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.2024.3521233

JOURNAL OF XXXX, VOL. XX, NO. XX, XX XXXX

122.6 Tb/s S+C+L Band Unrepeatered Transmission
over 223 km Link with Optimised Bidirectional
Raman Amplification

Jiagian Yang, Henrique Buglia, Mindaugas Jarmolovicius, Romulo Aparecido, Eric Sillekens, Ronit Sohanpal,
Mingming Tan, Dini Pratiwi, Ruben S. Luis, Benjamin J. Puttnam, Yuta Wakayama, Ralf Stolte,
Wiladek Forysiak, Polina Bayvel, and Robert I. Killey

(Top-scored Paper)

Abstract—A 223 km unrepeatered link transmission is exper-
imentally demonstrated, transmitting 490 polarisation-division
multiplexed channels with adaptively optimised geometrically-
shaped constellation quadrature amplitude modulation signals.
The transmission band covered nearly the entire S-, C-, and
L-bands, spanning 121 nm (15.6 THz) of optical bandwidth.
Lumped Thulium- and Erbium-doped fibre amplifiers were
used for amplification, and bidirectional distributed Raman
amplification, together with pre-emphasis of signal launch power
spectrum, were used to mitigate the interchannel stimulated
Raman scattering (ISRS) effect. The signal power pre-emphasis
and the powers of the Raman pumps were experimentally
optimised with a differential evolution algorithm to improve the
received signal-to-noise ratio and the throughput. The closed-
form ISRS Gaussian noise model was used to support and
explain the experimental results: it accurately reproduces the
evolution of the signal spectral power and estimates the contribu-
tions of nonlinear interference noise and amplified spontaneous
emission noise in the unrepeatered link. The combined use of
the hybrid amplification scheme, adaptive constellation shaping,
and system optimisation techniques resulted in a total through-
put of 122.62 Tb/s, from the generalised mutual information
(113.95 Tb/s after decoding), achieving the highest throughput
to date for unrepeatered links over 200 km.

Index Terms—unrepeatered transmission, ultra-wide band
transmission, inter-channel stimulated Raman scattering, dis-
tributed Raman amplification.

I. INTRODUCTION

U NREPEATERED systems have been proposed as a solu-
tion for establishing transmission links spanning several
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Fig. 1: Transmission distance, total throughput, and used band-
width of recent unrepeatered transmission demonstrations.
Solid markers: decoded net rate; Open markers: rate from
generalised mutual information (GMI).

hundred kilometres without the need for in-line amplifiers.
This is particularly useful for global submarine systems, where
electrically powered components, such as optical repeaters,
are difficult to deploy [1]. The cost and power consumption
restrict the deployment of new links between remote locations,
and the growth in data demand, driven by cloud computing
and data streaming, necessitates further throughput increase
within the existing fibre infrastructure. This can be achieved
by bandwidth expansion beyond the widely-deployed C-band.
The use of the S-band and L-band has been proposed to extend
the transmission bandwidth and throughput over a single span
of fibre [2]. In unrepeatered systems, however, due to the
long transmission distance, significant fibre attenuation and
the interchannel stimulated Raman scattering (ISRS) effect
become dominant impairments compared to dispersive and
Kerr nonlinear effects, making it challenging to expand the
wavelength-division multiplexing (WDM) optical bandwidth
in such systems. Achieving wider bandwidths requires careful
selection of appropriate amplification schemes for signals in
each band and effective management of the ISRS power
transfer.

