This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2023.3339391

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 14, NO. 8, AUGUST 2021

Multi-band ESCL transmission supported by
bismuth-doped and Raman fiber amplification

Aleksandr Donodin, Elliot London, Bruno Correia, Emanuele Virgillito, Mingming Tan, Pratim Hazarika, Ian
Phillips, Paul Harper, Sergei K. Turitsyn, Vittorio Curri, and Wladek Forysiak

Abstract—Ultra-wideband transmission utilizes bandwidths
beyond the standard C-band to enable significant network
capacity upgrades. Upgrading the standard C-band to a C+L-
band transmission scenario is already feasible, and exploratory
transmission is being performed in the S-, E-, and O-bands to
investigate quality of transmission (QoT) impairments in these
spectral regions. In this paper, experimental transmission through
a SCL- and partial E-band spectral region is performed, with use
of a hybrid amplifier that exploits discrete Raman amplification
for the SCL-bands, and a bismuth-doped fiber amplifier (BDFA)
for the E-band. Through this transmission bandwidth, we demon-
strate that 36 Tbit/s transmission is possible, with 150 coherent
channels over 70 km of standard, single-mode fiber. This result
is compared to a wideband physical layer model that considers
a realistic full spectral load transmission scenario, where the
E-band is occupied by 74 channels, providing a total of 221
channels. This comparison demonstrates that, for both scenarios
in this experiment, the greatest impairment is present within the
S-band, and the addition of the E-band to a SCL-band scenario
has a negligible impact upon the QoT within the C- and L-bands.

Index Terms—Bismuth-doped fiber amplifier, BDFA, coherent
transmission, multi-band transmission, wideband transmission,
Raman amplifier, DRA, Gaussian noise model, wideband model,
optical communications

I. INTRODUCTION

HE rate of transmission through optical networks con-

tinues to grow incessantly, and this trend is expected to
further accelerate in the near future [1]. Consequently, novel
technical solutions are continuously required in order to meet
this increasing demand. At present, three such solutions are
being remarked upon in the literature: spatial-division multi-
plexing (SDM), the use of higher-order modulation formats,
and multi-band transmission (MBT). SDM is typically divided
into two approaches: multi-fiber and multi-mode/multi-core
fiber, with the first based on the use of more single-mode
fibers (SMFs), including dark fibers. This approach becomes
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very costly after the dark-fiber infrastructure is exhausted, as
it has recently been estimated that approximately $20,000 is
required to lay one kilometer of fiber [1], and at least the same
amount of money is required for installing one kilometer of the
new types of fibers. On the other hand, the multi-mode/multi-
core approach requires significant improvements to existing
infrastructure, including the deployment of new fiber, and
development of novel in-line and transceiver components [2].
Recently, a number of impressive works have reported trans-
mission of higher-order modulation format signals [3], [4],
however this may not be a long-term solution as they scale
logarithmically with the signal-to-noise ratio (SNR), and are
bounded by nonlinear Shannon limit [5].

The third option, MBT, is a practical approach that allows
maximization of return-on-investment in existing infrastruc-
tures [6], and is a promising candidate for a reliable mid-
term solution. The critical challenge for implementing MBT
is the development of efficient optical amplifiers beyond the
currently used C-band, in order to extend transmission to the
L-, S-, E-, O-, and U-bands [7]. Emerging commercial MBT
systems typically target transmission either partially or fully
within the C+L-bands by expanding current erbium-doped
fiber amplifier (EDFA) technology. However, to go beyond
this, novel amplifiers in the U-, S-, E-, and O-bands must
be developed, together with a large range of components,
devices, and sub-systems [8], [9], including novel transmitters
and receivers operating in unconventional bands [10], [11].

There have been recent significant advances in the de-
velopment of new amplifier technologies, such as various
doped-fiber amplifiers [12], [13], Raman amplifiers [14], fiber
optical parametric amplifiers [15], and semiconductor optical
amplifiers [16], providing amplification from the O- to the U-
bands. Although amplification of the L- and C-bands can be
performed with use of EDFAs, beyond these bands, alternative
amplification methods are required. Two types of amplifiers
can be highlighted as being exceptionally promising for MBT:
the Raman amplifier, and the bismuth-doped fiber amplifier
(BDFA).

The Raman amplifier features a flexible operation wave-
length, if provided with necessary pump lasers, the ability to
create a flat-top or tilted gain shape [14], and has been recently
used for ESCL-band transmission over 70 km [17]. In contrast,
the BDFA features an extraordinary gain of 38 dB [18], [19],
an optical power conversion efficiency higher than 30% [18],
and a noise figure as low as 4.5 dB [20]. Moreover, the
BDFA provides optical gain in a variety of bands, due to the
characteristics of Bi-related centers that depend on the co-
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doping materials [21], [22]. Each amplification method has its
own advantages and disadvantages, and in the case of Raman
amplification, although this enables high power amplification
in regions beyond the L- and C-bands, placing the Raman
pumps within the spectrum restricts transmission through the
spectral regions that the pumps occupy.

Recently, successful coherent transmission in the E-band
has been reported solely using BDFAs [23], [24], with the
latter work featuring transmission of 143 channels over the
ESCL-bands aided by a wide-band Raman amplifier. In these
experimental studies, full spectral load transmission is per-
formed in the SCL-bands, but only 4 channels are transmitted
in the E-band, a limitation that arises from a lack of optical
components in the E-band, especially wavelength selective
switches (WSSs).

