POLITECNICO DI TORINO
Repository ISTITUZIONALE

Ultrawideband Systems and Networks: Beyond C + L-Band

Original

Ultrawideband Systems and Networks: Beyond C + L-Band / Hoshida, Takeshi; Curri, Vittorio; Galdino, Lidia; Neilson,
David T.; Forysiak, Wladek; Fischer, Johannes K.; Kato, Tomoyuki; Poggiolini, Pierluigi. - In; PROCEEDINGS OF THE
IEEE. - ISSN 1558-2256. - STAMPA. - 110:11(2022), pp. 1725-1741. [10.1109/JPROC.2022.3202103]

Availability:
This version is available at: 11583/2975679 since: 2023-02-16T17:41:52Z

Publisher:
IEEE-INST ELECTRICAL ELECTRONICS ENGINEERS INC

Published
DOI:10.1109/JPROC.2022.3202103

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

09 April 2024



This article has been accepted for publication in Proceedings of the IEEE. 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/JPROC.2022.3202103

PROCEEDINGS OF THE IEEE, VOL. **, NO. *, ** 2021

Ultra-Wideband Systems and Networks:
beyond C+L-Band
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Abstract—In the evolution of optical networks, spectral effi-
ciency enhancement has been the most cost-efficient and thus the
main driver for capacity enhancement for decades. As a result,
the development of optical transport systems has been focused
on the C- and L-bands, where silica optical fiber exhibits the
lowest attenuation, and erbium-doped fiber amplifiers provide
an efficient solution to compensate for the optical loss. With
a gradual maturity in the spectral efficiency growth, however,
the extension of the optical bandwidth beyond the C+L-band is
expected to play a significant role in future capacity upgrades of
optical networks and thus attract increasing research interests. In
this paper, we discuss the merits and challenges of ultra-wideband
optical transport systems and networks beyond conventional
bands.

Index Terms—Optical communication, wavelength division
multiplexing, optical network and switching, ultra-wideband
transmission, Raman amplification, optical transceiver, wave-
length conversion.

I. INTRODUCTION

ONTINUOQOUS efforts to enhance optical transport net-

works have resulted in a consistent increase of per-fiber
capacity exceeding five orders of magnitude over four decades
[1]. In core networks, the low-loss wavelength window of a
silica-based optical fiber, as shown in Fig. 1, started to be
exploited in the 1990s, when wavelength division multiplexing
(WDM) technology around the 1550 nm wavelength was
deployed along with the erbium-doped fiber amplifier (EDFA)
[2-4].

By using gain flattening filters, it was possible to extend
the useful frequency range of the EDFA to over 4-THz, and
the first WDM band ranging from 1530 nm to 1565 nm, ac-
cording to Supplement G.sup39 by Telecommunication Stan-
dardization Sector of International Telecommunication Union
(ITU-T) [5], was named as the conventional band or C-band,
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Fig. 1. Low-loss window of the transmission fiber. Horizontal axis is linearly
scaled in frequency. Letters indicate band labels.

TABLE I
BAND DEFINITION

Band | Wavelength range  Bandwidth in frequency
(0] 1260-1360 nm 17.5 THz
E 1360-1460 nm 15.1 THz
S 1460-1530 nm 9.4 THz
C 1530-1565 nm 4.4 THz
L 1565-1625 nm 7.1 THz
U 1625-1675 nm 5.5 THz

which also corresponds to the minimum loss in a silica fiber.
This was quickly followed by the commercialization of the
long wavelength band or L-band, ranging from 1565 nm to
1625 nm, in the early 2000s. This was partly to double the
number of WDM channels supported by a fiber strand but
was also to deploy WDM systems on dispersion-shifted fiber
infrastructures, which are known to induce severe crosstalk
due to the four-wave mixing (FWM) among WDM channels in
C-band running on the same fiber, especially in direct detection
[6, 7]. Research toward further exploitation of the low-loss
spectral window followed, including S-band (ranging from
1460 nm to 1530 nm), E-band (1360 nm to 1460 nm), O-band
(1260 nm to 1360 nm), and U-band (1625 nm to 1675 nm)
[8-13].

However, these efforts have not resulted in immediate
deployment because they have not been found to be more
efficient compared with the other means to increase capacity:
dramatic enhancement of spectral efficiency (SE) was devel-
oped by the invention of digital coherent transceivers in the
late 2000s, i.e., denser WDM with narrower channel spacing
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Fig. 2. Schematic diagram of changes in the optical spectrum due to SRS in
fiber without wavelength-dependent loss.

and higher-order modulation formats that carry more bits per
symbol than previously deployed in 10 Gb/s direct detection
systems. After more than a decade of continuous sophistica-
tion in digital coherent transceiver technology, however, the
improvement of spectral efficiency finally started to show a
gradual slow-down of its pace as it approaches to the Shannon
capacity [14]. The extension of the wavelength band is thus
becoming attractive again and resulted in efforts to extend
the bandwidth of the amplifiers for C-band [15] and L-band
systems [16], the deployment of numerous C+L-band systems
[17-19], and the investigation of ultra-wideband (UWB) sys-
tems' beyond C+L-band by various organizations.

Challenges toward the development of practical UWB sys-
tems reside in several aspects. The first and simplest issue
is the wavelength dependence of fiber parameters such as
loss, chromatic dispersion, and effective area, which could
be approximated as constants in conventional systems. In
addition, nonlinear interaction among WDM channels due
to FWM, cross-phase modulation, and stimulated Raman
scattering (SRS) in a transmission fiber impacts the chan-
nel characteristics [20-24]. SRS is particularly important in
the context of a UWB transmission. Optical signals at the
shorter wavelength (higher frequency) side of the spectrum
are affected by the power transfer to the ones at the longer
wavelength (lower frequency) side, resulting in the optical
signal power of each channel deviating within the UWB
signal spectrum considerably (Fig.2). A possible alternative
to single-mode fibers (SMFs) for future UWB systems is hol-
low-core fibers (HCFs), in particular, the nested antiresonant
nodeless fiber (NANF) [25]. Such fibers might provide a very
wide bandwidth (300—400 nm) with attenuation comparable to
SMF in C-band [26], together with a low dispersion and very
low nonlinearity, including SRS. However, this is a very new
technology that still needs substantial development to prove
commercially viable. In addition, it requires the deployment
of a completely new cable infrastructure.

The remainder of the paper starts with a discussion on
the modeling of a UWB system including such peculiarities
in SectionIl. Then, we review the state-of-the-art of UWB
system demonstrations as well as their enabling techniques
in SectionIII. SectionIV discusses the implications of UWB
systems in optical networking and node configuration, which
is followed by related enabling technologies such as op-
tical switching, optical amplification, mitigation of UWB
transceiver impairments, whole band wavelength conversion,
and transmission in HCF.

'Many publications alternatively use the term multi-band systems instead.
In this contribution we use the term UWB systems synonymously.

