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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- In anticipation of this event, several countermeasures have
tiresonant Nodeless type (NANF) has been showing a steadypeen explored. Among the proposed solutions, some leverage
decrease in loss over the last few years, gradually approaching jncreased transponder DSP complexity, such as better codes

that of standard Single-Mode Fiber (SMF). It already by far d histicated dulati h I
outperforms SMF as to non-linear effects, which are three to four and more sophisticated modulation schemes, as well as non-

orders of magnitude lower in NANF than in SMF. Theoretical linearity mitigation algorithms of various form. Others target
predictions and experimental evidence also hint at a much wider the use of non-conventional transmission bands (L, O, S, E,
usable bandwidth than SMF, potentially amounting to several etc.) to increase the overall per-fiber WDM bandwidth. Yet
tens of THz. Propagation speed is 50% faster, a key feature in others focus on Space Division Multiplexing (SDM), which

certain contexts. . ti ina th b f ind dent orth |
In this paper we investigate the potential impact of possible &MS at Increasing theé number of independent orthogona

future high-performance NANF on long-haul optical commu- ‘channels’ (in the information-theory sense) available for
nication systems, assuming NANF continues on its current transmission. This is achieved by either building fibers that
steady path towards better performance. We look at the system carry multiple orthogonal modes in their core (Few Mode
throughput in different long-haul scenarios, addressing links of Fibers, FMFs [2]) or fibers with several single-mode cores

various length, from 100 km to 4,000 km, and different NANF . . S
optical bandwidths, loss and total launch power. We compare (Multi-Core Fibers, MCFs [3]), or combinations thereof.

such throughput with a benchmark state-of-the-art SMF Raman- ~ Among all of the above-mentioned techniques, transponder-
amplified C+L system. We found that NANF might enable relative based ones are currently dominating the scene, with wide
throughput gains vs. the benchmark on the order of 1.5x to 5, deployment of sophisticated DSP in commercial products. On
at reasonable NANF and system parameter values. the other hand, further efforts in this direction are expected

We also study the problem of the impact of NANF Inter- - L S
Modal-Interference (IMI) on system performance and show that to yield limited and diminishing returns [1]. As for the

a value of -60 dB/km, close to the currently best reported values, Us€ of non-conventional bands, L-band is now commercially
is low enough to have no substantial harmful effect. _ available. However, further extensions towards other bands
We finally look at a more long-term scenario in which gppear more difficult and incrementally less effective, at least

NANF loss gets below that of SMF and we show that in this \yithin the long-haul scenarios addressed in this paper [4].
context repeaterless or even completely amplifierless systems

might be possible, delivering 300-400 Th/s per NANF, over 200 to  f installing entirely new cables becomes inevitable, MCF
300 km distances. The system simplification and ease of widebandcurrently appears as the technology which is the closest to

exploitation implied by these systems might prove quite attractive practical exploitability. Nonetheless, the techno-economical
eSpeClé:]lIWln densely populated regions where inter-node distancesadvantage of the deployment of MCF vs. the installation of
are modest. : H H : H H H
While several technological hurdles remain before NANF- multiple Conventlon_al smgle-mpde _flber.'_s (SMFs) is still being
based systems can be practical contenders, in our opinion NANF debated. Substantial uncertainty in this respect also comes

appears to have the potential to become an attractive and possibly from the need to develop the whole range of components and
disruptive alternative to conventional solid-core silica fibers. subsystems needed for MCFs-based networks at an economi-

Index Terms—hollow-core fibers, anti-resonant hollow-core cally Vi_ab|e_005t- _ _
fibers, nested anti-resonant nodeless fibers, NANF, WDM, optical  In this still uncertain landscape, an alternative technology,

networks, coherent systems, long-haul transmission Hollow-Core Fibers(HCFs), has emerged as a further possible
contender. HCFs are not new: they have been studied for
|. INTRODUCTION over two decades [5]. Theoretically they would offer several

CAPAClTY demand growth projections have been showmportant advantages. Among them: ultra-low non-linearity
ing for some time that substantial throughput saturatidd 0 4 orders of magnitude lower than SMF); 50% faster
would be felt in increasingly wider segments of the opticaight propagation speed than in SMF, which is critical in

transport networks, around the beginning of the 2020s. THi§rain applications; low dispersion; even more important,
seems to be happening as predicted [1]. some structures potentially havan exploitable bandwidth

which may be substantially greater than that of SMRd

Pierluigi Poggiolini is with Politecnico di Torino, 10129, Torino, Italy, e-nhindered by the problem of Inter-channel Stimulated Raman
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Politecnico di Torino and by the CISCO SRA contract OptSys 2022. %‘t the same time, Inter-Modal-Interference (IMI) has also
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multimodal. In 2014, however, a new type of HCFs calletion to NANF and its main potential advantages is provided.
Nested Antiresonant Nodeless Fibers (NANFs) was proposéudl,Sect. 11l the theory and analytical tools used to perform
having the potential to address both loss and IMI problentise system investigation are laid out. In Sect. IV the scenarios
simultaneously [6]. of interest are described and a comparison between SMF and
Specifically, the addition of nested tubes would redudeANF is carried out in detail for each of them. Sect. V is
dramatically the loss from non-nested tubular designs [fevoted to analyzing the possibility of performing transmission
while the absence of contact points or nodes between theNANF over regional distances without resorting to optical
cylindrical tubes (present, for example in the nested conceghplifiers. A discussion section is next, Sect. VI, where NANF
proposed in [8]) would eliminate spectral resonances amd. SMF are compared in a more encompassing fashion over a
widen the low-loss window, while also reducing leakage losside range of system lengths, from 100 to 4,000 km, and under
by a factor of approximately 10. The loss of such NANFs hatifferent system parameter assumptions. Conclusions follow.
been quickly lowered from initial very high values down to This paper is a follow-up submission to the OFC 2021
1.3 dB/km in 2018 [9], 0.65 dB/km in 2019 [10], 0.28 dB/kminvited paper [15].
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. Il). Whether lower than SMF loss is actuallyNANFs are formed by sets of non-touching nested glass
attainable in a practical NANF, it is still an open question, bdubes that surround a gas-filled central core [6]. The tube
progress in loss reduction so far has been steady. thickness is chosen to be similar for all tubes, and such that at
As for IMI, it occurs because, as mentioned, NANFs are ifthe wavelength of interest the fiber operates in antiresonance,
trinsically multimodal. Although they can achieve an effectivvhere light-glass overlap can be minimized. The absence of
single-mode operation by inducing a large loss to all higheglass nodes (all tubes are only attached to an outer jacket tube)
order modes, IMI can still be significant if the higher-modg@uarantees a transmission window spanning over one octave
suppression mechanism is not strong enough. In a transmisdi@e of undesired resonances, while through the choice of ade-
experiment over NANF carried out in 2020, IMI was found tgjuate structural dimensions one can obtain a low rate of light
be the main limiting factor, with an estimated value e85 leakage for the fundamental mode and a simultaneously high
dB/km [13]. However, through improvements in fiber designgakage for all other core-guided modes, hence, potentially
in a more recent record transmission experiment, IMI has beegry low IMI.
reduced to between45 and —55 dB/km [14]. This has been One of the most attractive features of these fibers for the
possible thanks to a judicious choice of tube number and sizerpose of data transmission is thaitrinsically low nonlin-
that granted higher loss for the higher-order modes. earity. Although this has not yet been measured accurately for
Thanks to both loss and IMI improvements, DWDM longstate-of-the-art NANFs, by combining the small glass overlap
haul experiments over NANF have shown very quick progredgyhich can be as small as 0.003%) with the Kerr nonlinearity
with WDM PM-QPSK transmission at 32 GBaud reachingf typical gases+ 3 orders of magnitude lower than silica),
341 km [12], 618 km [13] and more than 4,000 km [14]and taking into account the larger effective area of NANFs
over the course of just the last three years. Note that thewéth a mode field diameter, MFD, of 22-2&m vs 10-12um
experiments were performed on recirculating loops, where thgglass-guiding fibers), nonlinear coefficients on the order of
NANF section had length of 4.8, 7.7 and 11.5 km, respectivelty.= 10~ to 102 (W km)~! are predicted. In later sections
Also, confirming early predictions [6], various recent measf this paper we will estimate the advantages that this brings
surements have shown that NANFs can have a bandwidithdifferent application scenarios.
which may be much larger than SMiR, the realm of tens of As one would expect for fibers guiding predominantly in
THz[10], i.e., several times the C+L bandwidth (see Sect. llair, the chromatic dispersion of NANFs is also small in
This is quite significant since, ultimately, it is bandwidth thamagnitude and spectrally flat. It can be shown that in the
would truly make NANFs a strong contender in the quest fdiber low loss spectral region dispersion can be approximated
a solution to the problem of SMF bandwidth exhaustion. quite accurately by that of a simple circular tube [16], for
While individual NANFs reported to date have alreadyhich D = k(\/R?), wherek is a numerical constant\
shown one or two features out of: low loss, low IMI andhe operational wavelength arél the core radius. For fibers
wide bandwidth, at present no NANF has yet achieved alperating in the C-band with core diameters of 30:3b, D
three together. In this paper we assume that progress will ibén the range of 2.5-3.5 ps/(nkm), and dispersion slope is
made towards improving all three aspects together. Then, w&0 times smaller than for step index solid core fibers.
try to assess the relative merit of using NANFs vs. SMFs as aln addition, state-of-the-art NANFs present 30% lower
function of such progress. We perform the analysis over a féatency than glass guiding fibers [17], a negligible back-
typical system scenarios, with diversified assumptions. In teeattering coefficient (measured to be 45 dB below that of glass
end, we try to address key questions related to the potentjaliding fibers [18]), and they are unlikely to suffer from phase
of NANFs to achieve a substantially larger throughput perfonoise induced by guided acoustic wave Brillouin scattering
mance as compared to SMF-based systems and we discusgE®WBS) [19] which can be detrimental in some long distance
possible implications. coherent links. They are also immune from fiber fuse problems
This paper is structured as follows. In Sect. Il, an introduder any practical launched power, which enables the launch of