Beyond challenges in component development, more so-
phisticated models are needed to evaluate the quality of
transmission (QoT) in MBT scenarios [25], [26]. Quantifying
QoT is necessary to estimate the possible/achievable capacity
increases when expanding the spectrum into new bands, and to
evaluate the feasibility of current and future lightpaths (LPs).
Consequently, an accurate and reliable model that provides
wideband QoT estimation is desirable from a network control
perspective.

In this work, we expand upon the experimental study
in [24], performing 195 nm transmission of 150x30 Gbaud
dual polarisation (DP) 16-QAM signals through 70 km of
standard single-mode fiber (SMF), using BDFA amplification
in the E-band, and a discrete Raman amplifier (DRA) in the
SCL-bands. We then present a wideband model based on a dis-
aggregated derivation of the Gaussian noise (GN) model [27],
providing generalized signal-to-noise ratio (GSNR) estima-
tions for an envisaged ESCL-band transmission scenario op-
erating under full spectral load. In this simulation scenario, a
total of 221 channels and 26 channels under test (CUTSs) are
considered for a spectral occupation of 25.8 THz. This model
uses an implementation of the open-source GNPy library [28],
[29] to model the amplification process and stimulated Raman
scattering (SRS) contribution using experimentally-derived
parameters, providing the optical signal-to-noise ratio (OSNR)
contribution. The nonlinear interference noise (NLI) is es-
timated using a split-step Fourier method (SSFM) imple-
mentation. Combining these two quantities, the GSNR is
calculated and used as a figure of merit for the simulated and
experimental results.
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The remainder of this paper is divided as follows: in Sec. II,
an outline of the experimental setup is given, which includes
a hybrid amplifier based on a dual-stage SCL-band DRA, and
an E-band BDFA. This section also provides details of the
data transmission setup. In Sec. III we present the results
of experimental transmission of 150x30 GBaud DP-16-QAM
through 70 km of SMF. In Sec. IV we describe the main
parameters and effects that must be taken into consideration
while performing numerical modeling of wideband transmis-
sions. In Sec. IV-C we outline our NLI model, and describe
the simulation tools that are used in Sec. V. In Sec. V
the SSFM library is introduced, and the key details for the
simulation campaign are outlined, such as spectral and optical
line configuration parameters. In Sec. VI we present the results
of our wideband model for the ESCL system under full and
partial spectral load, comparing them to the results of the
experimental transmission, and then conclude the paper in
Sec. VIIL

II. EXPERIMENTAL SETUP

A schematic of the ESCL-band amplifier used within this
work is presented in Fig. 1, featuring two separate optical paths
for optical amplification: the E-band with a BDFA, and the
SCL-bands with a dual-stage DRA. These bands are separated
by a filter wavelength division multiplexer (FWDM), which
has transmission and reflection bands of 1410-1457 nm and
1470-1620 nm. After band-splitting, the E-band signal follows
the upper path in Fig. 1, passing via an isolator to a 300 m
long Bi-doped fiber that is bi-directionally pumped by two
pump diodes at 1260 nm (forward) and 1310 nm (backward)
via a pair of WDM couplers. Two isolators are used to protect
the amplifier from back reflection. The Bi-doped fiber used in
this paper is the same as reported in [20].

The SCL-band signal follows the lower path in Fig. 1,
with the first DRA stage, targeting S-band amplification,
consisting of an isolator, a 7.5 km-long inverse dispersion
fiber (IDF), a WDM coupler, a pump combiner, and three
pump diodes at 1365, 1385, and 1405 nm. The second stage
preferentially amplifies the C- and L-bands, and consists of
the same set of components, with the exception of the pump
combiner, and pump laser diodes at 1425, 1445, 1465, 1485,
and 1508 nm [30]. After this, both amplified signals are
combined with a 1410-1457 nm/1470-1620 nm FWDM.

The measured gain and NF of the amplifier are presented in
Fig. 2, showing a maximum gain of 18 dB in the E-band, and
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Fig. 1. Experimental setup of the ESCL-band amplifier used within this work, utilizing an active Bi-doped fiber and dual-stage discrete Raman amplification.
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Fig. 2. Gain and NF of the developed ESCL-band amplifier

a minimum NF of 5.9 dB in the L-band. The E-band BDFA
was pumped at only 200 mW to provide a matching gain to
the DRA. The reduced gain at 1460 nm is explained by the
lower efficiency of the BDFA in this region at this relatively
low pump power level. The minimum of the NF is at 1450 nm,
which corresponds well with the behavior reported previously
in [20]. The DRA has increased gain in the S-band, except
in the vicinity of 1470 nm and 1520 nm, due to high inter-
channel SRS power transfer from S-band to the C- and L-band
signals, and pump limitations. The DRA has flat gain (with
variations less than 3 dB) from 1520 to 1605 nm, with an
average gain of 13 dB in the C- and L-bands.