II. MODELING OF UWB TRANSMISSION SYSTEM

In this section, we address the peculiarities in modeling
a multi-span WDM optical fiber transmission over a band-
width exceeding the state-of-the-art C-band, and exploiting
dual-polarization multilevel modulation formats with a digital
signal processing (DSP) based adaptive receiver—the so-called
coherent optical technologies. The effect of WDM fiber propa-
gation on such transmission technologies has been extensively
analyzed in recent years, and several mathematical models of
the physical effects have been proposed and validated. All
derivations apply a perturbative approach and aim at describing
the nature of the residual impairments after the equalized
coherent receiver [27, 28]. These mathematical models can be
subdivided into two main families: (a) models aiming at the
evaluation of the worst-case effect independently induced by
each fiber span and modulation format agnostic: disaggregated
models such as the incoherent GN-model [29]; (b) those
targeting the entire optically amplified line considering spa-
tial transients and modulation format dependence: aggregated
models, such as those of [30, 31] and their evolutions. Models
(a) are used in the planning and control of dynamic transparent
networks where a disaggregated approach is needed [32],
while models (b) enable to optimize point-to-point optical
links in both long-haul and short-reach scenarios; for instance,
in submarine cables and inter-data-center connections. Inde-
pendently of the specific approach, all theoretical derivations
show that the effect of WDM fiber propagation can be sum-
marized by introducing a disturbance caused by the nonlinear
Kerr effect interacting with the chromatic dispersion and atten-
uation: the nonlinear interference (NLI). Such a disturbance,
considered after the full chromatic dispersion compensation
applied by the adaptive receiver together with the matched
filter and the carrier phase recovery, at the optimal sampling
time, has been extensively demonstrated to be well character-
ized as a dual-polarization additive Gaussian random process.
In addition to the NLI, the other disturbance introduced by an
optical line is the accumulated amplified spontaneous emis-
sion (ASE) noise from the optical amplifiers, which is well
modeled as an additive dual-polarization Gaussian random
process. Consequently, every transparent lightpath (LP) can be
effectively modeled as a dual-polarization additive white and
Gaussian noise (AWGN) nonlinear channel [33] characterized
by its signal-to-noise ratio (SNR) [34-36]. Because of the
presence of nonlinear interference, the LP SNR is typically
defined as generalized optical SNR (GNSR) and is defined
for the i-th WDM channel as

P;

GSN B, Pasgi+ Pnrri’ O
where P; is the received channel power and Pagg,; and
Py, are the accumulated ASE noise and NLI, evaluated
over a bandwidth equal to the symbol rate (1;), respectively
[35]. As the LP is a nonlinear channel, its GSNR can be
maximized by properly setting the power per channel at the
input of fiber spans [37]. The AWGN model for LPs has
been extensively proven to be accurate, also in commercial
scenarios, using different modulation formats and on mixed
fiber types with a chromatic dispersion down to 2 ps/nm/km,
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using state-of-the-art symbol rates, or larger [34, 38]. This
approach allows to apply the Shannon theory [14] to the WDM
optical transmission, so the capacity limit of a WDM comb
over an amplified fiber link can be defined as:

[blt} @

sec

Nech
Ry.ilog, (1+ GSNR,)

i=1

C=2

where the factor 2 accounts for the dual-polarization and R ;
and GSN R; are the symbol rate and GSNR for the i-th WDM
channel, respectively. To better show the need for additional
spectrum to enlarge the link capacity, it is useful to focus on
the simplified scenario of a fixed WDM grid A f and uniform
symbol rate R together with a flat GSNR. Therefore, Eq.
2 is simplified to C = 2 B (R;/Af) log, (1 4+ GSNR),
where B = N Af is the total transmission bandwidth.
State-of-the-art transceivers are very close to the limit [39],
thanks to R;/Af approaching the unit (e.g, R; = 69 GBd in
A f =75 GHz), the rate flexibility enabled by hybrid formats
[40] and shaped constellations [41]. Some further capacity
can be obtained by using hybrid EDFA/distributed Raman
amplification [42] and/or using DSP techniques to partially
compensate for the NLI [43], which increases the optimal
GSNR, but the effect on the capacity of larger GSNR levels
is limited by the logarithmic law. Therefore, to obtain more
capacity, the total transmission bandwidth B must be enlarged,
either by activating a new fiber line, or by exploiting additional
bands on the same fiber line, as proposed in this work.

The available mathematical models for the NLI generation
can be extended to their use on the UWB transmission from
the O- to the U-band, with the exception of a guard band
around the zero-dispersion wavelength that is in the O-band
for standard SMF (SSMF). The requested guard band width
depends on the minimum tolerable chromatic dispersion by
the transmission technique, channel spacing, and power levels
used in the spectral region. Moreover, the statistics of the
zero-dispersion wavelength that may vary fiber by fiber is
relevant in defining the guard band. Later, we will comment
on the modeling transmission close to the zero-dispersion
wavelength.

In UWB scenarios, the wave equation governing the evolu-
tion of the modal amplitude in the SMF is the same coupled
nonlinear Shrodinger equation (CNLSE) as that for the C-band
analysis because the fiber is in the single-mode regime and
nonlinearities are perturbations on the entire O-to-U-band
spectrum [20]. Note that in general the CNLSE is a stochastic
equation, as it includes the random birefringence. Focusing
on the analysis of propagation of dual-polarization coherent
optical technologies, the propagating optical signal is depo-
larized over short propagation distances, so we can apply
a polarization average to the wave equation. Moreover, the
polarization mode dispersion (PMD) is typically compensated
for by adaptive coherent receivers and weakly interacts with
NLI generation. Consequently, we can assume the fiber wave
equation to be the Manakov equation [44] centered at the
wavelength of the channel under test. The WDM spectrum
is the comb of the dual-polarization spectrally orthogonal
N.p, which are statistically independent random processes.

Substituting such a signal form in the Manakov equation,
we obtain a set of N., wave equations, each including loss,
chromatic dispersion, and self- and cross-channel nonlinear
effects: the spectrally separated Manakov equation (SSME).
Nonlinear effects are always a perturbation, so each channel
is assumed to propagate in accordance with the following
perturbative law:

Ai(f,2) = {Ai(f,0) + Ni(f,2)} Vpi(2)Hpi(f,2), (3)

where f is the frequency and z is the propagation distance.
Ai(f,2) = [Ax,i,Ayvi]T is the optical field amplitude of the
i-th channel under test, p;(z) is the power evolution including
loss and SRS [23, 24] effects, Hp;(f,z) is the effect of
chromatic dispersion, and N;(f, z) = [Ng.i, NW]T is the NLI
spectrally centered on the i-th channel. Substituting Eq. 3 in
the SSME, the set of differential equations is obtained for the
generation of the N., N;(f,z) components. Integrating the
equations and relying on the statistical properties of digital
signals, the power spectral density G v ;(f) of N;(f,z) can be
evaluated. The coherent receiver applies the matched filter, so
the intensity of the NLI Gaussian random process impairing
the decision signal is Pnps; = fj;f Gni(f)|Hm(f)df.
Different mathematical models proposed in the literature rely
on different approaches and approximations for the Pnprr
calculation, but all can be summarized in the following com-
mon form:

Pyrii = nmspmiPl+ P Z 7IXPM=Z'J'PJ‘2 +
i
+ Z NEW M,ikim P Pi P “4)

klmeFW M;

where P; is the input power of the i-th channel, F'W M; is the
set of FWM indices klm on the ¢-th channel, and 7nspas,i,
Nxpm,i> and Npwarikim are the efficiencies for self- and
cross-phase-modulation, and FWM, respectively, which gen-
erate the self-, cross-, and multi-channel NLI components, re-
spectively. For most practical scenarios, FWM is negligible, so
the NLI components can be spectrally separated. Aggregated
mathematical models focus on computing the overall NLI
generated by the optical link by integrating the differential
equation for N;(f, z) on the entire transmission system, while
the disaggregated NLI models aim at the evaluation of the
equivalent NLI generated by each fiber span.