Novel amplification technologies [3], [4], advanced modu-
lation formats [5], [6], and system optimisation techniques [7]
have significantly extended the capacity and reach of unre-
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peatered systems. Experiments with C-band and C+L-band
configurations have achieved unrepeatered transmission dis-
tances exceeding 400 km and data rates of up to 66.8 Tb/s [5]-
[14]. By including the L-band, a trade-off between throughput
and transmission distance should be expected. For example, a
higher throughput of 90.4 Tb/s was transmitted over a shorter
link of 234.8 km using a bandwidth of 87.2 nm [7], while a
longer transmission distance of 312 km was achieved using
60 nm C+L-band erbium-doped tellurite-fibre amplifiers, but
with a lower throughput of 40.5 Tb/s [3]. Using standard
C- and L-band erbium-doped fibre amplifiers (EDFAs), bi-
directional distributed Raman amplification (DRA), and ultra-
low loss G.654.E fibre, a real-time probabilistically-shaped
constellation 64 quadrature amplitude modulation (QAM) un-
repeatered transmission was demonstrated, achieving a net
data rate of 66.8 Tb/s [6]. Further extension of the transmission
bandwidth in unrepeatered links to include the S-band involves
the use of wideband amplifiers, such as semiconductor optical
amplifiers (SOAs) [15], and DRA, a distributed amplification
technique widely used in ultra-wide band (UWB) single-
span and long-haul transmission [2], [16]. A 2022 experi-
ment employing a 100 nm bandwidth SOA and bi-directional
DRA reported an unrepeatered transmission covering the
longer-wavelength S-band, in addition to the C- and L-bands,
achieving a throughput of 99.35 Tb/s over a distance of
257 km [4]. These recent demonstrations of unrepeatered
transmission are summarised in Fig. 1. To fully utilise the
S+C+L band in unrepeatered transmission, optimisation of the
system parameters, including launch signal power and Raman
pump wavelengths and powers, is essential. The estimation
of throughput in UWB systems commonly uses the nonlinear
Gaussian noise (GN) model [17], [18]. In recent years, several
closed-form ISRS GN models that support arbitrary Raman
amplification have been proposed [19]-[21]. These models
aim to predict throughput and optimise systems in UWB
transmission covering the S+C+L band and beyond.

This paper builds upon our work reported in [22], demon-
strating a record 122.6 Tb/s S+C+L band transmission over
a 223 km unrepeatered link, and specifically focuses on
techniques for optimising launch signal power pre-emphasis
and Raman pump powers in unrepeatered links. The ex-
perimental results are further supported by the closed-form
ISRS GN model [20], [21], which quantifies and differentiates
the impacts of amplified spontaneous emission (ASE) noise
and nonlinear interference (NLI) noise. The model explains
the severe ASE limitation and the need to mitigate it using
Raman amplification in unrepeatered systems. Comprehensive
analysis of signal power evolution and the different noise con-
tributions to the received signal-to-noise ratio (SNR), including
ASE noise from both Raman and lumped amplification, and
NLI noise, in the presence of co- and counter-propagating Ra-
man pumps, is included. The study highlights the necessity of
system optimisation to balance the ASE noise, ISRS and NLI
noise arising in unrepeatered systems. The paper is organised
as follows: Section II describes the unrepeatered transmission
experimental setup, including the Raman pumps and fibres
used in this study. Section III details the Raman pump power
optimisation technique using the differential evolution (DE)

algorithm. Section IV presents the main experimental results
along with SNR predictions and analyses from the closed-form
ISRS GN model. Finally, conclusions are given in Section V.

II. EXPERIMENTAL SETUP

The experimental setup of the S+C+L UWB unrepeatered
transmission is shown in Fig. 2. Three optical carriers with
< 100 kHz linewidth were generated by external cavity lasers
(ECLs) with frequency spacing of 32.5 GHz. The carriers
were amplified by either S-band thulium-doped fibre amplifiers
(TDFAs) or C / L-band polarisation-maintaining EDFAs, de-
pending on the operating optical band. Polarisation alignment
was carried out only for S-band carriers, since the TDFA
was not polarisation-maintaining. The centre channel and
the neighbouring channels were modulated with 32 GBaud
digitally pre-distorted root-raised-cosine (RRC) shaped sig-
nals with 1% roll-off by dual polarisation (DP) - in-phase
quadrature (IQ) modulators (35 GHz bandwidth), each driven
by amplified waveforms from a 92 GSa/s arbitrary waveform
generator (AWG) with 8-bit vertical resolution (5 bit ENOB).
The signal comprised repeating blocks of 65,536 randomly
generated symbols, with quadrature phase shift keying (QPSK)
pilots inserted. The digital pre-distortion mitigated the fre-
quency roll-off of the AWG and the modulator with a linear
filter [23]. Two 2% taps were inserted after the modulator
to monitor the optical power which provided feedback to the
polarisation controller. After the booster amplifiers, the three
signal channels were swept across the transmission optical
bands in a frequency grid of 32.5 GHz, with the centre channel
being used to assess the transmission performance, and the
neighbouring channels being interfering dummy channels. A
variety of geometrically-shaped (GS) constellations were used
in each optical band according to the channel SNR [24].