The setup of the data transmission experiment is presented
in Fig. 3: the WDM grid consists of 150x100 GHz channels,
including amplified spontaneous emission (ASE) emulated
channels in the SCL-bands, and three E-band laser diodes
at 1411, 1432, and 1451 nm. The S-band channels (1470-
1520 nm) are generated using a supercontinuum source and
a commercial wavelength selective switch (WSS) for channel
spacing and flattening, followed by a thulium doped fiber am-
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plifier (TDFA). The details of in-house made supercontinuum
source is provided in the paper by El-Taher et al. [31]. Even
though the source operates in S-, C-, L-bands only the S-band
part of the spectrum is used to generate dummy channels in
this experiment. Two 4 nm and 6 nm guard bands are also
present around each of the longest wavelength pumps, located
at 1485 nm and 1508 nm, respectively. The S-band channels
are combined together with flat channelized C- and L-band
ASE noise extending out to 1608 nm, generated using C- and
L-band EDFAs and two WSSs for equalization and flattening.
Following this, a dense WDM grid is combined with three
coarse WDM (CWDM) E-band channels at 1411, 1432, and
1451 nm and the data carrier. The CWDM limitation in the
E-band arises predominantly due to the present unavailability
of commercial an E-band WSS.

The transmitter and receiver used for this multi-band ex-
periment were originally designed for C+L-band operation,
and as such show performance degradation in the S- and E-
bands [32]. The data carrier signal is generated using different
tuneable lasers operating from 1410 to 1605 nm, which are
modulated by a C+L Lithium-Niobate DP IQ modulator,
driven by a digital-to-analog converter (DAC), producing a
30 GBaud DP-16-QAM signal with with roll-off factor of
0.1. The signal after the modulator is amplified by a booster
amplifier (in-house BDFA for the E-band, commercial TDFA
for the S-band, and commercial EDFAs for the C- and L-
bands). For power equalization of the data channel with
the WDM grid, a variable optical attenuator (VOA) is used
ahead of a 90/10 coupler. As the WDM grid is dense in
the SCL-bands, the WDM channel corresponding to the data
carrier signal is turned off using the WSS to avoid channel
overlap. For back-to-back (B2B) transmission, the signal is
then directed to an optical bandpass filter (OBPF), where the
data carrier is filtered. When transmission is performed, the
signal passes into a 70 km span of SMF, followed by the
hybrid amplifier. In both cases, after filtering by the OBPF, the
data carrier is amplified by an appropriate receiver amplifier,
similarly to the booster. The input power into the coherent
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Fig. 3. a) Experimental setup of a B2B and transmission experiment; spectra of the WDM grid and E-band data carrier signal at 1457 nm at (b) input to the

span, (c) end of the span, and (d) after the amplifier.
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receiver is controlled by another VOA, and a set of external
tuneable lasers operating from 1410-1605 nm is used as a local
oscillator for the coherent detection transceiver. Receiving the
channels is completed by a standard C+L-band hybrid, a set
of C+L balanced detectors, and a set of 80 GSa/s analog-
to-digital converters (ADCs). The digital signal processing
(DSP) chain used for analysis of the received signal has been
described previously in [33].

III. EXPERIMENTAL RESULTS

The findings from our experimental transmission are pre-
sented in in Fig. 4. First, the wavelength dependencies of
the Q%-factor(averaged over the X and Y polarisations) for
30 GBaud DP-16-QAM are investigated for both the B2B
and 70 km long transmission. The measurement is performed
in a broad spectral range of 25.83 THz (equivalent to 195
nm) spanning from 1410 to 1605 nm using wavelength-
tuneable lasers for both the signal and local oscillator sources.
The Q2-factor is calculated from the bit-error rate of the
communication channel transmitting different symbols [34].

The best B2B performance is achieved in the C-band,
enabled in this experiment by commercial EDFAs, while L-
band B2B performance is decreasing at lower frequencies. The
B2B performance in the S-band shows similar performance to
the L-band, however, a noticeable decrease of the S-band B2B
performance is observed at around 204 THz (1470 nm), which
is due to the relatively high NF of the TDFA in this region.
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Fig. 4. a) Wavelength dependence of the Q2-factor for the B2B case and
70-km long transmission; b) wavelength dependence of @Q2-factor penalty
between B2B case and transmission (blue line with circles) and X and Y
polarization Q2-factor imbalance (orange line with stars)

The B2B performance in the E-band has been measured by
two in-house BDFAs that are reported in [23]. In general, it is
similar to the L-band case, but with a significant performance
decrease at 1410 nm, which can be explained by substantial
polarization balance limitations that arise from the optical
hybrid and 1Q modulator, starting at 1420 nm. The X and
Y polarization imbalance penalty is presented in Fig. 4 (b),
showing a significant increase of the X and Y impairment
below 1430 nm. Note that the gain of BDFAs has been
shown to be almost polarization independent (< 0.6dB) [35].
The commercial optical hybrid and the 1Q modulator used
in this experiment was optimized for operation in the C-
and L- optical bands. There are two main reasons which
lead to the poorer performance of optical hybrids beyond the
intended range: wavelength limitations of polarization beam
splitters, and wavelength dependence of the phase difference
introduced by the optical hybrid, which should be 90° in a
perfect scenario. For the IQ modulator, only the first reason is
applicable as the 90° variation is tuneable. Despite the limited
operation bandwidth, the X-Y impairment is lower than 0.6 dB
in the whole region from 1430 to 1605 nm.

