membranes?, and with the introduction of nested tube designs**,
that the prospect of achieving sub-0.14 dB km™losses became viable™.
Over thelast 6 years, throughimproved designs and engineering, lossin
these nested or double nested antiresonant nodeless hollow core fibres
(NANFs/DNANFs) has decreased by an order of magnitude, reaching
near parity with the fundamental attenuation of silica glass telecoms
fibres at 1,550 nm (ref. 23), and lower values at both shorter** ¢ and
longer” wavelengths.

In this work, we showcase the latest advancements in hollow core
DNANF technology and present the first optical waveguide that sur-
passes conventional optical fibres in both loss and bandwidth simul-
taneously. With ameasured loss of under 0.1 dB km™across an18 THz
bandwidth, this breakthrough result paves the way for a potential

revolution in optical communications, enabling unprecedented data
transmission capacities, more energy-efficient optical networks and
longer unamplified spans.

Fibre fabrication and characterization

Optimizing the loss of hollow core DNANFs requires in-depth under-
standing and accurate models of all its three primary components:
leakage loss (LL), surface scatteringloss (SSL) and microbend loss (uBL).
Each mechanism has a different dependence on the geometrical fea-
tures of the fibre’s cross section and on the operating wavelength?®,
SSL and pBL models require statistical characterization of the sur-
face roughness of the microstructure’s glass membranes and of the
micro perturbations external to the fibre, respectively, that cannot be
acquired with adequate accuracy at all spatial frequencies. To circum-
vent the problem, we fit the free parametersin well-established SSL and
UBL models® so that good match between measured and simulated
loss is achieved simultaneously for a statistically significant number
of different DNANFs fabricated according to our processes®. Figure 1
shows the excellent overall agreement between the measured loss of
aDNANF, randomly chosen among the 15 different fibres that we used
to fit our models, and our modelling prediction. As can be seen, the
threeloss mechanisms have notably different spectral behaviours, but,
when added together, they reproduce accurately the measured fibre
loss, not only in the fundamental antiresonant window (-1,300 nm to
>1700 nm) where SSL provides the largest contribution, butalsoin the
second window (-750-840 nm) where uBL dominates.

We then used this calibrated loss model to optimize the fibre
geometry. To produce the widest possible low-loss bandwidth, we
targeted a fibre in which the (widest) first antiresonance window is
centred at 1,550 nm. Besides, we also aimed to achieve sufficiently
high modal purity to yield an intermodal interference (IMI) of better
than-60 dB km™, adequate to maintaina negligibly low penalty inlong
haul distance transmissions***'. Modelling predictions indicate that for
coresizes between 25 pmand 36 pm, totallosses below 0.1dB km™are
possible, with the dominant contribution shifting from SSL to pBL as
the core enlarges. Inthis work, we settled ona core diameter of ~29 um,
theoretically capable of achieving aloss as low as 0.07 dB km™.,

Driven by modelling guidance, we fabricated a first fibre (HCF1)
with a core diameter of 28.8 + 0.5 pm and average diameters of the
nested tubes of 31.0 + 1.5 um (large tubes), 28.8 + 2 pm (middle) and
10.0 = 3 um (small). The membrane thicknesses for all tubes were
around 500 nm, tailored to centre the fundamental antiresonance win-
dowat1,550 nm, and the fibrelengthis 4.12 km (ref.29). We used three
different methods to characterizeitsloss. As predicted by modelling,
this was measured to be lower than that of glass-core fibres. However,
owing to the short fibre length available and its record low level of
loss, despite extreme care in performing the measurements, three
different techniques yielded rather different loss values. At 1,550 nm,
two independent cutbacks averaged a loss of 0.055dB km™ and
0.065 dB km™; through an insertion loss measurement, we obtained
0.09 +0.01dB km™, while with an optical time-domain reflectometer
(OTDR), we measured 0.11 + 0.01 dB km™ (ref. 29). This clearly indicates
that considerably longer fibres are needed for accurate measurements.

