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Abstract—We report on two recirculating loop transmission conventional glass-core fiber: lower latency, much lower non-

experiments over a hollow-core fiber of the Nested-Antiresonant |inearity, less backscattering and less sensitivity to perturba-
Nodeless type (NANF). We transmitted 61 channels in C-band at tions [1], [3]

32 GBaud, with either PM-QPSK or PM-16QAM modulation. In A t th tential licati It
addition, 61 L-band interferers co-propagated in the NANF at all mongs € numerous potential applications, uitra-

times, though they were not recirculated in the loop, to check for broadband data transmission is arguably one of the most
the presence of possible crosstalk effects between C and L-bandambitious and potentially impactful ones for the technology.

in the NANF. The loop comprised the longest NANF transmission Early data transmission experiments performed on very short-
line yet constructed (7.72 km), as well as 55 km opure-silica- reach links (100-300 meters) of Photonic Band-Gap HCFs (or

core fiber (PSCF)needed to provide enough signal buffering and ! .
EDFA stabilization for the loop. The launch power into the PSCF PBGFs), progressed from single channel 10 Gbit/s OOK [2]

was low enough to avoid generation of any significant non-linear t0 40 Gbit/'s WDM [3], up to high data throughput (76 Tbit/s)
noise. exploiting 256-QAM with polarization and mode multiplex-

_ Ei&% IZlB\:l)-QP_SK,IW_e ac)hieved a recolﬁd 618 kmér'a?srpigjzn ing [4]. Meanwhile, other studies assessed the transmission
In recirculations), at an overall average ot 3. otential of PBGFs over longer distances: 2.75 km using a
bits/symb. Using PM-16QAM, we achieved a record 201 km P ial 100G interf 59 d inal ' h | 20 Gbgt/
transmission, at an overall average GMI of 7 bits/symb. We saw commercia T Inter aCFj' [5] and a single ¢ a,mne s
no adverse effect from the presence of L-band interferers in the QPSK transmission experiment over 11 km with 66 dB loss
NANF. [6].

_ If progress in the reduction of NANF loss and inter-modal  However, when PBGFs were first inserted in a recirculating
interference continues at the rate of the last few years, these loop to test their transmission performance over even longer

hollow-core fibers might become a promising alternative in the . N .
quest for next-generation higher-throughput fibers, given their distances, both their fairly large loss and intermodal cross-talk

theoretical potential of achieving low loss and ultra-low non- (Or Inter-Modal Interference, IMI) appeared as rather limiting.
linearity over ultra-wide bandwidths, ideally bringing about a The best achieved result was transmission of a single PM-

many-fold increase in throughput per fiber. QPSK channel, with two untested side channels added for
Index Terms—hollow-core fiber, NANF, coherent systems, long- SPectral equalization, recirculated through a single span of
haul transmission 6.2 km of PBGF with 48.1 dB loss [7]. Assuming a pre-FEC

BER limit of 51072, a maximum transmission length through

PBGF of 55.8 km and 74.8 km was achieved at 32 GBaud and

14 GBaud, respectively.

L IGHT transmission in a Hollow-Core Fiber (HCF) A considerable improvement in performance was obtained
promises many advantages over transmission througfa switching to a different type of HCF, the Nested Antireso-

nant Nodeless Fiber (NANF) [8]. The NANF not only enables
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I. INTRODUCTION
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Fig. 1. (a) Evolution of data transmission distance through HCFs; (b) cross sectional SEMs of the two fibers; (c) Cutback loss.

