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Devices and Fibers for Ultra-Wideband Optical
Communications

Jeremie Renaudier, Senior Member, IEEE, Antonio Napoli, Maria lonescu, Member, IEEE, Cosimo Calo, Member;
IEEE, Gerrit Fiol, Member, IEEE, Vitaly Michailov, Member, IEEE, Wladek Forysiak, Member, IEEE, Nicolas
Fontaine, Senior Member, IEEE, Francesco Poletti, Senior Member, IEEE, Pierluigi Poggiolini, Fellow, IEEE,

Abstract—Wavelength Division Multiplexing (WDM) has his-
torically enabled the increase of the capacity of optical systems
by progressively populating the existing optical bandwidth of
Erbium Doped Fiber Amplifiers (EDFA) in the C-band. Nowa-
days, the number of channels — needed in optical systems
— is approaching the maximum capacity of standard C-band
EDFAs. As a result, the industry worked on novel approaches
such as: use of multi-core fibers; extension of the available
spectrum of the C band EDFAs; development of transmission
systems covering C and L bands and beyond. In the context of
continuous traffic growth, ultra-wideband (UWB) WDM trans-
mission systems appear as a promising technology to leverage
the bandwidth of already deployed optical fiber infrastructure
and sustain the traffic demand for the years to come. Since
the pioneering demonstrations of UWB transmission a few years
ago, long strides have been taken toward UWB technologies. In
this review paper, we discuss how the most recent advances in
the design and fabrication of enabling devices such as lasers,
amplifiers, optical switches, and modulators, have improved the
performance of UWB systems, paving the way to turn research
demonstrations into future products. In addition, we also report
on the advances in UWB optical fibers such as the recently
introduced Nested Antiresonant Nodeless Fibers (NANF)s, whose
future implementations could potentially provide up to 300 nm
wide bandwidth at less than 0.2 dB/km.

Index Terms—Optical fiber communication, Ultra-wideband
optical communications, Optical components, Lasers, Optical
switches, Optical amplifiers, Semiconductor optical amplifiers,
Optical fibers

I. INTRODUCTION

HE explosive growth of Internet data traffic and the
subsequent demand for cloud services has been a driving
force in the evolution of optical networks over a wide range of
reaches. This includes subsea, terrestrial long-haul, metro and
access as well as data-centers connectivity. The demand for
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traffic growth, in every segment, is expected to keep thriving
because of the forecasted evolution and massive deployment of
5G mobile network, Internet of Things (I0T), cloud computing
and storage [1]. These applications have continued to drive
up the fiber capacity of modern optical networks, which is
economically viable by reducing the cost per bit through the
increase in the information payload per wavelength.

Since the first demonstrations of 100 Gb/s coherent sys-
tems [2], [3], the Spectral Efficiency (SE) in commercial
Wavelength Division Multiplexing (WDM) C-band has sig-
nificantly increased to sustain the aforementioned ceaseless
data traffic growth requirements. Over the past decade, several
techniques, such as spectral shaping and high order modulation
formats with advanced Digital Signal Processing (DSP), have
been introduced to increase the per-wavelength bit rates from
the initial 100 Gb/s up to 1 Tb/s and beyond [4], [5]. Signifi-
cant improvements in Forward Error Correction (FEC) coding
allowed the transition from Hard Decision (HD) codes com-
monly using 7% Overhead (OH) to advanced Soft Decision
(SD) codes with higher OHs and better net coding gains [6]—
[8]. Nonlinear compensation algorithms have also been pro-
posed to mitigate fiber nonlinear impairments in spectrally
efficient advanced transponders [9], [10]. Recently, capacity-
achieving constellations, together with low-complexity Bit-
interleaved Coded Modulation (BICM) have been introduced
to coherent fiber-optic transmission systems [11], [12]. Partic-
ularly, Probabilistic Constellation Shaping (PCS) has attracted
much attention by allowing the achievable information rate
to be tailored to the Signal-to-Noise-Ratio (SNR) region of
interest in suitably choosing the Probability Mass Function
(PMF) of the constellation points.

However, further improvement of system SE via channel
coding innovation is increasingly challenging and comes with
diminishing returns as we approach the limit of the nonlinear
fiber channel. This limit is unknown to date but is upper
bounded by the Shannon capacity formula for the additive
white Gaussian noise channel [13], which reads, for dual
polarization transmission systems, as

C=2-M-B-log2(1+SNR)

where M and B are the number of spatial paths and the
optical bandwidth respectively. The SNR is limited by the
fiber Kerr nonlinear effect, and its improvement by, e.g., non-
linear compensation, is prohibitively complex [14]. Since the
capacity scales logarithmically with the SNR, it is clear that
multiplexing techniques represented by the pre-log factors (i.e.
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the number of spatial paths M and the bandwidth B) are best
suited to further increase the capacity. Scaling of the number of
spatial paths through Spatial Division Multiplexing (SDM) has
attracted much attention over the past few years to significantly
increase the capacity beyond what Single Mode Fiber (SMF)
can offer. The use of Multi-mode Fibers (MMF), Multi-
core Fibers (MCF), and their combination, which promise a
linear capacity increase scaling with the number of supported
cores and/or modes, has been extensively investigated as a
solution to meet the future demand for capacity growth [15]-
[20]. However, this approach requires the deployment of new
fiber infrastructure, the cost of which particularly represents a
fundamental practical issue in terrestrial optical networks.

An orthogonal, although complementary, direction to in-
crease the capacity of transmission systems, while maximiz-
ing the use of the existing infrastructure, is to extend the
bandwidth of the optical amplification beyond what can be
offered by the C+L-band Erbium Doped Fiber Amplifiers
(EDFA) based approach. This will raise new challenges, e.g.,
the interplay between fiber Kerr effects and Stimulated Raman
Scattering (SRS) combined with the wavelength dependence
of system parameters such as fiber loss, Noise Figure (NF)
of the optical amplifiers and fiber effective area [21]-[23].
However, the combination of novel extended-bandwidth sys-
tems, named here Ultra-wideband (UWB) systems, with the
most recent advances in DSP, modulation formats and FECs,
would significantly increase the net throughput that coherent
WDM systems may achieve [24].

There is more than one approach to realizing UWB and
Fig. 1 depicts some of them, as the the different bands —
where single mode transmission is possible — can be enabled
in different ways.

The first is to design the optimal amplifier per each band.
For example, the optimal doping material in C- and L-band is
the erbium, while in S-band is the thulium. This approach has
the benefit of enabling a pay-as-you-grow principle, so that
operators can add bands as needed. In this case, components
require to be optimized in a single band [22].

The second option is to develop amplifiers which can cover
a larger part of the spectrum, such as Raman amplifier and
Semiconductor Optical Amplifier (SOA), in red and green,
respectively in Fig. 1. SOAs and Raman amplifiers can cover
a spectrum as wide as 100 nm, equivalent to C+L-band
system with EDFA, without the need of different doping
material. It is worth to mention that bismuth amplifiers, if the
material stability could be solved, could cover almost the entire
54 THz from O- to L-band [25]. Here, having optical devices
exhibiting good performance over such a wide spectrum would
be appealing to fully exploit the benefit of the aforementioned
wideband amplifiers, but using different devices covering only
part of the spectrum would still be beneficial.

A third and last option is to realize an optical medium,
i.e, the fiber, which maintains “good” properties over a wider
spectrum. This is the case of hollow-core Nested Antiresonant
Nodeless Fibers (NANF), which theoretically might achieve a
bandwidth as large as 300 nm while keeping a low-enough at-
tenuation, together with very low non-linearity, low dispersion
and lower propagation delay than conventional fibers.

