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Opportunities and Challenges for Long-Distance
Transmission in Hollow-Core Fibres

Pierluigi Poggiolini, Francesco Poletti

Abstract—Anti-resonant hollow-core fiber of the Nested An-
tiresonant Nodeless type (NANF) has been showing a steady
decrease in loss over the last few years, gradually approaching
that of standard Single-Mode Fiber (SMF). It already by far
outperforms SMF as to non-linear effects, which are three to four
orders of magnitude lower in NANF than in SMF. Theoretical
predictions and experimental evidence also hint at a much wider
usable bandwidth than SMF, potentially amounting to several
tens of THz. Propagation speed is 50% faster, a key feature in
certain contexts.

In this paper we investigate the potential impact of possible
future high-performance NANF on long-haul optical commu-
nication systems, assuming NANF continues on its current
steady path towards better performance. We look at the system
throughput in different long-haul scenarios, addressing links of
various length, from 100 km to 4,000 km, and different NANF
optical bandwidths, loss and total launch power. We compare
such throughput with a benchmark state-of-the-art SMF Raman-
amplified C+L system. We found that NANF might enable relative
throughput gains vs. the benchmark on the order of 1.5x to 5x,
at reasonable NANF and system parameter values.

We also study the problem of the impact of NANF Inter-
Modal-Interference (IMI) on system performance and show that
a value of -60 dB/km, close to the currently best reported values,
is low enough to have no substantial harmful effect.

We finally look at a more long-term scenario in which
NANF loss gets below that of SMF and we show that in this
context repeaterless or even completely amplifierless systems
might be possible, delivering 300-400 Tb/s per NANF, over 200 to
300 km distances. The system simplification and ease of wideband
exploitation implied by these systems might prove quite attractive
especially in densely populated regions where inter-node distances
are modest.

While several technological hurdles remain before NANF-
based systems can be practical contenders, in our opinion NANF
appears to have the potential to become an attractive and possibly
disruptive alternative to conventional solid-core silica fibers.

Index Terms—hollow-core fibers, anti-resonant hollow-core
fibers, nested anti-resonant nodeless fibers, NANF, WDM, optical
networks, coherent systems, long-haul transmission

I. I NTRODUCTION

CAPACITY demand growth projections have been show-
ing for some time that substantial throughput saturation

would be felt in increasingly wider segments of the optical
transport networks, around the beginning of the 2020s. This
seems to be happening as predicted [1].
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In anticipation of this event, several countermeasures have
been explored. Among the proposed solutions, some leverage
increased transponder DSP complexity, such as better codes
and more sophisticated modulation schemes, as well as non-
linearity mitigation algorithms of various form. Others target
the use of non-conventional transmission bands (L, O, S, E,
etc.) to increase the overall per-fiber WDM bandwidth. Yet
others focus on Space Division Multiplexing (SDM), which
aims at increasing the number of independent orthogonal
‘channels’ (in the information-theory sense) available for
transmission. This is achieved by either building fibers that
carry multiple orthogonal modes in their core (Few Mode
Fibers, FMFs [2]) or fibers with several single-mode cores
(Multi-Core Fibers, MCFs [3]), or combinations thereof.

Among all of the above-mentioned techniques, transponder-
based ones are currently dominating the scene, with wide
deployment of sophisticated DSP in commercial products. On
the other hand, further efforts in this direction are expected
to yield limited and diminishing returns [1]. As for the
use of non-conventional bands, L-band is now commercially
available. However, further extensions towards other bands
appear more difficult and incrementally less effective, at least
within the long-haul scenarios addressed in this paper [4].

If installing entirely new cables becomes inevitable, MCF
currently appears as the technology which is the closest to
practical exploitability. Nonetheless, the techno-economical
advantage of the deployment of MCF vs. the installation of
multiple conventional single-mode fibers (SMFs) is still being
debated. Substantial uncertainty in this respect also comes
from the need to develop the whole range of components and
subsystems needed for MCFs-based networks at an economi-
cally viable cost.

In this still uncertain landscape, an alternative technology,
Hollow-Core Fibers(HCFs), has emerged as a further possible
contender. HCFs are not new: they have been studied for
over two decades [5]. Theoretically they would offer several
important advantages. Among them: ultra-low non-linearity
(3 to 4 orders of magnitude lower than SMF); 50% faster
light propagation speed than in SMF, which is critical in
certain applications; low dispersion; even more important,
some structures potentially havean exploitable bandwidth
which may be substantially greater than that of SMFand
unhindered by the problem of Inter-channel Stimulated Raman
Scattering (ISRS).

Unfortunately, for a long time low-loss proved very difficult
to achieve in HCFs, remaining well above the dB/km mark.
At the same time, Inter-Modal-Interference (IMI) has also
been a problem in HCFs, as these fibers are intrinsically
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multimodal. In 2014, however, a new type of HCFs called
Nested Antiresonant Nodeless Fibers (NANFs) was proposed,
having the potential to address both loss and IMI problems
simultaneously [6].

Specifically, the addition of nested tubes would reduce
dramatically the loss from non-nested tubular designs [7],
while the absence of contact points or nodes between the
cylindrical tubes (present, for example in the nested concept
proposed in [8]) would eliminate spectral resonances and
widen the low-loss window, while also reducing leakage loss
by a factor of approximately 10. The loss of such NANFs has
been quickly lowered from initial very high values down to
1.3 dB/km in 2018 [9], 0.65 dB/km in 2019 [10], 0.28 dB/km
in 2020 [11] and remarkably 0.22 dB/km in 2021. In fact,
the theoretical minimum loss of NANFs, assuming perfect
fabrication with no imperfection, is lower than that of SMF [6]
(see also Sect. II). Whether lower than SMF loss is actually
attainable in a practical NANF, it is still an open question, but
progress in loss reduction so far has been steady.

As for IMI, it occurs because, as mentioned, NANFs are in-
trinsically multimodal. Although they can achieve an effective
single-mode operation by inducing a large loss to all higher-
order modes, IMI can still be significant if the higher-mode
suppression mechanism is not strong enough. In a transmission
experiment over NANF carried out in 2020, IMI was found to
be the main limiting factor, with an estimated value of−35
dB/km [13]. However, through improvements in fiber design,
in a more recent record transmission experiment, IMI has been
reduced to between−45 and−55 dB/km [14]. This has been
possible thanks to a judicious choice of tube number and size
that granted higher loss for the higher-order modes.

Thanks to both loss and IMI improvements, DWDM long-
haul experiments over NANF have shown very quick progress,
with WDM PM-QPSK transmission at 32 GBaud reaching
341 km [12], 618 km [13] and more than 4,000 km [14],
over the course of just the last three years. Note that these
experiments were performed on recirculating loops, where the
NANF section had length of 4.8, 7.7 and 11.5 km, respectively.