In this work, we managed to produce and assemble theThese record results greatly improve over [11]. A picture
longest NANF transmission line yet constructed (7.72 kmdf reported record transmission distances over any HCFs is
obtained by splicing the longest continuous length of NANProvided in Fig. 1(a), for comparison. The steep rise shown
so far reported, 4.34 km, to another 3.38 km long stret¢h the figure is due to the very significant progress that has
of NANF. The average estimated NANF loss at 1550 nimeen made lately in NANF design, fabrication and overall
through the whole line was 0.84 dB/km. The total insertioperformance. Over the course of a few years, NANF loss has
loss of the assembled NANF line, including NANF/NANF andallen from 10 dB/km in 2017 to the current record-low value
NANF/SMF splices, was 9.1 dB. The NANF transmission linef 0.28 dB/km [13], close to silica-core fiber values. While
was placed into a recirculating loop that carried one 32-GBasdme challenges still need to be addressed, this bodes well
PM-QPSK modulated channel, as well as spectrally-shapfed the possibility of NANFs becoming a practical option for
ASE to emulate another 60 interfering WDM channels in Giigh-capacity optical systems in the not-too-distant future.
band. The modulated channel could be tuned across the whol&his paper is organized as follows. In Sect. Il the NANF
comb, so that transmission could be tested for all channelsspools and overall assembled NANF line are described in

The NANF was also loaded with spectrally-shaped ASE tetail and their performance is discussed. In Sect. Il the
emulate further 61 interfering WDM channels in the L-bandxperimental system set-up is introduced. In Sects. IV and
These L-band interferers co-propagated in the NANF at all the PM-QPSK and PM-16QAM transmission results are
times, though they were not recirculated in the loop, to cheskown and discussed. Sect. VI is devoted to discussing the L-
for the possible presence of crosstalk effects between C drahd interference test and results. Comments and conclusion
L-band in the NANF. follow.

Note that the loop also included 55 km of pure silica-core This paper is a follow-up to the OFC 2020 post-deadline
fiber (PSCF), whose purpose was that of providing sufficiepaiper [14]. Here, substantially more details have been pro-
signal loading capability and a stabilizing effect for the loopided on the PM-QPSK experiment. Also, the PM-16QAM
EDFAs. The launch power into the PSCF was low enough &xperiment has been added, which was not present in [14].
avoid generation of any significant non-linear noise.

Setting a threshold GMI of 3.55 bits/symbol, the center
channel reached 772 km (100 recirculations), more than twice
the previous directly comparable record [11]. We also achievedNANFs from two separate draws and different preforms,
80 recirculations (618km) at a GMI average across all WDMoth designed to operate in the first antiresonant window,
channels of 3.44 bits/symb. This is the current WDM recondere spliced together to form a 7.72 km assembled line. Their
length for coherent transmission over any HCF. scanning electron micrographs (SEMs) are shown in Fig. 1(b).

We then proceeded to test the same set-up with a high&he two fibers are geometrically similar, with a difference in
order constellation, PM-16QAM. In [11] a similar experimenthe size of their inner tubes.
had been carried out, reaching 125 km, but only 1/4 of theNANF 1 (3.38 km), also employed in the previous ex-
channels were tested. In this experiment, we reached 201 geriment [11], has an average core diameter and membrane
at an average GMI of 7 bits/symb, measured across all WDiMickness of 35.6:m, 0.55um, respectively. Its loss (Fig. 1(c))
channels, setting the current transmission length record fitecreases from 1.37 dB/km at 1530 nm to 1.15 dB/km at
PM-16QAM over HCF. 1625 nm (1.30 dB/km at 1550 nm).

We saw no performance degradation on either experimentNANF 2 was fabricated with a similar core diameter and
when launching the L-band interferers into the NANF, togethenembrane thickness (35:8n, 0.48um). However, by finess-
with the C-band WDM comb. Even though this was theng the fabrication procedures, we managed to make NANF 2
expected outcome due to the theoretically very low nothe longest NANF from a single draw to date (4.34 km). In
linearity of the NANF, this is nonetheless, we believe, thaddition, NANF 2 has a considerably lower loss (0.82 dB/km,
first time this has ever been experimentally tested. Fig. 1(c)) than NANF 1, spectrally flat from 1530 to 1625 nm,