In UWB scenarios, contrary to the C-band analyses, typ-
ical approximations in fiber parameters must be removed to
properly take into account frequency dependencies across the
wide bandwidth, starting with variations in the frequency of
loss and chromatic dispersion [20]. The Kerr effect can still
be considered as instantaneous [45], while scaling with the
wavelength A of the channel under test in the effective area,
and consequently that of the nonlinear coefficient -y, must be
included [20].

Specifically, variations with f of loss must be accurately
considered. An effective method to properly consider vari-
ations with f of loss is to rely on the phenomenological
expansion proposed in [46]:

a(A) = as(A) + auv(A) + ar(A) +az(A),  (5)
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where as(\), ayv(A), amr(N), a13(\) are the Rayleigh scat-
tering, ultraviolet, infrared, and OH™ peak absorption contri-
butions, respectively. In [47], it has been experimentally shown
as this phenomenological approach is effective and needs to
define only four parameters for an accurate and reliable loss
profile model.

The SRS has a negligible effect on the modulation time
constant [48], so its practical impairment on WDM signal
combs is a seamless transfer of optical power from higher
to lower frequencies depending on the frequency spacing A f,
with the efficiency peak of A f around 12 THz [49, 50]. This
means that the SRS can be considered a power-dependent
spectral tilt for the C-band-only transmission. While, in the
case when the fiber spectral exploitation approaches or exceeds
12 THz, the effect of SRS on per-channel power evolution
must be accurately evaluated [51] given the power spectral
density at the fiber input by solving the SRS set of N
differential equations [24, 52]:

81352(2) = = anbu(z) +
n—1
- Pn(z) Z CR(an Afnm)Pm(Z) +
m;ih
+ Pu(2) Y Cr(fm; Afmn)Pm(2) (6)
m=n+1

where P(z) is the power evolution of the n-th channel centered
at f,, in the N, WDM channel comb, «, is the loss coefficient
for the n-th channel, Af,,,, = fn — fm and Cr(fn; Afnm) is
the Raman efficiency referring to f,, for the spectral separation
A fnm. Note that to achieve an accurate evaluation of SRS,
a proper shape for the Raman profile and its scaling with a
reference frequency must be considered [49, 51].

Given the input power per channel P, = P,(0), the
solution of Eq. 6 is the per-channel power evolution P, (z) =
P, -pn(z) = Ppexp(—anz)Gsrsn(%). To show the effect of
SRS, as shown in Fig. 3 the UWB loss modified by the SRS
over 70 km of the SSMF without OH™ absorption (ITU-T
G.652D fiber) is depicted together with the intrinsic fiber
loss. The full spectral load (Af = 75 GHz, R, = 64 GBd)
from O- to U-band is considered and the input power per
channel has been optimized to maximize the GSNR without
considering the effect of SRS. A simple flat single-band power
optimization on each per-band center channel [37] has been
applied. To better focus on the effect of fiber, amplifiers are
considered ideal with noise figures (NFs) [19] of 7 dB for
the S- and O-bands, 6 dB for the E-, L-, and U-bands, and
5.5 dB for the C-band. Using these hypotheses, Eq. 6 has
been solved on the O-to-U band, considering the loss «(f,)
and Raman Cg(f,.; A fnm) profiles of the SSMF, including the
Raman efficiency scaling with f,, [49]. Results are shown in
Fig. 3 where it can be observed that all higher frequencies for
which the overall spectrally occupied lower frequencies exceed
the Raman peak—roughly the O- to S-band—experience an
extra loss due to SRS depletion. In contrast, with a change
of regime in the C-band, frequencies without an occupied
spectrum exceeding the SRS peak at lower frequencies experi-
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Fig. 3. Loss introduced by 70 km of the SSMF: fiber loss only (dashed)
and fiber loss including the SRS effect (solid). Flat per-band input power per
channel optimized without SRS.
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(red) and SNR 71, (green) components, by 70 km of the SSMF. Flat per-band
input power per channel optimized without SRS.

ence a loss reduction due to SRS enhancement. Therefore, the
SRS is the main UWB effect that, depending on the overall
spectral load, enlarges loss at larger frequencies, enhancing the
ASE noise impairments and reducing the NLI. The opposite
occurs for lower frequencies, for which the SRS enhancement
mitigates loss, and therefore, reducing the effect of ASE noise
and enhancing the NLI generation. These UWB effects must
be accurately considered in the mathematical NLI models
when applied to ultra-wideband scenarios, otherwise they
rapidly lose accuracy with the expansion of spectral occupation
beyond the C-band. So, mathematical models for the NLI
generations must be adjusted by including the per-channel
power profile P, (z) obtained by solving the SRS equations 6.
For instance, the generalization of the GN-model by including
the SRS and loss profile has been proposed and validated in
[36, 53, 54].

To observe the impact of the UWB loss profile and that
of SRS, in Fig. 4 we display the GSNR and its optical
SNR (OSNR) and SNRy; components evaluated [36] on
the 70-km scenario considered for the loss plots of Fig. 3.
These results have been obtained considering typical SSMF
chromatic dispersion and loss profiles with respect to the
frequency [19]. The fiber effective area is supposed 80 pm?
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in the C-band scaling with the inverse of the frequency in the
other bands [49] As expected, if we do not include the SRS
(dot-dashed curves), the OSNR component is always 3 dB
lower than the SNRy at each band center frequency. The
scenario drastically mutates when properly considering the
SRS in evaluating the GSNR and its components. By analyzing
these results shown in Fig. 4 (dotted curves), it is evident
how the SRS depletion impacts O-to-S bands by reducing
the OSNR and enlarging the SNR 7. Therefore, these bands
operate in almost a linear regime with the GSNR defined by
the OSNR—SNR s, practically negligible—and reduced by
1-2 dB with respect to the prediction without considering the
SRS. The opposite occurs for the L- and U-bands that are
forced to operate in the nonlinear regime. For these bands,
the GSNR is not reduced because of the strong benefits in
the OSNR due to SRS enhancement that compensates for
the SNR v, reduction. The C-band is the transition from one
regime to the other. Practical implications of this behavior are
as follows. (i) To properly manage UWB optical transport,
the GSNR computation must accurately include the effect of
SRS in both OSNR and SNR y 1, computations. (ii) The optical
controller setting the amplifiers, and consequently the fiber
input power per channel for each band, must be a multi-band
optical controller that sets all the per-band amplifiers [55].
(iii) Deploying traffic on additional bands on the same fiber
must be accurately controlled to avoid GSNR reduction and,
as a result, the possibility of service outages on already active
WDM channels.