Also, confirming early predictions [6], various recent mea-
surements have shown that NANFs can have a bandwidth
which may be much larger than SMF,in the realm of tens of
THz [10], i.e., several times the C+L bandwidth (see Sect. II).
This is quite significant since, ultimately, it is bandwidth that
would truly make NANFs a strong contender in the quest for
a solution to the problem of SMF bandwidth exhaustion.

While individual NANFs reported to date have already
shown one or two features out of: low loss, low IMI and
wide bandwidth, at present no NANF has yet achieved all
three together. In this paper we assume that progress will be
made towards improving all three aspects together. Then, we
try to assess the relative merit of using NANFs vs. SMFs as a
function of such progress. We perform the analysis over a few
typical system scenarios, with diversified assumptions. In the
end, we try to address key questions related to the potential
of NANFs to achieve a substantially larger throughput perfor-
mance as compared to SMF-based systems and we discuss its
possible implications.

This paper is structured as follows. In Sect. II, an introduc-

tion to NANF and its main potential advantages is provided.
In Sect. III the theory and analytical tools used to perform
the system investigation are laid out. In Sect. IV the scenarios
of interest are described and a comparison between SMF and
NANF is carried out in detail for each of them. Sect. V is
devoted to analyzing the possibility of performing transmission
in NANF over regional distances without resorting to optical
amplifiers. A discussion section is next, Sect. VI, where NANF
vs. SMF are compared in a more encompassing fashion over a
wide range of system lengths, from 100 to 4,000 km, and under
different system parameter assumptions. Conclusions follow.

This paper is a follow-up submission to the OFC 2021
invited paper [15].

II. T HE NESTEDANTIRESONANT NODELESSFIBER

NANFs are formed by sets of non-touching nested glass
tubes that surround a gas-filled central core [6]. The tube
thickness is chosen to be similar for all tubes, and such that at
the wavelength of interest the fiber operates in antiresonance,
where light-glass overlap can be minimized. The absence of
glass nodes (all tubes are only attached to an outer jacket tube)
guarantees a transmission window spanning over one octave
free of undesired resonances, while through the choice of ade-
quate structural dimensions one can obtain a low rate of light
leakage for the fundamental mode and a simultaneously high
leakage for all other core-guided modes, hence, potentially
very low IMI.

One of the most attractive features of these fibers for the
purpose of data transmission is theirintrinsically low nonlin-
earity. Although this has not yet been measured accurately for
state-of-the-art NANFs, by combining the small glass overlap
(which can be as small as 0.003%) with the Kerr nonlinearity
of typical gases (∼ 3 orders of magnitude lower than silica),
and taking into account the larger effective area of NANFs
(with a mode field diameter, MFD, of 22-25μm vs 10-12μm
of glass-guiding fibers), nonlinear coefficients on the order of
γ = 10−4 to 10−3 (W km)−1 are predicted. In later sections
of this paper we will estimate the advantages that this brings
to different application scenarios.

As one would expect for fibers guiding predominantly in
air, the chromatic dispersion of NANFs is also small in
magnitude and spectrally flat. It can be shown that in the
fiber low loss spectral region dispersion can be approximated
quite accurately by that of a simple circular tube [16], for
which D = k(λ/R2), where k is a numerical constant,λ
the operational wavelength andR the core radius. For fibers
operating in the C-band with core diameters of 30-35μm, D
is in the range of 2.5-3.5 ps/(nm∙km), and dispersion slope is
∼10 times smaller than for step index solid core fibers.

In addition, state-of-the-art NANFs present 30% lower
latency than glass guiding fibers [17], a negligible back-
scattering coefficient (measured to be 45 dB below that of glass
guiding fibers [18]), and they are unlikely to suffer from phase
noise induced by guided acoustic wave Brillouin scattering
(GAWBS) [19] which can be detrimental in some long distance
coherent links. They are also immune from fiber fuse problems
for any practical launched power, which enables the launch of
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signals with orders of magnitude higher power than in current
systems [20].

Of particular interest for this work is also their capacity
to provide, potentially, a broader low loss bandwidth than
conventional glass-guiding fibres. In conventional fibers the
minimum loss region is dictated by glass-induced loss mech-
anisms, and occurs at the interception between the Rayleigh
scattering curve (proportional toλ−4) and the steep infrared
multi-photon absorption curve (C ∙e−D/λ) of silica glass [21].
The resulting total loss curve can be seen in Fig. 1(b) for a
standard single-mode fiber (SMF, black curves).

In a HCF like the NANF, where light can be guided almost
entirely in an air core, the spectral shape of its loss and
the resulting bandwidth over which this can be achieved are
not determined by fundamental glass mechanisms. Rather, the
typical U-shaped loss curve is caused by coupling to glass
tube modes at short wavelengths and by leakage loss at long
wavelengths, with surface scattering [6] and micro/macro bend
phenomena [11] also possibly playing a role in determining
the exact shape and bandwidth.

Estimating the value of loss and bandwidth that NANFs
or their improved successors (of which many designs have
been already theoretically proposed) might one day achieve
falls beyond the scope of this paper. Here we will rather
adopt a simple scaling rule to illustrate that considerably wider
bandwidths than glass-guiding fibers are theoretically possible.

Fig. 1(a) plots the measured loss (up to the 1700 nm limit of
the available optical spectrum analyzer, OSA) of a 0.28 dB/km
state-of-the-art NANF [11]. The figure also shows the excellent
match with the simulated loss curve of the same fiber, obtained
by modeling the leakage of its fabricated cross-section and by
adding to it a small estimated microbend contribution, with a
negligible surface scattering loss [11]. The characteristic U-
shape of its loss has a short wavelength edge at 1100 nm
determined by coupling with glass tube modes and a long
wavelength edge at 2100 nm caused by leakage loss.

In Fig. 1(b) we have made the assumption that through
improvements in structure and fabrication process such a loss
level can be reduced, but that its spectral shape remains
unchanged. Note that even broader bandwidths are theoreti-
cally possible through improved designs that reduce the long
wavelength leakage. We have also neglected the water vapor
absorption (1350-1450 nm) which is not fundamental in origin.
For illustration, we plot three curves where the simulated
loss curve in Fig. 1(a) has been rigidly down-scaled to a
minimum value of 0.145, 0.1 and 0.05 dB/km (curves A, B
and C, respectively). A small spectral shift, easily achievable
during fabrication with controllable modifications in the tube
membrane thickness, was also applied. For comparison, we
also plot the loss of a standard germanium doped SMF (black
curves).