Il. THE NESTEDANTIRESONANT NODELESSFIBER

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2021.3140114

signals with orders of magnitude higher power than in curre (a) 2 T

systems[200. 0 TR SN ... Microbend (M)
Of particular interest for this work is also their capacity L+M

to provide, potentially, a broader low loss bandwidth tha —Measured

conventional glass-guiding fibres. In conventional fibers tt
minimum loss region is dictated by glass-induced loss mec
anisms, and occurs at the interception between the Rayle
scattering curve (proportional th—*) and the steep infrared
multi-photon absorption curve(-e—P/*) of silica glass [21].

Loss (dB/km)

The resulting total loss curve can be seen in Fig. 1(b) for oL . | —— L
standard single-mode fiber (SMF, black curves). 1200 1400 1600 1800 2000

In a HCF like the NANF, where light can be guided almos Wavelength (nm)
entirely in an air core, the spectral shape of its loss ar (b) 0.3 T T
the resulting bandwidth over which this can be achieved &
not determined by fundamental glass mechanisms. Rather,
typical U-shaped loss curve is caused by coupling to gla &
tube modes at short wavelengths and by leakage loss at I §
wavelengths, with surface scattering [6] and micro/macrobe 2015 A& TSmmmeeT____
phenomena [11] also possibly playing a role in determinir § """"
the exact shape and bandwidth. -

Estimating the value of loss and bandwidth that NANF 0.05
or their improved successors (of which many designs ha | . { . { !
been already theoretically proposed) might one day achie 10300 1400 1500 1600 1700 1800 1900 2000
falls beyond the scope of this paper. Here we will rathe
adopt a simple scaling rule to illustrate that considerably wid..

bandwidths than glass-guiding fibers are theoretically possib'yle.. 1. (a) Measured and simulated loss for a 0.28 dB/km NANF,

Fig. 1(a) plots the measured loss (up to the 1700 nm limit e cross-sectional structure of which is shown in the inset [11];
the available optical spectrum analyzer, OSA) of a 0.28 dB/K(b) Optical bandwidth prediction of what future NANFs might offer,
state-of-the-art NANF [11]. The figure also shows the excellenbtained by rigidly down-scaling and spectrally shifting the simulated
match with the simulated loss curve of the same fiber, obtain€4ve i”(g)-l Zgrggﬁse& ;"Ugt{aé%fkcrﬁ“g;ogn";hgr&”&% mmir?g)mll%?s

. : : . ches 0. , U, . .
by m"de'".’g the Ieakag_e of its fabrlcated Cross-_sec_tlon a_nd mparison, the loss of standard SMF is also shown (black curves).
adding to it a small estimated microbend contribution, with a
negligible surface scattering loss [11]. The characteristic @00 nm bandwidth, from 1500 to 1700 nm would in principle
shape of its loss has a short wavelength edge at 1100 hen possible at a loss below 0.12 dB/km. Finally, curve C
determined by coupling with glass tube modes and a lospows that in a NANF with a minimum loss of 0.05 dB/km,
wavelength edge at 2100 nm caused by leakage loss. propagation below 0.14 dB/km would be possible over as

In Fig. 1(b) we have made the assumption that throughany as 400 nm, from 1450 to 1850 nm.
improvements in structure and fabrication process such a los€learly, these are only illustrative examples based on the
level can be reduced, but that its spectral shape remaassumption that loss remains dominated by leakage and that
unchanged. Note that even broader bandwidths are theorititherefore maintains the same spectral shape as in current
cally possible through improved designs that reduce the lofigers. It is however likely that surface scattering might start to
wavelength leakage. We have also neglected the water vaplay a role down to around 0.1 dB/km loss levels. This would
absorption (1350-1450 nm) which is not fundamental in origifn practice introduce a much flatter wavelength dependence
For illustration, we plot three curves where the simulate@oughly proportional to\~! or less) to the overall loss profile
loss curve in Fig. 1(a) has been rigidly down-scaled to shown in Fig. 1(b) [6]. Since the overall spectral dependence
minimum value of 0.145, 0.1 and 0.05 dB/km (curves A, Bs difficult to predict, in the following simulations we will
and C, respectively). A small spectral shift, easily achievabiteeglect such effect and assume a spectrally flat level of loss.
during fabrication with controllable modifications in the tub&\Ve leave to future work the task to finesse these assumptions
membrane thickness, was also applied. For comparison, amd related results.
also plot the loss of a standard germanium doped SMF (blackFinally, possible future NANF-based systems will need to
curves). splice NANFs-to-NANFs, as well as conceivably NANFs to

Curve A shows that if NANF achieved the same minimuraolid-core fibers. Splice loss between hollow-core NANFs is
C-band loss as current PSCF (0.145 dB/km [22]), the banclirrently at the 0.1-0.2 dB level, while the splice loss to
width offered by the hollow core fiber would be wider. Fosolid core single-mode fibers tends to be higher (0.5dB), if
example, PSCF offer about 180 nm of spectrum with lossode-field mismatch and Fresnel reflections are not properly
below 0.17 dB/km (1450-1630 nm), whereas NANF woulchanaged. With suitable optimization though, SMF-NANF
offer 230 nm (1450-1680 nm). If the NANF minimum lossconnection loss of only 0.15 dB has been recently demon-
could be reduced down to 0.1 dB/km, curve B shows thatstrated [23]. These values are only marginally higher than

o
.

[<0.12-dB/km
1500-1700:nm

<0.14.dB/km---]
1450-1850:nmi |

Wavelength (nm)
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the typical splicing loss that is achievable with conventionathere h is Planck’s constanty is the WDM comb center
solid core fiber technology, with further potential for addifrequency and(hv) has units of JouleF is the amplifiers
tional improvement. Therefore, in the context of this studyioise figure (dimensionless)Yspan and Lgpan are the link
we have decided to neglect this aspect, with one exceptiorumber of spans and length of each span (km), @nd the
the repeaterless/amplifierless scenarios discussed in SectaMplifier gain (dimensionless). Under assumption (4) above,
where splice loss is important. then:

G = e~ 2aLspan 4)

I1l. METHODOLOGY where 2« is the fiber (power) loss (1/km). Besides lumped

The aim of this study was that of assessing the relative meiplification, we will also consider mixed lumped/distributed
of using either SMF or NANF in optical transmission systemamplification. We will do it by using aeffectivenoise figure,
We focused on certain system scenarios, which we deemedgsliscussed later.

sufficiently ‘typical’ and yet sufficiently diversified to provide The term P, is computed using the closed-form GN-

an encompassing comparison. model approximation Eq. (15) in [26]. Accordingly, we can
The study was carried out under the following set of genergkite:
assumptions: Pyui= (n-P3) . (5)
1) transmission is performed with ideal Gaussian-shaped 9 2 R
constellations n = N an4ryasmh< |62|R2hN2AC}I> (6)
2) spans are all identical 2T |Ba] aRY, 4 e
3) fiber loss and dispersion are frequency-independegkere N, is the number of WDM channels in the comb,
within the assumed usable bandwidth B2 and v are fiber dispersion (p&m) and non-linearity
4) loss is exactly compensated for span by span coefficient 1/(Wkm), respectively. Egs. (5)-(6) provide,,
5) Inter-channel Stimulated Raman Scattering (ISRS) for the center channel in the comb. For simplicity, we assume
SMFs is not taken into account that the same’,,, affects each WDM channel.