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

Finally, the different strategies — UWB or SDM with
MCF/MMF or parallel fibers, will be selected according to
the particular scenarios, e.g., metro/access, long-haul and
ultra-long-haul. Apart from the importance of growing traffic,
concerns such as losses vary across band types, and therefore
also the optimal amplifier and maximum transmission distance
will vary.

The remainder of the paper is organized as follows. Sec. II
discusses in details the several key-components. Precisely: in
Sec. II-A and Sec. II-B we deal with laser and modulators
for UWB optical systems, while in Sec. II-C we discuss filter
and switches. In next Sec. III, we report on one of the most
important elements to enable UWB transmission: the amplifier.
Here, we provide a detailed overview on doped fiber amplifier
in Sec. III-A, on Raman amplifier in Sec. III-B, and on SOAs
in Sec. III-C. The last technical section is devoted to the novel

hollow-core fibers of the NANF type. Final Sec. V draws
the conclusions.
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Figure 1: Attenuation over wavelength. The different spectral
bands are defined based on ITU nomenclature [26]. Standard
Single Mode Fiber (SMF-28) G.652D without OH absorption
peak has a bandwidth — with attenuation < 0.4 dB/km — of
more than 400 nm.

II. ULTRA-WIDEBAND LASERS, MODULATORS, AND
SWITCHES

A. Narrow linewidth tunable lasers

Tunable laser sources have become key enabling devices
for WDM optical networks, as they allow to fully exploit the
optical fiber transmission windows, making efficient use of the
wavelength resource in the system. While fixed wavelength
lasers are usually preferred for access applications due to cost
effective targets, tunable lasers are now massively deployed in
most metro and regional/long haul systems in both C and L
bands to enable flexibility of wavelength allocations. Therefore
the authors believe that system bandwidth extension would
also require the development of new tunable laser devices
capable of covering those bands, particularly regarding metro
to long-haul optical networks. Over the last two decades,
extensive research has been carried out on UWB lasers,
such as single-wavelength widely tunable lasers and optical
frequency comb (OFC) sources. In both cases, the goals have
been: to extend the emission bandwidths; to achieve higher
output power; and to reduce footprint and lower linewidth to
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support high data rate for coherent communications. While
OFC sources are highly attractive for multi-Tb/s optical links
— as they provide with a single device a multitude of equally
spaced channels [27] — their use in telecom system is often
hindered by the limited comb spacing tunability and by the
need of demultiplexing and externally modulating individual
lines prior to transmission. Single-mode tunable lasers are
therefore the preferred choice for flexible and future-proof
UWB optical networks. In this section, we will outline the
landscape of existing solutions for single-wavelength widely
tunable lasers in the C- and C+L-bands and discuss trends and
challenges for the development of such key devices.

The literature on wavelength tunable lasers is extraordinarily
rich and a wide variety of configurations and tuning mecha-
nisms have been proposed (see e.g., [28] for an in-depth re-
view). Among the various approaches, Indium Phosphide (InP)
Photonic Integrated Circuits (PICs) have received considerable
attention in the past, owing to their compact size and the
exploitation of well-established III-V manufacturing technol-
ogy, allowing to monolithically include on-chip SOAs to boost
the output power of the tunable laser and/or to suppress the
laser output during wavelength tuning. Wavelength-selectable
sources — based on Distributed Feedback (DFB) or Distributed
Bragg Reflector (DBR) laser arrays [29]-[32] and sampled- or
super-structure gratings DBR lasers [33], [34], in particular —
have reached commercial maturity in the Integrated Tunable
Laser Assembly (ITLA) market. These types of sources can
provide large output power (>20 mW) over the C- or L-
band, as well as wavelength tuning ranges exceeding 40 nm,
depending respectively on the number of devices in the array
and on the grating design. Yet, achieving optical linewidths
below 200 kHz with monolithic InP tunable laser can be
challenging, mainly because of the large absorption losses in
InP waveguides that reduce the laser intracavity power.

A well-known strategy for narrowing down the optical
linewidth is to design the laser cavity to increase the photon
lifetime [35]. This can be obtained, for example, by including
a semiconductor gain element within a low-loss extended
cavity comprising a passive tunable filter. Such an External
Cavity Laser (ECL) approach has become, in recent years, the
preferred way of realizing widely tunable sources for coherent
communication systems. In most common implementations,
ECLs with high output power and ultrawide tunabilities are
achieved by coupling Reflective Semiconductor Optical Am-
plifier (RSOA) chips with free-space filtering elements, such
as Fabry-Perot (FP) etalons or diffraction gratings (typically in
Littrow or Littman-Metcalf configuration). In [36], for exam-
ple, a device with a tuning range in excess of 130 nm has been
demonstrated using an FP etalon and an intra-cavity acousto-
optic tunable filter. Unfortunately, laser assembly approaches
— employing discrete optical elements — often exhibit large
footprints, which may prevent the packaging of these sources
in standard modules for telecommunication applications.

The recent trend towards the realization of compact narrow-
linewidth widely tunable lasers is to build laser cavities by
coupling one or more III-V semiconductor gain sections to
a tunable filter PIC fabricated in a low-loss material platform
like SiOs, Silicon Nitride (SiN) or Silicon-on-insulator (SOI).

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

In several cases, the PIC makes use of a thermally tuned
Vernier Microring Resonator (MRR) filter that effectively
allows to extend the laser cavity for optical linewidth reduc-
tion, without making compromises on the device footprint.
A summary of the state-of-the-art of MRR-based ECLs with
the widest tuning ranges is reported in Table I and discussed
hereafter.

Among the different device implementation strategies pre-
sented in the literature, one of the most effective to tune wave-
length range, output power, and optical linewidth is the hybrid
integration approach, where separately optimized passive PICs
and ITII-V gain chips are butt-coupled or assembled together
on a common micro-optical bench platform to build the laser
cavity. Fig. 2 illustrates this approach recently demonstrating
hybrid InP-SiN microring-resonator based tunable laser with
high output power and narrow linewidth for high speed sys-
tems [37]. In [38], ECL designs with record tunabilities up
to 160 nm have been demonstrated using silica Vernier filters
consisting of the series connection of up to three MRRs and
an on-chip mirror. The same authors have later reported on
similar devices, with tuning ranges up to 96 nm and fiber-
coupled power in excess of 13 dBm, using flip-chip mounted
RSOAs for mass production purposes [39]. In [40], a UWB-
RSOA with 3 dB gain bandwidth of 120 nm is employed
in combination with a SOI PIC, which consisted of a MRR,
an Asymmetric Mach-Zehnder Interferometer (AMZI) and a
Sagnac Loop Mirror (SLM), in order to build a compact
widely tunable ECL. The device exhibits a 550 kHz linewidth,
20 mW of fiber-coupled output power and a tuning range of
95 nm, primarily limited by the Free Spectral Range (FSR)
of the SOI filter. More recently, the use of ultralow-loss
SiN PICs has allowed the demonstration of state-of-the-art
ECL performances, especially in terms of optical linewidth.
In [41], the authors disclose different laser designs respectively
optimized for broadband tunability (120 nm tuning range),
high output power (105 mW fiber-coupled), and record-low
linewidth (down to 40 Hz). The widest tunability in this work
is obtained by adding a suitably designed AMZI to a two-
MRR Vernier filter, in order to nearly double the FSR of the
latter and, at the same time, control the laser output power.
Although hybrid integration typically implies high inherent
costs for chip-level alignment and testing, the possibility of
automatizing the assembly process, e.g., through optimized
flip-chip bonding of III-V gain chips on silicon photonic
platforms [39], [42], [43], is a major driver towards large-scale
industrialization of high-performance ECLs.