Il. ASSEMBLY OF A7.72KM NANF spPAN
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Fig. 2. Schematic of the NANF line used in the experiment. SMF: standard modulated
single-mode fiber. MFA: mode-field adapter. FC/APC: fiber connector with cut
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not far from the value of 0.65 dB/km which was the record- (b) 1 modulated channel
low NANF loss [9] when the experiments of this paper were
carried out (only recently surpassed by [13]). Fig. 3. (a): power spectral density (PSD) of the (C+L)-band 122-channel

The overall assembled NANF line used in the experimelPM spectrum. (b): C-band transmitter schematic.
is shown in Fig. 2. The fibres were spooled on standard 1 m
circumference bobbins. Its total measured loss was 8.7 dB. Be-
sides the NANFs, loss was due to splicing to SMF patchcords 10
using mode field adapters (MFAs, 1 dB loss per end) and to the
mid-span NANF-NANF splice (0.2 dB). Interestingly, taking
out splice loss, the estimated pure spooled NANF propagation
loss was lower than suggested by the cutback measurements:

6.50 dB total or 0.84 dB/km average. The discrepancy is

potentially caused by the fact that the loss curves of both §10_2,
NANFs shown in Fig.1(c) were measured by cutting back the
fibers to only 10 m. This can lead to an overestimated loss

Theory
—®— Experiment

PM-16QAM

reading when the high order mode content in the fiber is not FMQPSK ‘

fully suppressed in the short fiber length. N
Once the experiment got underway, it was found that

substantial IMI was present in the line. To mitigate it, mode- Py . ‘

stripping fiber loops were created along the line. Because of ° OSNR @ Rs [dB] =

this, the actual overall loss of the NANF line went up to

9.1 dB, total. For a detailed description and discussion of thig, 4. Back-to-back BER vs. OSNR of both PM-QPSK and PM-16QAM

aspect, see Sect. IV Tx/Rx pairs. Solid black lines: ideal curves in AWGN. Blue circles: measured
values.

[1l. EXPERIMENT SET-UP

A total of 122 WDM channels (61 in the C-band and4 GS/s DACs. The CUT spectrum was raised-cosine with
61 in the L-band) were emulated by shaping ASE noise 88%-roll-off. The back-to-back performance of the CUT is
raised-cosine spectra with 32 GHz bandwidth, roll-off fact&shown in Fig. 4. At a pre-FEC BER of-B)~2 the back-to-
0.2 and 50 GHz spacing. The overall measured transmittedck penalty vs. ideal transceiver performance (in AWGN)
signal spectrum is shown in Fig. 3(a). The shaping was dowas 0.65 dB for PM-QPSK and 2 dB for PM-16QAM.
using high-resolution programmable optical filters (Finisar The loop schematic is shown in Fig. 5. The loop recir-
Waveshapers) as shown in Fig. 3(b), where only the C-baodlated the C-band WDM comb, while the L-band comb
setup is reported. A similar setup was used for generating thent through the NANF without recirculating, as explained
L-band WDM comb, but without the modulated channel. below. The loop consisted of four sections, each starting with

For transmission performance measurements, in turn each EDFA. EDFA 1 launched the C-band WDM comb at
one of the 61 ASE-emulated C-band channels was turngd dBm into the 7.72 km NANF line. It was followed by
off and replaced by an actual modulated Channel UndeDFA 2 feeding a high-resolution programmable optical filter
Test (CUT). The C-band transmitter schematic is shown (Finisar Waveshaper) filter tasked with flattening the overall
Fig. 3(b). The CUT used an External Cavity Laser (ECL) wittoop transfer function, followed by EDFA 3 and a spool of
linewidth less than 100 kHz, which was modulated either with5 km of pure silica-core fiber (PSCF) with 15n? effective
PM-QPSK or PM-16QAM at 32 GBaud by means of a duakhrea and attenuation of 0.165 dB/km, followed by EDFA 4
polarization Mach-Zehnder Modulator (MZM), driven by fourfeeding an acousto-optic modulator, a 2x2 splitter/combiner
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Fig. 5. Loop schematic. Green arcs: C-band signal. Pink arcs: L-band signal.