Regarding (5), such assumption essentially favors SMF or,The term P, is modelled similar to what was done for
in other words, leads to@onservativeestimate of the potential instance in [25] for inter-core crosstalk:
advantage of using NANF.
In the following, for the readers’ convenience, we provide Powe = £Pen Lot )
consistent units for all the quantities that are introduced. where Lo = Nepan - Lspan IS the total link length (km) and
To compare systems using different fibers in possibly quitgis the IMI strength (1/km).
different configurations, we focused on what is arguably the From Egs. (2)-(7), the optimum launch po\,\@jp'ﬂ and the

most significant system performance indicator: the maximusadrresponding maximum signal-to-noise reiSR,,, . can be
data throughput through the link. If noise at the end of thieund in closed-form:
link was additive, white and Gaussian (AWGN), adapting
P Popt
Shannon’s formula, similarly to what was done for instance popt Ase - GNR _ ch 8)
in [24], [25], the link throughpufl” (Th/s) would be: 2n VA 3P s+ KLtot
T — 2R B log, (1 + SNR) ) Interestingly, as also noted in [2543,olDt does not depend on

Af M r (the strength of IMI).

where B, . is the total optical bandwidth used for trans- SubstitutingSNR,, , into Eq. (1) yields the maximum link

mission (THz),Af is the channel spacing (THzR., is the throughputZ,, .. In their simplicity, Egs. (1)-(8) represent a

channel symbol rate (TBaud) ai%NR is the signal-to-noise powerful tool which we will use to discuss quite diverse link

ratio observed on the received constellation of each chann&fenarios. The assumptions and approximations underlying
Under the assumption thatraatched Rx filteis used and these formulas have been discussed in prior literature, such

that non-linear interference (NLI) due to the fiber Kerr effed@s [27], [28], but given that we will use them in a rather

can be considered as additive Gaussian noise approximatéhgonventional scenario, we will also show resultsjpécific

white (flat) over each channel, ti&R of an ideally demod- SPlit-step simulative validations

ulated constellation can be written as:

P IV. SCENARIOS

2 . . . .
P,op + Pt + Pon @ In this section we look at different scenarios, where we

where P, is the transmitted power per WDM channél, ., co,r;”pa:]e NANdes. SMF'_ in terms of throughpu_t. G :
is the filtered amplified spontaneous emission (ASE) noise the tested scenarios assume transm|t_t|ng aussian-
modulated channels atkR,,= 64 GBaud with spacing

power due to the amplifiersP,,, is the filtered non- linear M
interference (NLI) noise due to the Kerr effect aRg,, is the Af= 87.5 GHz and roll-off 0.1 . A 3 dB back-to-back SNR
penalty vs. ideal Eq. (1) is assumed as well.

disturbance due to IMI (relevant to NANFs only), all in Watts! 4
For the NANF, we assume a NL coefficiept 510~* (W

When lumped amplification is use®, ., is given by:
P P nee 190 y km)~!. We also assume a somewhat lower dispersion value
P, = Nypan WF R, - (G —1) (3) D= 2 ps/(nm km) than predicted by design simulations. This

SNR =
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causesP,, , to be somewhat overestimated, leading to conse 55 —_— 075 _
. : . . 1 e
vative throughput estimates with NANF. We then sweep ”’gsoﬁ‘\’{ﬁ%\m\— o
NANF attenuation over the range 0.5 dB/km to 0.05 dB/kn g y N3N e < 5k ————
2 L--

77 -
which are values ranging between currently reported vaIuLsz" 2\ 2 "7 (a):Scenario #1
and values that might ideally be possible with future NANF < 40 ¢ y T T TR OBt ,aulghoo km
([6], see also Sect. Il and Fig. 1). As a benchmark, we u £35| B N ” T PoveLing
SMF, with loss 0.2 dB/km, dispersioP= 16.7 ps/(nm km) § % L e *
and non-linearity coefficieny= 1.3 (W km). g o ST <25
5§25 )\
32 L™ 1 s Lok
A. Scenario #1: C+L band, 1000 km N O 7 ‘
0.5 0.4 0.3 0.2 0.1 0.05

The first scenario we consider is a long-haul terrestrial lir

L NANF attenuation coefficient (dé/km)
consisting of 10 spans of 100 km each. For both SMF ai

NANF we assume C+L WDM bandwidth transmission (abot L \\@1_?5‘——:1\0_75 \\—s\_‘
9 THz), corresponding to 103 channels. This means that in tl gf’o ~ e 11.'?2';'5 :
first scenario we do not take advantage of NANF's potential <45 ) 2252 (b)-Scena

larger bandwidth. We also assume a favorable amplificati = 3000 km

<40F
solution for SMF, whereby hybrid Raman/EDFA is used, wit 2

backward Raman pumping, at an ovesdfiectivenoise figure

14
35%97¢

(53]

rinto

s
F=0 dB. For NANF we assume instead lumped amplificatiol % 30§ 25
with F= 5 dB, since Raman is not possible due to th. 5! 2
. . Q =)
extremely low NANF nonlinearity. 5 5

In th%hsg conditions, the maximum throughput delivered - 20
SMF, T, as found through Egs. (1)—(8), is 71.4 Tb/s, ata 'S5 ..

MAX'

optimum total launch power of 20.2 dBm. Note though the NANF attenuation coefficient (dB/km)
the actual power into SMF is much higher (in the backward
direction) because of the Raman pumps, possibly betweeffrid. 2. Isolines showing the ratjo of NANF system throughput vs. the SMF

: ximum system throughput (71.4 Th/s), over the plane (NANF loss, NANF
?nd 2 Watts. Note also t,hat this value of max throthp nch power). All links operate over the C+L band (9 THz). The red isoline
is obtained at a rather high net spectral efficiency of 10pfarks the ratio 1, i.e., same NANF throughput as maximum SMF throughput.
bits/symb (5.4 net per polarization), a critical aspect that war markers are values verified through full-band split-step simulations. IMI
will come back to later. is assumed to be absent or negligibfa): Scenario #1, 1000 km (10 spans
. A : . of 100 km).(b): Scenario #2, 3000 km (30 spans of 100 km).
Fig. 2(a) is a contour plot of the ratip between the

throughput that can be obtained using the NANF, calculated

i SME is: . . . NANF . i
using Egs. (1)~(8), veT},, . that is: the split-step simulationMI_, ~, with the one predicted by
NANF ,__SMF Shannon’s formula as:
p= T /TMAX (9) NAN

ML =2-log, (1+SNR),
The horizontal and vertical axes represent NANF loss in o
dB/km and launch power in dBm. The thick red line mark@’r“ar‘ESNOR is given by Eq. (2). We foun(ﬂ the mean Ml error
the points where the NANF througpP#Ft is egypa' to the SM¥® be 1.4%, whl!e the max error was 2:6 /0 We consider these
maximum throughput, that is whefe =7 The thin results as su_ff|<_:|ent ewden_ce of the rellab_|I|ty of the analytical
dashed line marks the points that are optimum for NAN@PProach, within the mentioned assumptions.
throughput maximization. This optimum is induced by Kerr Interestingly, a greater NANF throughput than SMF can be

non-linearity which, albeit extremely small in NANF, doesen in Fig. 2(a) even at values of NANF loss greater than the
show up at ultra-high launch powers. loss of SMF. For instance, for a NANF loss of 0.275 dB/km,

Such launch powers are unrealistic, but we kept them @, throughput 25% greater than SMF is ideally possible, for
35 dBm launch power. If same launch power is imposed, a

Fig. 2(a), and following plots, precisely to show that non= o X
linearity becomes a limiting factor at launch powers that a0 greater than SMF throughput is found for 0.235 dB/km

beyond the realm of practical values. Only if one assumes tHa¢S: If instéad we assume same loss for the NANF as for SMF
NANF loss is substantially lower than SMF, then the optimurkP-2 dB/km), then a 50% greater throughput than SMF can be
launch power line comes down to less unrealistic values (40'§ached at a lower launch power of 31.8 dBm, still large but
even 35 dBm in Fig. 2(a), for loss below 0.1 dB/km). HoweveF,ornparable to the power of the Raman pumps into the SMF.

as we shall comment later on, these operating points are likely! "€S€ appear as favorable results for NANF, but it must be
impractical for other reasons. pointed out that achieving such higher values of throughput

'ljé?i” SMF implies transmission at an increased number of

The star markers represent points that have been valid i -
P P its/symbol per channelh,,/;, which can be written as:

by full (C+L)-band split-step simulations based on the Mar=

akov equation. Validation was performed by comparing the T Af

NANF center WDM channel mutual information measured on Chy/s = B Ren (10)
WDM C.
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proposition. While wireless and ADSL commercially use con-

—_——
55 32 — stellations of several thousand symbols, it is an open question
o ; —Scenario#3. whether this is practically achievable in optical communica-
s _(a): no IMI tions.