After our disclosure®’, another team reported fabrication of a
DNANF variant that achieved similar loss values, in the range of 0.1-
0.13 dB km™and very high suppression of high-order modes. The fibre
had four rather than five sets of double nested tubes, semicircular outer
tubes and a core size in the range of 29-31 um (ref. 32). Its fabricated
lengths were similar to our HCF1, with five bands between 2.3 km and
4.2 km. The thicker membranes (~1.1 um versus ~0.5 um of our work)
make fabrication easier at the expense of a considerably narrower
bandwidth. While such a fibre concept might be a good candidate
for data transmission in the C or C + L telecommunication bands, it is
intrinsically unable to support the ultrawide band operation that we
seek in this work.
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Fig.1|Modelling validation. a, Scanning electron microscope (SEM) image
ofthe cross section of one of the DNANFs used to calibrate our loss model. In
red, the automatic edge extraction of the tubular resonators used to inform
simulations. b, Measured loss of the same fibre and simulation of its leakage,
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surface scattering and microbend loss. The total simulated loss shows good
agreement with the measurement inboth the first (right) and second (left)
antiresonant windows, despite being dominated by different mechanisms.

We then worked on upscaling the fabricated length of our
first-window DNANF concept and produced HCF2. The fibre cross
sectionisshowninFig. 2a.Its geometry closely resembles that of HCF1,
with a core diameter varying between 29.1 pum and 29.6 pm across the
fulllength. The diameters of the nested tubes vary azimuthally and lon-
gitudinally between 30.4 pmand 31.7 pum (large), 22.7 um and 24.8 pm
(middle) and 7.0 pum and 8.4 um (small). The fibre lengthis 15 km, which
allows for substantially improved accuracy in its loss measurement.
Figure 2b shows OTDR measurements at 1,310 nm and 1,550 nm, indi-
cating a uniform loss with a slope of 0.123 dB km™ and 0.095 dB km™,
respectively. To validate these measurements, we performed four sepa-
rate cutbacks onthefibre, using two different methods. The greenband
inFig. 2c shows the 95% confidence level of these four measurements
around the mean loss curve, shown in dark blue (Methods). We also
performed an additional cutback using an optical spectrum analyser
(OSA) capable of measuring wavelengthsinthe1,650-1,900 nmrange
and of capturing the full spectral transmission bandwidth of the fibre
(light blue curve in Fig. 2¢). As can be seen in the zoomed-in plots of
Fig.2d, the averagelossis 0.128 dB km™and 0.091dB km™at 1,310 nm
and 1,550 nm, respectively. This is in good agreement with the OTDR
measurements, which fall within the confidence level of the cutback
measurements. The loss is below 0.1 dB km™ between 1,481 nm and
1,625 nm. Remarkably, alower loss than the current 0.14 dB km™record
of solid-core fibres is also achieved in the O band, between 1,292 nm
and 1,347 nm.

Theloss curveinFig. 2c shows signs of absorptions from gaseous
species present in the core of the fibre. Comparison with data from
the HITRAN database™® allows one to identify absorptions from water
vapour, carbon dioxide and some nitrogen oxides, likely to arise from
residual atmospheric gasesinthe fibre’s preform, as well as hydrogen
chloride originating from the use of chlorinated glass tubes to make
the fibre. None of these absorptions is a fundamental property of the
fibre, and improved fabrication processes are expected to lead to a
reduction or elimination of these absorption features. For example,
use of glass with no chlorine would straightforwardly eliminate the HCI
linesand openan18.5 THz absorption-free window between 1,620 nm
and 1,800 nm, where the low-loss region could be tuned (seelater). CO,,
water vapour and NO, gases are unintentionally added to the hollow
regions of the fibre during the fabrication and could be substantially
reduced through process improvements. Besides, all these absorp-
tion lines have a narrow linewidth (of the order of a few picometres)
and occur at known frequencies, which makes it possible to foresee
the development of transmission strategies to compensate for their
presence.

Besides the loss, we also measured the IMI and the polarization
properties of the fibre around 1,550 nm. IMI was measured to be as
lowas-70 dB km™, which according to previous studies would add no
measurable penalty for any long-distance data transmission®’*. The
fibre’s polarization-dependentloss and polarization mode dispersion
coefficients are 0.013 dB vkm™and 0.1 ps vkm™, respectively, not too
dissimilar from those of standard telecoms fibres.