and a synchronous polarization scrambler (PS), the latter uselllind-phase search algorithm was used. In both cases 5% of
to randomize the state of polarization at each recirculation.symbols were considered as pilot symbols and used to perform
Note that the transmitted C-band spectrum was about 3 TRase unwrapping and improve phase-recovery.
e e e IV, PM-QPSKexpemmenT
g - w [ i u imi i ! L .
amplifier bandwidthThis limitation could be compensated for we f_|rst_ set the transmission forme_lt to PM-QPSK. In_|t|al
by the programmable optical Waveshaper filter in the lo ansmission attempts reached relatively modest maximum

but, being a passive component, this meant that to achi 9glc_h results, hinting at the presence of substantial IMI along
spectral flattening it had to apply substantial extra attenuati Ine. T

to the rest of the WDM comb. which in turn caused substantial heoretical analyses.and separate characterization indicated
overall penalty.So, we decided to remove a few channels ﬁgat the smaller tubes in NANF 1 (9.88m) should produce

) - - ticeably less IMI than NANF 2 (13.27Zm). IMI in the
t(?i);r?dgi;ecc):ftrhhrﬁ tg ga1r_1|<_j|zand restrict the transmitted WD@@erall line would then mostly be caused by NANF 2. To

. - . ‘mitigate it, we introduced higher-order mode stripping loops.
The PSCF was necessary to provide sufficient signal Ioad'ﬂgset of loops with 5 turns of 7.3 cm bend diameter was

capability and long-enough round-trip delay for loop MaNLound on NANF 1 at the launch end, after the splice with
agement and EDFA gain transient dampening. The EDFAFjb :

. ‘the input SMF patchcord (MSL 1 in Fig. 2). Another set of
launch power into the PSCF was set to 16 dBm, a value whi ps with 5 turns of 4.8 cm bend diameter was wound on
kept the amount of non-linearity noise produced in the PS ANF 2 immediately after the splice with NANF 1 (MSL
at a negligible level as compared to other sources of sig Iin Fig. 2). A third set of loops with 5 turns of 4.8 cm
degradation (see Sect. VII-A for more details). At this Iaun%aend diameter was wound on NANF 2 immediately before
power, the PSCEF could be effectively considered to operatey), splice with the output SMF patchcord (MSL 3 in Fig. 2).
linearity. The three loops added 0.4 dB loss to the line, raising it from

Right before the NANF, a WDM combiner added the L-band 7 1o 9.1 dB, but considerably reducing IMI and improving
WDM comb into the NANF. The L-band comb was launchegiansmission performance. Note that the loop diameter and
into the NANF at the same power level as the C-band comb, @& number of loops were chosen empirically as an acceptable
shown in Fig. 3(a), to test for possible cross-band interactioRgade-off between introducing as little additional loss on the
Immediately after the NANF, a WDM splitter stripped the Lfyndamental mode and as large an attenuation on the higher-
band WDM comb out of the loop. The L-band comb was n@jyder modes as possible. For more details on multimode
recirculated but it co-propagated in the NANF with the C'ba”&opagation in NANFs and on the possible generation of IMI,
comb. please see [8].

At the receiver, a tunable optical filter selected the CUT, Fig. 6 shows the GMI-vs.-recirculations for the PM-QPSK
which was then combined with an ECL local-oscillator, witltenter channel (number 31 out of 61) of the C-band comb.
linewidth less than 100 kHz, in an integrated coherent receivéissuming a threshold of 3.55 bits/symb (equivalent to a pre-
The four electrical outputs were sampled at 50 Gsamp/syrREC BER in AWGN of 310~2) its max-reach was 100
and off-line processed. The DSP performed upsampling toreécirculations, corresponding to about 772 km in NANF. A
samp/symb, chromatic dispersion compensation and frequesiyilar measurement was done in [11], where the center
offset removal. Next, the signal went through a complex 2-by¢hannel reached 341 km, representing the previous record
LMS adaptive equalizer. In the case of PM-QPSK modulatiotransmission distance in NANF.
the LMS stage was followed by a V&V Carrier-Phase Esti- The loop was then set to 80 recirculations for the full WDM
mation (CPE) stage. In the case of PM-16QAM modulatiompmb measurement, or 618 km in NANF. Dots in Fig. 7(b)