Curve A shows that if NANF achieved the same minimum
C-band loss as current PSCF (0.145 dB/km [22]), the band-
width offered by the hollow core fiber would be wider. For
example, PSCF offer about 180 nm of spectrum with loss
below 0.17 dB/km (1450-1630 nm), whereas NANF would
offer 230 nm (1450-1680 nm). If the NANF minimum loss
could be reduced down to 0.1 dB/km, curve B shows that a

Fig. 1. (a) Measured and simulated loss for a 0.28 dB/km NANF,
the cross-sectional structure of which is shown in the inset [11];
(b) Optical bandwidth prediction of what future NANFs might offer,
obtained by rigidly down-scaling and spectrally shifting the simulated
curve in(a). Three cases illustrate scenarios where the minimum loss
reaches 0.145 dB/km (A), 0.1 dB/km (B) and 0.05 dB/km (C). For
comparison, the loss of standard SMF is also shown (black curves).

200 nm bandwidth, from 1500 to 1700 nm would in principle
be possible at a loss below 0.12 dB/km. Finally, curve C
shows that in a NANF with a minimum loss of 0.05 dB/km,
propagation below 0.14 dB/km would be possible over as
many as 400 nm, from 1450 to 1850 nm.

Clearly, these are only illustrative examples based on the
assumption that loss remains dominated by leakage and that
it therefore maintains the same spectral shape as in current
fibers. It is however likely that surface scattering might start to
play a role down to around 0.1 dB/km loss levels. This would
in practice introduce a much flatter wavelength dependence
(roughly proportional toλ−1 or less) to the overall loss profile
shown in Fig. 1(b) [6]. Since the overall spectral dependence
is difficult to predict, in the following simulations we will
neglect such effect and assume a spectrally flat level of loss.
We leave to future work the task to finesse these assumptions
and related results.

Finally, possible future NANF-based systems will need to
splice NANFs-to-NANFs, as well as conceivably NANFs to
solid-core fibers. Splice loss between hollow-core NANFs is
currently at the 0.1-0.2 dB level, while the splice loss to
solid core single-mode fibers tends to be higher (0.5dB), if
mode-field mismatch and Fresnel reflections are not properly
managed. With suitable optimization though, SMF-NANF
connection loss of only 0.15 dB has been recently demon-
strated [23]. These values are only marginally higher than
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the typical splicing loss that is achievable with conventional
solid core fiber technology, with further potential for addi-
tional improvement. Therefore, in the context of this study,
we have decided to neglect this aspect, with one exception:
the repeaterless/amplifierless scenarios discussed in Sect. V,
where splice loss is important.

III. M ETHODOLOGY

The aim of this study was that of assessing the relative merit
of using either SMF or NANF in optical transmission systems.
We focused on certain system scenarios, which we deemed as
sufficiently ‘typical’ and yet sufficiently diversified to provide
an encompassing comparison.

The study was carried out under the following set of general
assumptions:

1) transmission is performed with ideal Gaussian-shaped
constellations

2) spans are all identical
3) fiber loss and dispersion are frequency-independent

within the assumed usable bandwidth
4) loss is exactly compensated for span by span
5) Inter-channel Stimulated Raman Scattering (ISRS) in

SMFs is not taken into account

Regarding (5), such assumption essentially favors SMF or,
in other words, leads to aconservativeestimate of the potential
advantage of using NANF.

In the following, for the readers’ convenience, we provide
consistent units for all the quantities that are introduced.

To compare systems using different fibers in possibly quite
different configurations, we focused on what is arguably the
most significant system performance indicator: the maximum
data throughput through the link. If noise at the end of the
link was additive, white and Gaussian (AWGN), adapting
Shannon’s formula, similarly to what was done for instance
in [24], [25], the link throughputT (Tb/s) would be:

T = 2
Rch

Δf
BWDM log2 (1 + SNR) (1)

where BWDM is the total optical bandwidth used for trans-
mission (THz),Δf is the channel spacing (THz),Rch is the
channel symbol rate (TBaud) andSNR is the signal-to-noise
ratio observed on the received constellation of each channel.

Under the assumption that amatched Rx filteris used and
that non-linear interference (NLI) due to the fiber Kerr effect
can be considered as additive Gaussian noise approximately
white (flat) over each channel, theSNR of an ideally demod-
ulated constellation can be written as:

SNR =
Pch

PASE + PNLI + PIMI

(2)

wherePch is the transmitted power per WDM channel,PASE

is the filtered amplified spontaneous emission (ASE) noise
power due to the amplifiers,PNLI is the filtered non-linear
interference (NLI) noise due to the Kerr effect andPIMI is the
disturbance due to IMI (relevant to NANFs only), all in Watts.

When lumped amplification is used,PASE is given by:

PASE = Nspan hνFRch ∙ (G − 1) (3)

where h is Planck’s constant,ν is the WDM comb center
frequency and(hν) has units of Joule,F is the amplifiers
noise figure (dimensionless),Nspan and Lspan are the link
number of spans and length of each span (km), andG is the
amplifier gain (dimensionless). Under assumption (4) above,
then:

G = e−2αLspan (4)

where 2α is the fiber (power) loss (1/km). Besides lumped
amplification, we will also consider mixed lumped/distributed
amplification. We will do it by using aneffectivenoise figure,
as discussed later.

The term PNLI is computed using the closed-form GN-
model approximation Eq. (15) in [26]. Accordingly, we can
write:

PNLI =
(
η ∙ P 3

ch

)
, (5)

η = Nspan
4γ2

27π |β2|αR2
ch

asinh

(
π2 |β2|

4α
R2

chN
2

Rch
Δf

ch

)

(6)

where Nch is the number of WDM channels in the comb,
β2 and γ are fiber dispersion (ps2/km) and non-linearity
coefficient 1/(W∙km), respectively. Eqs. (5)-(6) providePNLI

for the center channel in the comb. For simplicity, we assume
that the samePNLI affects each WDM channel.

The termPIMI is modelled similar to what was done for
instance in [25] for inter-core crosstalk:

PIMI = κPchLtot (7)

whereLtot = Nspan ∙ Lspan is the total link length (km) and
κ is the IMI strength (1/km).

From Eqs. (2)-(7), the optimum launch powerP opt
ch and the

corresponding maximum signal-to-noise ratioSNRMAX can be
found in closed-form:

P opt
ch = 3

√
PASE

2η
, SNRMAX =

P opt
ch

3
2PASE + κLtot

(8)

Interestingly, as also noted in [25],P opt
ch does not depend on

κ (the strength of IMI).
SubstitutingSNRMAX into Eq. (1) yields the maximum link

throughputTMAX . In their simplicity, Eqs. (1)-(8) represent a
powerful tool which we will use to discuss quite diverse link
scenarios. The assumptions and approximations underlying
these formulas have been discussed in prior literature, such
as [27], [28], but given that we will use them in a rather
unconventional scenario, we will also show results ofspecific
split-step simulative validations.