Finally, we comment on modeling fiber transmission when
approaching the zero-dispersion wavelength A.;. When the
chromatic dispersion approaches zero, the nature of the prob-
lem is modified, the perturbative approach must be modified
as proposed in [56], and relevant parametric phenomena may
impact propagation [20]. Moreover, in such a spectral region,
considering the statistical variations of \,4 in cables [57]
becomes crucial because of possible chromatic dispersion
magnitude variations being comparable with its nominal value.
So, a clear assessment of nonlinear transmission modeling
in such a spectral region has not yet been proposed. From
a practical perspective, the stochastic nature of the problem,
and consequent possible issues on reliable LP deployment,
suggests exploiting the spectral region around the nominal 4
for short-reach transmission only with the power level kept
below the nonlinear threshold.

III. EXPERIMENTAL DEMONSTRATIONS OF UWB
TRANSMISSION AND ENABLING TECHNIQUES

Research in SMF communication systems is currently being
driven by two complementary strategies: bandwidth expansion
and spectral efficiency enhancement. It is, therefore, unsurpris-
ing that high-capacity SMF transmission system demonstra-
tions regularly showcase new communications technologies
while providing a key indicator of progress in the field as a
whole. Several milestones in the achievable data throughput
in SMF [58-69] reported over the past decade are shown
in Fig. 5. Particularly, it highlights the different amplifica-
tion technologies that enabled the transmission bandwidth

beyond the conventional C+L-band. Few efforts have been
made to maximize capacity through transmission bandwidth
extension in trans-Atlantic (> 6,000 km) and trans-Pacific
(> 9,000 km) systems. These transmission systems are elec-
trical power feed constrained, and optical fiber parallelism is
seen as a better solution to maximize cable capacity. In con-
trast, record capacities over short transmission distances have
mainly used amplification technologies that extend bandwidth
beyond C+L-band EDFAs. In [61], a semiconductor optical
amplifier (SOA) with a 100 nm gain bandwidth demonstrated
the potential for a SMF capacity of 115.9 Tbit/s over a
100-km transmission distance. The relatively high NF of
SOAs versus, for example, EDFAs means they are generally
considered unsuitable for repeatered transmission systems.
Nevertheless, by combining an SOA with distributed backward
Raman amplification, a 107-Tbit/s transmission over 300 km
(3x100 km) was reported in [63]. In [62] a distributed Raman
amplifier with a 11.2-THz bandwidth enabled a 102-Tbit/s
transmission over 240 km (3x80 km). An even greater data
rate of 120 Tbit/s over 630 km (9x70 km) was shown by using
hybrid distributed Raman-EDFA amplifiers with a continuous
91-nm gain bandwidth [64]. Further extension in transmission
bandwidth towards lower S-band wavelengths resulted in a
higher SMF capacity. In [60], a 150.3-Tbit/s transmission over
40 km was demonstrated. The transmitted signals occupied
a total bandwidth of approximately 109 nm (13.625 THz),
and a distributed backward Raman amplification scheme for
the S-band and EDFAs for the C- and L-bands were used
to compensate for the fiber loss. In [59], the combination
of a thulium doped fiber amplifier (TDFA), discrete Raman
amplifiers and C+L band EDFAs provided a continuous gain
bandwidth of 16.83 THz (1484.86-1619.67 nm), achieving a
net throughput of 178.08 Tbit/s over 40 km. In [58], a record
net data throughput of 190 Tbit/s over 54 km was shown.
The channels were transmitted over a gain bandwidth of ap-
proximately 17.25 THz, and a hybrid distributed Raman/TDFA
for S-band, together with C+L-band EDFAs, was used for
signal amplification. Fig. 5 summarizes the transmission per-
formance achievable with state-of-the-art technology under
specific conditions. In the design of commercial systems, it is
necessary to ensure dynamic range and margin to cope with
variations in various parameters such as span loss and aging
of components. It is therefore appropriate to understand that
these hero experiments are somewhat beyond the upper limits
of performance achievable with commercial systems.

A UWB transmission architecture has already been envi-
sioned in [70]. Even though UWB components are still un-
available, powerful experimental laboratory techniques, which
permitted savings and massive duplication of equipment, have
enabled the experimental demonstration of large-scale WDM
systems [1]. For wideband transmissions, different lab ap-
proaches to emulate the aggressors channels per band have
been demonstrated. In [60], 47 carrier signals from DFB-LD
and a I/Q sub-carrier generator were used to generate 84 carrier
signals. In [58], a single wideband comb-source generated the
interfering carriers across the entire 17.25-THz transmission
bandwidth, and a single IQ-modulator was used to modulate all
carriers. However, the spectral region of S-band wavelengths
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Fig. 5. Record data throughput versus distance for single-mode fiber. The
transmission bandwidth indicated in each case is for the usable spectrum, not
including spectral gaps between amplifier gain bandwidths.

of the comb had a lower optical power, which contributed
to worse channel performance at this band. To overcome this
lower optical power per comb line at S-band wavelengths in
[71], the same wideband comb-source was used by Puttnam
et al. to generate the carriers over only the C- and L-bands,
and a single modulator was used to modulate the interfering
channels in the C+L bands. The S-band interfering modulated
channels were generated by band wavelength conversion from
an amplified tap of the L-band modulated channels.

An even simpler technique used to emulate the aggressors’
channels, which is valid for high-SE dispersion-unmanaged
coherent systems, uses the ASE of optical amplifiers, whose
Gaussian optical field statistics accurately emulates a tightly
packed broadband multiplex of spectrally and constella-
tion-shaped WDM channels [72, 73]. In [61, 63], a combina-
tion of banks of lasers together with ASE noise sources were
used to emulate a continuous 12.5 THz bandwidth aggressor
channel, while a continuous 11-THz and 16.8-THz ASE noise
source was used in [64, 66] and [59], respectively.

Another experimental test-bed architecture solution and
commercial product alternative for UWB transmission is
whole band wavelength conversion for signal generation and
reception proposed in [74]. Details of this new approach are
given in Section IV.D.

These laboratory schemes have enabled the experimen-
tal demonstration of up to a 17-THz occupied transmission
bandwidth, achieved by simultaneously using the S-, C-, and
L-bands. However, it is important to note that, to date, for
all wideband experimental demonstrations [58-61, 63, 74],
the S-band channel wavelengths (< 1530 nm) experienced
worse received performance compared with the C- and L-band
wavelengths. For instance, Fig. 6 illustrates the information
rate and received SNR for all 660 channels at 25-GBd channels
after a 40-km transmission (details of the transmission system
under investigation can be found in [59]). In this particular sys-
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Fig. 6. Per-channel throughput and SNR over two polarizations after 40 km.

tem, the combination of fiber parameters, hybrid amplification
method, and different back-to-back implementation penalties
per band, lead to a significant SNR wavelength dependence
(details are given in Section IV.D and [75]). To mitigate this
effect and maximize the achievable information rate (AIR)
of each individual channel, new geometrically-shaped (GS)
constellations tailored for the SNR of each wavelength were
designed and implemented [59]. As can be seen in Fig. 6, in
the C- and L-bands, 1024-ary GS constellations were mainly
used, while for channel wavelengths <1530 nm, GS-64QAM
and GS-256QAM provided higher AIRs.