The other co-propagating WDM channels were emulated
using UWB spectrally-shaped amplified spontaneous emission
(SS-ASE) noise. The ASE noise was generated by an UWB
ASE source, spectrally-shaped using Coherent WaveShapers®
operated as wavelength selective switches (WSSs) in a double-
pass configuration and two-stage amplified to produce a flat
or pre-emphasised spectrum. A notch was carved by the WSS,
within which the three signal channels were positioned. The
use of wide-band ASE noise to emulate aggressor channels
provides a conservative measure of the transmission perfor-
mance, and this technique has been previously validated [25],
[26] and widely used [2], [4], [16], [27], [28]. The insets in
Fig. 2 show an example of the shaped and pre-emphasised
launch signal power spectrum profile (with a 15 dB tilt across
the three bands) and the three signal channels placed within
the sliding notch. The SS-ASE and signal channels were
combined using a 90:10 power coupler, with 90 % power
from the SS-ASE and 10 % from the signals. In the following
experiment, the power of the signal channels was further
attenuated to match the SS-ASE power density. Based on the
SS-ASE bandwidth and the wavelength tunability of the lasers,
the channel-under-test could cover the wavelength ranges of
1470 nm to 1526 nm in the S-band, 1531 nm to 1565 nm in the
C-band, and 1572 nm to 1608 nm in the L-band, resulting in
228x, 132x, and 130x WDM channels per band respectively.
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Fig. 2: Experimental setup for S+C+L band unrepeatered transmission over 223 km with bidirectional distributed Raman
amplification. Insets: Top: shaped launch power spectrum with pre-emphasis of 15 dB tilt; Bottom: 3x32 GHz signal channels

being placed within the notch.

The transmission link consisted of 152 km of ultra-low-
loss (ULL) 83 micrometre square effective area fibre followed
by 71 km of G.652.D low water peak single-mode fibre
(SMF). The ULL fibre is ITU-T G.652.B-compliant SMF with
minimum attenuation of 0.16 dB/km at 1550 nm. The low
water peak SMF has reduced attenuation in the E-band. Total
loss of the transmission link was 37.2 dB at 1550 nm. The
forward and backward Raman pump wavelengths A are listed
in Table I. The forward Raman pumps cover the wavelength
range of 1410 nm to 1458 nm, mainly enhancing the optical
signal-to-noise ratio (OSNR). The maximum available pump
powers are around 250 mW for the first two wavelengths and
130 mW for the remaining wavelengths. The backward Raman
pumps emit at shorter wavelengths and provide significant
Raman gain in the S-band to offset the ISRS-induced power
transfer from the S-band to the L-band. The efficiency of
backward DRA was ensured by using high-power pumps
(maximum power of more than 500 mW each) and propagating
in a low water peak fibre, to maintain fibre attenuation below
0.3 dB/km at pump wavelengths, as illustrated in Fig. 3(a).
The Raman gain profile, measured at pump wavelength of
1456 nm, is depicted in Fig. 3(b). These fibre parameters were
used in the modelling in Section IV. Lumped pre-amplifiers
(with noise figures of 7 dB, 5 dB, and 5.5 dB for S-TDFA,
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Fig. 3: (a) Attenuation of the two types of single-mode fibres.
(b) Raman gain profile.

C-EDFA, and L-EDFA, respectively) were positioned at the
end of the fibre link, followed by the UWB receiver.