N
@
T

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

w
(&

launch power into NANF (dBm)
w B
o o

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

N N
o (&)

. 0.1 0.05
NANF attenuation coefficient (dB/km)

o

60— 2 5 —_— now 3000 km (30 spans of 100 km each) rather than 1000 km.
E55( 925 25 2s 2 Scenario #3 The results are _shown in Fig. 2_(b). '_I'he plot is quite similar
] to Fig. 2(a), but in general a slight improvement @fcan
T 25 .. 27 (b):IMI=-50 dB/km be observed. For instance, at loss 0.2 dB/km and 31.8 dBm
SN\ ° R LT T - launch power, NANF delivers 1.7x over 3000 km, whereas it
240 - < é“-'”-e—----- delivered 1.5x over 1000 km. This increase, when distance is
83 e i increased, can be shown to be due to the analytical form of
§30 - Eq. (1) and, specifically, how operating at the lower system
g s <> SNRs, which are found at longer distances, affects it.

22 Quite significantly from a practical viewpoint, the problem

20 4 o - o < o of extreme values of’h;,,, gets alleviated in Scenario #2.

NANF attenuation coefficient (dB/km)

The values of both?™ """ or T°"" are now lower, be-
cause the 3000 km link operates at lower SNRs than the

60 ——
. 23\ 2 \ 1000 km one. Specifically, with reference to Eq. (1D),. .
DS 3~ Scenario #3 is now 51.4 Th/s, resulting iﬁjhzif: 7.8 bits/symb. Conse-
;50 T 4 (c): IMI= -60 dB/km quently, a 1.5x throughput increase for NANF now requires
Z45 e P g o Chb/S = 11.7 bits/symb, certainly challenging but likely
L4 e”_'”_e__h__ feasible, at least in prospect. Of course, when looking at
é . \e P <% even higher multiples, ideally possible at substantially lower
8 ! loss than SMF, the resulting need€d,, ; values still appear
§30 ;,7%'9 , prohibitively large.
325 G

- 0f306 02 < o1 oos C. Scenario #3: 1500-1700 nm, 1000 km

NANF attenuation coefficient (dB/km) In this third scenario we assume that the NANF usable

bandwidth now extends from 1500 to 1700 nm, or about

Fig. 3. Scenario #3. Isolines showing the ragiof NANF system throughput
vs. the SMF maximum system throughput (71.4 Th/s), over the plane (NAI\%B'5 THz (269 WDM Channels)' We look at 1000 km, 10

loss, NANF launch power). The test link is 1000 km long (10 spans of 100 k§Pans of 100 km each. For the NANF we assume that lumped
each). The NANF systems operate over the 1500-1700 nm band (23.5 Tl-aﬁnplification is available with an averagé= 7 dB, a 2-

the benchmark SMF system over the C+L bands (9 THz). The red isoli ; : ;
marks the ratio 1, i.e., same NANF throughput as maximum SMFthroughp% deQraded noise flgure from scenario #1, to account for

Star markers are values verified through full-band split-step simulatiajis. @ POSSibly inferior performance of the non-EDFA amplifiers
no IMI. (b): IMI -50 dB/km. (c): IMI -60 dB/km. 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
In this first scenario the same C+L optical bandwidty,,., e j.pand might also come in the form of lumped Raman

is considered for both SMF and NANF and therefore whetyjiers, in case doped-fiber solutions proved less viable.

T > 1", then Eq. (10) implies tha(ﬁhb/s > Chb/s' As benchmark, we still use SMF over the C+L band,

proportionally. But, as previously mentioned, the value %ith hybrid Raman/EDFA at a noise figuf= 0 dB, for a

Ch}sﬂ(fp at max throughput for SMF is already rather highl;naximum throughput ofF;ZIi:?lA This. The reason why

Chy, :10;8 bits/symb. To achieve a higher throughput wite keep as benchmark C+L band SMF is because extending
NANF, ChE/SNF then needs to be even higher. transmission over the 1500-1700 nm band in SMF, while
As an example, to attain a 50% throughput increase @nappears possible, does not seem to be easily capable of
NANF, ChE?SNF = 16.2 (net) bits/symb transmission (8.1 neyielding substantial overall throughput increase especially in
per polarization) is necessary. This would likely require usingng-haul systems, due to various circumstances: higher loss in
constellations as large as 1024-QAM, a rather challengitige U band; extremely strong inter-channel stimulated Raman
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scattering (ISRS); the fact that SMF would no longer be ab 60,
to enjoy full Raman amplification over such a broad baniz; f\(ﬁ\s\\g\
leading to a quite significant deterioration of noise figure 3
For these reasons, we deem SMF over C+L with RathZI.SO
as a ‘sweet spot’ that constitutes a significant benchme < 457
for any new technology, including possibly extending optice £ 40}
bandwidth in SMF itself. 5
The NANF results for this new scenario are shown i
Fig. 3a. Note that two points on the plot were verified throug
full-band split-step simulations, both returning an Ml less the @ 25+
2% away from the prediction of Egs. (1)-(5). 20
Clearly, much more favorable multiples pfare now shown 0.5
with respect to Scenarios #1 and #2. At 35 dBm launch powc.,

which appears reasonable when ConSIdermg that such po‘ﬁ’igh. Scenario #4. Isolines showing the ragiof NANF system throughput

is spread out over 200 nm of optical bandwidth, a NANEs the SMF maximum system throughput (51.4 This), over the plane (NANF
with 0.295 dB/km loss would allow reaching a 2x throughpuéss, NANF launch power). The test link consists of 3000 km of fiber (30
increase over SWIF, al a conlaingt, . of 8.3 bils/symb. 2215 1100 k). The NANE systems onerate v he 1500400 1 o
This shows that in this scenario, a quite sizeable throughped isoline marks the ratio 1, i.e., same NANF throughput as maximum SMF
increase is attainable in NANF even at a loss significantijroughput. IMI is assumed absent or negligible.
higher than SMF. Note that, as it could be surmised, when
increasing NANF bandwidth, the problem of prohibitively higt  55;
Chy, /s is substantially alleviated. T
If same loss as SMF was achieved (0.2 dB/km), a <3 °°}
throughput multiple would be possible at a total launch pow'y .|
of 32.2 dBm and a large but still conceivably manageab 2

NANF

30F &

launch power
w
(53]
L {\\c’
&’/
'’y
98

. 0.1 0.05
NANF attenuation coefficient (dB/km)

9 Scenario #5

Chb/S of 12.4 bits/symb. Even higher multiples are displaye £ 40 - o o ©
in Fig. 3, but they should be considered as longer-ter g
prospects, since they require either very large launch pow g3sp
. NANF < d 7
very low NANF loss or very hlgk(]hb/S . €.l _ 3 \ . ¢ 4
°© . s &
D. Scenario #3 with IMI %5 o1 0.05
The previous results assumed no IMI. To introduce i NANF attenuation coefficient (dB/km)