To date, only approximately a third of the low-loss window
of a single-mode silica fiber bandwidth has been experimen-
tally demonstrated. Notwithstanding seamless amplification
technology can be designed and developed, experimentally
study a fully-ed 50 THz SMF transmission system in a
simplified and inexpensive manner remains a challenge.

IV. IMPLICATION OF UWB SYSTEM IN OPTICAL
NETWORKING AND SWITCHING

When considering the suitability of UWB systems we must
consider the constraints placed on optical systems in different
parts of the network. Transoceanic communication cables [76]
have often been at the forefront of adopting fiber technologies
including EDFA [77]. Because these systems deploy both
amplifiers and fiber at the same time, the issue of legacy fiber
losses is less problematic. For repeated undersea systems such
as transoceanic cables, there is a constraint on total system
power and the cross-sectional diameter of the cable. Therefore,
increasing available optical bandwidth looks to be promising
way to scale cable capacity if broader band optical amplifiers
with high efficiency and low NFs can be developed. Expansion
of the optical bandwidth can lead to lower power per bit per
amplifier by enabling a reduction in the spectral efficiency that
results in a larger reduction in power. This is applicable to both
UWB and space-division multiplexing approaches.

In terrestrial systems the potential application space may
be subject to a different set of constraints. It is likely they
will have to operate over an installed fiber, which may limit
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Parallel

Fig. 7. Schematic diagram for metro/core network based on UWB and
conventional dense WDM. For segments with limited fiber availability (shown
by thin lines), UWB transmission should be efficient in upgrading the network
capacity without a new fiber build, while fiber-rich segments can use parallel
conventional systems.
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Fig. 8. Exemplified block diagram for UWB 3-degree ROADM node having
banded amplifiers, banded WSSs, and UWB multi-cast switches (MCS)
connected to banded transceivers (TRxs).

the available spectrum due to higher transmission losses in
other bands, as shown in Fig.1. In longer haul systems
(typically greater than 500 km) the fiber span lengths (80—
120 km) may cause certain fiber bands, such as O and E, to
have unacceptably high losses, unless amplifier spacing were
reduced. However, in the metro space, where low latency 5G
applications and video streaming may drive rapid growth in
demand, fiber spans can be significantly shorter (1040 km),
and much larger fiber bandwidths may become an attractive
way to scale capacity on existing fiber plants (Fig. 7). Unlike
in early WDM systems where maintaining constant noise per-
formance across the wavelength range was critical for system
capacity, today’s coherent transponders enable the capacity
to be adjusted on the basis of the noise and impairments of
each particular channel. This somewhat alleviates the need for
constant losses and NFs from each amplifier or band.

To support the UWB network, it is necessary to expand the
wavelength coverage of network elements such as transceivers,
in-line amplifiers, and switch nodes such as the re-configurable
optical add-drop multiplexer (ROADM) or wavelength cross-
connect. The actual node configuration that supports the UWB
network should be designed in view of the limitations of
practical optical components and subsystems. Fig.8 shows
one possible configurations for a 3-degree ROADM node,
having a transmission fiber in/out of 3 directions and local

add/drop ports to be interfaced with transponders. In this
example, the input/output interfaces to the transmission fibers
are with wavelength-band multiplexers and demultiplexers so
that different types of amplifiers and wavelength selective
switches (WSSs) are used in parallel to amplify and switch dif-
ferent portions of the UWB spectrum. The local add/drop port
adopts a single UWB multi-cast switch so that any transponder
connected to any port can be routed from/to the appropriate
WSS with the intended band and direction. Note that the
node should become simpler if a single amplifier and/or a
single WSS can handle multiple band signals together. In
the following subsections, several key technologies to support
the future evolution of UWB networking are provided. For
complementary and detailed discussions on the UWB devices
and subsystems, the readers are also encouraged to look into
another paper in this special issue [78].

A. Wavelength Switching

Current wavelength switching architecture [79] consists of
using WSSs to build mesh-connected nodes with the option
to add and drop local traffic. Internally, a WSS is an optical
system that forms a spectrometer that disperses the light
across a switching element, which is used to switch selected
wavelengths to the needed output ports. The spectrometer is
constructed using lenses, mirrors, gratings, and polarization
optics, and the switching element is typically a liquid crystal
on silicon (LCoS) reflective phase modulator, which is used
to create holograms that steer portions of the spectrum to
different ports. In current optical transport systems, a WSS
typically covers either the C or L-band and typically has 20 or
more optical output ports, to enable mesh connections, and so
a C+L system will typically have a band splitter and two WSSs
per fiber. If this approach is used to open up additional spectral
bands, as shown in Fig.8, this introduces the same system
switching complexity as using more fibers. The technologies
for constructing WSSs can be adapted to operate in different
wavelength bands [80] or over larger (36 THz) optical spectra
[81], with the recent commercial implementation of 10 THz
[82]. There are a number of constraints on the functionality
as the switches are scaled to larger bandwidths. The spectral
resolution of a WSS is limited by a combination of the
spectrometer resolution, which is determined by the number
of lines of the grating that is illuminated and by the number
of pixels on the LCoS. Maintaining the same absolute spectral
resolution while increasing the spectral width requires a larger
number of pixels, leading to a larger LCoS panel or higher nu-
merical aperture optics that will increase the overall system’s
size and cost. Alternatively, if the spectral resolution is scaled
with the total spectral width, such that the system maintains
the same number of resolvable spectral channels, the WSSs
will have essentially the same footprint and complexity. The
increased use of superchannels, where multiple transponders
are combined into a single band, indicates that the need to
maintain the spectral resolution to efficiently route a single
transponder may not be necessary. If the current network
topology is retained, maintaining the same number of channels
is sufficient to enable the same connectivity as today, but at a
higher per link capacity.
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B. Amplification Technologies

Optical amplifiers were first used widely, instead of elec-
tronic repeaters, in optical transmission systems in the late
1990s, thanks to the invention of the EDFA. Although C-band
(in particular) and L-band EDFAs have undergone constant
improvement, particularly in terms of functionality, size, and
cost, their spectral coverage has remained limited to approx-
imately 40 nm in each band. Alternative rare-earth doped
fiber amplifiers for the O-, E-, S- and U-bands have yet
to be developed to sufficient maturity levels for widespread
adoption in commercial transmission systems [83]. Therefore,
although rare-earth-doped fibers based on thulium (S-band),
neodymium (E-band), and praseodymium (O-band) have been
demonstrated in numerous experiments and are also avail-
able commercially [84], and bismuth-doped fiber amplifiers
offer potential amplification windows over various parts of
the UWB spectrum considered here [85, 86], there remain
practical manufacturing, handling, and reliability issues yet to
be solved. Similarly, long-standing alternative optical amplifi-
cation technologies based on semiconductor optical amplifiers
[87] and optical parametric amplifiers [88, 89] have significant
associated challenges in terms of either introducing nonlin-
ear distortions, or with power efficiency and compactness,
for them to be deployed in practice, despite a number of
attractive features, including the recently demonstrated 100 nm
bandwidth [87] and low NF plus supplementary functionality
[89], respectively. In terms of spectral flexibility for UWB
transmission, the Raman amplifier offers a potential short-
term solution to amplification in most of the target UWB
spectrum because, as explained in the following, it can provide
an arbitrary gain bandwidth and the key components, high-
power pump lasers, can be manufactured using existing, well-
established techniques [83, 84].