IV. SCENARIOS

In this section we look at different scenarios, where we
compare NANF vs. SMF, in terms of throughput.

All the tested scenarios assume transmitting Gaussian-
modulated channels atRch= 64 GBaud with spacing
Δf= 87.5 GHz and roll-off 0.1 . A 3 dB back-to-back SNR
penalty vs. ideal Eq. (1) is assumed as well.

For the NANF, we assume a NL coefficientγ= 5∙10−4 (W
km)−1. We also assume a somewhat lower dispersion value
D= 2 ps/(nm km) than predicted by design simulations. This
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causesPNLI to be somewhat overestimated, leading to conser-
vative throughput estimates with NANF. We then sweep the
NANF attenuation over the range 0.5 dB/km to 0.05 dB/km,
which are values ranging between currently reported values
and values that might ideally be possible with future NANFs
([6], see also Sect. II and Fig. 1). As a benchmark, we use
SMF, with loss 0.2 dB/km, dispersionD= 16.7 ps/(nm km)
and non-linearity coefficientγ= 1.3 (W km)−1.

A. Scenario #1: C+L band, 1000 km

The first scenario we consider is a long-haul terrestrial link
consisting of 10 spans of 100 km each. For both SMF and
NANF we assume C+L WDM bandwidth transmission (about
9 THz), corresponding to 103 channels. This means that in this
first scenario we do not take advantage of NANF’s potentially
larger bandwidth. We also assume a favorable amplification
solution for SMF, whereby hybrid Raman/EDFA is used, with
backward Raman pumping, at an overalleffectivenoise figure
F= 0 dB. For NANF we assume instead lumped amplification,
with F= 5 dB, since Raman is not possible due to the
extremely low NANF nonlinearity.

In these conditions, the maximum throughput delivered by
SMF, T

SMF

MAX
, as found through Eqs. (1)–(8), is 71.4 Tb/s, at an

optimum total launch power of 20.2 dBm. Note though that
the actual power into SMF is much higher (in the backward
direction) because of the Raman pumps, possibly between 1
and 2 Watts. Note also that this value of max throughput
is obtained at a rather high net spectral efficiency of 10.8
bits/symb (5.4 net per polarization), a critical aspect that we
will come back to later.

Fig. 2(a) is a contour plot of the ratioρ between the
throughput that can be obtained using the NANF, calculated
using Eqs. (1)–(8), vs.T

SMF

MAX
, that is:

ρ = T
NANF

/T
SMF

MAX
(9)

The horizontal and vertical axes represent NANF loss in
dB/km and launch power in dBm. The thick red line marks
the points where the NANF throughput is equal to the SMF
maximum throughput, that is whereT

NANF
= T

SMF

MAX
. The thin

dashed line marks the points that are optimum for NANF
throughput maximization. This optimum is induced by Kerr
non-linearity which, albeit extremely small in NANF, does
show up at ultra-high launch powers.

Such launch powers are unrealistic, but we kept them in
Fig. 2(a), and following plots, precisely to show that non-
linearity becomes a limiting factor at launch powers that are
beyond the realm of practical values. Only if one assumes that
NANF loss is substantially lower than SMF, then the optimum
launch power line comes down to less unrealistic values (40 or
even 35 dBm in Fig. 2(a), for loss below 0.1 dB/km). However,
as we shall comment later on, these operating points are likely
impractical for other reasons.

The star markers represent points that have been validated
by full (C+L)-band split-step simulations based on the Man-
akov equation. Validation was performed by comparing the
NANF center WDM channel mutual information measured on

Fig. 2. Isolines showing the ratioρ of NANF system throughput vs. the SMF
maximum system throughput (71.4 Tb/s), over the plane (NANF loss, NANF
launch power). All links operate over the C+L band (9 THz). The red isoline
marks the ratio 1, i.e., same NANF throughput as maximum SMF throughput.
Star markers are values verified through full-band split-step simulations. IMI
is assumed to be absent or negligible.(a): Scenario #1, 1000 km (10 spans
of 100 km).(b): Scenario #2, 3000 km (30 spans of 100 km).

the split-step simulation,MI
NANF

SIM
, with the one predicted by

Shannon’s formula as:

MI
NANF

= 2 ∙ log2 (1 + SNR) ,

whereSNR is given by Eq. (2). We found the mean MI error
to be 1.4%, while the max error was 2.6%. We consider these
results as sufficient evidence of the reliability of the analytical
approach, within the mentioned assumptions.

Interestingly, a greater NANF throughput than SMF can be
seen in Fig. 2(a) even at values of NANF loss greater than the
loss of SMF. For instance, for a NANF loss of 0.275 dB/km,
a throughput 25% greater than SMF is ideally possible, for
35 dBm launch power. If same launch power is imposed, a
50% greater than SMF throughput is found for 0.235 dB/km
loss. If instead we assume same loss for the NANF as for SMF
(0.2 dB/km), then a 50% greater throughput than SMF can be
reached at a lower launch power of 31.8 dBm, still large but
comparable to the power of the Raman pumps into the SMF.

These appear as favorable results for NANF, but it must be
pointed out that achieving such higher values of throughput
than SMF implies transmission at an increased number of
bits/symbol per channelChb/s, which can be written as:

Chb/s =
T Δf

BWDMRch
(10)
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Fig. 3. Scenario #3. Isolines showing the ratioρ of NANF system throughput
vs. the SMF maximum system throughput (71.4 Tb/s), over the plane (NANF
loss, NANF launch power). The test link is 1000 km long (10 spans of 100 km
each). The NANF systems operate over the 1500-1700 nm band (23.5 THz),
the benchmark SMF system over the C+L bands (9 THz). The red isoline
marks the ratio 1, i.e., same NANF throughput as maximum SMF throughput.
Star markers are values verified through full-band split-step simulations.(a):
no IMI. (b): IMI -50 dB/km. (c): IMI -60 dB/km.

In this first scenario the same C+L optical bandwidthBWDM

is considered for both SMF and NANF and therefore when
T

NANF
> T

SMF
, then Eq. (10) implies thatCh

NANF

b/s > Ch
SMF

b/s ,
proportionally. But, as previously mentioned, the value of
Chb/s at max throughput for SMF is already rather high:
Ch

SMF

b/s =10.8 bits/symb. To achieve a higher throughput with

NANF, Ch
NANF

b/s then needs to be even higher.
As an example, to attain a 50% throughput increase on

NANF, Ch
NANF

b/s = 16.2 (net) bits/symb transmission (8.1 net
per polarization) is necessary. This would likely require using
constellations as large as 1024-QAM, a rather challenging

proposition. While wireless and ADSL commercially use con-
stellations of several thousand symbols, it is an open question
whether this is practically achievable in optical communica-
tions.