h

XYl

S mema |
=y e g 08 e 08
3.9 m \‘ﬁ |
S ——Ch31 setup NANF
o) S, 06 06
38 S a\ —— Ch51 setup NANF|
— _ by 04 04
.8 37 ?%\
E \ \\ 02 02
36 \ 8
Z L u“f** 0 - 0
2357] \ *\A 450 100 50 0 50 100 150 A5 100 50 0 50 100 150
= \ -
34 I
5] & [yl [hyyl
| \ 08 08
33 [—o—ch3t setup VOA |
3.2 |5 Ch31 setup NANF| | 0.6 08
— — —~GMI threshold b
31 04 04
0 50 100 150 200 250
number of recirculations 02 02
. . . . 0 0
Fig. 6. PM-QPSK experiment, GMI vs. recirculations for the C-band c 150 00 -5 0 50 100 150 450 100 -5 0 50 100 150

channel, with VOA in the loop (circles) or NANF in the loop (squares).

[h h

)()(l

XYl
08 08
4 T T T T T T T T T T T ——Ch31 setup VOA
= 06 06
j: gt & I B 25‘5 : by i
3.5F “;ﬂ{"'{}"'i'I""{'T"I ----- f ------ 1F 1— 04 04
é 3k 1 1 ; } 1 ] 02 02
B0l 3 0 0
£25 E 450 100 50 0 50 100 150 450 100 50 0 50 100 150
g average GMI I
oL [hyyl [yl
© 08 b 08 A
151 . 06 06
(a): NANF in the loop, 80 rec
1L L L L L L L L L L L L L 04 04
1 6 11 16 21 26 31 36 41 46 51 56 61
channel number 02 02
4 , 0 0
+ 450 100 50 0 50 100 150 450 100 50 0 50 100 150

el
o

HE ,ngi_ - ‘_Ifiqﬁfﬁq_n-,

4 !“if;‘r’:!ﬂifﬁff‘i?ﬁfg?

w
T

Fig. 8. Absolute value of the impulse responses of the LMS equalizer filters
at 80 recirculations. Abscissa: sample number. Ordinate: arbitrary units. Top 4
plots: with the NANF in the loop, totaling 618 km through NANF. Red lines:
channel #31 (average GMI 3.81 bits/symb). Blue lines: channel #51 (average
GMI 2.53 bits/symb). Bottom 4 plots: with the VOA in the loop. All sets of
responses normalized so that theiy, component has unit energy.
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the NANF attenuation. Fig. 6 shows the GMI vs. recirculations
Fir 7. PMLOPSK _ Total GMI (both polarizations) for all C.b for the center channel in this condition. Transmission reached
c;lge{nnlels. SS meagﬁfgggqrftztbe?t?hannel(. Igtotsp?nzirtl:?gotrr]l? n?t;:n valu?:‘r,] 1r§ reCIrCUIa'Flons {.;lt a GMI of 3.55 bItS/Symb’ more than
go from lowest to highest value. Higher channel index means higher chanh&ice the recirculations was reached by the center channel
frequency, from 191.9 THz (channel # 1) to 194.9 THz (channel # 61). (aNith the NANF. We also tested the whole WDM comb at
NANF in the loop, 80 recirculations (618 km in NANF). (b): VOA in the 180 recirculations with VOA replacing the NANF, Fig. 7(b).
loop with same attenuation as NANF, 180 recirculations. .