While the ultimate solution for monolithically integrating
low-cost and large volume semiconductor lasers on silicon
photonics platforms would be the direct growth of II-V
materials on Silicon (Si), this approach appears to be too
challenging for practical applications. Therefore, methods like
wafer/die bonding and micro-transfer printing have received
particular attention for the prototyping and possibly large-
scale manufacturing of devices integrating III-V elements
on SOI and SiN platforms. These heterogeneous integration
approaches have already enabled the demonstration of state-of-
the-art lasers [35], [44], [45], as well as UWB tunable sources.
Most notable examples of the latter include the InP/SOI laser
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Figure 2: Micrograph picture and schematic of high power
hybrid InP/SiN microring-resonator based tunable laser [37].

reported in [46], exhibiting a tuning range of 90 nm and
output power up to 9 mW, or the device demonstrated in [35],
employing an SOI filter composed of 4 MRR within an SLM
to achieve a tuning range of 120 nm and an optical linewidth
of 140 Hz.

Regardless of the integration strategy, hybrid or hetero-
geneous, the microring-based ECL paradigm [35], [41] is
promising for achieving ultrawide tuning ranges. This ap-
proach is at the same time wavelength- and photonic integra-
tion platform-agnostic, thus several possibilities exist to build
UWB sources in other bands of interest than C+L, through
bandgap engineering of the III-V active material and suitable
filter PIC design. Moreover, the recent advances on SOI and
SiN integrated photonics, as well as on emerging platforms
like Lithium Niobate on Insulator (LNOI), pave the way
towards the realization of complex PICs possibly combining
widely tunable lasers with fast on-chip modulators and other
UWB functions.

B. Optical Modulators

Various types of modulation techniques have been imple-
mented in optical communication. Among them, the common
ones are directly modulated lasers, electro-absorption mod-
ulators, and intensity/phase modulators employing a Mach-
Zehnder Interferometer (MZI) configuration. If it comes to
electro-optic modulation bandwidth and higher order modula-
tion formats (e.g., modulation of intensity and phase), Mach-
Zehnder Modulator (MZM) represents the right choice and
will be discussed in the following. The commonly used struc-
ture is a (Dual) IQ-Modulator, which consists of two Mach-
Zehnder Modulators nested in a parent waveguide structure,
while for the Dual-IQM, two IQMs are placed on one chip to
handle two polarizations.

Historically, bulk Lithium Niobate (LiNbO3 — legacy LN)
modulators were widely used in long-haul transmission for
decades. Thanks to the wide range of transparency of Lithium
Niobate, legacy LN modulators are commercially available for
center wavelengths ranging from 635 nm up to 1577 nm [47]-
[49]. Semiconductor modulators mainly made of InP, Gallium-

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Figure 3: a): published optical bandwidth of MZM for various
phase-shifter materials (taken from references [66] for BTO/Si, [67]—
[70] for hybrid LNOI, [47]-[49], [71] for legacy LN, [55]-[57] for
Plasmonic, [59], [72], [73] for SOH, [50], [74]-[76] for GaAs, [51],
[52], [54], [77], [78] and this work for InP, [61], [63], [79]-[82]
for LNOI and [83]-[92] for Si). The published operation wavelength
ranges have been recalculated to a center and span value and the
published span values <1 nm have been artificially set to 1 nm to
enhance visibility. b): Inset to show the C-band enlarged.

Arsenide (GaAs) and Si have emerged because they are
attractive in terms of size, higher modulation rates and lower
drive voltages, along with associated power consumption [50]-
[54]. Those modulators usually have to be operated well above
the band edge to minimize optical absorption. Recently, Poly-
mer, Plasmonics and Silicon-organic hybrid (SOH) modulators
are reported [55]-[60] as well as thin film Lithium Niobate
(TFLN) [61]-[65]. Note that for most of the modulators,
results are presented in the literature for a single wavelength
or wavelength range spanning a few 10 nm.

Fig. 3 shows the retrieved center wavelength and operation
span from published works. Start/Stop operation wavelength
published are recalculated to center/span values. Here, no fur-
ther filters, e.g., e.g., maximum have-wave voltage (V), loss
or minimum electro-optic modulation bandwidth are applied.
If no operation wavelength span is given in the publication,
it is set to 1 nm to allow a clear visualization in Fig. 3. The
commonly used C-band centered around 1550 nm is plotted
enlarged on the right-hand side of Fig. 3. Span values here
are mostly ~40 nm, so that these devices can cover the entire
C-band. A Si based optical modulator is reported to work over
370 nm [90] while in Fig. 4 it is shown for an InP modulator
with 288 nm span.

For a modulator, several building blocks have to work
over the desired wavelength range, namely phase shifters,
splitters/combiners (e.g., Multi-mode Interference (MMI), Y-
Splitter) and coupler from/to the chip (e.g., taper structure or
gratings). Phase shifter efficiency depends on the underlying
nature of the electro-optic effects present (Pockels, Franz-
Keldysh, Plasma, or Quantum-Confined-Stark Effect), it has
different overall strength and may vary with wavelength.
Values range from 0.006 V-cm for Plasmonic modulators to
as large as 20 V-cm for legacy LN modulators [64]. However,
one has to keep in mind that the figure of merit should include
the phase shifter loss as well as modulation bandwidth [64],
[93].

InP modulators rely on the Quantum-Confined-Stark Effect,
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[ Wavelength [nm] [ Output power [nW] | Tunability [nm] [ Linewidth [kHz] | Co-integration with Si photonics |  Ref. |
1475 — 1635 2.5/20 160 / 96 500 Hybrid [38], [39]
1540 — 1635 20/ 10 95/ 66 550 /1 Hybrid [40]
1480 — 1600 247105/ 1 120 /100 / 70 2000 / 320 / 40 Hybrid [41]
1546 — 1636 9 90 N/A Heterogeneous [46]
1500 — 1620 2 120 140 [Hz] Heterogeneous [35]

Table I: State of the art of microring resonator based tunable lasers with widest tuning range.

1400 1450 1500 1550

wavelength [nm]

1300 1350

Figure 4: Figure of merit Vpi-L calculated from measured V. values
for an InP-MZM originally designed to work in the O-Band. The 3 dB
bandwidth of the electro-optic response of this device was measured
to be 43 GHz. The dashed line represents the interpolation between
O- and C-band, as those values could not be assessed due to setup
limitations.

therefore the phase shifter efficiency is varying with wave-
length. However, as it can be observed from Fig. 4 the value
range from 0.4 V-cm at 1280 nm to ~1.8 V-cm at 1567 nm,
with the highest value of ~1.8V-cm still being comparable or
lower than most of the published work on Si, GaAs, TFLN
and legacy LN [64]. Furthermore, the device in Fig. 4 shows
43 GHz 3 dB EOR bandwidth.

Splitters/Combiner are needed to form an interferometer.
Common implementations are MMIs, Y-branches or direc-
tional couplers. The most important parameters are induced
Insertion Loss (IL) and Splitting Ratio (SR), with the latter
having a direct impact on the extinction ratio and subse-
quently on the performance of the IQM [94]. 1x2 MMI
and Y-branches, used for splitting the light, have wavelength
independent SR. Common 2x2 MMIs used for recombining
the light have wavelength dependent SR with recently pub-
lished sub-wavelength grating structures, where this effect is
leveraged [95]. If it comes to process sensitivity, MMIs are
generally preferred.