The transmission performance in the L-band features a Q-
factor penalty no higher than 2.2 dB, and the lowest Q-
factor penalty for the whole DRA is only 1 dB, visible in
Fig. 4 (b). In the C-band the DRA has a maximum ?-
factor penalty of 1.7 dB. The DRA in the S-band has a
maximum penalty of 3.3 dB and a minimum of 2 dB. The
increase of the 2-factor penalty at 1470 nm is due to the
high NF and nonlinear interference in the DRA in this band
of operation which is explained in detail in Sec. VI. The E-
band transmission features the lowest (Q2-factor penalty of
just 0.5 dB. Otherwise, the general performance of the in-line
BDFA is similar to the C- and L- band DRAs. The increasing
penalty towards 1410 nm is explained by a correspondingly
increasing NF, decreasing amplifier gain, and, most impor-
tantly, the polarization imbalance of signal, which occurs due
to the polarization sensitivity of the transmitter and receiver
components. Through this setup, transmission is performed for
a total of 36 Thit/s (2 x 4 bits x 30GBaud x 150 channels).
It should be noted that the E-band performance limitation
mostly arise from the B2B performance, and can be fixed with
suitable E-band receiver and transceiver components which are
currently commercially unavailable.

IV. WIDEBAND PHYSICAL LAYER MODEL

To produce an accurate and reliable model of wideband
transmission it is important to first precisely describe the
significantly contributing optical phenomena that occur during
signal transmission through the fiber, which corresponds to
correctly defining the physical layer parameters. Considering
the amplification process, the BDFA can be represented as
a lumped amplifier with an active fiber of negligible length.
On the other hand, the physical processes in the Raman
amplifier must be considered carefully, as it is a dual stage
amplification process through a total of 15 km of fiber, which
introduces additional nonlinear impairments [36], [37]. The
fiber parameters for both the SMF and IDF are obtained from

Authorized licensed use limited to: ASTON UNIVERSITY. Downloaded on December 18,2023 at 15:16:13 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2023.3339391

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 14, NO. 8, AUGUST 2021

Wavelength, nm
1578 1537 1499 1462 1428

£ 0.32¢
= — SMF
S (.28 [— IDF |
B IL-band|C-band and E-band
"LT:‘ 02 0|
190 195 200 205 210
Frequency, THz

Fig. 5. The loss coefficients, o, of the fibers used within this work as a
function of frequency in the ESCL-bands.

experimental data [38], and theoretical models that have been
enhanced with data provided by the fiber suppliers.

A. SMF and IDF Parameter Model

To produce an accurate and reliable replication of the
experimental transmission described in Sec. II, it is necessary
to properly consider the frequency dependency of the fiber
parameters, for both the SMF and IDF types, for the wideband
spectrum under consideration. The most relevant parameters
from a modeling perspective are: the fiber loss coefficient,
«, the propagation constant, 3, the nonlinear coefficient, ~,
and the reference Raman gain coefficient, go. More details
about the origin and/or derivation of these parameters are given
in [25].

Starting with «, this parameter takes into account the power
attenuation of the optical signal when propagating through
the optical fiber. In this work, we use « values that have
been retrieved from experimental measurements performed
with a cut-back technique. The full profile over the ESCL-
band spectral region is presented in Fig. 5 as the blue line for
SMF and the red line for IDF.
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Considering next 3, this parameter encompasses the de-
pendence of the fiber refractive index upon the frequency of
the propagating radiation, which produces dispersive effects.
These effects can be represented by a Taylor series expansion,
with terms which correspond to the group velocity dispersion,
B2, which is the second derivative of 8 with respect to the
frequency, and describes the broadening behavior of the pulse.
In this work, values of 35 are measured for the SMF and IDF
over the required ESCL-band spectral range, and are presented
in Fig. 6.

The nonlinearity coefficient, y, weights the contributions
that arise from nonlinear propagation of the signal through
the fiber, and may be calculated using:

2 N9

A Ag(\)

¥(A) = (1)

where no is the nonlinear refractive index, and A.g is the
fiber effective mode area. As the SMF is a weakly guiding
fiber, Ao can be calculated from the theory of weakly guiding
fibers [39] using standard SMF parameters: a core radius of
4.2 um, numerical aperture (NA) of 0.14, and the cladding
refractive index determined with the Sellmeier equation with
coefficients that correspond to pure silica glass [40]. Combined
with a ny value of 2.6 - 10’20m2/W, v is calculated for the
considered wideband spectrum, and presented in Fig. 7. This
parameter is observed to scale almost linearly with frequency,
increasing from 1.15 1/W/km in the L-band to 1.45 1/W/km in
the E-band for the SMF type.

Lastly, go provides the Raman gain at a reference frequency,
fret, determining the efficiency of the SRS effect, which pro-
duces power transfer between channels during transmission,
and from the pumps to the amplified channels within the
Raman amplification process [41]. This variable has been
measured experimentally, for both fiber types, and is presented
in Fig. 8. We remark that, for all bands, a maximum value
is found at ~ 13 THz, which corresponds to the peak of the
efficiency of the SRS effect.
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Fig. 6. The group velocity dispersion, 82, of SMF and IDF as a function of Fig, 7. The nonlinear coefficient, v of SMF and IDF as a function of frequency

frequency in the ESCL-bands.

in the ESCL-bands.
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Fig. 8. The reference Raman gain coefficient, gg, corresponding to the Raman
gain at a reference frequency, frof = 203.9 THz, for the two fibers used
within this work, as a function of frequency.