The figure shows a total mean GMI across all channels of 3.7

bits/symb at 180 recirculations, vs. 3.44 with the NANF at 80
shows the GMI (sum of both polarizations) of each C-banecirculation. Uniformity appears to be much better than in
channel, averaged over 6 measurements. Vertical bars rahigs 7(a). These results clearly indicate that substantial signal
between the min and max measured value for each chanulelgradation was occurring in the NANF.

The mean GMI across all channels was 3.44 bits/symb. A strong hint that IMI could be responsible for such
A distinctive feature of the GMI plot was however thedegradation comes from the plot of the LMS equalizer filters
non-uniformity of the results. Some channels operated iatpulse responses (absolute values), shown in Fig. 8, at 80
or above 3.8 bits/symb, whereas others were recorded weltirculations. The top four plots show the filters for the center
below 3 bits/symb. In addition, theoretical calculations bas@thannel (#31, blue lines), whose average GMI was relatively
exclusively on loop ASE noise accumulation predicted a subigh (3.81 bits/symb), and for channel #51 (red lines), whose
stantially longer reach. Non-uniformity and shorter reach thaaverage GMI was low (2.53 bits/symb). The bottom four
expected suggest that the NANF still caused non-negligibdots show the filters for the center channel when a VOA

IMI, even with the mode-stripping loops in the line. replaced the NANF (GMk: 4 bits/symb). For each set thig,,
To investigate this aspect, we replaced the NANF in the loopsponse was normalized to have unit energy. The normalizing
with a variable optical attenuator (VOA), set to exactly matctactor found forh,, was then used to normalize the other



zero-penalty.
0 0 Also, in Fig. 9 we looked at the signal spectra before
the LMS equalizer, measured at 80 recirculations, with VOA
and with NANF, again for channel # 31 and channel # 51.
0 The spectra with VOA are similar for the two channels and
quite regular. Note that the enhancement of high-frequencies
in the VOA spectra is due to the frequency response of
20 Ch 31, NANF the electronics. Instead, the jagged profile of the spectra
with NANF once more appear to confirm the presence of

2 40 0 10 2 20 0 0 0 20 substantial IMI-induced multi-path interference. In particular,

Frequency [GHz] Frequency [GHz] . . .-
the spectrum of channel # 51 is quite degraded, providing
0 0 further visual justification for its lower GMI.

One interesting remark is that the performance non-
uniformity observed in Fig. 7 among channels was very repeat-
10 able over time. The six measurements for each channel were
taken at long time intervals, days apart. We are however unsure
what significance to attribute to this long-term repeatability.

20 Ch 51, NANF Using simple analytical modeling (see Sect. VII-A for more
s s details), we estimated thqt the degradation of performance
20 ;r[t)aquenf:y[G)j{s] 20 20 ;riquenocy[G:'s] 20 between the case of VOA in the loop apd NANF in t_he loop
could be ascribed to a disturbance which was equivalent to
a distributed IMI of about -35.5 dB/km. Separate modeling
Fig. 9. Signal power spectral density at the receiver, at 80 recirculations. Left the NANF, after the experiment was completed, suggested
B e fua oty op fsihat NANF 1 caused about 50 dB/km and NANF 2 about
the center C-band channel, #31 (average GMI 3.81 bits/symb). Bottom plotd3 dB/km of IMI and therefore that a line including only
channel #51 (average GMI 2.53 bits/symb). NANF 1 would in principle provide much improved perfor-
mance.

NANF technology is still in its infancy and still in an
exploratory phase, where different regions of their multidimen-
. I L sy sl el 1 sional design parameter space are _being pr_obed. Thi_s explains
| =5 If‘l_,?:f_ _If_;lj_‘_ LM P S S 1 why NANF 1 and NANF 2 were fabricated with such different

t 1 /’{ II . £ parameters and different resulting IMI. Note also that the
65 Vi { I if 1 strength of IMI is a parameter that is difficult to measure in
/ ] } | the still typically short fiber lengths that can be produced.
average GMI In particular, the strength of IMI of NANF 1 and NANF 2
1 was not known at the time when they were fabricated. The
L T experiments reported here have provided useful feedback to
1 6 11 16 21 26 31 36 41 46 51 56 61 . . . . . .
channel number this effect, which will be taken into account in future design
refinements, and which will ensure that fibres more similar to