At the receiver, the channel under test was selected using a
tunable optical band pass filter (BPF). The channel power was
boosted by another amplifier in the corresponding band, and
a variable optical attenuator (VOA) was used to control the
power into the receiver. A coherent receiver detected the DP-
IQ signal using an optical hybrid with a local oscillator (LO).
A 256 GSa/s 110 GHz Keysight UXR digital oscilloscope
with a 10-bit ADC (approximately 5-bit ENOB at 70 GHz)
was used to digitise and capture the waveform, following
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which pilot-based DSP was carried out [29]. Transmission
performance was quantified from the SNR and generalised mu-
tual information (GMI) calculated based on the log-likelihood
ratios [30] after deducting the pilot overhead of 4.64 %. DVB-
S2X low-density parity check (LDPC) codes were used to
decode the received symbols [31] with adaptive code rate,
and code-rate puncturing was applied to achieve a bit error
rate below 3x10* with a 0.5 % overhead BCH code.

III. SYSTEM OPTIMISATION

Before transmission, the optimisation of the Raman pump
powers and the launch signal power pre-emphasis was carried
out. First, the received SNR was estimated by carving 25
notches in the SS-ASE without signal loading (as shown in
Fig. 4(a)), transmitting the SS-ASE through the fibre link, and
measuring the received notch depth (as depicted in Fig. 4(b)
and inset), which approximately represented the SNR. The
SNR was then interpolated to estimate values for all channels
and mapped to capacity using the Shannon capacity theorem. It
is important to highlight that the estimated SNR derived from
notches considers the impact of ASE noise accumulation and
ISRS but does not account for nonlinear interference noise
or transceiver noise. This approach is particularly effective for
unrepeatered systems, as their performance is primarily limited
by ASE noise. Using this throughput estimation as a metric,
the differential evolution (DE) algorithm [32], [33] was used to
optimise the launch power tilt and bidirectional pump powers.

In the initialisation stage of the DE, a population of 10
random combinations of the 8 forward pumps and 4 backward
pumps powers are generated:

p1= []91,1,;01,2,"' 7p1,12]

P10 = [P10,1,P10,2, - - - »D10,12] (1
In each iteration, an agent combination pP; =
[pi,1:Di2, - ,Pin2) is randomly selected. A mutant vector
d=[q1,92, - ,q12] is generated from another three vectors

through linear combination:

q’:ﬁk‘i’F(ﬁm*ﬁn)» k;man?éi (2)

Here, F' is the mutation rate. Uniformly distributed random
numbers wuq,us,- - ,uj2 are generated for each dimension,

and the trial vector ¢ = [t1,t2, - ,t12] is produced from
either the agent or the mutant following the rule:

{ti = Dij
ti =q;

Here, cr is the crossover rate that controls the probability
of mixing the components of different candidate solutions
to create a new one. Higher crossover rate means that more
components from the mutated vector are incorporated into the
trial vector. This trial vector is then used to assess the system
performance. If the trial vector performs better, the agent is
replaced by the trial. Otherwise, the agent remains unchanged.
This process is repeated for each vector in the population to
complete an iteration. After 10 iterations, the best-performing
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Fig. 4. SS-ASE spectra with multiple notches in the pump
optimisation process. (a) Transmitted; (b) Received. Inset:
received notch with a depth approximately representing the
received SNR.

vector from the final population is considered as the optimised
result. A population size of 10 individuals, a mutation rate of
0.5, and a crossover rate of 0.7 were used.

The optimisation was carried out for each launch power
tilt (ranging from O dB to 25 dB in 5 dB steps). The best
performance was observed with a 15 dB launch power tilt,
and the optimised pump powers Py, are listed in Table 1. The
total powers of the forward and backward Raman pumps were
1.14 W and 1.69 W, respectively.

Transmitted and received SS-ASE spectra with multiple
notches were measured using an optical spectrum analyser
(OSA) with a 0.02 nm resolution bandwidth in a high-
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TABLE I: Raman pumps configuration.

Forward Pumps Backward Pumps Total
A (nm) 1410 1417 1423 1430 1437 1445 1451 1458 1365 1385 1405 1425
Popt (mW) | 267.3 | 2472 | 1343 | 1285 | 130.3 73.6 49.0 111.7 | 503.5 | 503.5 | 455.0 | 231.7 | 2,836
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Fig. 6: Signal power spectra measured by OSA and link loss.