Eq. (7) can be used. Fig. 3b showsfor Scenario #3 at an
IMI of —50 dB/km, similar to what was measured in the recerftd. 5. Scenario #5. Isolines showing the ratiof NANF system throughput
d . t 1141, The i t of IMI i | | isibl vs. the SMF maximum system throughput (71.4 Th/s), over the plane (NANF
repor ?Xp.e”men [14]. . € Impact 0 _'s c ea.ry visi _eioss, NANF launch power). The test link consists of 1000 km of fiber (10
with all isolines equal or higher than a multiple 3 disappearingans of 100 km). The NANF systems operate over the 1450-1850 nm band
from the plot. Yet, we point out that the 2x isoline is affecte?4.7 THz), the benchmark SMF system over the C+L bands (9 THz). The
latively littl hile the 3x isoli t tiall | Eﬁd isoline marks the ratio 1, i.e., same NANF throughput as maximum SMF
relatively I. e'_ while h € 35X ISoline gets essen Ia.' y replace roughput. IMI is assumed absent or negligible.
by a 2.5x isoline. This shows that the degradation, although
clearly present, is relatively modest if the lower multiples of
throughput are considered. More significantly, from a practical viewpoint, the multiple
To appreciate what value would make IMI essentially irreB.5x is obtained a€hy,,;=14.5 bits/symb in Scenario #3, over
evant, in Fig. 3c we show at an IMI of —60 dB/km. Only 1000 km, whereas in Scenario #4, over 3000 km, the multiple
the highest isolines are affected which, however, correspoddx is found aChy,,;=10.4 bits/symb. While the former value
to operating points that are probably unrealistic even in tie§ Chy, /, is problematic, the latter is large but attainable. This
long run. From a practical viewpoint, therefore, the valughows again that, as expected, the problem of kigh,, gets
—60 dB/km is low enough to cause little or no practical impacprogressively alleviated when operating over longer distances.
Like we did for Scenario #3, we re-ran the calculations with
E. Scenario #4: 1500-1700 nm. 3000 km link non-zero IMI for Scenario #4. The degradation is qualitatively

\Agnd_quantitatively very similar to what is seen in Scenario #3

Th|i§cer??r]r|ct)hassu:11ed§ffthe exactfsl_arlrgel pa;ﬁn?oet.ers as lcg%res are omitted for brevity). Here too, when IMI goes
naro s, Wi € ony aierence ot fink 'engih beIng NOW, 1o —60 dB/km it has little practical impact, as it only

3000 km (30 spans of 100 km each) rather than 1000 km. ) :

The results are shown in Fig. 4. The plot is quite simiIaSrUbStamI{JIIIy affects multiples from 4x and upward.
to Fig. 3a, but in general a slight improvement @itan be ] )
observed. For instance, at loss 0.2 dB/km and 35 dBm laurfchScenario #5: 1450-1850 nm, 1000 km link
power, NANF now delivers 3.8x, whereas over 1000 km it The previous scenarios have shown a potential throughput
delivered 3.5x. increase of 1.5x to 3.5x, when considering values of loss,

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2021.3140114

launch power andChy,/ that are conceivably achievable in V. REPEATERLESS ANDAMPLIFIERLESS SCENARIOS

the not-too-distant future. These multiples are quite signifi- o mentioned earlier, large available bandwidth in fiber
cant, b_ut perhaps only evolutionary, rather than constitutingyges not automatically grant equally enhanced throughput,
revolutionary ‘quantum leap’. since suitable amplification is needed to support such extended

NANF, however, might be able, at least theoretically, tandwidth. _ _ _
deliver even better performance than the scenarios shown sblowever, besides offering ultra-broad bandwidth, NANF
far. Low-loss over bandwidths as broad as 400 nm (abd@nd possibly evolutions thereof) holds the promise for ultra-
45 THz), or even broader, has been predicted [6], [29]. Assutaw loss, even lower than SMF. In this section we assume
ing this was indeed possible in the future, such ultra-broadbaliigt such lower-than-SMF loss is reachable in the future and
scenario would indeed potentially represent a revolutiona@yploit it to explore two further scenarios in which amplifiers
guantum leap. are either removed from the line (repeaterless, Scenario #6)
. .. . r removed altogether from the system (Scenario #7). The
e e 1 dhooran caveather s tat e are speculing on possibe
- amp ..~ “."~1achnological evolution that, though not barred by theory at
Some proposed technologies appear to be promising in this ; . :
; ) o resent, might or might not prove feasible.
respect. For example, Bismuth-doped fiber amplifiers haee - . L
. . Also, we limit the reach to 250-300 km. While this distance
been shown to potentially offer gain over an extremely broad . o .
) : iS much less than the previous scenarios, it is still a practically
spectral range, at a performance that is not too distant from

. o .significant distance for core networking in many densel
conventional EDFAs [30], [31]. However, it is almost certain g 9 y y

that many amplification units in parallel, each one devoted ?opulated areas, like most of Europe, Japan, areas of the East

(o] !

a specific sub-band, would be needed to cover multi-hundrea 1d West coast of the US, areas of China, as well as many
! ' . . others.

nm bandwidths. This causes a possible scaling penalty th

has rightly been pointed out in the literature [1]. a{l\hth this in mind, we first look at theepeaterless scenario

Therefore, while in th|s.sfect!on we assume that the probleg o416 #6: 1450-1850 nm, 250-300 km repeaterless link
of ultra-broadband amplification has been acceptably dealt i o . o
with, in the next section we will provide an alternative path to The attractiveness of such a scenario is the ideal possibility
the exploitation of the ultra-broadband features of NANF th& making the potentially ultra-wide band of NANFs more

either drastically reduces the number of needed amplifiers&#Sily exploitable. Doing away with line amplifiers would
completely removes them from the system. greatly simplify the transmission line, which becomes ‘single-
an’, and simplify the overall system as a consequence. The

. - S
Even assuming that ultra-broadband amplifiers were avaégalability problem involved in the need to amplify the full

able, itis likely that the average noise figure might be degradggdnq of each NANF, possibly with multiple parallel sub-band
and, to be conservative, we assume here NF= 9 dB. Qifits at each repeater site, is hence avoided.

reference comparison case remains SMF over C+L, with|, this scenario we still assume that amplifiers are available

NF= 0 dB (thanks to Raman). Fig. 5 then shows the results gf ihe receiver site, with an average NF of 7 dB. We also keep
p for this scenario, over 1000 km (10 spans of 100 km eachssming, as done so far, that the receivers have an additional

A 3x throughput increase is possible even at a higher-thapck-to-back penalty of 3 dB in all configurations.
SMF loss of 0.28 dB/km and launch power 35 dBm, with We first set the link length to 250 km, single-span. We
Chg;\SNF being a comfortable 6.6 bits/symb. If NANF lossthen conjecture that NANFs are capable of achieving a loss
arrived on a par with SMF, again at 35 dBm launch powé)etween 0.13 and 0.05 dB/km. We also suppose that such loss
. . NANF H . . .
a 5x would be possible at a still manageable,,. = 10.9 is available over a bandwidth spanning the full 1450-1850 nm
bits/symb. Also, 6x would not be out of the question, requiringnge (44.7 THz). In such ultra-low-loss context, splice loss
higher power (but Spread out over an extreme|y |arge opti(@nnot be neglected. We therefore assume that in the cable

bandwidth) and a challenging but perhaps not impossitfeere is a splice every 5 km, at an average splice loss of 0.1 dB,
ChE?SNF: 13.1 bits/symb. totaling a fixed 5 dB of extra loss over the link length.

Fig. 6 sh th Its. Th I displayed
We further tested Scenario #5 by extending it to 3000 kr‘pa '9. > SHOWS Ie FesulLs. They are no ‘onger cisplayec as a

. . ) . tio of NANF throughput vs. SMF throughput, since in this
The throughput ratio plot changes relatively little vs. Fig. 5, blﬂ:tontext a direct comparison with SMF largely loses meaning.

the needehy,, ;; shrinks quite notably for any given multiple. nstead, the NANF absolute throughpit,, .. in Tb/s is

Specifically, the 5x multiple is found at the same launc hown. At a relatively contained 35 dBm launch power and

Eower: (35 ?Bm)fgr;ld same IO‘ZS (O'Zde/kTé gsbqve/'r 1080 kg}, 0.1 dB/km loss, a quite significant throughput of 400 Tb/s
ut the value ofCh, , goes down from 10.9 bits/symb 10 e finer) is ideally achievable, thy,,=12.22 bits/symb.

7'8.5 _blts/syml_): substantially easing 'tS. poss_|ble a_ch|eveme Yt we then increase the distance to 300 km, at the same loss
This is a significant result from a practical viewpoint. and launch power, almost 300 Th/s per fiber are achieved, at
We also added IMI. A very similar behavior was found t&hy, ;= 9.2 bits/symb (not shown for brevity). Finally, adding
when we introduced IMI in previous scenarios. We do ndMI at -60 dB/km has essentially no effect on the above-
show the figures for brevity. Essentially, once again a value discussed operating points, impacting only higher-multiple but

less than—60 dB/km makes IMI practically irrelevant. less realistically achievable operating points.
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B. Scenario #7: 1450-1850 nm, 250-300 km amplifierless lii s % --.

.- 700 700
with high-LO-power receivers e a0
. . . . 50 ~—"“-—>_‘ optiy a
In the previous scenario we assumed that optical amplifie O - <20 power i

6’00

were still present at the start/end nodes of the link. In Sc .
Scenario #6

nario #7 we explore the possibility of completely removin
optical amplifiers from the system.