Interestingly, the problem of highChb/s gets alleviated
when going to longer transmission distances (see Scenario
#2 immediately following). It is also alleviated when a larger
NANF bandwidth is assumed (see Scenario #3 later).

B. Scenario #2: C+L band, 3000 km

This scenario assumes the exact same parameters as the
previous one, with the only difference of link length being
now 3000 km (30 spans of 100 km each) rather than 1000 km.

The results are shown in Fig. 2(b). The plot is quite similar
to Fig. 2(a), but in general a slight improvement ofρ can
be observed. For instance, at loss 0.2 dB/km and 31.8 dBm
launch power, NANF delivers 1.7x over 3000 km, whereas it
delivered 1.5x over 1000 km. This increase, when distance is
increased, can be shown to be due to the analytical form of
Eq. (1) and, specifically, how operating at the lower system
SNRs, which are found at longer distances, affects it.

Quite significantly from a practical viewpoint, the problem
of extreme values ofChb/s gets alleviated in Scenario #2.
The values of bothT

NANF
or T

SMF
are now lower, be-

cause the 3000 km link operates at lower SNRs than the
1000 km one. Specifically, with reference to Eq. (10),T

SMF

MAX

is now 51.4 Tb/s, resulting inCh
SMF

b/s = 7.8 bits/symb. Conse-
quently, a 1.5x throughput increase for NANF now requires
Ch

NANF

b/s = 11.7 bits/symb, certainly challenging but likely
feasible, at least in prospect. Of course, when looking at
even higher multiples, ideally possible at substantially lower
loss than SMF, the resulting neededChb/s values still appear
prohibitively large.

C. Scenario #3: 1500-1700 nm, 1000 km

In this third scenario we assume that the NANF usable
bandwidth now extends from 1500 to 1700 nm, or about
23.5 THz (269 WDM channels). We look at 1000 km, 10
spans of 100 km each. For the NANF we assume that lumped
amplification is available with an averageF= 7 dB, a 2-
dB degraded noise figure from scenario #1, to account for
a possibly inferior performance of the non-EDFA amplifiers
needed to cover the S and U bands. Specifically, while S-band
lumped amplifiers are commercially available, U-band is still
somewhat of an open problem. Note though that solutions for
the U-band might also come in the form of lumped Raman
amplifiers, in case doped-fiber solutions proved less viable.

As benchmark, we still use SMF over the C+L band,
with hybrid Raman/EDFA at a noise figureF= 0 dB, for a
maximum throughput ofT

SMF

MAX
=71.4 Tb/s. The reason why

we keep as benchmark C+L band SMF is because extending
transmission over the 1500-1700 nm band in SMF, while
it appears possible, does not seem to be easily capable of
yielding substantial overall throughput increase especially in
long-haul systems, due to various circumstances: higher loss in
the U band; extremely strong inter-channel stimulated Raman
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scattering (ISRS); the fact that SMF would no longer be able
to enjoy full Raman amplification over such a broad band,
leading to a quite significant deterioration of noise figure.
For these reasons, we deem SMF over C+L with Raman
as a ‘sweet spot’ that constitutes a significant benchmark
for any new technology, including possibly extending optical
bandwidth in SMF itself.

The NANF results for this new scenario are shown in
Fig. 3a. Note that two points on the plot were verified through
full-band split-step simulations, both returning an MI less than
2% away from the prediction of Eqs. (1)-(5).

Clearly, much more favorable multiples ofρ are now shown
with respect to Scenarios #1 and #2. At 35 dBm launch power,
which appears reasonable when considering that such power
is spread out over 200 nm of optical bandwidth, a NANF
with 0.295 dB/km loss would allow reaching a 2x throughput
increase over SMF, at a containedCh

NANF

b/s of 8.3 bits/symb.
This shows that in this scenario, a quite sizeable throughput
increase is attainable in NANF even at a loss significantly
higher than SMF. Note that, as it could be surmised, when
increasing NANF bandwidth, the problem of prohibitively high
Chb/s is substantially alleviated.

If same loss as SMF was achieved (0.2 dB/km), a 3x
throughput multiple would be possible at a total launch power
of 32.2 dBm and a large but still conceivably manageable
Ch

NANF

b/s of 12.4 bits/symb. Even higher multiples are displayed
in Fig. 3, but they should be considered as longer-term
prospects, since they require either very large launch power,
very low NANF loss or very highCh

NANF

b/s .

D. Scenario #3 with IMI

The previous results assumed no IMI. To introduce it,
Eq. (7) can be used. Fig. 3b showsρ for Scenario #3 at an
IMI of −50 dB/km, similar to what was measured in the recent
record experiment [14]. The impact of IMI is clearly visible,
with all isolines equal or higher than a multiple 3 disappearing
from the plot. Yet, we point out that the 2x isoline is affected
relatively little, while the 3x isoline gets essentially replaced
by a 2.5x isoline. This shows that the degradation, although
clearly present, is relatively modest if the lower multiples of
throughput are considered.

To appreciate what value would make IMI essentially irrel-
evant, in Fig. 3c we showρ at an IMI of −60 dB/km. Only
the highest isolines are affected which, however, correspond
to operating points that are probably unrealistic even in the
long run. From a practical viewpoint, therefore, the value
−60 dB/km is low enough to cause little or no practical impact.

E. Scenario #4: 1500-1700 nm, 3000 km link

This scenario assumes the exact same parameters as Sce-
nario #3, with the only difference of link length being now
3000 km (30 spans of 100 km each) rather than 1000 km.

The results are shown in Fig. 4. The plot is quite similar
to Fig. 3a, but in general a slight improvement ofρ can be
observed. For instance, at loss 0.2 dB/km and 35 dBm launch
power, NANF now delivers 3.8x, whereas over 1000 km it
delivered 3.5x.

Fig. 4. Scenario #4. Isolines showing the ratioρ of NANF system throughput
vs. the SMF maximum system throughput (51.4 Tb/s), over the plane (NANF
loss, NANF launch power). The test link consists of 3000 km of fiber (30
spans of 100 km). The NANF systems operate over the 1500-1700 nm band
(23.5 THz), the benchmark SMF system over the C+L bands (9 THz). The
red isoline marks the ratio 1, i.e., same NANF throughput as maximum SMF
throughput. IMI is assumed absent or negligible.