DFA: doped fibre amplifers. Dashed gray line: wavelength-

dependent fibre attenuation from fibre specifications; solid gray line: link loss accounting for fibre attenuation and ISRS,

calculated from the measured spectra.

sensitivity mode, and the results are shown in Fig. 4. The
notches in the spectrum show a transmitted SNR of 20-35 dB
across the S+C+L band, which largely degrades to 5-20 dB
in the S-band after unrepeatered transmission due to the ASE
noise arising from the Raman amplification and pre-amplifier
TDFA used to offset the fibre loss and the ISRS effect. The
C-band SNR has a relatively low reduction after transmission,
to the range of 20-25 dB. This is because the noise figure
of the C-EDFA (approximately 5 dB) is the lowest among
the three types of lumped amplifiers, and part of the C-band
signal benefits from the Raman amplification, whereas the L-
band SNR is around 13 dB, relatively lower than that in the
C-band because of the ASE noise from the significant gain
of nearly 40 dB provided by the lumped L-EDFAs. This SNR
degradation arising from the ASE noise is also predicted by the
model, as described in Section IV. Figure 5 shows the received
SNR measured from the notches for different wavelengths per
band, for both the maximum and optimised pump powers. The
SNR increased by 2.63 dB, on average, in the S-band, enabling
higher throughput to be achieved by reducing pump powers
and reducing ISRS, at the cost of slightly worse performance
in the C- and L-bands (1.24 dB reduced SNR), resulting in
an increase in the estimated total capacity from 152.6 Tb/s
to 155.3 Tb/s. The figure also shows the geometrically-shaped
modulation formats transmitted for each channel, optimised for
the channel SNR [24], e.g. GS-64 QAM optimised for a 12 dB
SNR channel for shorter wavelength S-band and L-band, and
GS-256 QAM optimised for a 16 dB SNR channel for longer
wavelength S-band and C-band. The format selected depended
on the estimated channel SNR at the each wavelength.

IV. RESULT AND DISCUSSION

The signal spectra at the input and output of the transmission
link were measured using an OSA with a 0.02 nm resolution

This work is licensed under a Creative Commons Attribution 4.0 License.

bandwidth, and the results are shown in Fig. 6, along with
the fibre attenuation and link loss calculated based on the
fibre specifications and the measured spectra. The launch
powers were 19.6 dBm, 12.2 dBm, and 8.6 dBm for the
S-, C-, and L-bands, respectively, with the signal channel
power attenuated to match the SS-ASE power spectral density.
After transmission over 223 km of single-mode fibre without
Raman amplification, the signal power was attenuated by the
joint effect of wavelength-dependent fibre loss and ISRS. The
minimum link loss was measured to be 38.5 dB (including
the insertion loss of the isolator) at 1573 nm, while in the
S-band, losses could extend up to 48 dB, with an additional
2 dB power loss being attributed to ISRS. The bi-directional
Raman amplified spectrum and received spectrum after lumped
amplification are also plotted in Fig. 6. The received signal
power is restored to values similar to the launch powers at
most wavelengths, except for the lower half of the S-band
due to the significant link loss and the power-dependent gain
profile of the TDFAs.

The maximum Raman on/off gain of more than 30 dB was
observed in the S-band with backward Raman pumps only,
and more than 40 dB with bidirectional Raman pumps, as
shown in Fig. 7. The strong backward Raman pumps with
output powers of around 500 mW each and wavelengths of
1365 nm - 1425 nm provide significant Raman gain for the
entire S-band, peaking at 1510 nm. The forward Raman pump
wavelengths ranged up to 1458 nm, causing a power transfer
peak around mid-C-band, and an additional gain of about
10 dB was simultaneously observed across the L-band. A
slight reduction in gain at the lower wavelengths of the S-band
was noted when forward pumps were added, due to stronger
ISRS power transfer from the S- to the L-band. This trade-off
between the S- and L-band power spectral densities justifies
the necessity of optimising the launch power tilt and Raman
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pump powers.
The closed-form ISRS GN model for UWB transmission
with distributed amplification was used to model the un-
repeatered link and give a prediction of the signal power
evolution and the contributions of different noise to the total
SNR. The goal is to differentiate between ASE and NLI noise
in the link and demonstrate the benefits of using distributed
amplification to reduce ASE noise from lumped amplifiers.
The model treats the impairments which originate from fibre
nonlinearity, amplifier noise and transceiver noise as additive
noise terms, such that the total received SNR is given by