B. Amplifier Model

The experimental hybrid amplifier provides gain in the SCL-
bands with dual-stage Raman amplification and a BDFA in the
E-band. To model the Raman amplifier, transmission through
two 7.5 km-long IDF segments is considered, with the counter-
propagating pumps assigned wavelength and power values that
are specified in Tab. L. In total, eight Raman pumps are used;
three within the first IDF for the S-band amplification, and five
within the second IDF for the C- and L-bands. The effects of
these Raman pumps are included within the amplifier model
by solving the Raman equations, which is performed using the
RamanSolver module of the GNPy library [29]. This solution
provides the power profile for both IDF stages, along with the
ASE noise contributions, giving the total OSNR contribution.

For the E-band amplification using the BDFA, due to the
short length of fiber involved, a more simple approach resem-
bling that of a standard lumped amplifier (C-band EDFA) is
used, where the signal is amplified using the experimentally
derived gain and NF profiles. The gain and NF values for each
CUT, as calculated using the amplifier model, are presented in
Fig. 9. Good approximations of the experimentally measured
gain/NF values presented in Fig. 2 are observed, with some
notable differences being a much higher E-band gain due to
propagation of a full spectral load (the different pumping
conditions of the BDFA from the experiment are used in
the modeling to fully recover loss of the transmitted E-band
signals), and a higher gain and NF within the S-band as a
consequence of inter-band effects producing additional loss,
which is explained in greater detail in Sec. VI. Achieving very

TABLE 1
WAVELENGTHS AND PUMP POWERS FOR EACH RAMAN AMPLIFIER STAGE

Stage Wavelength | Pump power
S-band 1365 nm 485 mW
S-band 1385 nm 333 mW
S-band 1405 nm 116 mW
C+L-band 1425 nm 205 mW
C+L-band 1445 nm 215 mW
C+L-band 1465 nm 190 mW
C+L-band 1485 nm 47 mW
C+L-band 1508 nm 122 mW

close matching of the both Gain and NF of such a system
is a complex task due to various factors that impact these
parameters. The aim in this work was to achieve matching of
the general trends of the parameters, i.e. high S-band NF, or
replicate the ripples in the gain spectrum. To find the BDFA
gain/NF profile, several characterization curves with various
pump powers are considered and evaluated in terms of average
gain. The profile which provides an average gain that most
closely compensates for the propagation loss is then selected
to be used in the simulation campaign.

C. Physical Layer

To estimate the experimental QoT impairments, a semi-
analytical physical layer model that separately provides the
linear and nonlinear contributors is presented, based on the
methodology described in [25]. The QoT for a given CUT
wavelength, A, through a single fiber span is commonly
quantified using the generalized signal-to-noise ratio (GSNR):

GSNR = (OSNR™' +SNRy) ™, @)

where the OSNR is the optical signal-to-noise ratio, which
encompasses all linear contributions to the overall GSNR,
primarily the ASE noise, and SNRyy, is the nonlinear signal-
to-noise ratio, which includes all nonlinear effects which
occur during propagation and corresponds exactly to the NLI
impairment.

The generation of NLI is more complicated in MBT sce-
narios as it depends upon the powers of the CUTs and
interfering channels, which are significantly affected by SRS
power transferring effects and frequency-dependent «, 3, and
~ parameters, as defined in Sec. IV. Additionally, calculation
of the ASE noise requires an amplifier model that properly
takes into account the gains and NFs of the amplifiers within
each band, which further induces a frequency dependence
upon the power profile.

A first step towards an accurate model of this complex
interaction is to tackle the power transfer arising from the
SRS effect. By approximating the SRS efficiency function,
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Fig. 9. The gain and NF profiles for the entire spectrum considered within
the amplifier model.
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accurate closed-form solutions have been presented and veri-
fied in [42]-[44], however, this approximation becomes invalid
when the CUT and interfering channel are separated by more
than 13 THz, which corresponds to the peak of the SRS
spectral efficiency. An alternative approach which is used
in this work is to start with the generalized Gaussian noise
(GGN) model and solve the Raman equations directly, in
order to obtain the SRS efficiency function semi-analytically,
as performed in [25].

Considering an optical line system that consists of a single
fiber span, followed by a hybrid Raman and BDF amplifier,
the OSNR and SNRyy, contributors to the GSNR, for a given
wavelength, )\, are:

P
OSNR = —> | 3
Pase )
P,
<
SNRur, < Do’ 4

where P, is the total channel power, Pygg is the total ASE
noise power, and Pr is the total NLI noise power. Eq. 4 is
presented with an inequality symbol due to the coherency of
the NLI contributor, meaning that this quantity represents an
upper bound.

Concerning the OSNR, as the ASE noise is the significant
linear noise contributor, in this scenario the OSNR is given
simply by the ratio of the total channel power to the ASE
noise contribution. For a constant spectral load, the ASE noise
for transmission through a single span of fiber is given by:

PASE = hch(G - ]-)Rs ) (5)

where h is Planck’s constant, and for a channel at a given
wavelength \: f. is the central frequency of the channel, ¢ and
G are the amplifier noise factor (linear NF) and linear gain at
fe. and R, is the channel symbol rate. Eq. 5 may be used to
calculate the ASE noise contribution of the BDFA in the E-
band, but for the SCL-bands it is calculated from [41], using
the evolution of the power profile, which is in turn calculated
by solving the Raman equations. We note that all parameters
required for Eq. 5 and the Raman equations are obtained from
experimental characterization of the amplifier. Specifically, f.
is obtained by analysis of the spectrum, ¢ and G are measured
for all wavelengths under investigation, for a variety of input
powers, and R, is a constant 30 GBaud for all channels.