Raman amplification in optical fiber is a long-standing all-
optical amplification technology whose promise was widely
explored in the 1990s and was commercially deployed in the
early 2000s [16, 90]. However, its development slowed in
the late 2000s, as explained in Section I, due to the rapid
increases in spectral efficiency enabled by digital coherent
transceivers [1]. Nevertheless, Raman amplifiers have found
widespread commercial application over the years [52, 90, 91],
both in long-distance, single-span, unrepeatered transmissions,
where distributed, or even multiple-order, Raman amplification
provides improved NF [92], but also in conventional long-haul
systems [90], where the long-standing, occasional use of hy-
brid EDFA/distributed Raman amplification technologies [93]
has become much more common recently to support the higher
OSNR requirements of advanced modulation formats [94]. In
the context of UWB systems and networks, the highly flexible
spectral characteristics of Raman amplifiers, which are mainly
determined by the availability of suitably high-power pump
lasers of appropriate wavelength, offer the potential for multi-
band or even seamless UWB Raman amplification, either when
deployed in their own right, or in concert with established
C-band, or C+L-band EDFAs. In the following, we briefly
review recent advances in the design and demonstration of a
more complex class of UWB discrete Raman amplifiers, based

on a dual-stage design approach [95] and also recent achieve-
ments in the application of machine learning techniques to the
design of multi-band Raman amplifiers. [96]. To increase the
system OSNR, the so-called distributed Raman amplification is
widely used, which in its simplest form comprises a number of
high-power pumps multiplexed together and then coupled into
the transmission fiber in a counter-propagating, or backward-
pumped, configuration. However, to provide UWB gain, it
is desirable to use a discrete, or lumped, Raman amplifier
configuration, where all amplifier elements are located at the
amplifier node [97]. Such a discrete Raman amplifier does not
provide the NF benefits of distributed amplification, but it is
functionally equivalent to a conventional EDFA. Moreover, it
enables the use of a specialty nonlinear fiber as the Raman
gain medium, leading to increased pump efficiency, and has
the added safety benefit of not requiring a pump light in the
operator’s fiber plant.

C. Mitigation of Transceiver Impairments

When it comes to the design of transceivers for UWB sys-
tems, there are, in principle, two design approaches: (1) design
transceiver components specifically for UWB operation, i.e.,
covering several optical bands by a single device; and (2)
design individual components optimized for operation over a
single optical band. While option (1) will certainly simplify
stock-keeping since a single transceiver type can cover all
bands, option (2) will allow forenable better performance
as transceivers only cover a single band, thus simplifying
the optimized transceiver design. As outlined in Section III,
transmitter and receiver components specifically developed
for UWB operation, i.e., covering several optical bands by a
single device, are still lacking. In particular, the following main
components for optical UWB transceivers are not available as
commercial products:

¢ UWB tunable laser
o UWB dual-polarization 1Q modulator
o UWB coherent receiver frontend

First, the characterization of a UWB silicon photonics inte-
grated transmitter and receiver showed that operation over
370 nm of bandwidth using a single device is, in princi-
ple, possible [98, 99]. However, since then, there was lit-
tle to no progress reported (cf. overviews in [100, 101]).
While specifically developed UWB transceiver components are
widely unavailable, experimental investigation, in particular of
S+C+L-band transmissions, currently relies mainly on C-band
components, which are used out-of-band, coupled with digital
mitigation schemes to cope with increased component-induced
distortions. The following subsection provides an overview
of recent works on transmitter components and the related
DSP. Another option to cope with the unavailability of UWB
components, which is based on optical signal processing and
wavelength conversion, is presented in the next subsection.
In principle, silicon photonics modulators can provide UWB
modulation due to the broadband nature of the plasma dis-
persion effect [98, 99, 101]. However, the only published
results date back to 2016, and a comprehensive performance
analysis is still lacking. In addition to silicon, lithium niobate
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Fig. 9. Measured variation of insertion loss (AIL) of exemplary commercially
available InP and LiNbO3 C-band modulators in S-, C-, and L-band. In
order to include wavelength dependency of modulation-induced loss, the
measurements were performed under modulation conditions with 64 GBd
dual-polarization 64-QAM signals.

(LiNbO3) and indium phosphide (InP) modulators are poten-
tial candidates for UWB modulation. Recently, a simulative
study has evaluated several InP modulator designs [102].
One of the critical building blocks for UWB operation of
InP is the integrated beam splitters usually implemented in
the form of multi-mode interference (MMI) couplers. Due to
the wavelength dependence of the MMI splitting ratio, their
operation over a wide wavelength range can lead to significant
variations in terms of insertion loss, power imbalance, and
phase error of the modulator [103]. These variations can lead
to unacceptable penalties [102]. However, initial results show
that proper InP MMI designs can achieve a low variation of
the splitting ratio and thus a high spectrum availability with
low penalty [102]. An overview on the current state-of-the-art
of UWB modulator devices is presented in a companion paper
devoted to UWB devices in this special issue [78]. Here, we
focus on the system aspects of UWB modulator operation.
Due to the unavailability of UWB modulators, there have been
efforts to use C-band modulators in UWB operation over the
S-, C- and L-band and quantify their performance [104]. De-
pending on the material and design of the C-band modulators,
there may be large differences in their suitability for out-of-
band use. As an example, Fig. 9 shows the measured variation
of insertion loss (IL) of two exemplary commercially-available
dual-polarization I/Q modulators, one based on LiNbO3 and
the other on InP. The measurements consider the IL under
modulation conditions (Dual-Polarization 64-QAM, symbol
rate of 64 GBd, root-raised cosine pulse shape with 0.1 roll-off
factor). In contrast to a CW measurement of the intrinsic IL,
the modulation signal uses the full electro-optic bandwidth
of the modulator. This way, the depicted variation of IL also
includes the variation of the modulation-induced loss with
wavelength. While the IL of the LiNbO3s modulator is quite
stable across the S+C+L-band, showing a variation of <2 dB,
the InP modulator exhibits more than 10 dB variation. This
has an important impact on the system performance, since the
IL influences the maximum transmitter output power and thus
the achievable GSNR (Eq. 1).