Fig. 10. PM-16QAM experiment. Total GMI (both polarizations) for all C- ; ; ;
band channels at 26 recirculations (201 km through NANF). Six measuremeN'sANF 1 (OI’ aCtua”y better) will be used in any forthcomlng

per channel. Dots indicate the mean value, bars go from lowest to high6XP€riment.
value. Higher channel index means higher channel frequency, from 191.9 THz
(channel # 1) to 194.9 THz (channel # 61).
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V. PM-16QAM EXPERIMENT

To test the possibility of transmitting a more complex
three impulse responses of the same set. This consistemstellation than PM-QPSK, we switched to PM-16QAM
normalization makes it possible to visually appreciate thaodulation, on the same experimental NANF set-up.
different spread of the various impulse responses. In particularafter preliminary characterization, the loop was set to 26
for channel #51 the plot clearly shows much more spread-gétirculations, or 201 km in NANF. The dots in Fig. 10 show
filter impulse responses, compatibly with the hypothesis g@ie GMI (sum of both polarizations) of each C-band channel,
IMI being responsible for signal degradation. averaged over 6 measurements. The corresponding bars range

Note in passing that IMI is theoretically unrecoverablbetween the best and worst result for the same channel. The
by just equalization, since it is a non-unitary effect in ousix measurements were taken on different days. Vertical bars
set-up: we only receive one mode and, in any case, modahge between min and max measured values. The mean GMI
attenuation is highly mode-dependent. Therefore, differentigross all channels was 7 bits/symb.
from (ideal) few-mode fibers with all-mode reception, single- This results represents the current record for PM-16QAM
mode reception with adaptive equalization cannot perfectisansmission over NANF (and on any HCF). It improves over
compensate for IMI. The equalizer helps, but cannot providiee 124 km presented in [11]. It should also be noted that



in [11] only 1/4 of the channels were measured and that tebould be further explored by future experiments, perhaps

back-to-back penalty was substantially lower (0.9 dB). Thigperating at higher power levels. Nonetheless, the result is

makes the result of this paper even more significant from tiqeiite encouraging and hints at NANF being indeed capable of

viewpoint of proving PM-16QAM long-distance transmissiorcarrying very broad band signals without incurring detrimental

over NANF. cross-band effects, such as inter-channel stimulated Raman
Here too, though, the presence of IMI was visible. Intescattering (ISRS), which otherwise represent a substantial

estingly, as a general trend, there is a substantial correlatigoblem in solid-core fibers.

between channels being impaired by IMI in the PM-QPSK

experiment and in the PM-16QAM experiment, as comparing VIl. COMMENTS

Fig. 7 anr:j F'gi 10 shows._ln partlcqlar, t?}e Ih'gh index After conducting the transmission experiments (including
number channels are more impacted in both plots and g, 5ne presented in the next section) it was our intention

correspondence holds almost channel by channel. to perform a deeper study of IMI, disassembling the NANF
However, the amount of degradation is substantially oOWgLa into its NANF 1 and NANE 2 spools to test them
in the PM-16QAM experiment than in the PM-QPSK onéenarately and perhaps confirm the different IMI of the two
This |s_shown by the s_maller ratio of worst to best Chann@bools. Unfortunately, immediately after OFC 2020, lockdown
GMIs, in the two experiments: 0.54 for PM-QPSK and onlye 45 res due to the Covid-19 pandemic were enforced at the
0.8 for PM-16QAM. This is likely due to the lower numberj pqratory location in Northern Italy. The experimental activity
of recirculations in the PM-16QAM experiment vs. PMyyaq stopped for many months. At present, the specific NANF
QPSK. The proportionality of the impairment to the numb§ne seq for this experiment is not available and the possibility

of recirculations appears to be a further confirmation of the bringing it back to the lab is made unlikely by new Covid-
IMI nature of the degradation. 19 related restrictions.