Figure 3a shows how the mean loss of HCF2 compares with that
of the pure silica core fibre (PSCF) with the lowest loss reported so
far (0.1397 dB km™ at 1,550 nm; Sato et al.'®). For visual comparison,
we also show the loss curve of the record low-loss fibre in 2002 from
Nagayama et al.*. In this fibre, the loss was measured across a broad
wavelengthrange (1,250-1,750 nm), which helps comparing the funda-
mental spectral bandwidth of silica versus that of HCF2. The difference
between Nagayama’s and Sato’s fibres also shows the progress of solid
core research fibres in the last 23 years. As can be seen, neglecting
gas absorptions, HCF2 has a fundamental attenuation of less than
0.14 dB km™ over a424 nmbandwidth centred at 1,504 nm (correspond-
ing to 54.3 THz), and of less than 0.1dB km™in a 144 nm (17.9 THz)
spectralregionaround 1,553 nm.

Figure 3b shows the modelled dispersion of HCF2, with
2.1psnm™*km™, 3.2psnm™*km™and 3.7 psnm™km™at 1,310 nm,
1,550 nmand 1,700 nm, respectively, and compares it with that of the
record low-loss PSCF™°. Not only has HCF2 lower loss and broader band-
width, butalsoit presents a7 timesreductioninchromatic dispersion
(3.2psnm™km™ versus 21.8 ps nm™ km™ at 1,550 nm) and a 17 times
reductionin dispersion slope. For coherent transmissions, this enables
simplificationsin the transceiver’s digital signal processing complexity
and energy consumption; for intensity modulation-direct detection
used in shorter reach transmission, it enables longer transmission
lengths without dispersion compensation™.

Furtherimprovements and discussion

After discussing the performances of HCF2, we will now extrapo-
late the optical properties that these types of HCF could ultimately
offer with further engineering work. Figure 4a shows once again
the loss of state-of-the-art PSCF telecoms fibres. The minimum loss
of -0.14 dB km™ is achieved in a spectrally narrow region of around
20 nmaround 1,550 nm. Approximately 10 THz canbe guidedinthe C
and L telecommunication bands with a loss below 0.145 dB km™, and
26 THz can be transmitted with a loss below 0.2 dB km™ (ref. 9). The
red curves show the fundamental loss (that is, with gas absorption
omitted) of the fabricated HCF2 (dashed) and of an ideal DNANF hav-
ing the same nominal geometry, cladding and core diameters, with a
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Fig. 3| Loss and chromatic dispersion comparison with state-of-the-art
telecoms fibres. a, Loss of the DNANF in this work, compared with that of the
record low-loss PSCFs from 2002 (Nagayama et al.>*) and 2025 (Sato et al.').
b, Simulated dispersion of the DNANF and measured dispersion of the PSCF
from Satoetal.

perfect transverse and longitudinal uniformity. Its loss at 1,550 nmis
predicted to be 0.07 dB km™ and the bandwidth where this remains
below 0.2 dB km™, 0.14 dB km™and 0.1dB km™is 92 THz, 78 THz and
54 THz, respectively. The figure also shows five other designs, where we
have rigidly scaled all the membrane thicknesses by acommon factor
to shift their antiresonance window at wavelengths around 850 nm,
1,060 nm, 1,310 nm, 1,700 nm and 2,000 nm. In each case, the core

size hasbeen optimized so that the total loss contribution from LL, SSL
and pBLis minimized (Methods). As can be seen, by using one of these
HCF designs, losses below 0.2 dB km™, compatible with long-distance
communications, become possible from 700 nm to over ~2,400 nm.
This offers the opportunity to optimize the transmission wavelengths
of choice based on where optoelectronic components and amplifica-
tion technologies present the best performance and achieve the lowest
cost per bit, as well as the possibility to provide low-loss transmission at
wavelengths that have beenso farinaccessible. To quantify the oppor-
tunity, more than 70 THz and 105 THz of guidance below 0.1dB km™
and 0.14 dB km™, respectively, would be possible for a fibre centred at
1,310 nm. Also, 67 THzand 160 THz below 0.14 dB km™and 0.2 dB km™,
respectively, would be possible around 1,060 nm, and 100 THz below
0.2 dB km™seemachievable around 850 nm. The effective exploitation
of bandwidths up to tentimeswider thanin today’s telecom C + L would
require suitable wideband amplification technologies. To this extent,
the tunability of the low-loss transmission wavelength can unlock the
possibility to use amplifiers with bandwidth much greater than erbium
in the C band (4.5 THz), such as ytterbium at 1,060 nm (13.7 THz)*,
bismuth in the O, E and S bands (21.0 THz)¥, thulium and holmium
around 2,000 nm (31.5 THz)*® or others®.