SNR;;; ~ SNRgx + SNRyf; + SNR & 4)
()
~ \kiP +n(fi)P? + Pasg. ’

where SNRTRry, SNRn11 and SNR gy are the SNR from the
transceiver subsystem, the nonlinear interference (NLI) noise,
and the ASE noise from the optical amplification, respectively.
¢ is the index of the channel under consideration, P; is the
channel launch power, x; = 1/ SNRTRx,» and Pnris =
n(f;)P? is the NLI noise power, 7n(f;) is the nonlinear coeffi-

®)

cient at optical frequency f;. Pasg: = GiPasg”,; + Pasg
is the total ASE noise contributed from Raman amplification
Pasg; and lumped amplification Pagg/; where G; is the
lumped EDFA or TDFA gain.

The wavelength-dependent fibre parameters, i.e. effective
areas A, Raman gains gg, and nonlinear coefficients -,
were calculated in the model using the following equations

from [34]:
Aeg(fi) ( i >_nA
Acf‘f(frcf) B frcf (6)
gr(fi)) _ ( fi >”O'1+"A
gR(fref) fref (7)
_ 2mnaf;
v(fi) = Ao (f)e ®)

Here, fiof is the reference frequency at 1550 nm, n4 ~ 0.9
for ultra-low-loss 83 micrometre square fibre and n4 ~ 1.4
for G.652.D single-mode fibre are the effective area scaling
exponents [34], n is the nonlinear refractive index. Reference
effective areas of the ultra-low-loss 83 micrometre square fibre
and the G.652.D single-mode fibre are 83 ym? and 80 pm?,
respectively. The insertion losses of the WDM couplers and
isolators within the fibre link were estimated by employing
nonlinear minimum search function in MATLAB® represent-
ing the error between the calculated and measured spectra
across three different pumping schemes: without Raman am-
plification, with backward pumps only, and with bi-directional
Raman pumps. The insertion losses of 0.2~1.6 dB are esti-
mated, which are within the manufacturers’ specifications.

We assume cumulative fibre link dispersion of D =
16.5 ps - nm~'km™! at 1550 nm, and dispersion slope of
S = 0.09 ps - nm~2km™'. The attenuation and Raman gain
profile are shown in Fig. 3, and these data were used in the
model to simulate the signal spectral power evolution along
the 223 km fibre link, taking into account the forward and
backward Raman pump and pump power depletion. As shown
in the power evolution in Fig. 8, the contribution of forward
Raman pumps is observed in the first 30 km transmission,
while the backward pumps provide significant gain in the
last 50 km of G.652.D fibre. The power drop at 152 km is
caused by the insertion loss of the isolator (~1.2 dB) placed
at the mid-link. The mean error between the calculated channel
powers at the end of the fibre and the experimentally measured
values is 0.86 dB.

The NLI noise and ASE noise were evaluated using the
closed-form ISRS GN model [20], [21], with the various noise
contributions to the total SNR plotted in Fig. 9. ASE noise is
the predominant contributor, which is divided into ASE from
Raman amplification (SNRAsE Raman) and ASE from lumped
amplification (SNRASE, Lumped), a8 shown in Fig. 9(a). The
gain from lumped amplification was determined using exper-
imentally measured spectra before and after lumped amplifi-
cation, and SNRASE, Lumped Was estimated from the received
signal power and lumped ASE noise power. From Fig. 6, the L-
band requires the highest lumped gain, resulting in the lowest
SNRASE,Lumped, Which in turn limits the SNRAgE tot in the
L-band. The S-band, having the least lumped amplification
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Fig. 9: Simulation and experimental results of received
SNR. (a) Simulation results of total ASE noise contribution
SNRASE, tot from distributed Raman amplification and lumped
amplification. (b) Simulation results of total NLI noise con-
tribution SNR11,t0t from forward (FW) and backward (BW)
Raman amplification. (c) Simulation and experimental results
of total SNR calculated from ASE-, NLI-, and transceiver-
limited SNR. Star markers: experimentally measured SNR.