Coupling the light efficiently from the fiber to the chip and
vice versa is needed to keep the IL low, in the best case, with
mode sizes matching to cleaved single-mode fibers allowing
good alignment tolerances. While horizontal tapers can be
realized by appropriate mask and etching, vertical tapers can
be either realized by etching or enhanced regrowth techniques.
Regrown tapers in InP yield an almost symmetrical spot, and
work as long as the band edge of the light guiding layer
is sufficiently lower than the operation wavelength. Grating
structures usually have a limited wavelength range.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Figure 5: Typical UWB-WSS including fiber array, freespace optics,
grating, LCoS, LCoS Driver and the input and output fibers.

C. Optical filters and switches

The primary wavelength routing devices in optical networks
are Optical Cross Connect (OXC) [96] and Wavelength Selec-
tive Switch (WSS) [97], [98]. OXCs are N input N output
devices where the entire waveband is switched simultaneously
between pairs of input and output fibers. If they are built
using Micro-Electro-Mechanical Systems (MEMS) mirrors,
these devices are inherently broadband.

WSSs are typically single input devices with multiple out-
puts, where each wavelength on the input port can be routed
to an output port. Typically, additional functionality of WSSs
such as spectral attenuation, can be used to equalize channel
plans. The switching element inside most WSSs are Liquid
Crystal on Silicon (LCoS) spatial light phase modulators and
currently have approximately 2000 pixels in the wavelength
direction and 1000 pixels in the steering dimension, which
allow for approximately 100 GHz, 50 GHz spaced channels
with two 1x32 switches placed inside one box.

Fig. 5 shows the insides of a typical WSS. WSSs are
primarily free-space optics devices because they need to use all
3 spatial dimensions. Out of the two orthogonal transverse spa-
tial dimensions, one is used to steer the light to different ports,
and the other is used to separate wavelengths. The optics inside
a WSS are typically cylindrical, with horizontal optics used for
wavelength separating and vertical optics used for steering.
The operation of the switch is as follows. First, light enters
the WSS on a fiber array and the beams are collimated using
micro lens arrays. The front optics then reshape the beams to
fit as many separated spots vertically on the grating and, in the
horizontal axis, expand the beam to fill as many grating lines
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as possible. The spectral resolution is inversely proportional to
the number of grating lines illuminated. Because the grating
and LCoS are polarization sensitive, the front optics include
polarization diversity optics to separate both polarizations such
that they take different spatial paths through the WSS and
are properly recombined at the output port. After the grating,
the spots are “Fourier transformed” from the grating onto the
LCoS through a series of lenses in the spectrometer. In the
vertical direction, the spots are spatially overlapped on the
LCoS but each spot hits the LCoS with a slightly different
angle. Sawtooth holograms (i.e., linear phase) can steer light
from one port to another. In the horizontal direction, the wide
spots on the grating are focused to a narrow spot, where each
wavelength focuses to a different horizontal location. Since
the wavelengths are spatially separated, the LCoS can apply
separated steering to each wavelength.

The simplest way to realize broadband WSSs is to change
the spectrometer optics. One technique would be to use a
less dispersive grating, or to shorten the focal length of the
wavelength spectrometer optics. In [99], the authors used a
grating bonded to a prism (GRISM) to modify the spectral dis-
persion and to build a WSS supporting 15 THz of bandwidth
around 1550 nm. Clearly, the spectral resolution will typically
decrease proportionally to the increase in spectral bandwidth.
Further extension of UWB WSS operation has been reported
in [100] demonstrating a 9-port WSS with MMF interfaces
supporting approximately 36 THz of bandwidth (~1 um), in
which the grating had significantly less dispersion. Recently,
as depicted in Fig. 6, the authors of [101] demonstrated a
48-port WSS spanning parts of the O-band to the end of the
C-band with low enough loss that it could be used to equalize
and combine multiple wideband components.

III. ULTRA-WIDEBAND OPTICAL AMPLIFIERS
A. Doped Fiber Amplifiers

The advent of EDFAs was a fundamental breakthrough for
optical communications, not only for the first deployments
of optical systems in the early nineties, but also for the
development of high capacity optical networking carrying
some Tb/s data based on wavelength division multiplexing.
This technology is the most matured amplifier technology and
provides gain over the “conventional” C-band (1530-1565 nm)
as well as part of the “long” L-band (1565-1625 nm). Com-
bining C- and L-band EDFAs, remarkable transoceanic trans-
mission experiments were reported with throughputs closely
approaching capacity limits [102], [103]. Note that it has
also been reported that L-band amplification bandwidth can
be further extended using Bismuth or Bismuth-Erbium doped
fiber amplifiers [104], [105]. Commercially available EDFAs
are based on a few tens of meters of doped fiber and can
provide over 20 dB of gain with typical NF as low as 4.5 dB.
However, EDFAs cover only one fifth of the SMF low-loss
bandwidth of 54 THz. Over the past decades, there were
considerable efforts to develop doped fiber amplifier solutions
for the remain parts of the optical spectrum.

“Short” S-band (1460-1530 nm) is adjacent to C-band,
which makes it attractive to extend the amplified transmission
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bandwidth since relatively small effort is required to redesign
optical components (e.g., lasers) and subsystems like Recon-
figurable Optical Add and Drop Multiplexing (ROADM)s. It
has been demonstrated that Erbium doped fiber (EDF) can be
used to boost optical signals over the long wavelength part
of S-band (1490-1515 nm). However, this solution requires
the use of multiple stages with gain tilt control filters. The
amplifier demonstrated in [106] had the total 43 m of gain
fiber that has been split by 6 filters between 8 stages, and
it delivered 21 dB gain with 6.7 dB of NF. Alternatively,
Thulium doped fiber can be used to amplify signals over 1480—
1510 nm bandwidth with 22 dB gain, and less than 6 dB
NF [107]. Although such characteristics are not as good as
those provided by EDFAs, Thulium doped fiber amplifiers
have been recently proposed to further increase optical trans-
mission bandwidth beyond C and L bands, and boost the total
throughput in short distance scenarios [108]. However, this
amplifier requires a fluoride ZBLAN (the acronym originated
from ZrF,-BaF5-LaF3-AlF3;-NaF composition) host glass with
a melting temperature of between 200 and 300 degree, more
than one order of magnitude lower than conventional optical
fibers. This melting temperature difference makes it impossible
to splice ZBLAN and glass fibers using arc fusion splices.

“Extended” E-band can be amplified almost entirely by
neodymium doped microstructure fibers (1360-1460 nm) and
the amplifier with the gain of 20 dB and NF of 5 dB has
been demonstrated [109]. Recently, Bismuth-Germanium co-
doped fiber has been developed to provide amplification over
the 1410-1450 nm range with the performance and parame-
ters similar to commercially available EDFAs [110]. Notable
advantages of Bismuth doped fibers are the silica host glass,
similar to commonly used SMF and EDF and conventional
manufacturing Modified Chemical Vapor Deposition (MCVD)
manufacturing process which simplify splicing and production,
compared to non-silica or microstructure fibers.