Fig. 5. Scenario #5. Isolines showing the ratioρ of NANF system throughput
vs. the SMF maximum system throughput (71.4 Tb/s), over the plane (NANF
loss, NANF launch power). The test link consists of 1000 km of fiber (10
spans of 100 km). The NANF systems operate over the 1450-1850 nm band
(44.7 THz), the benchmark SMF system over the C+L bands (9 THz). The
red isoline marks the ratio 1, i.e., same NANF throughput as maximum SMF
throughput. IMI is assumed absent or negligible.

More significantly, from a practical viewpoint, the multiple
3.5x is obtained atChb/s=14.5 bits/symb in Scenario #3, over
1000 km, whereas in Scenario #4, over 3000 km, the multiple
3.5x is found atChb/s=10.4 bits/symb. While the former value
of Chb/s is problematic, the latter is large but attainable. This
shows again that, as expected, the problem of highChb/s gets
progressively alleviated when operating over longer distances.

Like we did for Scenario #3, we re-ran the calculations with
non-zero IMI for Scenario #4. The degradation is qualitatively
and quantitatively very similar to what is seen in Scenario #3
(figures are omitted for brevity). Here too, when IMI goes
below −60 dB/km it has little practical impact, as it only
substantially affects multiples from 4x and upward.

F. Scenario #5: 1450-1850 nm, 1000 km link

The previous scenarios have shown a potential throughput
increase of 1.5x to 3.5x, when considering values of loss,
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launch power andChb/s that are conceivably achievable in
the not-too-distant future. These multiples are quite signifi-
cant, but perhaps only evolutionary, rather than constituting a
revolutionary ‘quantum leap’.

NANF, however, might be able, at least theoretically, to
deliver even better performance than the scenarios shown so
far. Low-loss over bandwidths as broad as 400 nm (about
45 THz), or even broader, has been predicted [6], [29]. Assum-
ing this was indeed possible in the future, such ultra-broadband
scenario would indeed potentially represent a revolutionary
quantum leap.

Fiber would however not be the only critical aspect in such
ultra-broadband scenarios: amplification would be as critical.
Some proposed technologies appear to be promising in this
respect. For example, Bismuth-doped fiber amplifiers have
been shown to potentially offer gain over an extremely broad
spectral range, at a performance that is not too distant from
conventional EDFAs [30], [31]. However, it is almost certain
that many amplification units in parallel, each one devoted to
a specific sub-band, would be needed to cover multi-hundred-
nm bandwidths. This causes a possible scaling penalty that
has rightly been pointed out in the literature [1].

Therefore, while in this section we assume that the problem
of ultra-broadband amplification has been acceptably dealt
with, in the next section we will provide an alternative path to
the exploitation of the ultra-broadband features of NANF that
either drastically reduces the number of needed amplifiers or
completely removes them from the system.

Even assuming that ultra-broadband amplifiers were avail-
able, it is likely that the average noise figure might be degraded
and, to be conservative, we assume here NF= 9 dB. Our
reference comparison case remains SMF over C+L, with
NF= 0 dB (thanks to Raman). Fig. 5 then shows the results of
ρ for this scenario, over 1000 km (10 spans of 100 km each).

A 3x throughput increase is possible even at a higher-than-
SMF loss of 0.28 dB/km and launch power 35 dBm, with
Ch

NANF

b/s being a comfortable 6.6 bits/symb. If NANF loss
arrived on a par with SMF, again at 35 dBm launch power
a 5x would be possible at a still manageableCh

NANF

b/s = 10.9
bits/symb. Also, 6x would not be out of the question, requiring
higher power (but spread out over an extremely large optical
bandwidth) and a challenging but perhaps not impossible
Ch

NANF

b/s = 13.1 bits/symb.

We further tested Scenario #5 by extending it to 3000 km.
The throughput ratio plot changes relatively little vs. Fig. 5, but
the neededChb/s shrinks quite notably for any given multiple.
Specifically, the 5x multiple is found at the same launch
power (35 dBm) and same loss (0.2 dB/km) as over 1000 km,
but the value ofChb/s goes down from 10.9 bits/symb to
7.85 bits/symb, substantially easing its possible achievement.
This is a significant result from a practical viewpoint.

We also added IMI. A very similar behavior was found to
when we introduced IMI in previous scenarios. We do not
show the figures for brevity. Essentially, once again a value of
less than−60 dB/km makes IMI practically irrelevant.

V. REPEATERLESS ANDAMPLIFIERLESSSCENARIOS

As mentioned earlier, large available bandwidth in fiber
does not automatically grant equally enhanced throughput,
since suitable amplification is needed to support such extended
bandwidth.

However, besides offering ultra-broad bandwidth, NANF
(and possibly evolutions thereof) holds the promise for ultra-
low loss, even lower than SMF. In this section we assume
that such lower-than-SMF loss is reachable in the future and
exploit it to explore two further scenarios in which amplifiers
are either removed from the line (repeaterless, Scenario #6)
or removed altogether from the system (Scenario #7). The
important caveat here is that we are speculating on possible
technological evolution that, though not barred by theory at
present, might or might not prove feasible.

Also, we limit the reach to 250-300 km. While this distance
is much less than the previous scenarios, it is still a practically
significant distance for core networking in many densely
populated areas, like most of Europe, Japan, areas of the East
and West coast of the US, areas of China, as well as many
others.

With this in mind, we first look at therepeaterless scenario.

A. Scenario #6: 1450-1850 nm, 250-300 km repeaterless link

The attractiveness of such a scenario is the ideal possibility
of making the potentially ultra-wide band of NANFs more
easily exploitable. Doing away with line amplifiers would
greatly simplify the transmission line, which becomes ‘single-
span’, and simplify the overall system as a consequence. The
scalability problem involved in the need to amplify the full
band of each NANF, possibly with multiple parallel sub-band
units, at each repeater site, is hence avoided.

In this scenario we still assume that amplifiers are available
at the receiver site, with an average NF of 7 dB. We also keep
assuming, as done so far, that the receivers have an additional
back-to-back penalty of 3 dB in all configurations.

We first set the link length to 250 km, single-span. We
then conjecture that NANFs are capable of achieving a loss
between 0.13 and 0.05 dB/km. We also suppose that such loss
is available over a bandwidth spanning the full 1450-1850 nm
range (44.7 THz). In such ultra-low-loss context, splice loss
cannot be neglected. We therefore assume that in the cable
there is a splice every 5 km, at an average splice loss of 0.1 dB,
totaling a fixed 5 dB of extra loss over the link length.