gain, thus experiences minimal ASE, but its SNRASE Lumped
is constrained by the low received signal power. For ASE from
Raman amplification, the S-band and C-band signals receive
the highest Raman gain. Consequently, SNRAsE tot is limited
by SNRASE,Raman- Although the L-band has the least Raman
gain and the least ASE from Raman amplification, this ASE
noise was further amplified by the significant lumped gain,
resulting in an SNRASE Raman cOmparable to that of the S-
and C-bands. Compared with the experimentally estimated
SNR values shown in Fig. 5, both methods provide the ASE-
limited SNR. The slight discrepancies observed in the C- and
L-bands can be attributed to the accuracy of power spec-
trum evolution predictions in the model and other differences
between the modelled and experimental parameters, such as
the wavelength-dependent amplifier noise figure, estimation of
component insertion losses, and difficulties in precise power
measurement.

The NLI noise contribution is calculated separately for the
two sections of fibre links, with forward Raman pumps being
used exclusively in the first 152 km link and backward Raman
pumps only in the last 71 km link. This assumption holds
because the forward pumps deplete rapidly and become negli-
gible in the second half of the link, while the isolator prevents
any backward pump leakage into the first 152 km of the link.
Due to the reduced signal power, the interaction between NLI
noise in the second half is minimal, allowing the NLI-limited
SNR from forward pumping to be directly calculated using
the reference signal power at z = 0 (launch power). Note
that backward Raman amplification and lumped amplification
do not affect the NLI-limited SNR in the first half of the
link, as both signal and noise powers are amplified by the
same factor. The results are presented in Fig. 9(b). Significant
NLI noise occurs within the first 30 km of transmission,
over which distance the forward pumps enhance the signal
power in the longer wavelength S-band and C-band, resulting
in a lower SNRyp1,pw in these wavelengths, approximately
20 dB. The L-band experiences less NLI noise due to the
lower launch power of 8.6 dBm in the L-band when applying
the launch power tilt. The NLI noise induced by the power
gain provided by the backward Raman pumps is negligible in
this scenario, with an SNRnr1,sw exceeding 40 dB, due to the
extremely low signal power after long-distance transmission.
Thus, the NLI performance is primarily constrained by forward
pumping.

Figure 9(c) summarises the contributions of the different
noise sources to the total SNR, and compares the model
prediction with the experimental results. Across most of the
wavelength regions, ASE noise is the dominant noise source.
However, NLI noise limits the total SNR in the longest
wavelength S-band and the shortest wavelength C-band, where
peak gain was provided by the Raman pumps. Excluding
the negative SNRs in the shortest S-band channels, the av-
eraged SNR error between model prediction and measured
result across the remaining 479 channels is only 0.759 dB.
The residual discrepancy is attributed to the accuracy of the
power evolution calculation, which shows slight discrepancies
between 1500 nm to 1540 nm in Fig. 8. The wavelength-
dependence of the optical components, such as WDM cou-
plers, isolators and amplifier noise figures, can also affect the
model prediction result. Specifically in unrepeatered systems,
the NLI noise from high power signals only occurs at the
beginning of the fibre, where the impact of dispersion is not
very strong. In such cases, the perturbative NLI approximation
can sometimes model the system more effectively without
Raman amplification. However, as shown in Fig. 9, the NLI
noise induced by Raman amplification becomes comparable
to the ASE noise level in parts of the S- and C-bands. In this
scenario, the GN approach can accurately estimate both the
NLI and Raman-induced ASE. Despite the dominance of ASE
noise in some regions, the SNR modelling gives a breakdown
of the different noise contributions in an unrepeatered link,
explaining the reasons for SNR degradation along the fibre
and highlighting the joint effect of Raman-induced ASE noise,
lumped amplification-induced ASE noise, and bi-directional
Raman pump-induced NLI noise. In conclusion, ASE noise
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Fig. 10: Transmission SNR and data rate (estimated from GMI and after decoding) measurements for 228 xS-, 132xC- and

130xL-band channels after 223 km unrepeatered transmission.

is the primary factor limiting transmission quality in unre-
peatered systems, while NLI noise resulting from increased
signal power due to forward Raman amplification can also
degrade the SNR at wavelengths with peak Raman gain.