“Original” O-band (1260-1360 nm) which is centered
around zero dispersion wavelength of a SMF fiber may look
attractive for capacity increase since it has been extensively
used for point-to-point transmission and therefore a large
family of optical components has been developed over the
past decades. In the late nineties Praseodymium doped fiber
amplifiers (PDFA) have been proposed to provide amplifica-
tion over 1290-1315 nm part of O-band with the gain up to
22.5 dB [111], [112]. However, due to ZBLAN host glass,
these amplifiers require mechanical splices which increases
the NF up to 6.5 dB and limits their application to the test
and measurement field.

It has been demonstrated that Bismuth doped phospho-
silicate fiber can amplify almost the entire O-band and a
variety of bismuth doped fiber amplifiers (BDFAs) have been
developed [105], [113]-[115] with gain as high as 30 dB and
NF as low as 5.2 dB. It should also be noted that, unlike PDFA,
single stage BDFA can operate over the IEEE standardized
part of O-band (1268-1310 nm) [115] which is important for
BDFA deployment. Although these amplifiers demonstrated
performance similar to commercially available C-band EDFAs,
the required doped fiber length is 3—4 times longer compared
to typical EDFAs and the highest reported power conversion
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Figure 6: 36-THz bandwidth WSS insertion loss summary presented in [101] The black curves indicate measurements of 4
ports using a broadband source and an OSA. The blue and red curves represent 47 port measurements using 2 swept wavelength

systems at 1300 nm and 1550 nm, respectively.

efficiency is limited by 20%.

In addition to transmission bands with wavelengths shorter
compared to C-band, there is U-band (ultra-long wavelength)
that lays between 1625 nm and 1675 nm where, to the
best of our knowledge, fiber amplifiers have not yet been
developed. Above 1700 nm the loss of conventional optical
fibers rapidly increases which make amplified transmission
over this wavelength range impractical. However, as it is
stated in the next section of this paper, Hollow Core Fiber
Technology (HCF) and, to some extent NANF, can further
extend the low loss window. It should also be noted that,
compared to glass core fibers HCF have notable advantages of
very low nonlinearity and 33% lower latency that makes them
attractive for certain applications. Thulium fiber can provide
gain in this wavelength range using commercially available
fiber (OFS TmDF200™) designed for non-telecom fiber lasers
and amplifiers. It has been demonstrated that 12—16 meters of
TmDF200™ can provide 30-35 dB gain with noise figure
lower than 6 dB in short (1910-1970 nm) and long (1970-
2020 nm) wavelength configurations [116].

In summary, the standardized wavelength bands of the low
loss bandwidth of SMF can be amplified using doped fiber
amplifiers since there are two dopants available for providing
amplification. Most of these amplifiers allow gain, NF and,
output power similar to commercially available EDFAs. Prop-
erties and parameters of doped fiber amplifiers reviewed in
this section are summarized in Table II. However, some of
these doped fibers have very different properties compared
to SMF-28 or even EDF, which makes their manufacturing
and connection to SMF complicated. A family of Bismuth
doped fiber amplifiers operating over O- E- and L- bands may
be seen as prospective candidates for amplified transmission
beyond C- and L- bands since BDF have the same silica host
glass and manufacturing process similar to SMF and EDF.
Recently, BDF amplifiers, capable to amplify signals over O-
band local area network (LAN)-WDM and CWDM standard-
ized wavelength ranges of 1272-1310 nm and 1265-1320 nm
respectively, have been introduced to the market [117]. Typical
gain and noise figure of such LAN-WDM tailored amplifiers
are shown in Fig. 7. BDF amplified O-band may be considered
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Figure 7: Example of gain(G) and noise figure (NF) of single stage
BDFA optimized for LAN-WDM wavelength allocation [117].

as a next step to increase the lightwave system capacity since
O-band BDFA has 17.4 THz bandwidth, more than 1.5x
higher compared to C- and L- bands EDFAs combined, and
O-band optical component ecosystem is well established.

B. Raman amplifiers

Both EDFAs and Raman amplifiers have been the subject
of intense research since early 1980s [118]. The race between
EDFAs and Raman amplifiers favored the adoption of EDFAs
as of the early 1990s. The primary reason for the slowing
interest in Raman amplification was, at the time, the lack
of high-power pumping technology, a primary requirement to
provide gain through SRS. Another impediment was the lack
of pumps at the required wavelengths, such that maximum
SRS efficiency could be provided in the transmission window
of the lowest-loss region of silica fiber, of early conventional
band systems.

Nevertheless, distributed Raman amplifiers have found
widespread commercial application over the years [118],
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[ Band (nm) [ BW (nm) [ Dopant | Fiber [ L(m) [ G(dB) [ NF (dB) [ P, (dBm) [ Amplifier design [ Refs.
S: 1490-1515 | Er Silica 43 21 6.7 17.9 8 stages with 6 gain flattening filters [106]
1460-1530 1480-1510 | Tm ZBLAN 13 22 6 N/A Single stage, symmetrically pumped [107]
E: 1380-1440 | Nd p-structure | 14 20 5 23 Two stages, symmetrically pumped [109]
1360-1460 1410-1450 | Bi+Ge Silica 80 20 7 16 Single stage, symmetrically pumped [110]
O: 1290-1315 | Pr ZBLAN 24 22.5 6.5 16 Two stages, co- counter pumped [111], [112]
1260-1360 1268-1360 | Bi+P Silica 80-150 | 20 5.5 16 Single-stage counter pumped [113], [114]
U+: 1970-2020 | 1970-2020 | Tm Silica 12-16 30 6 30 One/Two stages co- counter pumped [116]

Table II: Summary of doped fiber amplifiers. Legend: BW — bandwidth; L

power.

[119], initially in long-distance single-span unrepeated trans-
mission, where distributed Raman amplification (even with
multiple-order pumping) provides improved NF [120], and
more recenty to a greater extent in conventional long-haul
systems to support the higher OSNR requirements of advanced
modulation formats [121]. Depending on the span configu-
ration, distributed Raman amplification can be implemented
via forward-pumping and/or backward-pumping ——er—as—a
remotely-pumped—optical—amplifier (ROPA)—, as shown in
the schematics of Fig. 8. Backward-pumping configurations
are preferred to forward-pumping configurations due to the
lower NF and higher stability with respect to the relative
intensity noise of the pump sources [122]. Leveraging current
generation pump components, C+L-band EDFAs can achieve
an aggregate ~75 nm bandwidth with a band gap between
the C- and L-bands [123]. The Raman gain window in
silica core single mode fibers, on the other hand, typically
exhibits a gain peak at about 13 THz shift from the pump
wavelength [124], corresponding to around 100 nm shift at
usual telecommunication wavelength bands, as shown in Fig. 9
for a pump wavelength at 1450 nm. Since the Raman gain
spectrum shifts with the pump wavelength, it is common to
use multiple pumps with advanced tailoring of the spectral
shape to generate a flat and wide gain bandwidth. Moreover,
since SRS gains depend only on the wavelength difference
between the pump and the signal, Raman amplifiers can be
built for any bandwidth of interest, beyond the conventlonal
1530 nm—1610 nm range 1SS as

v

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
multiband or even seamless UWB Raman amplification, either
when deployed in their own right, or in concert with the
established C-band, or C+L band EDFAs. One key challenge
for the operation of UWB Raman amplifiers is to generate
and control the desired gain profile in the presence of the
significant nonlinear interactions across the spectral band.
To this end, various computational techniques have been
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applied to this inverse problem over the years, including
genetic algorithms. More recently a new class of machine
learning techniques has been explored to learn the complex
pump-signal relations in this more complex type of Raman
amplifier [125]. As illustrated in Fig. 10, once trained, such an
approach can support fast and reliable provision of a range of
UWRB arbitrary gain profiles in a controlled way, thus enabling
the potential elimination of static and lossy gain flattening
filters, and well as signal power spectrum shaping to facilitate
the maximization of the achievable information rate in UWB
systems as described in Section III. Further advances in the NF
prediction and the optimization of hybrid EDFA-Raman C+L
band amplifiers, leading to significant decrease of gain ripples
have been reported recently [126], [127], techniques which
are expected to also apply to the equally complex multi-stage
UWB DRAs described in the second half of this section.
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Figure 10: Measured gain profiles for various pump configurations,
with pump wavelengths at [1365, 1385, 1405, 1425, 1445, 1465,
1485, 1508] nm, and pump powers limited to 27dBm per wave-
length [125].