In addition to the individual components, DSP, which is
performed at the transmitter and receiver sides, also needs to
be adapted to UWB operation. For components operating over
a wide wavelength range covering multiple bands, component

S-band C-band L-band
10.5
—= 10,0
=)
g 95
9
’4?
< 9.0
linear PD
8.5 Memory Polynomial PD
Volterra PD
8,0
1460 1480 1500 1520 1540 1560 1580 1600

Wavelength [nm]

Fig. 10. Compensation of transmitter impairments by different digital pre-
distortion techniques and per-wavelength autonomous optimization of filter
design and coefficients (64-GBd DP-32QAM, LiNbO3 DP-IQM).

specifications are expected to show a larger spread than
only single-band conventional C-band operation. Advanced
impairment estimation and compensation algorithms may help
relax component specifications sufficiently to enable O- to
L-band operation. In the past, there has already been various
works focusing on the compensation of transmitter impair-
ments in C-band by applying digital pre-distortion techniques.
Such techniques play an important part in system design as
they improve the achievable information rate of a system by
removing limitations due to transmitter components [105].
Recently, an approach for autonomous nonlinear system identi-
fication and transmitter pre-distortion based on hyperparameter
tuning by Bayesian optimization was proposed [106, 107].
The proposed scheme enables on-the-fly per-wavelength non-
linear system identification and pre-distortion of the whole
transmitter subsystem including digital-to-analog converters,
driver amplifiers, and modulators. The autonomous digital pre-
distortion scheme was evaluated in an S+C+L-band transmis-
sion scenario [108]. Although a significant performance gain
was achieved, the performance in the lower S-band is still
degraded compared with the C-band as shown in Fig. 10,
which displays the measured Q-factor in the S+C+L-band for
linear and nonlinear pre-distortion either using a Volterra [109]
or a reduced-complexity memory polynomial nonlinear [110]
pre-distortion filter.

D. Whole Band Wavelength Conversion

As mentioned earlier in this paper, it is not necessarily
straightforward to develop optical components that supports
the full UWB spectrum. In particular, tunable lasers and optical
amplifiers could be the most challenging components that
should face certain limits of gain bandwidth defined by the
material properties. Consequently, it becomes reasonable that
the building blocks of a UWB network would start to use a mix
of different types of devices, each of them covering a certain
portion of the UWB spectrum (such as the one in Fig. 8 for
instance). Such an architecture should also be beneficial from
the viewpoint of initial investment to the line-system optics
because the network can be constructed in a limited number of
bands with a small initial investment, and incremental capacity
enhancement can be achieved by introducing additional optical
components for additional bands.
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However, this architecture still suffers from two issues:
higher operational complexity and higher equipment cost.
The operation complexity originates in the mixed use of
different components that corresponds to different bands. Extra
attention should be necessary during the network construction,
upgrade, or reconstruction for similar-looking devices for
different bands have to be connected to appropriate ports.
Network operators should maintain a sufficient amount of
inventory for possible upgrades or replacements for each
component to cover different bands. Regarding the higher
equipment cost, the new-band or UWB component should
be limited in their production quantity, and thus the cost
reduction should be more challenging compared with C-band
components where the production volume should be larger.
This cost issue should be critical, particularly with transceivers
which are by far the largest in quantity among various network
elements.

All-optical wavelength conversion technology that translates
optical signals from one wavelength band to another can be
considered as a solution to the aforementioned issues. As
schematically shown in Fig.11, a virtual subsystem for a
new band (i.e. X-band) can be realized by inserting whole
band wavelength converter(s) at the optical input and/or output
port(s) of an existing C-band subsystem. This idea should be
most effective when it is applied to the WDM transceivers
because one converter can translate the whole WDM spectrum
in the C-band to the X-band or vice versa altogether.

Among numerous wavelength conversion techniques re-
ported in the past [111], the whole band wavelength converter
to be used here is required to be inherently transparent to
the signal: being agnostic to the number of channels in the
WDM signal, symbol rate, and modulation format of each
channel and signal polarization including the compatibility of

Fig. 12. Schematic of UWB transmission system using whole band wave-
length conversion.Tx:Transceiver

polarization multiplexing. As a candidate to satisfy such re-
quirements, highly nonlinear fiber has been considered as one
of the most promising media to generate wavelength-translated
idler through FWM between the input WDM signal and
continuous-wave pump light(s) at one or two wavelength(s)
[112]. Collective wavelength conversion without modulation
format and polarization sensitivity was demonstrated with a
highly nonlinear fiber incorporated in the polarization diversity
configuration [113]. Note that the fiber nonlinearity, which
is usually a source of signal impairment in a fiber-optic
transmission system, plays a key role to provide new network
functionality. Two main basic parameters that characterize
the performance of the whole band wavelength converter are
conversion efficiency and conversion bandwidth.

More recently this technique was utilized to propose
and demonstrate a UWB transmission system by adopting
the concept depicted in Fig. 11 [74, 114]. The proposed
system comprises, in addition to multiple sets of C-band
WDM transceivers and a transmission line, a wavelength-band
multiplexer/de-multiplexer and a pair of wavelength converters
that enables the virtual use of C-band WDM transceivers as
X-band transceiver. With this scheme, UWB WDM transmis-
sion systems can be developed without transceivers operating
in new bands but C-band transceivers that are more mature and
at the forefront of new development Fig. 12. An experimental
demonstration of this system concept was given in a triple-
band (S+C+L-band) with 200-Gb/s (34-GBd DP-16QAM) test
signals in 50-GHz spacing. The C-band WDM signal was
translated by a wavelength converter having the characteristics
shown in Figs. 13 (a) and (b). They were then multiplexed
with the other WDM signal in the C-band to generate a
triple-band WDM signal. The signal quality after the 40-km
standard SMF transmission was received by a real-time digital
coherent receiver in the C-band after band de-multiplexing
and wavelength conversion back into the C-band in the same
configuration as that of the transmitter side (Figs. 13 (c) and
(d)), where no bit error was observed after performing forward
error correction on all 240 channels.

Whole band wavelength conversion can play other roles in
future optical networks by providing advanced functionality.
Such functionality can include amplification [115], multi-band
protection and bidirectional transmission [116], and trans-
mission performance improvement by equalizing the signal
quality by wavelength-band switching within a multi-span
transmission system [117].

Major characteristics that determines the performance of the
whole band wavelength converter are conversion bandwidth
and conversion efficiency. Regarding the conversion band-
width, the key limiting factor is the phase matching among
the input signal, pump light, and wavelength-converted idler
across a wide wavelength range. The conversion bandwidth
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Fig. 13. Measured conversion efficiency of wavelength conversion for (a)
C-to-L, (b)L-to-C, (¢) C-to-S, and (d) S-to-C.

can be extended by using a shorter length of a nonlinear
fiber [118], but group velocity tailoring of the nonlinear fiber
[119] should be necessary to develop it with a practical
pump light power of less than 1 W. Regarding the conversion
efficiency, it is important to have a conversion with minimal
loss across the wavelength band to avoid OSNR degradation in
the network. Although the conversion efficiency is determined
by the product of the nonlinear coefficient, the pump power,
and the effective length of the nonlinear medium, its upper
limit is capped by the saturation characteristics of the nonlinear
medium. In wavelength conversion based on highly nonlinear
fiber, stimulated Brillouin scattering (SBS) sets a limit to
the pump power. The limitation imposed by SBS can be
mitigated by broadening the spectral width of the pump light
launched into the nonlinear fiber, and thus the conversion
efficiency can be improved [120]. A potential problem in the
coherent reception of the wavelength converted signal with
the spectrally broadened pump light can be mitigated by a
dual pump configuration with synchronous frequency dithering
[121, 122], and can be considered to minimize such a penalty.