The achievable data rate was estimated using the Shannon
capacity theorem, with the pilot overhead deducted, based on
the SNRs for all transmission channels, calculated from the
ISRS GN model. Without Raman amplification, the model
predicts a throughput of only 23.58 Tb/s, entirely limited
by the ASE from the significant lumped gain required to
overcome approximately 40 dB of power loss. With Raman
amplification, the estimated throughputs are 85.24 Tb/s with
forward-only pumping and 64.80 Tb/s with backward-only
pumping. Bi-directional Raman amplification is calculated to
further increase the throughput to 130.98 Tb/s, representing
53.7% and 102.1 % improvements compared to the forward-
only and backward-only Raman configurations, respectively.
This throughput is lower than the 155.3 Tb/s predicted during
the optimisation process because the modelling further ac-
counts for nonlinear interference and transceiver noise. Further
improvement is also possible by using different types of
fibres to balance the fibre attenuation and the Raman pump
depletion. For example, using ULL fibre throughout the entire
transmission link would reduce the backward Raman gain due
to the presence of the water peak in the E-band, but the
transmitted signal, on the other hand, would benefit from lower
attenuation, which, according to the model, could result in
similar or even higher throughput.

The received SNR was measured for each channel after
pilot-based DSP. Data rates were then estimated from the
GMI and after decoding, with the pilot overhead deducted.
DVB-S2X LDPC codes were used with adaptive code rate
and code-rate puncturing. The measured results are presented
in Fig. 10. At the shortest S-band wavelengths, the OSNR is
too low to transmit data at a significant rate, especially when
the SNR is less than 5 dB and the GMI is nearly zero. The
lowest decoding rate used in the experiment was 0.25, thus
the channels with lower normalised GMI are unable to be
recovered free of error. Deducting the unusable channels and
the gap between optical bands, the total optical bandwidth used

is approximately 121 nm. Data rates of 49.31 Tb/s, 45.66 Tb/s,
and 27.65 Tb/s were estimated from GMI for the S-, C-, and
L-bands respectively, totalling 122.62 Tb/s and 113.95 Tb/s
before and after decoding, respectively. The GMI estimated
the throughput using bit-metric decoding under practical con-
ditions, and the gap to the model estimation of 130.98 Tb/s
is due to slight mismatches in power evolution predictions
and the inherent difference between real transmission systems
and the ideal Shannon capacity. Further improvement of the
system is possible by applying lower cardinality constellations,
such as 16 QAM or QPSK, for the shorter wavelength S-band
channels, which could potentially increase the data rate by
approximately 1.2 Tb/s.

V. CONCLUSION

An ultra-wide band (121 nm, 15.6 THz) unrepeatered
transmission link of 223 km with a total throughput of
122.62 Tb/s (113.95 Tb/s after decoding) was experimentally
demonstrated using bidirectional Raman amplification and
doped fibre amplifiers. The launched signal power profile
and Raman pump powers were optimised using a differential
evolution algorithm to mitigate the interchannel stimulated
Raman scattering effect. The transmission system is modelled
using a closed-form ISRS GN model to reproduce the signal
power evolution along the link and predict the noise contri-
butions to the SNR, showing that the unrepeatered system is
dominated by the ASE noise arising from Raman and lumped
amplification, with potential further reduction in the SNR due
to nonlinear interference noise arising from forward Raman
amplification increasing the signal power. The combination of
hybrid amplification scheme, adaptive constellation shaping
and decoding, and system optimisation achieved a record high
data rate for unrepeatered standard single-mode fibre links
over 200 km. These results highlight the potential of S+C+L
band transmission to significantly enhance the capacity of un-
repeatered transmission systems. Further increases in S-band
transmission throughput could be achieved by using forward
Raman pumps at shorter wavelengths, such as 1365 nm, and
by employing signals with low modulation cardinality and/or
stronger FEC at wavelengths suffering low SNR.
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