Raman amplification used in hybrid implementations has
been often preferred to achieve remarkable transmission results
with EDFA [128], [129] and recently SOAs [130], [131],
by relaxing the requirements on the pump powers, while
providing continuous gain at low NF. Similarly to SOAs [132],
Raman amplifiers can cover all bands and are technology-
ready, thus making them as attractive as the highly specialized
doped fiber amplifiers for bands beyond C+L. One of the main
benefits of Raman amplifiers over doped fiber amplifiers is the
potential to achieve continuous wideband transmission of up to
100 nm for the same Optical Signal-to-Noise-Ratio (OSNR),
or alternatively, increase the OSNR over the same transmission
bandwidth, due to its operation at a lower NF [119]. This
benefit is leveraged for instance in the experimental setup
depicted in Fig. 11 combining UWB SOA at the transmitter
and receiver ends with backward-pumping distributed Ra-
man amplification to demonstrate a 100 nm wide unrepeated
transmission system. Second order backward Raman pumping
using pumps at 1365 nm, 1425 nm, 1455 nm and 1494 nm,
provided average Raman on-off gain of approximately 28 dB,
typical of unrepeatered links. Such UWB hybrid amplification
scheme enabled 140% increase in capacity x distance product
for unrepeated transmission systems [131].

Raman amplifiers can be deployed under multiple config-
urations depending on the targeted system, primarily suited
for unrepeatered transmission, short-distance subsea or long-
distance terrestrial systems. Differences between the deploy-
ment of Raman in submarine systems compared to terrestrial
systems are considerable from the power consumption point
of view. Since submarine systems are electrical power limited,
these limitations translate inversely into achievable transmis-
sion distances. Short repeteared as well as unrepeatered subsea
systems based on Raman amplification have already been
commercially deployed [133], [134]. However, the current
challenge for energy efficiency hinders the adoption of Raman
amplification from long-haul submarine transmission [135]
and places SDM as a strong competitor to ultra-wideband am-
plifiers [136]. On the other hand, long-haul terrestrial systems
can benefit from Raman amplifiers, since the electrical power
limitations are relaxed compared to subsea systems. Metro
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networks pose additional challenges in configuring discrete, or
lumped, Raman-based amplifiers where all amplifier elements
are located at the amplifier node, as ROADMs dynamically
change the gain requirements across the bandwidth.

The Raman effect can be also exploited to realize discrete
Raman amplifiers (DRA), which do not provide the NF bene-
fits of distributed amplification, but are functionally equivalent
to a conventional EDFA. This kind —type— of amplifiers
enables the use of specialized nonlinear fiber as the Raman
gain medium, leading to increased pump efficiency, and has
the added safety benefit of not requiring pump light in the
operator’s fiber plant. Fig. 12 shows a schematic diagram of a
dual-stage DRA consisting of three pairs of first-order pump
laser diodes in the first stage (1365 nm, 1385 nm, and 1405
nm), followed by five pairs of diodes in the second stage (1425
nm, 1445 nm, 1465 nm, 1485 nm, and 1508 nm) [137]. The 8
Raman pumps are distributed over the two stages in this way
to inhibit the strong pump-to-pump Raman energy transfer that
would take place in an equivalent single-stage amplifier, and
to improve the short-wavelength NF [138]. Hence, the first
stage provides gain for the S-band signals, while the second
stage provides gain for the C+L band signals, with an overall
gain of ~15 dB and an NF no worse than ~8 dB at any
point in the transmission band extending from 1475-1625
nm [137], as shown in Fig. 13. The NF is low at short
wavelengths because these signals are preferentially amplified
in the first stage of this dual-stage DRA, while the NF is
higher at longer wavelengths, because these are preferentially
amplified in the second stage. Recently, a similarly designed
wideband DRA using a relatively short total length of highly
nonlinear fiber based on 5 pumps and supporting 80 nm
bandwidth in the C+L band was demonstrated with record
gain of ~27 dB and NF no worse than ~5.8 dB [139].
Note, a dual-stage configuration enabled the additional design
freedom to use different Raman gain fibers in the two sections,
thereby allowing further improvements in DRA NF [140] and
reduction in nonlinear noise penalties [141]. The theoretical
analysis and a preliminary experimental investigation of the
accumulation of nonlinear noise in cascaded DRAs and its
effect on system reach has been reported recently [142], while
the performance of a multi-span transmission link with a 75
nm broadband DRA over the C+L band has also been studied
by using multiple DP-x-QAM signals [143].

Current trends for bandwidth expansion beyond the C-band
are showing growing interest in backward Raman amplifi-
cation for commercial deployments. When used as comple-
mentary to other amplification techniques (i.e. EDFA, SOA),
Raman amplification remains a strong candidate for providing
inline optical amplification that targets the expansion in band-
width to take the most benefit from the already deployed fiber
infrastructure.

C. Ultra-wideband Semiconductor Optical Amplifiers

Although much less mature with respect to the aforemen-
tioned solutions for optical amplification, SOAs have great po-
tentials regarding compactness, cost-effectiveness and power-
efficiency. By taking advantage of the III-V semiconductors
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manufacturing technology, SOAs can be monolithically in-
tegrated with lasers, modulators, or photodetectors to create
added-value PICs with complex functionalities. By leveraging
those properties, SOAs have been extensively investigated in
the scientific community for the past decades as promising
solutions for optical communications addressing various ap-
plications such as intensity noise suppression, fast optical
switching, logical gates, optical regeneration and wavelength
conversion [144]-[149]. Another flavor of SOAs is that their
gain spectrum can be tailored to address virtually any rel-
evant wavelength for optical communications through suit-
able material design and semiconductor bandgap engineering.
SOA dimensions typically range from sub-millimeter to a
few-millimeter long waveguide integrated devices providing

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

lumped gain, thus able to compensate for fiber or lumped
losses. However, their use in optical networks has traditionally
been limited by their higher NF regarding EDFA, polarization
dependent gain, as well as nonlinear dynamics occurring in the
amplifiers upon saturation. This paradigm may now be shifted
as recent advances in the SOA design and packaging have
allowed to bridge the gap with fiber amplifiers. UWB-SOAs,
in particular, are regarded as promising devices to extend
the capacity of existing communication systems with custom
designed SOAs demonstrated to exhibit more than 13 THz
operational bandwidth, ~ 3x wider than standards C-band
EDFAs.