Further applications of wavelength conversion can be en-
abled by different types of nonlinear media in addition to
the highly nonlinear fiber. One possible candidate should
be a highly-efficient nonlinear medium that can provide a
conversion gain such as periodically-poled lithium niobate
waveguide [89]. The nonlinear waveguide using silicon-based
semiconductor waveguide [123-125] is another interesting
platform with a potential toward low power consumption and
highly-functional integration in the future.

E. Transmission in Hollow Core Fiber

As an alternative to SMF and solid-core fibers in general,
HCFs were proposed in the 1990s [126]. However, for many
years HCF loss remained very high and their usable optical
bandwidth appeared to be relatively limited. The situation
changed with the advent of HCFs of the NANF type, proposed
in [25] in 2014. While the first fabricated NANFs still had
high loss, steadily decreasing loss values were obtained in the
following years. In 2019, the 1 dB/km mark was broken and
recently a value of 0.174 dB/km over the C-band [26] has
been reported. The results in [26] also indicate that, if the
water peak was eliminated, the loss could be less than 0.23

3dB
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programmable
filter

pol
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Fig. 14. Schematic of the NANF re-circulating loop experiment [128].
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dB/km over 300+ nm and less than 0.3 dB/km over 400+ nm.
Further improvement appears possible, too.

In addition to the low loss and large bandwidth, NANF
also enjoys a Kerr nonlinearity coefficient v, which is 3 to 4
orders of magnitude lower than SMF, due to the propagation
in NANF occurring in gas. This means that both NLI and SRS
are practically negligible in NANF, which behaves essentially
as a linear medium. Another positive aspect of NANF is that
the dispersion is low, about 2.5 ps/(nm - km). This could
substantially ease the DSP effort for chromatic dispersion
compensation, especially at the ultra-high symbol rates that
are currently being developed. Another advantage of NANF is
that light propagates at almost vacuum speed. The reduction
of propagation time is attractive for certain applications where
latency is important.

One critical aspect of NANF is inter-modal interference
(IMI), which may occur because NANFs are intrinsically mul-
timodal and achieve single-mode operation thanks to higher-
order modes having large attenuation. If this mechanism of
mode suppression is not effective, then substantial IMI can
be present, which may cause significant transmission penalty.
The threshold for negligible impact of IMI is estimated to
be about —60 dB/km [127]. To test the behavior of NANFs
in actual long-haul transmission, various re-circulating loop
experiments have been carried out. The longest-reaching
[128] involved a transmission of 41 PM-QPSK channels over
4,000 km of NANF at an average per-channel generalized
mutual information (GMI) of 3.54 bit/symbol.

A variant of the experiment characterized each individual
channel maximum reach (with all others still being transmit-
ted). Maximum reach was defined as the maximum distance
for which the channel GMI was > 3.5 bit/symbol. Fig. 14
shows the schematic of the experiment. The results are shown
in Fig. 15. Remarkably, some channels approached 6,000 km,
which corresponds to over 500 turns in the re-circulating loop.
Several exceeded 5,000 km. On the other hand, a few channels
reached only about 3,000 km. This discrepancy in results was
partly explained by dis-uniformity in spectral response of the
loop at the hundreds of re-circulations which were being used,
beyond the capability of the loop programmable filter resolu-
tion to cope with. Partly, it was attributed to non-negligible
IMI, which was estimated to be about —50 dB/km. This value
was confirmed by an independent direct measurement of the
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Fig. 15. Maximum reach of each individual channel of the experiment [128]
whose schematic is shown in Fig.14. Transmission was PM-QPSK at 32 GBd.

NANEF, carried out by means of a sliding window and Fourier
filtering analysis of the transmission spectrum [129].

The experiment [128] showed very significant progress
vs. previous experiments, proving that NANF was on a quick
development trend. This trend was confirmed by the latest
specimen, presented in [26], which far outperforms the NANF
used in [128]: loss is now below 0.2 dB/km, vs. 0.8 dB/km.
In addition, the IMI of the NANF [26] has been measured
to be between —54 and —58 dB/km, hence very close to
the —60 dB/km required for virtually no IMI impact. It can
therefore be expected that when the latest generation NANF
is tested in a long-haul experiment, better results and better
uniformity among channels than [128] could be found. It
should also be noted that an important condition for NANF
to deliver new record long-haul performance is that longer
stretches of fiber can be fabricated, than previously done.
Performing re-circulating loop experiments over only a few km
of fiber clearly makes experimentation difficult and introduces
substantial set-up related spurious effects.

The potential of future NANFs to deliver a possibly larger
throughput than SMF was theoretically investigated in [127].
It was found that, over 1,000 km links (10x100 km), NANF
could deliver up to 5x-6x the throughput of a Raman-amplified
(with 0 dB noise figure) SMF C+L system, assuming a NANF
0.2 dB/km loss across 400 nm of bandwidth and lumped
amplification with a noise figure of 9 dB. Note that realizing
such systems would require exceptional progress in many
aspects: cost-effective top-performance NANF fabrication in
quantity; suitable optical amplification and optical sources
across hundreds of nm; development of many ancillary tech-
nologies needed for practical deployment. These are very
substantial challenges. Nonetheless, the peculiar features of
NANF are quite attractive and might make it a possible future
contender for UWB systems.

V. CONCLUSION

The fiber capacity increases that have been achieved over the
last three decades have resulted primarily from increasing the
spectral efficiency while using the same amplifier bandwidth.
However, we are approaching the nonlinear Shannon limit, and
this approach to scaling capacity is being rapidly exhausted.

Future system scaling will come through provisioning more
bandwidth either in the form of a wider spectrum on a single
fiber as discussed here or through copies of the existing spec-
trum on multiple spatial channels, as described in other papers
in this issue. Given the diversity of locations and constraints on
optical fiber systems, both approaches will likely be applicable
in future networks. Extension of the optical bandwidth beyond
the C+L-band is, therefore, expected to play a significant role
in upgrading the capacity of future optical networks.

In this paper, we have considered the merits and challenges
of a UWB optical transport system beyond conventional bands
to meet this expected capacity growth. We have identified
technologies and application areas where UWB may have a
significant impact. We reviewed the state-of-the-art UWB sys-
tem demonstrations, their enabling technologies, and unique
technical issues to UWB systems such as system modeling
and design, transceiver impairments, and optical amplifica-
tion technologies. We also looked at a new type of fiber,
hollow-core NANF, which might provide in the future ultra-
wide bandwidths with negligible non-linearity. Furthermore,
using whole band wavelength conversion was reviewed as a
potential means to overcome cost-related challenges in the
UWB network. This has the potential to allow the reuse of
current conventional band components which would overcome
the time and costs required to develop transmit and receive
components for all the new bands.
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