Finally, simulations alsoindicate a potential route to achieve even
lower losses thanthose shownin Fig.4a. Asreportedin theliterature, LL
and SSLin HCFs decrease with increasing core sizes, while uBL has the
opposite behaviour?*?, By making the fibre stiffer (larger glass outer
diameter) and with a thicker coating layer to reduce the puBL contribu-
tion, the minimum loss of the fibre can reach lower values at larger
core sizes. Figure 4b illustrates our modelling predictions for a fibre
operating at1,550 nm. Starting from the 29.5 um core diameter of HCF2
(0.07 dB km™ modelled if no asymmetries are present), we see that
scaling the core to, say, 40 pmor 50 pm (and by the sameratio also the
inter-tube gap sizes and, proportionally, the outer glass diameter and
coating thickness), the total loss of the fibre is predicted to decrease
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2,000 nm. b, Total simulated loss and critical bend radius as a function of core
diameter for a1,550 nm fibre similar to HCF2 with suitably larger core diameter
and thicker coating.

to 0.033 dB km™and 0.018 dB km™, respectively. Interestingly, even
though these fibres would have larger glass tubes than HCF2 with the
same membrane thickness, our fluid dynamics model of the fabrication
process'’indicates that their structureis still achievable with standard
fabrication methods, with only a modest worsening of their pressure
and surface tension-driven dynamics. For example, for a 50 um core
fibre, the pressure buffer that one would have to avoid detrimental
mid-draw contact would reduce by only 25% and the sensitivity of
alarge tube in the final fibre to externally imposed pressure would
increase by 2.7 times. Both seem controllable in practice with extra
attention and engineering. Clearly, such fibres would be less suitable
for high fibre-count cables; they would be stiffer and less bendable,
bothfromamechanical and an optical point of view. For example, their
critical bend radius would increase from 4.2 cm to 8.4 cm and 16 cm,
respectively, in the examples above (Fig. 4b). Implementing these
changes would necessitate engineering efforts and adjustments to
the existing cabling and installation procedures. However, if the per-
formance benefits are validated, these challenges appear manageable.

In conclusion, we have reported what we believe to be one of the
most noteworthy improvements in waveguided optical technology
for the past 40 years. The pinnacle of 6 years of improvement and
optimization, the HCF based on a DNANF design reported here offers
a completely new paradigm for transmitting data. In additionto a
practically negligible optical nonlinearity®, the capacity to withstand
and transmit three to four orders of magnitude higher powers*,a30%
reduced latency and a six times reduction in chromatic dispersion
compared with standard telecom fibres that is typical of these HCFs,
our fibre also presents the lowest loss ever measured in an optical
waveguide: 0.091 dB km™at 1,550 nmand <0.1dB km™from 1,481 nm
to 1,625 nm (18 THz). Neglecting absorptions from gases in the core
and not of fundamental origin, the fibre guides light with <0.2 dB km™
from1,250 nmto1,730 nm (66 THz),a260% improvement over current
telecoms fibres (25 THz). Our modelling also indicates that DNANF
technology offers in principle the opportunity to tune its lowest-loss
transmission window at arbitrary spectral regionsin the near infrared
(from700 nmto >2,000 nm). Here, five to ten times wider bandwidth
than the current C + L telecoms bands could be achieved, at spectral
locations where existing ultra-broad bandwidth amplifiers currently
operate, and at lower losses than fundamentally achievable in silica.
Finally, we have shown that losses considerably lower than the value
reported in this work and towards the 0.01dB km™ level might be
realistically achievablein stiffer fibres with adequately large glass and
coated diameters.

In light of the reported results, we are confident that, with
advancements in produced volumes, geometrical consistency and
reduced presence of absorbing gases in the core, DNANF HCFs will
establish themselves as a pivotal waveguiding technology. This inno-
vation has the potential to enable the next technological leap in data
communications.
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Methods