In this section, we aim at summarizing such key tech-
nologies. Several research teams have reported SOA chips
exhibiting a bandwidth larger than 100 nm [150]-[152] mainly
based on Multi-Quantum Well (MQW) active layer, but none
of them has achieved at the same time a high gain, a high
saturation output power and a low NF. Another approach based
on quantum dots (QD) active layer has led to wideband SOAs
with a high saturation output power (>19 dBm) reaching
a 3 dB bandwidth around 70 nm [153]. Based on MQW
SOAs, 100+ nm UWB optical amplifiers tailored for WDM
transmission systems have been recently developed [154]
enabling the transport of total throughput >100 Tb/s. To the
best of our knowledge, such a throughput is at least two orders
of magnitude higher than the previously reported ones using
SOA based repeaters [155]-[157].

UWB gain material relied on the unique —pioneering—
approach demonstrated in [154], with InGaAsP MQW design
tailored to maximize the energy spacing between the electronic
transitions to extend the amplification bandwidth to more than
100 nm, as well as to increase the flat gain current to provide
the largest gain — targeting >20 dB for small signals — and the
lowest NF — reducing the gap with typical values of EDFAs
of 4.5 dB. The developed UWB amplifiers exhibit optical gain
over a spectral window wider than 100 nm, typically ranging
from 1510 nm to 1620 nm as depicted by the Amplified
Spontaneous Noise (ASE) spectrum in Fig. 14-a). Fig. 14-
b) shows the measured characteristics of such UWB-SOA in
terms of optical gain and NF versus wavelength. The 100+ nm
wide amplifier exhibited an optical gain of 17 dB and a NF as
low as 5.5 dB corresponding to the best reported values in the
literature for SOAs [158]-[160]. This UWB amplifier has also
been shown to provide more than 20 dBm output power when
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0 dBm optical power or more is injected at its input. Although
further improvements in terms of output power and noise
figure may be desirable through SOA design optimization,
such characteristics already match the requirements of de-
ployed WDM systems [161]. Relying upon a detailed theory of
nonlinear propagation in SOA-amplified WDM systems based
on time-domain first-order regular perturbation to rigorously
account for both SOA and fiber induced nonlinear impairments
— while transmitting advanced modulation formats for coherent
WDM transmission [162] — investigations demonstrate that
the nonlinear gain dynamics of tailored SOAs is not a hurdle
to the deployment of the UWB-SOA device in dense WDM
applications [163].

These remarkable- results have been obtained by developing
-an-innevative- a polarization diversity architecture combining
free space optics and semiconductor technologies, which alle-
viates the need for polarization alignment of the input signal
into the amplifier and makes the SOA-based device compliant
with WDM systems requirements. The polarization diversity
architecture avoids the need for developing polarization in-
sensitive SOA chips with UWB gain medium, in which the
active region must be capable of amplifying simultaneously
both Transverse Electric (TE) and Transverse Magnetic (TM)
modes of the input light, resulting in complex design and
significant impairments such as high coupling losses and
polarization dependent gain [164] . The use of polarization
diversity architecture was first reported in [165] based on
a single SOA chip inside a loop architecture. The unique
architecture reported in [154] embeds two singularly polarized
SOAs in a parallel architecture, one for each polarization of the
light with a single pass as described in Fig. 15-a). Free space
optics is used to handle beam light splitting, coupling and
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polarization rotations between TE and TM modes. ~Fhe-input

eh—a ate—e 8 :
Therefore— The beam light on each optical path at the input
of the SOA is aligned on TE mode. This enables the use of
two optimized SOAs for TE polarization only, which greatly
relaxes the constraint on the active layer section. Buried
ridge SOAs have been fabricated with compressively strained
quantum wells, especially designed to achieve significant
large gain bandwidth. The stripes are tilted to reduce facet
reflection, and these facets have been anti-reflection coated.
Light coupling at input and output of the SOAs is obtained
with micro-lenses. Fi ; i ts-passed

birefringent-material— Each SOA can be driven independently,
and a sensor was inserted in between the SOAs for thermal
cooling. Although not reported on the schematic of Fig. 15-
a), optical isolation realized in free space optics has also been
added on input and output paths of the proposed amplifier
modules. The inset of Fig. 15-a) shows the picture of the
package module embedding the polarization diversity structure
and a Peltier thermoelectric cooler.

Combining these novel extended-bandwidth SOA modules
with the most recent advances in DSP and powerful flexible
rate approaches (modulation formats and FEC coding), co-
herent WDM systems with seamless 100+ nm optical band-
width have been demonstrated for the first time, reaching net
throughputs >100 Tb/s [166], [167] as illustrated in Fig. 15-

optical-bandwidth—experiment— Moreover, a field trial was
conducted over Facebook facilities in the Paris area [168]
with successful transport of real-time traffic at 250 Gb/s per
wavelength, paving the way for future optical communications
using SOA technologies.

Although the potential of UWB-SOA has only been demon-
strated on the C- and L-bands to date to compete with available
C + L-bands systems, tailored bandgap engineering would
allow to reproduce such UWB-SOA devices to address any
other transmission bands [169]. The use of UWB-SOA to
address O-band or S-band to complement the traditional C+L-
band systems towards multi-band systems applications appears
attractive for scaling capacity of optical systems in the future.
As it will be discussed in Sec. IV, this property could be also
combined with a new type of UWB fibers.

IV. NEXT-GENERATION UWB OPTICAL FIBERS

The simplest and most viable approach to exploit the
throughput enhancement potential of the broadband devices
discussed above is to use them in conjunction with conven-
tional optical fibers. It is well known, in these glass core fibers
the minimum attenuation is achieved in the C-band as reported
in Fig. 1 and in Fig. 16-b). This falls at the intersection be-
tween the Rayleigh scattering curve (proportional to A~*) and
the steep infrared multi-photon absorption curve (C - e=P/*)
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Figure 15: a) Schematic description of the polarization diversity
architecture developed for UWB-SOAs, with the image of the realized
packaged module in the inset; b) Measured net channel bit rates after
100 km transmission with adaptive constellation shaping, yielding
a total throughput of 116 Tb/s over seamless 100+ nm optical
bandwidth [166].

of the silica glass [170]. These fundamental loss mechanisms
are intrinsic for silica (doped or undoped) and produce the
classical V-shaped attenuation curve, shown in Fig. 1 and
Fig. 16-b) for SMF-28 and for Pure Silica Core Fiber (PSCF).
This determines the operational bandwidth of standard fibers,
which cannot be modified.

A potential solution to achieve fibers with an adequate
loss for long distance optical communications over a broader
bandwidth than SMF can offer, might come from HCF. In
HCFs, light can be guided almost entirely in an air core, with
an overlap with the surrounding glass that can be as little as
30-50 ppm. As a result, the spectral shape of their loss is
not determined by the Rayleigh scattering or infrared multi-
phonon absorption of the glass, but rather by a combination
of leakage, surface scattering and micro/macro bend phenom-
ena [171]. Consequently, HCFs offer, in principle, the potential
for wider and flatter regions of minimum loss than SMF.

Loss in these fibers has gone through a rapid reduction
in recent years: from 175 dB/km in 2015 [172] to 1.3 dB/km
in 2018 [173], to 0.22 dB/km in 2021 [174] and, recently,
down to 0.174 dB/km [175] ). This brings us to speculate in
this section what HCFs might offer for wide bandwidth optical
communications if such a loss reduction trend continues. We
will focus on a particular type of hollow core fiber, the
NANF [176], which currently holds the above-mentioned
record 0.174 dB/km for the lowest loss reported to date in an
HCF and which has already shown the capability to transmit
WDM data over >4000 km [177].