Fig. 6 shows the results. They are no longer displayed as a
ratio of NANF throughput vs. SMF throughput, since in this
context a direct comparison with SMF largely loses meaning.
Instead, the NANF absolute throughputTNANF in Tb/s is
shown. At a relatively contained 35 dBm launch power and
at 0.1 dB/km loss, a quite significant throughput of 400 Tb/s
(per fiber) is ideally achievable, atChb/s=12.22 bits/symb.

If we then increase the distance to 300 km, at the same loss
and launch power, almost 300 Tb/s per fiber are achieved, at
Chb/s= 9.2 bits/symb (not shown for brevity). Finally, adding
IMI at -60 dB/km has essentially no effect on the above-
discussed operating points, impacting only higher-multiple but
less realistically achievable operating points.
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B. Scenario #7: 1450-1850 nm, 250-300 km amplifierless link
with high-LO-power receivers

In the previous scenario we assumed that optical amplifiers
were still present at the start/end nodes of the link. In Sce-
nario #7 we explore the possibility of completely removing
optical amplifiers from the system.

We still assume that NANF operates over the 1450-1850 nm
band, as in the previous scenario. We point out that the
amplifierless context could potentially usher access to even
larger bandwidths, which ideally NANFs seems to be capable
of supporting [11]. We will however not address broader
bandwidth values in this paper.

A specific challenge of this completely amplifierless context
is that the receiver does not use a front-end optical pre-
amplifier to boost the signal. Interestingly, the ideally achiev-
able performance of a coherent receiver that has no optical
pre-amplifier is the same as that of an optically pre-amplified
receiver. The corresponding ideal maximum SNR, given a
received powerPRx

ch at the input of the receiver, is in both
cases [32]–[34]:

SNRideal =
PRx

ch

2 hν Rch
(11)

For receivers without optical pre-amplifier this limit is
achieved assuming1:

• ideal photodetector responsivity, i.e., equal toq/hν A/W,
whereq is the electron charge

• arbitrarily large local-oscillator (LO) power (large enough
to make electrical receiver noise negligible)

• perfectly symmetric optical hybrid front-end and per-
fectly balanced photodetectors, resulting in complete sup-
pression of LO relative intensity noise (RIN); alterna-
tively, negligible LO RIN

• no excess loss between receiver input and photodetectors.

In practice, none of the above conditions is exactly met.
This means thata SNR penalty is always incurredvs. the
value of Eq. (11). However, a recent paper has shown that a
standard commercial receiver, not specifically optimized for
operation without optical pre-amplifier, when supplied with a
high-power (14 dBm) LO, achieved a sensitivity which was,
remarkably, only 5.5 dB away from Eq. (11). The result was
found using 28 GBaud PM-QPSK modulation. It also achieved
a sensitivity 7.5 dB away from Eq. (11), with 28 GBaud
PM-16QAM modulation [35]. Both results refer to pre-FEC
BER= 10−2.

In this work we are certainly targeting higher Baud rates
and higher bits/symb than in [35] and this would suggest that
a higher penalty than found in [35] could be incurred. On the
other hand, we surmise that specific design and manufacturing
optimization for LO-only receivers could be carried out in
the future, which is not currently done for receivers that are
meant to operate with optical pre-amplifiers. Taking these

1For comparison, for conventional receivers using an optical pre-amplifier
the same limit Eq. (11) is achieved assuming: arbitrarily high optical pre-
amplifier gain (high enough to make electrical receiver noise negligible), no
LO RIN or equivalently no asymmetry in either the optical hybrid front-
end or balanced photodetectors, no excess loss between receiver input and
photodetectors.

Fig. 6. Scenario #6. NANF system throughput isolines (Tb/s) over the plane
(NANF loss, NANF launch power). The NANF systems operate over the
1450-1850 nm band (44.7 THz). Repeaterless single-span of 250 km. IMI is
assumed absent or negligible.

Fig. 7. Scenario #7. NANF system throughput isolines (Tb/s) over the plane
(NANF loss, NANF launch power). The NANF systems operate over the
1450-1850 nm band (44.7 THz). Amplifierless single-span of 250 km. IMI
is assumed absent or negligible. The receivers are assumed to operate with a
10 dB SNR penalty vs. the ideal value of Eq. (11).

different aspects into account, it appears to us that a reasonably
conservative hypothesis is to assume a penalty of 10 dB with
respect to the ideal limit of Eq. (11).

With this assumption, the results of NANF system through-
put for a 250 km single-span link are shown in Fig. 7. They are
somewhat less favorable than for Scenario #6 but still about
330 Tb/s of throughput is delivered at 35 dBm launch power
and loss 0.1 dB. Notice also that the values are very sensitive
to NANF loss. A 1/100 dB/km decrease in loss would boost
throughput up to 400 Tb/s.

Of course these completely amplifierless links would easily
be impacted by any excess loss. On the other hand, such
loss could be compensated for by raising launch power by
an equal amount. Since NANF exhibits ultra-low non-linearity
raising launch power is possible ideally up to very high values,
the limit being induced by considerations other than system
performance (such as for instance safety). Loss can also be
managed by accepting a reduction in throughput, by about
1 bit/symb every 3 dB of extra loss. Margins are therefore
present that could be tapped into.
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Fig. 8. Ratioρ of NANF system throughput vs. SMF maximum system
throughput as a function of link length. Span length is 100 km. The benchmark
SMF system operates over the C+L bands (9 THz) with Raman amplification
(effective noise figure 0 dB). The different curves use the further assumptions
shown in Table I. NANF system optical bandwidth:(a) 1500-1700 nm (23.5
THz); (b) 1450-1850 nm (44.7 THz). NANF system amplifier noise figure:
9 dB in all cases.

TABLE I
ASSUMPTIONS USED TO DRAWFIG. 8.

case NANFloss max launch power max tx/rxSE
dB/km into NANF, dBm bits/symb

I 0.15 40 14
II 0.15 40 12
III 0.2 37 12
IV 0.2 35 11
V 0.2 33 10

VI. D ISCUSSION OF EMERGING LANDSCAPE

As we have shown for the several scenarios that we have
presented, the concomitance of ultra-low non-linearity, low
loss and large bandwidth creates the potential for building
NANF systems capable of delivering significant multiples of
the throughput of the benchmark system based on the current
SMF ‘sweet-spot’ consisting of C+L+Raman.