Modelling loss validation

To calibrate and validate our loss models, we acquired SEM images of
the end faces of 15 fabricated DNANFs, each with 5 sets of nested tubes
like the onein Fig. 1a, but with geometrical parameters (core diameter,
tube sizes and membrane thicknesses) varying by up to 5-20%. We then
reconstructed the contours of their geometrical structure using the
procedure above and performed finite element mode-solving calcula-
tions onthe resulting permittivity profiles. This solutionyields the LL of
eachmode from the imaginary part of the eigenvalue associated with
it. Knowledge of the eigenvalue or mode propagation constants across
wavelengths is also used to calculate both the group delay (latency)
and chromatic dispersion (such as shownin Fig. 3b) from the first and
second derivatives with respect to optical frequency, respectively.
Fromthe mode-field distributions, we computed the normalized field
intensity near the glass interfaces Fas well as the mode spot area w, that
are used in SSL and puBL models*. Here two unknown parameters are
used to empirically characterize the roughness of the glass-air surfaces,
ultimately caused by frozen-in surface capillary waves, while two more
are used to represent the power spectral density of the external per-
turbations that lead to microbending. To fit these four parameters, we
measured the loss of the 15 different DNANFs. We then extracted their
geometry and fitted their calculated total loss, that is, the sum of LL,
SSLand pBL, to the measured loss curves. We hence obtained a unique
set of values for these four non-directly measurable coefficients that
ensured the best agreement between measured and total simulated loss
for all fibres simultaneously. One example of the comparison between
simulation and measurement is shown in Fig. 1a.

Fibre fabrication

The fibre fabrication involved a two-stage stack, fuse and draw tech-
nique, where cladding capillaries surrounding a central air core, com-
posed of five outer silica tubes with two sets of five nested middle and
inner tubes, were stacked and fused within ajacket tube and then drawn
intointermediate size canes. These canes were subsequently reduced
to fibre dimensions using a cane-in-tube drawing process. During the
fibre drawing, the coreregion and the threeregions between and inside
cladding tubes were pressurized independently. The thicknesses of the
three sets of five cylindrical silica membranes surrounding the core
were engineered to ~-500 nm to centre the first antiresonant window
toaround 1,550 nm.

Distributed loss measurements via optical time-domain
reflectometry

The fibre length and the distributed loss of the fibre were measured
using a bi-directional OTDR method. One advantage of performing
bi-directional measurements is that through simple theory*?, one can
separate the longitudinal loss dependence from any local transient
change inscattering caused by gas pressure gradients along the fibre*.
These transients are typically present near both ends of an HCF, owing
to the ingress of air at atmospheric pressure. In our measurement,
the OTDR (Viavi E41DWDMC) was amplified to compensate for the
DNANF’s 30 dB lower backscattering than in glass-core fibres**, and
coupledinto the fibre under test through a spliced mode-field adaptor.
Thanks to the low optical nonlinearity of DNANF, we were able to boost
the pulse energy launched into the fibre using an erbium-doped fibre
amplifier, thereby increasing the dynamic range of the measurement.
The measurements were performed with atime resolution of 10-30 ns,
corresponding to a spatial resolution of 1.5-4.5 m. Measurements at
1,310 nm and at 1,550 nm shown in Fig. 2b clearly show uniform loss
across the full fibre length.

Broadband optical attenuation measurement via cutback
The optical attenuation of the fibres was also measured using a cut-
back technique. The full length of the fibre, measuring 15 km, was

spooled on abobbin of 1 m circumference with a short length of 20 m
deployed loosely onthe optical bench. Two different sets of equipment
(A and B) were used. Set A involved spectral measurements using an
intensity-stabilized tungsten white light source (Bentham WLS100)
as abroadband source and an OSA (Yokogawa AQ-6315A, wavelength
range 400-1,750 nm, butrather noisy after 1,650 nm). Set B consisted
of a white light source, a monochromator and a photodetector, inte-
grated within a commercial loss-measurement device. With set A,
the DNANF input end was spliced to a mode-field-adapted solid core
patch cord and kept unaltered. Transmission traces from three differ-
ent cleaves of the DNANF output end were then recorded in the OSA
for the full fibre length, then the fibre was cut to 20 m and three more
traces corresponding to three different cleaves were acquired. The
average transmission for eachlengthwas used to calculate the spectral
loss trace. We repeated this cutback procedure three times. With set
B, we also applied a cutback procedure to acquire one additional loss
trace. Here the launch into the DNANF under test occurred through
afree-space mode-field-adapted beam. As this method is virtually
independent onthe quality of the cleaves, there was noneed toacquire
multiple cleaves. The four cutbacks returned similar traces, despite the
use of different launch and measurement set-ups.