Speculating about the level of loss and bandwidth that might
be offered by NANFs in the future is not an easy task, due
to the subtle interplay of various loss mechanisms (leakage,
surface scattering, microbend), each with its own spectral
dependence. The simple approximated approach we have taken
in this work to predict — to a first approximation — what might
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Figure 16: (a) Measured and simulated loss for a 0.28 dB/km
NANF [171]; (b) Optical bandwidth prediction of what future NANFs
might offer, obtained by simple down-scaling and spectral shifting of
the simulated curve in (a). Three cases illustrate scenarios where
the minimum loss reaches 0.145 dB/km (A), 0.1 dB/km (B) and
0.05 dB/km (C). For comparison, the loss of standard SMF and of
the lowest loss PSCF [178] are also shown.

be the available bandwidth in future NANFs is explained in
Fig. 16.

Fig. 16-a) plots the measured loss (up to the 1700 nm
limit of the available Optical Spectrum Analyzer (OSA)) of a
0.28 dB/km NANF [171]. The figure also shows the excellent
comparison with the simulated loss curve of the same fiber,
obtained by modeling the leakage of its fabricated cross-
section and by adding to it its estimated surface scattering
(almost negligible) and microbend contributions [171]. As
it can be seen, the loss presents a characteristic U-shape,
determined by coupling with resonant glass tube modes at
short wavelengths (1100 nm) and by leakage loss at long
wavelengths (2100 nm). In Fig. 16-b) we assumed that through
improvements in structure and fabrication process such a loss
level can be reduced, but that its spectral shape remains
unchanged. For illustration, we plot three curves where the
simulated loss curve in Fig. 16-a) has been rigidly down-scaled
to a minimum value of 0.145, 0.1 and 0.05 dB/km (curves (A),
(B) and (C), respectively). A small spectral shift, easily achiev-
able during fabrication with controllable modifications in the
tube membrane thickness, was also applied. For comparison,
we also plot the loss of a standard germanium doped SMF,
and of the record low-loss PSCF.

The curve (A) shows that if NANF achieved the same
minimum C-band loss as current PSCF (0.145 dB/km [178)]),
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the bandwidth offered by the HCF would be wider. For
example, PSCF offers about 180 nm of spectrum with loss
below 0.17 dB/km (1450-1630 nm), whereas NANF would
offer 230 nm (1450-1680 nm). If the NANF minimum loss
could be reduced down to 0.1 dB/km, curve (B) shows that
a 200 nm bandwidth, from 1500 to 1700 nm would in
principle be possible at a loss below 0.12 dB/km. Finally,
curve (C) shows that in a NANF with a minimum loss of
only 0.05 dB/km, propagation below 0.14 dB/km would be
possible over as much as 400 nm, from 1450 to 1850 nm.

Clearly, these are only illustrative examples based on a
hypothetical speculation; considerable more research and some
inventive steps are required to produce fibers with such char-
acteristics. This simple study, however, shows that a potential
route to low-loss fibers with a broader bandwidth than current
technology exists, at least in theory. Among the numerous
engineering challenges that need to be overcome for such
wide bandwidth fiber technology to become available, it is
also worth mentioning the need for an improved control of
the gas content inside the fibers. Like in free space optical
communications, roto-vibrational absorption lines from gases
such as HoO, CO- or HCI can increase the propagation loss
at specific wavelengths. One example of this is shown by
the water vapor peak around 1400 nm (where the individual
lines are unresolved by the large OSA bandwidth) that can
be seen in Fig. 16-a). Although challenging, we believe that
improved purification of gases and preforms during fabrication
is a feasible strategy, which can mitigate the problem and open
up large operational bandwidths.

One of the most attractive features of NANF for the purpose
of data transmission is their intrinsically low nonlinearity.
Although this has not yet been measured accurately for state-
of-the-art NANFs, by combining the small glass overlap
(which can be as small as 0.003%) with the Kerr nonlinearity
of typical gases (~ 3 orders of magnitude lower than silica),
and taking into account the larger effective area of NANF
(with a Mode-Field Diameter (MFD), of 22-25 um vs. 10-12
pm of glass-guiding fibers), nonlinear coefficients on the order
of vy =10"% to 1073 (W km)~! are predicted. This is three
to four orders of magnitude lower than in SMF.

Another aspect of relevance in relation to the possible
use of NANF in high-performance long-haul transmission
systems is Inter-Modal Interference (IMI). IMI occurs in
NANFs because they are intrinsically multimodal. Although
they can achieve effective single-mode operation by inducing
large loss in all modes except the fundamental one, IMI can
still be significant if the higher-mode suppression mechanism
is not strong enough. However, substantial progress has been
obtained recently in IMI suppression as well (see further
below).

Given the recent progress in all aspects related to NANF
performance, these fibers have been recently used to perform
long-haul WDM transmission experiments. Progress has been
substantial over the last few years, paralleling that of the fiber
performance. Polarization Division Multiplexing - Quadrature
Phase Shift Keying (PDM - QPSK) transmission at 32 GBaud
reached 341 km [179] in 2019, 618 km [180] in 2020 and
more than 4,000 km [177] in 2021. These experiments were
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performed in recirculating loops, where the NANF section
had length of 4.8, 7.7 and 11.5 km, respectively. Most of
the progress seen in these experiments has been attributed to
improving IMI performance, estimated at -35 dB/km in [180]
and -45 to -55 dB/km in [177].

The possible throughput potential of NANF has been
recently investigated in [181], where hypothetical scenarios
arising from future high-performance NANF are explored. The
paper shows that ultra-wide-band transmission over NANF
holds the promise for a substantial potential increase of
throughput vs. traditional solid-core fibers. To realize such
potential, [181] argues that significant technological challenges
need to be overcome besides improving NANF, such as
(among many) the need for unconventional-band amplification
technologies, transmission at high bits/symbol, management
of large launched power, splicing, cabling and muxing tech-
nologies. However, the rapid pace of progress of the last few
years in NANF performance may provide incentives towards
developing such supporting technologies, in view of the con-
siderable throughput increase that NANF could potentially
grant.

V. CONCLUSIONS

Devices designed for ultra-wideband operation beyond the
C- and L-bands are key enabling technologies for increasing
capacity in future generation optical transmission systems. In
this review paper, we outline the state-of-the-art of tunable
lasers, amplifiers, optical switches, modulators and the recently
introduced hollow-core nested antiresonant nodeless fibers
(NANFs). While NANFs deal with long term evolution of
optical networks, the research efforts and progress at pace
on UWB tunable lasers, modulators, amplifiers and optical
switches open up the development of UWB systems with
adequate combinations of devices and components, depending
on the envisioned scenarios, e.g., metro/access, long-haul
and ultra-long-haul. The path toward bandwidth extension
of existing optical systems in the S-, O-, E-bands, and
possibly others, requires ultra-wideband technologies achiev-
ing simultaneously performance inline with WDM systems
requirements and low-cost targets, and the challenges to ad-
dress these requirements have been discussed for the future
generation ultra-wideband transmission devices and fibers,
including component integration, fabrication, new materials.
The merits and challenges of UWB optical transport systems to
meet WDM system requirements are presented extensively in
a companion paper in this special issue [182], focusing on the
unique technical issues to UWB systems including modeling,
design, and impairments mitigation. While the throughput of
conventional systems is getting saturated, these papers show
that several innovative technologies exist that provide a cred-
ible path towards the much increased transmission capability
that the fast-growing traffic demand will unavoidably require
in the years to come.
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