The total NLI noise power, Pxi1, is the sum of the noise
induced by the single-channel (SC), Psc, and cross-channel
(XC), Pxc, contributors [45]:

P,
SNRNL > Poc & Prc | (6)

which can be given in terms of the NLI efficiency, 7, for a
given wavelength under test, \, and an interfering wavelength,
K:

Psc =P}, (N
Pxc = PAP? (8

where P, is the total channel power over all polarization states
for a wavelength \. The quantities 7, and 7)), emerge from
the derivation of the PMD-Manakov equation [46], [47]. We

direct readers seeking further detail about the derivation of
these parameters to [25], as a full derivation is outside the
scope of this work. As transmission is performed over a single
span of fiber, typical issues which arise due to the coherent
accumulation of the SC contributor are not present [45],
meaning that the total NLI power of the WDM signal can be
found by separately calculating the SC and XC impairments,
for each CUT, producing a superposition of effects [48].

V. SIMULATION DETAILS

Regarding the OSNR contribution to the GSNR, this is
calculated with help of the GNPy RamanSolver module, which
calculates the ASE noise for each channel using Eq. 5, whereas
a SSFM simulation campaign is performed to estimate the
SNRyy, contribution. This simulation tool, which is based
on [46], solves the dual-polarization Manakov equation, and is
chosen as the method of NLI estimation in order to preserve
maximum accuracy. The dual-polarization Manakov equation
is given by [47], [49]:

8, A(z1) = (—d(z) n LB) Az, 1)

—LS& [ff(z,t) A* (z,t)} ff(z, t), (9

where A(z,t) is the dual polarization modal amplitude at
position z for a given time ¢, &(z), B and 4 are the gain,
dispersion and nonlinearity coefficient operators, respectively.
A numerical solution is found by taking an average of the
random birefringence and polarization mode dispersion, and
calculating the changes to the WDM signal by iterating
through successive, variably-sized dz steps along the fiber.

A. Simulation Parameters

For the experimental transmission, the SCL-bands were
fully populated with channels, whereas only four channels
were present in the E-band, causing this latter band to produce
a comparatively small impairment. To provide a meaningful
characterization of the E-band, a fully loaded E-band spectra
was considered for the wideband model, producing a spectrum
with 41, 46, 60, and 74 channels in the L-, C-, S-, E-bands,
respectively, giving a total of 221 channels ranging from 186.8
to 212.6 THz, and a total bandwidth of 25.8 THz, including
guard bands at the same positions as those used within the
experimental setup. This model therefore aims to provide
an estimate of anticipated losses over the entire ESCL-band
spectrum for an envisaged full spectral load implementation.

In the experimental setup, a flat power of approximately -
2dBm per channel is used for all bands. This power profile
does not represent an optimized transmission scenario due
to the complex interplay between the frequency-dependent
fiber and amplifier parameters, the NLI, and the SRS power
transfer. Finding the optimal input power for each channel
within a wideband spectrum has previously been investigated,
with promising results seen with the use of evolutionary
algorithms [50], [51].

For our model, we choose a middle ground between these
two approaches, by calculating the local-optimum global-
optimum (LOGO) power [52] for each band. Using this
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technique, the average amplifier NF per band is calculated
and used to find the optimal working point of the system. This
provides an optimally flat power for each band, representing
an improvement over a flat value over the entire spectrum,
but with comparable results to the experiment performed in
Sec. III. The LOGO powers for each band are found to be
-1.2, -1.6, -1.3, and -1.0dBm per channel, for the L-, C-, S-,
and E-bands, respectively. The highest power is found for the
E-band, demonstrating that a greater input power is required
due to the larger group velocity dispersion within this region,
as seen in Figs. 5 and 6.

Concerning the line description, we closely replicate the one
described in Sec. II, with two distinct transmission stages:
a 70 km fiber span covering the ESCL-bands, followed by
two 7.5 km fiber spans covering the SCL-bands, representing
the propagation and amplification stages, respectively. The
description of these fibers is given in a JSON [53] format,
providing the required frequency dependent variables, includ-
ing loss, dispersion, and power profile evolution, which is
calculated using the GNPy RamanSolver module.

For the CUTs, in this simulation they are placed within the
100 GHz WDM grid, in locations that correspond as close as
possible to the experimental CUTs. Simulating the entire L-
, C-, S-, E-band spectrum at once has a prohibitively high
computational cost due to large spectral and spatial resolution
requirements. However, the amount of NLI generated by an
interfering channel upon a CUT falls off sharply with respect
to the spectral separation between these two channels, with the
majority of the contribution lying withing a 1 THz bandwidth
centered around the CUT [54]. To reduce computational costs
without a significant loss in accuracy, and to be maximally
conservative, a 3 THz window is considered for each CUT
centered at each f., meaning that NLI contributions from
channels lying outside of this bandwidth are not included.
Each channel is transmitted with a 16-QAM modulation
format, with a roll-off of 0.05, symbol rates of 30 GBaud,
and channel bandwidths of 100 GHz.