Mean loss, confidence level and loss measurement at long
wavelengths

From the four independent cutback measurements, we calculated
the spectral dependence of the mean loss (dark blue curve in Fig. 2¢c)
and its standard deviation o. The confidence level (CL) around the
mean value, shown by the green shaded area around the blue line,
was calculated as CL = z*0/y/n, with 2" = 1.96 for a confidence level of
95% and n = 4. We also performed a fifth 20 m cutback using a white
light source and along wavelength OSA (Yokogawa AQ-6375E, wave-
lengthrange1,200-2,400 nm) to acquire the full spectral loss of the
fibre, even beyond the wavelength of 1,650 nm where the previous
measurement becomes too noisy. This additional measurement is
shown by the light blue trace in Fig. 2c. The whole curve has been
translated vertically so that it matched the loss of the more accurate
dark blue curve at1,650 nm.

IMI measurement

IMl is an impairment in the transmitted signal caused by beating
betweenthesignalinthe fundamental mode and weak replicas caused
by multiple scattering events into the slower higher-order modes
and back into the fundamental mode. The incoherent interference
between the signal and its weak delayed replica leads to noise, which
we measured here using aswept wavelength scanning method. We used
atunable laser source with awavelength resolution of 0.2 picometres
and afast power meter. IMIis calculated using the following formula®:

-3z
“2\p, )"

where P, is the average power of the measurement acrossa2 nm
window centred at1,555 nm, and ois the standard deviation around it.

Simulation of wavelength scaling

Toinvestigate the loss and bandwidth that could be potentially achiev-
able in DNANFs similar to HCF2 at other wavelengths, we exploit the
principle that in antiresonant HCFs the membrane thickness can be
modified for operating at a different wavelength A by ensuring that the
normalized frequency f= 2t+2’1 remains constant. Here we calculated
thethicknessesrequired for operationat 850 nm,1,060 nm, 1,310 nm,
1,700 nm and 2,000 nm. In this study, we used an idealized version of
HCF2 (with no asymmetries) and scaled all its membrane thicknesses
by the same factor. Next, for each fibre, we scaled the core size. We
assumed that (1) our calibrated loss models retain their accuracy across
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the700-2,400 nmwavelength range, and (2) the fibres maintained the
same outer diameter as HCF2. We then used the values for LL, SSL and
UBL obtained for 1,550 nm and their scaling rules with core size” to
identify the core diameter that minimized the overall loss at each
central wavelength of interest. We then repeated the mode-solving and
loss calculations for each optimized fibre. It isimportant to note that
lower losses thanthose shownin Fig. 4a may be potentially achievable,
since the simulated structures reported here are based on the structure
of HCF2, which reflect our current fabrication processes, rather than
the absolute best DNANFs possible.

Performance extrapolation in fibres with larger core sizes

Next, we investigated whether a further reduction in attenuation may
be possible by enlarging the fibre core size. For this study, we only
considered the 1,550 nm case and started by the ideal HCF2, where SSL
is the dominant loss mechanism and LL and pBL only play a small con-
tribution. LL and SSL are known to scale inversely proportionally with
the fibre’s core diameter. In contrast, uBL increases steeply with the
mode spot area, which is directly proportional to the core diameter*.
Itishowever well known that pBL canbe reduced by improving how the
fibre packaging absorbs the external perturbations. For example, this
canbeachieved by increasing the diameter of the glass to make the fibre
stiffer and more resistant to external lateral loads, or by use of coating
materials with different mechanical properties, for example, lower
Young’s modulus. Here we considered fibres with the same membrane
thicknessasHCF2but withincreasingly larger core size (and proportion-
ally larger tube diameters and wider inter-tube gaps). As the core
enlarged, we increased the total fibre diameter such that the pBL con-
tribution would remain only a small fraction of the total loss. Since LL
decreases more rapidly than SSL with increasing core diameter, this
study essentially obtained the SSL-limited loss of the fibre. For all fibres,
we assumed a coating withthe same mechanical properties as HCF2 but
withathickness proportional tothe coresize. The result of mode-solving
simulations and loss calculations at1,550 nm for fibres with core diam-
eter from29 pmto 65 umisshownin Fig. 4b. One downside of the overall
reductioninlossisthatasthe core diametersincrease, the fibresbecome
less bendable. To quantify this, we also calculated the bend loss for each
fibre as a function of bend radius. To simulate bend loss, we used the
well-known transformation optics approach, where the distribution of
therefractiveindexninthe crosssectionismappedas n (x,y) — n(x,y) e%,
andR,isthebendradius. Foreachfibre, we then determined and plotted
the criticalbend radius, defined as the radius causing the loss to double
from that of the straight fibre.
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