We still assume that NANF operates over the 1450-1850 r
band, as in the previous scenario. We point out that tl
amplifierless context could potentially usher access to ev

30 %o 509
larger bandwidths, which ideally NANFs seems to be capalk W\ \ \\% \

N
w O
S

§
$
s

launch power into NANF (dBm)

i H o, 200, | 3ot | | |
of sup_portmg [11]_. Wg will however not address broade 2 s P e 006 05
bandwidth values in this paper. NANF attenuation coefficient (dB/km)

A specific challenge of this completely amplifierless context
is that the receiver does not use a front-end optical pray. 6. Scenario #6. NANF system throughput isolines (Tb/s) over the plane
amplifier to boost the signal. Interestingly, the ideally achie¥NANF loss, NANF launch power). The NANF systems operate over the
able performance of a coherent receiver that has no opti Sﬁfggé]sn;nﬁagrdnfgi;;gz)' Repeaterless single-span of 250 km. IMI is
pre-amplifier is the same as that of an optically pre-amplified
receiver. The corresponding ideal maximum SNR, given a

received powerPL* at the input of the receiver, is in both 55| 700
6 Tl
cases [32]-[34]: & 0” T e By o
=500, === power ling.
PRx 3 o
_ _~ch =)
SNRideal - 2 hy Rch (11) 245 %00, 0 Sop 20
z .
For receivers without optical pre-amplifier this limit is 240 \% % « _ Scenario #7
achieved assuming g \200 \"D"
» ideal photodetector responsivity, i.e., equalfdr AW, 57 2 & ¥
wheregq is the electron charge 8

7

Y0
- =4 ) 2 \
« arbitrarily large local-oscillator (LO) power (large enougt 0 \ S0p

. - . . . \ 400
to make electrical receiver noise negligible) 25 ‘ : ] ]
. . . 0.15 0.12 0.1 0.09 0.08 0.07 0.06 0.05
« perfectly symmetric optical hybrid front-end and per NANF attenuation coefficient (dB/km)

fectly balanced photodetectors, resulting in complete sup-
pression of LO relative intensity noise (RIN); alternarig. 7. scenario #7. NANF system throughput isolines (Tb/s) over the plane
tively, negligible LO RIN (NANF loss, NANF launch power). The NANF systems operate over the

« no excess loss between receiver input and photodetectdfg0-1850 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

In practice, none of the above conditions is exactly meto dB SNR penalty vs. the ideal value of Eq. (11).
This means thath SNR penalty is always incurreds. the
value of Eq. (11). However, a recent paper has shown that a

standard commercial receiver, not specifically optimized fajifferent aspects into account, it appears to us that a reasonably
operation without optical pre-amplifier, when supplied with gonservative hypothesis is to assume a penalty of 10 dB with
high-power (14 dBm) LO, achieved a sensitivity which wagespect to the ideal limit of Eq. (11).

remarkably, only 5.5 dB away from Eq. (11). The result was \wjth this assumption, the results of NANF system through-

found using 28 GBaud PM-QPSK modulation. It also aChieViLt for a 250 km single-span link are shown in Fig. 7. They are
a sensitivity 7.5 dB away from Eq. (11), with 28 GBaudsmeyhat less favorable than for Scenario #6 but still about
PM-16QAM modulation [35]. Both results refer to pre-FEGzg Tpy/s of throughput is delivered at 35 dBm launch power
BER=10"". and loss 0.1 dB. Notice also that the values are very sensitive

In this work we are certainly targeting higher Baud rateg, NANF loss. A 1/100 dB/km decrease in loss would boost
and higher bits/symb than in [35] and this would suggest thﬂ"Froughput up to 400 Thrs.

a higher penalty than found in [35] could be incurred. On the Of course these completely amplifierless links would easily

other hand, we surmise that specific design and manufacturg}g impacted by any excess loss. On the other hand, such

optimization for LO-only receivers could be carried out Moss could be compensated for by raising launch power b
the future, which is not currently done for receivers that are P y 9 P y

. . e . N | amount. Since NANF exhibits ultra-low non-linearit
meant to operate with optical pre-amplifiers. Taking thesae. equal amount. Since exhibits ultra-low no carty

raising launch power is possible ideally up to very high values,
1For comparison, for conventional receivers using an optical pre-amplifit!,h]e limit being induced by_conS|derat|ons other than system
the same limit Eq. (11) is achieved assuming: arbitrarily high optical prg@erformance (such as for instance safety). Loss can also be

amplifier gain (high enough to make electrical receiver noise negligible), fi*ﬁanaged by accepting a reduction in throughput by about
LO RIN or equivalently no asymmetry in either the optical hybrid front- '

end or balanced photodetectors, no excess loss between receiver input]ar#a'tlsymb every 3 dB of eXt_ra loss. Margins are therefore
photodetectors. present that could be tapped into.
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value of NANF loss. We put together 5 combinations of

o
0

p— ‘ ‘ ‘ their values, which are shown in Table I. Case V is the
sl most conservative, in the sense_that we assume SE values
sl W | and launch powers that are achieved even in current SMF
i i commercial systems using Raman amplification. Also, NANF
at 1 loss is assumed to be on a par with SMF. Cases IV to |
| (a) NANF bw 1500-1700 nm | are increasingly less conservative, but we believe none is

w
0

w
T

i 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 impdbe samdimitation on the

SMF system transponders, too.
: : : : The throughput multiples corresponding to the different

200 400 1000 2000 4000 . . .

link length (km) 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
caser | ‘ ‘ ‘ ! nm) and in (b) of 44.7 THz (1450-1850 nm). In both these

1 1 plots, the amplifiers for the NANF systems are conservatively
N considered to have 9 dB noise figure, vs. 0 effectivenoise
= v ] figure for SMF (thanks to Raman amplification). Note that
7t ] span length is kept constant at 100 km, which is a reasonable
(b) NANF bw 1450-1850 nm assumption for terrestrial systems.

Fig. 8 shows that, for short distances, all cases converge
towards one value, which is abopt= 2.6 for the 23.5 THz
systems antp = 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
Fig. 8. Ratiop of NANF system throughput vs. SMF maximum system@nd well below the max launch power for NANF. As a result

throughput as a function of link length. Span length is 100 km. The benchmqﬁe respective transmission links become ‘transparent’ for both
SMF system operates over the C+L bands (9 THz) with Raman amplificati

(effective noise figure 0 dB). The different curves use the further assumpti(fr@ers and the tthUthUt m!J'“p'e ‘T’mhieved by NANF is
shown in Table I. NANF system optical bandwidia) 1500-1700 nm (23.5 Simply the raw optical bandwidth ratio of NANF vs. SMF.

TH2); (b) 1450-1850 nm (44.7 THz). NANF system amplifier noise figureNote that even though NANF operates at a large noise-figure
9 dB in all cases. disadvantage vs. SMF (9 dB gap), this is compensated for by
TABLE | launching a higher power into NANF.

ASSUMPTIONS USED TO DRAWFIG. 8. . Moving towards longer distances, then we see a quick
increase of multiples for case | (green curve). This happens
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throughput increase multiple vs. SMF, p

100 200 400 1000 2000 4000
link length (km)

case| NANFloss | max launch peer | max tx/rxSE because the SMF reaches its non-linear limit and its system
dB/km into NANF, dBm bits/symb . . : .

| 0.15 0 14 throughput starts going down. NANF instead can maintain

M 0.15 40 12 throughput by increasing launch power, which case | allows
1l 0.2 37 12 to raise up to 40 dBm. NANF ultra-low non-linearity ensures
'\\// 8'2 gg ié that this can be done with no significant signal degradation.