In any case, a key result emerging from the experiments
VI. IMPACT OF L-BAND INTERFERERS reported in this paper is that reducing the level of distributed
IMI in the fibres to the level of NANF 1 (or better) through

The experimental set-up included both a C-band comb ang. . . )
retined designs has emerged as an essential requirement to en-

an L-band comb. The overall optical spectrum is depicted | le further improvements in data transmission performance
Fig. 3(a) and shows the 61 C-band channels together with fhe P P '

61 L-band ones. We remind the reader that all channels were
ASE-emulated, except for the channel under test in the C-bad. Comparison with the previous experiment [11]
The schematic of the set-up, reported in Fig. 5, shows thatThe results shown in this paper substantially improve over
the L-band channels were launched into the NANF togethigre previous max-reach records in NANF [11]. With PM-
with the C-band channels, but were not recirculated. Th€PSK modulation, the reach of the center channel shown
were however co-propagating in the NANF and affected eveiry this work is more than double that shown in [11] (note
recirculation of the C-band comb. In practice, the C-barlat a comparison of the WDM results is not possible since
channels interacted with the L-band interferers for the fulll] only measured the center channel). Roughly similar
NANF propagation length, 680km in the case of PM-QPSkelative improvements were found for PM-16QAM modulation
and 200km in the case of PM-16QAM. as well. The question then may arise of why the present
The reason why we performed this test was because wsperiment outperforms [11] so substantially.
wanted to find out whether there was any cross-band intern essence, experiment [11] was a prior and first attempt,
ference effect in the NANF that could in principle prevenby the same groups authoring this paper, at long-haul WDM
C+L band transmission in the future. From a theoreticalansmission over NANF. In retrospect, we realized that the
standpoint, based on the Kerr effect, the prediction was thedperimental set-up [11] was not optimal for exploring the
C+L interactions should be negligible at the power levels thattimate limitations to transmission performance caused by the
are relevant for data transmission. On the other hand, NANNANF. By looking at Figs. 4 and 6 in [11] it appears that
is a very new technology and we thought it would perhaps Ingax-reach was induced by non-linearity. Such non-linearity
risky to assume that we could rule out any non-linear crosstalitas not due to the NANF, but to the 50 km SMF fiber that
without any experimental verification. Also, to the best of ouvas present in the loop. In other words, the non-linearity of
knowledge, this was the first time such test has ever been rthe SMF limited the capability of that experiment.
at least for coherent WDM long-haul transmission. The set-up presented here was completely and carefully re-
As it turned out, we saw no effect of co-propagating thdesigned to avoid any such problems. The structure is much
C-band with the L-band in the NANF. Specifically, we didnore complex, with 4 EDFAs in the loop rather than just 2.
not observe any significant change in GMI performance lditra-low non-linearity PSCF was used rather than SMF to
the C-band channels, even at max reach, when the L-bagrdvide the indispensable signal buffer and loop stabilizing
interferers were turned on. Of course, ours tests represent ogfiect. The launch power into the PSCF was kept fixed at a
two individual data points (the PM-QPSK and PM-16QAMevel that made the non-linearity of the PSCF negligible.
experiments) and all we can confidently state is that in theseThe reach limitation in the current set-up is due to two
two experiments no effect was seen. It is perhaps not possibiiain aspects: ASE noise accumulation and NANF propagation
to draw general conclusion and we think that this aspeeffects. The relative strength of the two can be tentatively
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NANF use in multi-band transmission systems. Our results
also show that, besides loss, improvements are needed on the
suppression of inter-modal interference, which seems possible
with suitable design optimization.
If progress in NANF performance continues at the present
rate, given its theoretical potential of achieving low loss and
ultra-low non-linearity over ultra-wide bandwidths, it might
become a promising alternative in the quest for next-generation
higher-throughput fibers, ideally bringing about a many-fold
increase in throughput per fiber [12].