B. Receiver and DSP

A DSP-based receiver is placed at the termination of the
simulated optical line in order to calculate the nonlinear
impairment. This receiver first uses an idealized ADC, and
each CUT is filtered using two samples per symbol. Dispersion
compensation is then applied for each fiber span, recovering all
accumulated dispersion upon the CUT. Next, the signal passes
to an adaptive equalizer that converges to a matched filter. This
equalizer makes use of a least-mean squares (LMS) algorithm
with 42 taps and an adaption coefficient of 10~* [55]. This
large number of taps is chosen so that there is a high sensitivity
to the amount of NLI generated, maximizing its recovery.

Following this, the signal is processed by a carrier phase
estimation (CPE) module, which recovers the nonlinear phase
noise by comparing the transmitted and received signals.
The carrier phase is recovered through an algorithm which
dynamically sets the CPE tap length using knowledge of the
transmitted symbols, maximizing the circularity of the noise
clouds within the transmitted symbol scattering diagram. This

optimal CPE tap length therefore maximizes the accuracy
of the recovered NLI noise contribution that arises from the
fiber propagation. Lastly, the error vector magnitude (EVM) is
calculated upon the signal constellation using one sample per
symbol. As the OSNR is calculated outside of the SSFM, this
EVM corresponds exactly to the SNRyy,, which may then be
combined with the OSNR to give an estimation of the GSNR.

VI. MODEL RESULTS

The power profile calculated using the GNPy RamanSolver
module at the inputs/outputs the SMF and IDF is given in
Fig. 10. Starting with the input power spectrum, given by
the blue dots, slightly different levels are visible for each
band due to different LOGO input powers. The signal begins
transmission by passing through the SMF, producing a power
profile given by the orange dots. Here, the impact of the
fiber parameters is visible: as the frequency increases, a
corresponding reduction in power is observed, evident from
the attenuation profile given in Fig. 5.

Low frequency part of the signal then propagates through
the first IDF, giving a power profile in yellow. During this
transmission, the S-band is amplified, with small amounts of
residual amplification also present within the L- and C-bands.
When the spectrum propagates through the second IDF, the
Raman pumps located within the S-band amplify the L- and
C-bands, producing the final power profile, given by the purple
dots, which also includes the E-band power profile from the
BDFA amplification. Besides some small ripples in the SCL-
bands due to the Raman amplification process, which are also
visible in the final spectrum in Fig. 3, the overall gain is
relatively uniform and flat, demonstrating that the input power
has been recovered well.

A. Linear and Nonlinear SNR

The OSNR, SNRy7,, and simulated GSNR, GSNRgy val-
ues for the entire fully loaded spectrum are shown in Fig. 11.
Firstly, regarding the OSNR, this value is calculated from
the ASE noise that is generated during the propagation and
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Fig. 10. The power profile of the signal at various points of transmission.
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amplification stages. To model the propagation stage, the initial
contribution is found by estimating the noise floor for each
channel using the input spectrum provided in Fig. 3(b), and
re-scaling these values to suit the LOGO powers that were
used for the optimized simulated transmission.

In the amplification stages, the GNPy RamanSolver module
is used to calculate the total amount of ASE noise, for both the
Raman pump and BDFA amplification methods. It is visible
that the OSNR is highest in the L- and C-bands, which is
entirely a result of the channels within these bands having
lower noise floors, therefore generating less ASE noise during
propagation. The opposite reason explains the S-band having
the worst noise floor, whereas the OSNR in the E-band is
dominated by the ASE noise that is generated during the
BDFA amplification process.

Regarding the SNRyt,, these values are calculated in the
SCL-bands by summing the separate contributions from the
SMF and IDF, whereas the E-band value corresponds to the
NLI generated during SMF transmission, as NLI contributions
during BDFA amplification are negligible. The E-band is
observed to exhibit significantly better SNRyy, performance
than all other bands due to this reason.

On the other hand, the worst and most uneven performance
is observed within the S-band, which can be explained by
analyzing the power profile evolution in Fig. 10. Considering
that the XC contributor is dominant for any given CUT,
the leading term of the NLI contribution therefore scales
with respect to PCUTP(?h, for all interfering channels (see
Eq. 8). This means that a greater amount of power at a given
channel generates a greater amount of NLI for all neighboring
channels. The NLI generated within the S-band is therefore
large, primarily due to the Raman pump amplification being
performed first in this band, which causes the S-band to enter
the second IDF with a relatively large amount of power. This
is also evident by considering that the best performance within
the S-band corresponds to the region with the lowest gain after
transmission through the first IDF.

Better performance in the L- and C- bands is seen for pre-
cisely the opposite reason: as the Raman pump amplification
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Fig. 11. The OSNR, SNRyt,, and GSNRgpy values after propagation and
amplification using the combined SCL-band Raman and the E-band BDFA.

of these bands is performed predominantly in the second IDF,
the majority of their propagation is performed at relatively low
powers, meaning that the NLI generation is lower. It is also
evident that the C-band suffers from the ripples of the S-band
amplification performed within the first IDF, whereas the L-
band is less affected, resulting in it having the overall best
performance.