All other cases grow less than case |, because they either hit
their launch power limit or their SE constraint. As a general
VI. DISCUSSION OF EMERGING LANDSCAPE rqle, the SE limitation is typically hit fo_r Iow-to—interm_ediate
distances (up to about 1,000 km). Moving to longer distances,
As we have shown for the several scenarios that we hayés the maximum launch power constraint that intervenes.
presented, the concomitance of ultra-low non-linearity, low Whichever the limiting constraint, all curves grow, with only
loss and large bandwidth creates the potential for buildinghe exception: Fig. 8(b), case V (red curve). Analyzing that
NANF systems capable of delivering significant multiples afystem at 2000km, it is found that it is the launch power
the throughput of the benchmark system based on the curreaistraint of 33 dBm that causes this behavior. Specifically,
SMF ‘sweet-spot’ consisting of C+L+Raman. the launch power required to go back up to the multjple 5
While the maps that we have shown provide a very detailebuld be a higher 34.5 dBm. The SE limit plays no role here,
picture of each specific scenario, in this section we try fince it would be reached at 36.4 dBm launch power.
provide a more general view of the overall ‘landscape’, acrossFig. 8 provides, in our view, a quite encompassing picture
a wide range of system lengths. To do so, we first sef what can be expected in the NANF-SMF comparison. As a
certain general constraints which we impose on three kegther general emerging feature, a throughput multiple at least
elements: the maximum transponder spectral efficiency (SE gigual to the optical bandwidth ratio should be achievable. Even
bits/symb); the maximum acceptable launch power; a specificeater multiples might be reached, especially if significant

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2021.3140114

11

amounts of power can be launched into the NANF. open up. Assuming 0.1 dB/km loss, half a Petabit/s per fiber
These results appear to show that NANF might establishcauld be achieved over 200-300 km, with a potentially large
new paradigm in potential system throughput. Its very widend not just evolutionary impact on optical data transport
bandwidth is possibly its most important asset, with ultra-lowetworks performance and architecture.
non-linearity being a close runner-up. Besides loss, IMI must also be kept in check. We have
Note that outstanding landmark papers such as [37] seshown consistently that a value of -60 dB/km would be
to be at odds with our results since they showed that reducisigfficient to make it practically negligible. Since the current
fiber non-linearity, even substantially, would bring about onlgest NANF specimens approach or achieve this value, this
a marginal increase in throughput. Same was shown for losfect appears to be on a path towards being reigned in.
Our findings are not in disagreement with those results. Thelt must be acknowledged that, to make the above sce-
new factor here is that NANF combines a dramatic reductiorarios realistic, substantial challenges need to be addressed,
in non-linearity (and possibly a reduction in loss as well) withot just related to NANF performance. Among them, un-
a much increased usable bandwidth. It is the combination @fnventional band amplification technologies for repeatered
these features that turns out to be very effective in increasiggstems, transponders supporting transmission at high net
potential throughput. bits/symbol per channel, management of large launched pow-
As already mentioned in Sect. IV-F, the availability of ars. In prospect, for repeaterless and amplifierless systems, also
very broad bandwidth does not guarantee that its exploitatithre optimization of receiver design and manufacturing for LO-
is easy. This was already remarked in [37] and has beenly (no optical pre-amplifier) operation and the minimization
further pointed out in [1] and other literature. In particulaf all types of excess loss, such as from splicing, cabling and
broadband amplification is a challenge and would probabfyux/demux components.
require sub-band specific units in parallel. On the other hand,Optical technology progress has however achieved surpris-
optical and optoelectronic technology have made giant leapg breakthroughs time and again, over its relatively short his-
over and again, and the availability of fibers with potentialljory, and we believe that there is a possibility that NANF and
5x greater throughput than current ones might in the end spNNF-based systems could be one of these breakthroughs.
the development of effective supporting technologies, that at
present are difficult to predict.
As either an alternative, or a synergistic possibility, NANF
i i i i P. Winzer, D. Neilson, A. Chraplyvy ‘Fiber-optic transmission and
mlght mal.(e It pOSSIble to pgrform repeaterlessf or ampllflerle[éé networking: the previous 20 and the next 20 yedDgtics Expressyol.
transmission, as analyzed in Sect. V. Regarding these scenarog no. 18, pp. 24190-24239, Sept. 2018.
ios, in some respects their discussion is more straightforwdeg P. Sillard, M. Bigot-Astruc and D. Molin, ‘Few-mode fibers for mode-
and in some other it is more complex than optically amplified division-multiplexed systems,). of Lightwave Technolyol 32, no. 16,
; X pp. 2824-2829, Aug. 2014.
scenarios. The plots te”_us that, prowdgd NANF IOSS. go?ﬁ Kunimasa Saitoh and Shoichiro Matsuo, ‘Multicore Fiber Technology,
down to 0.1 dB/km, then it would be possible to transmit half J. of Lightwave Technolyol. 34, no. 1, pp. 55-66, Jan. 2016.
a Pbit/s per NANF over regional distances of 200-300 kfAl A. Ferrari, E. Virgillito, V. Curri, ‘Band-Division vs. Space-Division
Ei 6-7). If thi h he i K Multiplexing: A Network Performance Statistical Assessmet, of
(see Figs. 6-7). If this was the case, the impact on network |jghnyave Technolyol. 38, no. 5, pp. 1041-1049, Mar. 2020.
architecture could be far-reaching, though hard to predigd] R. F. Cregan, B. J. Mangan, J. C. Knight, T. A. Birks, P. St.J. Russell, P.
We consider the topic of architecture more on the side of J: Roberts, and D. C. Allan, ‘Single-mode photonic band gap guidance
t ki d outside of th f thi frai of light in air, Science 285, 1537-1539, 1999.
ne Wor_ Ing an QU Slde ot the scope of this paper, so we re r%ﬁ] F. Poletti, ‘Nested antiresonant nodeless hollow core fil@pf. Express,
from discussing it here. vol. 22, pp. 23807-23828, 2014.
[7] A. D. Pryamikov et al., ‘Demonstration of a waveguide regime for a
silica hollow-core microstructured optical fiber with a negative curvature
VIl. CONCLUSION of the core boundary in the spectral range3.5 um,” Opt. Express]19,

) ) pp. 1441-1448 (2011).
Hollow-core fibers of the nested anti-resonant nodeless tyjge W. Belardi and J. C. Knight, ‘Hollow antiresonant fibers with reduced
(NANFs) have recently entered the realm of those compet- attenuation,Opt. Lett.,39(7), pp. 1853-1856 (2014).

. . . l[ﬁl-) T.D. Bradley, J.R. Hayes, Y. Chen, G. T. Jasion, S. R. Sandoghchi, R.
ing technologies that are being developed to overcome Slavik, E. N. Fokoua, S. Bawn, H. Sakr, I.A. Davidson, , A. Taranta,

throughput limitations of the traditional single-core, single- J. P. Thomas, M. N. Petrovich, D.J. Richardson and F. Poletti: ‘Record
mode, silica-core fiber. Low-Loss 1.3dB/km Data Transmitting Antiresonant Hollow Core Fibre,

. . . . in Proc. ECOC 2018Rome, ltaly, paper PDP Th3F.2.
By analytical means, validated through simulations, we haygy 1. p_“gradiey, G. T. Jasion, J. R. Hayes, Yong Chen, L. Hooper, H.

shown that NANFs could potentially provide a total throughput — Sakr, M. Alonso, A. Taranta, A. Saljoghei, H. C. Mulvad, M. Fake, I. A.
that ranges between 1.5 and 5-6 times that of a benchmarkPavidson, N. V. Wheeler, E. N. Fokoua, Wei Wang, S. Reza Sandoghchi,
t isti f SMF with R lificati th D. J. Richardson, F. Poletti, ‘Antiresonant Hollow Core Fibre with 0.65
system consisting 0 wi aman amplimcation over th€  ggm Attenuation across the C and L Telecommunication Bands, in
C+L bands. These results are obtained at NANF loss levels Proc. ECOC 2019post-deadline paper PD3.1, Dublin (IL), Sept. 2019.
equal or even slightly higher than SMF. When considering tftel] G. T. Jasion, T. D. Bradley, K. Harington, H. Sakr, Yong Chen,
lution of reported NANF loss over the last few years, such E. Numkam Fokoual, |. A. Davidson, A. Taranta, J. R. Hayes, D. J.
evolu p : i y ’ Richardson, F. Poletti ‘Hollow Core NANF with 0.28 dB/km Attenuation
loss levels appear to be attainable in the not-too-distant future. in the C and L Bandsjn Proc. OFC 2020post-deadline paper Th4B.4,
If even lower loss, which could theoretically be possible, San Diego (CA), March 2020. .
. . . 12'] A. Nespola et al, ‘Record PM-16QAM and PM-QPSK Transmission
proved practically achievable, the scenario of repeaterless Or pigiance (125 and 340 km) over Hollow-Core-Fiban’ Proc. ECOC

amplifierless ultra-broad-band transmission over NANF would 2019, paper PD.1.5, Dublin (IE), Sept. 2019.

REFERENCES

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2021.3140114

12

[13] A. Nespola et al, ‘Transmission of 61 C-Band Channels Over Recof@5] G. Rizzelli, A. Nespola, S. Straullu, F. Forghieri, R. Gaudino, ‘Scaling
Distance of Hollow-Core-Fiber With L-Band Interfererd, of Lightw. Laws for Unamplified Coherent Transmission in Next-generation Short-
Technol, vol. 39, no. 3, pp. 813-820, Feb. 2021. Reach and Access Networkd,’ of Lightwave Technolearly access, doi:

[14] A. Nespola et al, ‘Ultra-Long-Haul WDM Transmission in a Reduced  10.1109/JLT.2021.3092523, 2021.