While the maps that we have shown provide a very detailed
picture of each specific scenario, in this section we try to
provide a more general view of the overall ‘landscape’, across
a wide range of system lengths. To do so, we first set
certain general constraints which we impose on three key
elements: the maximum transponder spectral efficiency (SE, in
bits/symb); the maximum acceptable launch power; a specific

value of NANF loss. We put together 5 combinations of
their values, which are shown in Table I. Case V is the
most conservative, in the sense that we assume SE values
and launch powers that are achieved even in current SMF
commercial systems using Raman amplification. Also, NANF
loss is assumed to be on a par with SMF. Cases IV to I
are increasingly less conservative, but we believe none is
unrealistic, at least in the long run. Note that when we
impose a certain limitation on the SE of the NANF system
transponders, we of course imposethe samelimitation on the
SMF system transponders, too.

The throughput multiples corresponding to the different
cases are shown in Fig. 8, as a function of system length. In
(a) we assume a NANF bandwidth of 23.5 THz (1500-1700
nm) and in (b) of 44.7 THz (1450-1850 nm). In both these
plots, the amplifiers for the NANF systems are conservatively
considered to have 9 dB noise figure, vs. 0 dBeffectivenoise
figure for SMF (thanks to Raman amplification). Note that
span length is kept constant at 100 km, which is a reasonable
assumption for terrestrial systems.

Fig. 8 shows that, for short distances, all cases converge
towards one value, which is aboutρ = 2.6 for the 23.5 THz
systems andρ = 5 for the 43.7 THz systems. These val-
ues simply represent the ratio between the assumed NANF
bandwidth and the assumed SMF C+L bandwidth (9 THz).
What happens is that the maximum allowed transponder SE
is achieved while still well within the linear regime for SMF
and well below the max launch power for NANF. As a result
the respective transmission links become ‘transparent’ for both
fibers and the throughput multiple achieved by NANF is
simply the raw optical bandwidth ratio of NANF vs. SMF.
Note that even though NANF operates at a large noise-figure
disadvantage vs. SMF (9 dB gap), this is compensated for by
launching a higher power into NANF.

Moving towards longer distances, then we see a quick
increase of multiples for case I (green curve). This happens
because the SMF reaches its non-linear limit and its system
throughput starts going down. NANF instead can maintain
throughput by increasing launch power, which case I allows
to raise up to 40 dBm. NANF ultra-low non-linearity ensures
that this can be done with no significant signal degradation.

All other cases grow less than case I, because they either hit
their launch power limit or their SE constraint. As a general
rule, the SE limitation is typically hit for low-to-intermediate
distances (up to about 1,000 km). Moving to longer distances,
it is the maximum launch power constraint that intervenes.

Whichever the limiting constraint, all curves grow, with only
one exception: Fig. 8(b), case V (red curve). Analyzing that
system at 2000km, it is found that it is the launch power
constraint of 33 dBm that causes this behavior. Specifically,
the launch power required to go back up to the multipleρ = 5
would be a higher 34.5 dBm. The SE limit plays no role here,
since it would be reached at 36.4 dBm launch power.

Fig. 8 provides, in our view, a quite encompassing picture
of what can be expected in the NANF-SMF comparison. As a
rather general emerging feature, a throughput multiple at least
equal to the optical bandwidth ratio should be achievable. Even
greater multiples might be reached, especially if significant
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amounts of power can be launched into the NANF.
These results appear to show that NANF might establish a

new paradigm in potential system throughput. Its very wide
bandwidth is possibly its most important asset, with ultra-low
non-linearity being a close runner-up.

Note that outstanding landmark papers such as [37] seem
to be at odds with our results since they showed that reducing
fiber non-linearity, even substantially, would bring about only
a marginal increase in throughput. Same was shown for loss.
Our findings are not in disagreement with those results. The
new factor here is that NANF combines a dramatic reduction
in non-linearity (and possibly a reduction in loss as well) with
a much increased usable bandwidth. It is the combination of
these features that turns out to be very effective in increasing
potential throughput.

As already mentioned in Sect. IV-F, the availability of a
very broad bandwidth does not guarantee that its exploitation
is easy. This was already remarked in [37] and has been
further pointed out in [1] and other literature. In particular,
broadband amplification is a challenge and would probably
require sub-band specific units in parallel. On the other hand,
optical and optoelectronic technology have made giant leaps
over and again, and the availability of fibers with potentially
5x greater throughput than current ones might in the end spur
the development of effective supporting technologies, that at
present are difficult to predict.

As either an alternative, or a synergistic possibility, NANF
might make it possible to perform repeaterless or amplifierless
transmission, as analyzed in Sect. V. Regarding these scenar-
ios, in some respects their discussion is more straightforward
and in some other it is more complex than optically amplified
scenarios. The plots tell us that, provided NANF loss goes
down to 0.1 dB/km, then it would be possible to transmit half
a Pbit/s per NANF over regional distances of 200-300 km
(see Figs. 6–7). If this was the case, the impact on network
architecture could be far-reaching, though hard to predict.
We consider the topic of architecture more on the side of
networking and outside of the scope of this paper, so we refrain
from discussing it here.

VII. C ONCLUSION

Hollow-core fibers of the nested anti-resonant nodeless type
(NANFs) have recently entered the realm of those compet-
ing technologies that are being developed to overcome the
throughput limitations of the traditional single-core, single-
mode, silica-core fiber.

By analytical means, validated through simulations, we have
shown that NANFs could potentially provide a total throughput
that ranges between 1.5 and 5-6 times that of a benchmark
system consisting of SMF with Raman amplification over the
C+L bands. These results are obtained at NANF loss levels
equal or even slightly higher than SMF. When considering the
evolution of reported NANF loss over the last few years, such
loss levels appear to be attainable in the not-too-distant future.

If even lower loss, which could theoretically be possible,
proved practically achievable, the scenario of repeaterless or
amplifierless ultra-broad-band transmission over NANF would

open up. Assuming 0.1 dB/km loss, half a Petabit/s per fiber
could be achieved over 200-300 km, with a potentially large
and not just evolutionary impact on optical data transport
networks performance and architecture.

Besides loss, IMI must also be kept in check. We have
shown consistently that a value of -60 dB/km would be
sufficient to make it practically negligible. Since the current
best NANF specimens approach or achieve this value, this
effect appears to be on a path towards being reigned in.

It must be acknowledged that, to make the above sce-
narios realistic, substantial challenges need to be addressed,
not just related to NANF performance. Among them, un-
conventional band amplification technologies for repeatered
systems, transponders supporting transmission at high net
bits/symbol per channel, management of large launched pow-
ers. In prospect, for repeaterless and amplifierless systems, also
the optimization of receiver design and manufacturing for LO-
only (no optical pre-amplifier) operation and the minimization
of all types of excess loss, such as from splicing, cabling and
mux/demux components.

Optical technology progress has however achieved surpris-
ing breakthroughs time and again, over its relatively short his-
tory, and we believe that there is a possibility that NANF and
NANF-based systems could be one of these breakthroughs.
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