Regarding the GSNRgy\; values, for the L- band the OSNR
and SNRy, values have similar contributions, whereas in the
C-band the SNRy, dominates, indicating heightened NLI gen-
eration during transmission. For the S-band, the asymmetric
generation of NLI throughout the band makes the ASE noise
and NLI noise the dominant contributors in the lower and
upper halves of the (frequency) band, respectively. As for the
E-band, GSNRgy practically overlaps the OSNR value, as
the SNRyp, that is generated during the SMF transmission
and BDFA amplification is negligible.

B. Experimental Validation

As described in Eq. 2, the GSNR is calculated from the
OSNR and SNRyy, contributions, but to properly compare this
simulated value to the experiment, it is necessary to include the
B2B transceiver impairments present within the experimental
setup. As a final figure of merit a total GSNR which includes
these impairments, denoted GSNRroT, is calculated, given
by:

GSNRror = (GSNRgl, + GSNRgys) ', (10)

where GSNRgyg is the system GSNR, which gives the B2B
impairment for each CUT. The B2B impairment is charac-
terized experimentally, providing a GSNRgyg value for every
CUT (presented in Figure 4,a).

A comparison between GSNRToT and the experimentally
achieved SNR.y;, is given in Fig. 12. As a first observation, it
can be seen that for all bands except the S-band, GSNRgyg
is the leading contributor to GSNRroT, which is evident by
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Fig. 12. The experimentally achieved SNR and numerically calculated GSNR
values after propagation and amplification using the combined ESCL-band
amplifier.
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comparing this value to the OSNR and SNRyj, contributors
given in Fig. 11. For example, the maximum GSNRroT value
is approximately 20 dB, whereas the OSNR and SNRy, values
lie between 25 —30dB within the L- and C-bands.

A second observation is that the simulated GSNRs in the
L-, C-, and E-bands are similar to that of the measured
SNRexp » With a maximum divergence of approximately 2 dB,
0.5dB, and 2dB for the least accurate predictions in each
band, respectively. Furthermore, most of these values are
conservative, except for the first three CUTs within the L-
band, and the last CUT within the E-band. These discrepancies
may primarily be explained by the differences between the
experiment and the simulation, particularly the differences
in launch powers impacting the SRS and NLI, along with
uncertainty in the Raman pump powers, where fractions of
a dB cause significant changes in the power profile evolution.
The difference between the simulated and experimental results
in the E-band primarily arises due to the former propagating
a full spectral load, which gives an OSNR contribution much
greater than the latter.

The S-band, however, has values that are up to approxi-
mately 3 dB lower than the experimental result. Comparing the
results of the OSNR and SNRyr, to GNSRroT, it is evident
that a significant amount of NLI has been generated in the S-
band during the amplification process, which is due to the
S-band channels entering the second IDF with large input
powers. As only three channels in E-band were experimentally
transmitted at any given time within the S-band experiment,
the effects of SRS power transfer from the E- to the S-band
in this case have been minimal. Lower SRS power transfer
from the E- to S-band consequently causes less NLI to be
produced in the S-band, therefore resulting in a better S-
band performance. To confirm this latter assertion, we also
modeled the experimental case, where only 4 channels (of
which only one is a data-carrier) are present in the E-band.
These results are presented in Figure 12, where it is seen that
GSNRpartial (4 E-band channels) is significantly higher in the
S-band compared to the fully-loaded scenario GSNRrtoT.

From the results presented in this section, the implemented
wideband model was shown to reliably recover the overall
system performance by evaluating the total impairment, tak-
ing into consideration the linear, nonlinear, and transceiver
impairments present within the experimental setup. The major
difference between the experimental results and the simulation
campaign performed in support of this work was that the
E-band was simulated with a full spectral load, as opposed
to a maximum of 4 channels available experimentally. This
difference demonstrates that adding the E-band under full
spectral load has a small performance impact upon the C- and
L-bands, with the greatest impact arising from power transfer
to the adjacent S-band. As a result, transmission over the entire
LCSE bandwidth is a promising solution for rising capacity
and throughput demands, and a promising next step to expand
data transmission beyond L- and C-bands.

VII. CONCLUSION

Within this work we have experimentally demonstrated
coherent transmission over a 25.83 THz (195 nm) bandwidth

spanning the L-, C-, S- and partial E-bands with 150 30 GBaud
DP-16-QAM channels, providing a potential for a total of
36 Tbit/s. Amplification has been performed with a hybrid
amplifier that makes use of a DRA for the SCL-bands, and
a BDFA for the E-band. A wideband model is then outlined
and used to provide a QoT estimation for a full spectral load
scenario and partial load (same as in the experiment) spectral
load, finding that the main limiting propagation impairment
is the NLI contribution within the S-band, arising primarily
from the discrete Raman amplification process and SRS power
transfer from the E-band.

These results show that the E-band presents a promising
spectral region for wideband transmission due to the pos-
sibility of implementing low-noise amplification sources, al-
though we observe that a robust power optimization technique
is required to balance the impact of SRS and frequency-
dependent fiber parameters. Making use of a per-channel
power optimization which takes these parameters into account,
along with the variability of the amplifier gain and NF values
presents promising options for future work to provide a ESCL-
band implementation with maximum possible GSNR.
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