Inter-Modal Interference NANF Hollow-Core Fibeiri Proc. OFC 2021, [36] P. Poggiolini, G. Bosco, A. Carena, V. Curri, Y. Jiang, F. Forghieri,
post-deadline paper F3B.5, San Francisco (USA), June 2021. ‘The GN model of fiber non-linear propagation and its applicatiohsyf

[15] P. Poggiolini, F. Poletti, ‘Opportunities and Challenges for Long- Lightwave Technolvol. 32, no. 4, pp. 694-721, Feb. 2014.

Distance Transmission in Hollow-Core Fibres, Proc. OFC 2020paper [37] R.-J. Essiambre, R. W. Tkach, ‘Capacity Trends and Limits of Optical

FAC.1, San Francisco (USA), June 2021. Communication NetworksProc. IEEE,vol. 100, no. 5, pp. 1035-1055
[16] E.A.J. Marcatili and R. A. Schmeltzer, ‘Hollow Metallic and Dielectric ~ (2012).

Waveguides for Long Distance Optical Transmission and LasBed|’

Syst. Tech. Jyol. 43, no. 4, pp. 1783-1809, 1964. . . Lo . . .

[17] F. Poletti, M. Petrovich, M. and D. J. Richardson, ‘Hollow-core photonic Pierluigi Poggiolini received his M.S. degree cum laude in 1988
bandgap fibers: technology and applicatiohghophotonicsvol. 2, issue and his Ph.D. degree in 1993 from Politecnico di Torino, Italy. From
5-6, pp. 315-340, 2013. 1988 to 1989 he was with the Italian State Telephone Company

[18] V. Michaud-Belleau et al., ‘Backscattering in antiresonant hollow-coreesearch center CSELT. From 1990 to 1995 he was a Visiting Scholar
fibers: over 40 dB lower than in standard optical fibe@gtica,vol. 8, and then a Post-Doctoral Fellow at the Optical Communications
no. 2, p. 216, Feb. 2021. _ _ Research Laboratory of Stanford University. Since 2010 he has

(19] N. Takefushi, M. Yoshida, K. Kasai, T. Hirooka, and M. Nakazawapeen a Full Professor at Politecnico di Torino. He was an elected
Tht.eorle]ﬁ'ga' a'];‘d %*p.er'lmewa' analyses of GAWBS pgase ”O'Sel ";g’a”OHftember of the Academic Senate (2005-2010) and of the Board of
optical fibers for digital coherent transmissio@ptics Expressyol. 28, Directors (2016-2020) of Politecnico di Torino. He was Technical Co-
no. 3, p. 2873, 2020. . . .

[20] I. A. Bufetov, A. N. Kolyadin, A. F. Kosolapov, V. P. Efremov, V. E. Chair of_ the E_COQ conference in 2010. He has_ published over 250
Fortov, ‘Catastrophic damage in hollow core optical fibers under high@Pers in leading journals and conferences. He is a co-author of two
power laser radiationDptics Expressyol. 27, no. 13, pp. 18296-18310, Papers, published in 2011 and 2012, that have received the Journal
2019. of Lightwave Technology Best Paper Award. He is an OPTICA

[21] M. Ohashi, K. Shiraki and K. Tajima, ‘Optical loss property of silica-and IEEE Fellow. His current research interests include long-haul
based single-mode fibers]. of Lightwave Technolyol. 10, no. 5, pp. coherent transmission systems, non-linear fiber effects, modeling
539-543, May 1992. _ _ _ _and simulation of optical communications systems, hollow-core fiber

[22] Y. Tamura et al., ‘The First 0.14-dB/km Loss Optical Fiber and it§rgnsmission systems.

Impact on Submarine Transmissiod,’ of Lightwave Technolyol. 36,
no. 1, pp. 44-49, 1 Jan.1, 2018.

[23] D. Suslov, M. Komanec, E. R. Numkam Fokoua, D. Dousek, A. Zhong, Francesco PolettiiMember, IEEE) received the Laurea degree in
S. Zvnovec, T. D. Bradley, F. Poletti, D. J. Richardson, R. Slavk, ‘Lovelectronics engineering from the University of Parma, Parma, Italy, in
loss and high performance interconnection between standard single-m@@®0, and the Ph.D. degree from the Optoelectronics Research Centre
fiber and antiresonant hollow-core fibeNature Scientific Reportsll,  (ORC), University of Southampton, Southampton, U.K., in 2007. He
8799 (2021). o _ o _js currently a Professor with ORC. He has worked for three years on

(24] RG' 'E;’tc’sco' %hpogg'f"g" A 'tc:a(ena, V. Curri, F't Zorgh't‘?”'l Alx_nall(ynca_l tical network design with Marconi Communications and for more
Cesu s on hanne Lapacily in Uncompensated Uptcal NS Wi, , ten years on the development of new generations of microstruc-

oherent DetectionOpt. Expressyol. 19, no. 26, pp. B438-B49, 2011. ! . f
See also, by the same authors: *- Erratum’ (correctioBs)t. Express, f[ured optical fibers with the ORQ. Hg has coauthored more than 80
vol. 20, no. 17, pp. 19610-19611, 2012. journal and 200 conference publications, and produced four patents.

[25] J. M. Gen, P. J. Winzer, ‘A Universal Specification for Multicore FibefHis research interests include the design of photonic bandgap and
Crosstalk, |EEE Phot. Tech. Lettyol. 31, no. 9, pp. 673-676, May 2019. antiresonant fibers, the development of fiber-optic characterization

[26] P. Poggiolini, ‘The GN model of non-linear propagation in uncompertechniques, and the fabrication of nonsilica-based fibers and devices.
sated coherent optical systems, of Lightwave Technolyol. 30, no. 24, He is the holder of a European Research Fellowship Consolidator
pp. 3857-3879, Dec. 2012. Grant.

[27] A. Nespola, S. Straullu, A. Carena, G. Bosco, R. Cigliutti, V. Curri,

P. Poggiolini, M. Hirano, Y. Yamamoto, T. Sasaki, J. Bauwelinck, K.
Verheyen, and F. Forghieri, ‘GN-model validation over seven fiber types
in uncompensated PM-16QAM Nyquist-WDM links,” IEEE Photonics
Technology Letters, vol. 26, no. 2, pp. 206-209, Jan. 2014.

[28] P. Poggiolini, Y. Jiang ‘Recent Advances in the Modeling of the Impact
of Nonlinear Fiber Propagation Effects on Uncompensated Coherent
Transmission Systems,” Tutorial Revied, of Lightwave Technolyol.

35, no. 3, pp. 458-480, Feb. 2017.

[29] H. Sakr, T.D. Bradley, Y. Hong, G. T. Jasion, J. R. Hayes, H. Kim, I. A.
Davidson, E. Numkam Fokoua, Y. Chen, K. R. H. Bottrill, N. Taengnoi,
P. Petropoulos, D. J. Richardson, and F. Poletti.: ‘Ultrawide Bandwidth
Hollow Core Fiber for Interband Short Reach Data Transmissi@rog.
OFC 2019,paper PDP Th4A.1.

[30] E. Dianov, ‘Bismuth-doped optical fibers: a challenging active medium
for near-IR lasers and optical amplifierkjght: Science & Applications,
Vol. 1, pp. 1-7, 2012.

[31] Sergei Firstov, Sergey Alyshev, Mikhail Melkumov, Konstantin Ri-
umkin, Alexey Shubin, and Evgeny Dianov, ‘Bismuth-doped optical fibers
and fiber lasers for a spectral region of 1600-1800 ®@pf. Lett.,vol. 39,
pp. 6927-6930, 2014,

[32] L. Kazovsky, S. Benedetto, A. WillneQptical Fiber Communication
SystemsArtech House, Boston, 1996, ISBN: 0-89006-756-2, ISBN 13:
978-0-89006-756-7

[33] Bo zZhang, C. Malouin, T. J. Schmidt ‘Design of coherent receiver optical
front end for unamplified applicationg)ptics Expressyol. 20, no. 3, pp.

3225-3234, Jan. 2012.

[34] Kazuro Kikuchi ‘Fundamentals of Coherent Optical Fiber Communica-

tions,’ J. of Lightwave Technolyol. 34, no. 1, pp. 157-179, Jan. 2016.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



