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Abstract We demonstrate the first SCL-band long-haul transmission using G.654.E-compliant fibre,
achieving 100.8 Tb/s (GMI) over 1552 km, despite its 1520 nm cutoff wavelength. Due to the fibre’s ultra-
low loss and low nonlinearity, the achievable-information-rate with lumped amplification is comparable to

that of G.652.D-compliant fibre links with distributed-Raman-amplification. ©2025 The Author(s)

Introduction

In recent years, major breakthroughs have been
achieved in ultra-wideband (UWB) wavelength-
division multiplexing (WDM) fibre transmission
employing three or more optical bands, as sum-
marised in Fig. 1. However, the use of UWB tech-
nology in long-haul transmission remains challeng-
ing, as separate amplifiers are required for each
band, and signal power profile shaping and optimi-
sation become increasingly complex, due to inter-
channel stimulated Raman scattering (ISRS) and
the use of Raman amplification. Distributed Ra-
man amplification, as an approach to complement
lumped doped fibre amplifiers (DFAs), has been
widely used in long-haul UWB transmission!'H4l
to compensate for fibre loss and ISRS. Other
studies have employed DFA-only approachesl®,
or utilised wavelength conversion techniques to
amplify signals in the shorter or longer wave-
length bands!®8l. These complex amplification
schemes become essential, as most transmission
experiments have been carried out over G.652.D-
compliant standard single-mode fibre, which has
an effective area of approximately 80 pm? and
attenuation of 0.2dB/km at 1550nm. The low
water-absorption peak of such fibre allows Ra-
man pump lasers operating in the E-band to be
deployed, providing distributed gain to offset power
loss due to ISRS. However, new optical fibres have
been developed, such as G.654.E-compliant fi-
bres, featuring ultra-low-loss characteristics, with
reduced attenuation of 0.148 dB/km at 1550 nm
and a larger effective area (125 pm?), though with
a maximum cutoff wavelength shifted to ~1520 nm.
These fibres are well-suited for high-data-rate,
long-haul transmission!®!, and have been demon-
strated as suitable for S-band transmission, both
theoretically!’® and experimentally(''], even when
signal wavelengths fall below the cutoff. Although
its lower nonlinearity (and hence lower Raman

KT T ~N_T T T T T

g160* SCL
S130| cLu
oh o b |msow
100 g SCLUX

>3

S - =
£ 70 SN\ ek
= | | | | | | | | \"\"}»\ [

N 70 ) |

T o) This work

S 6 L .

=3

w o |
4 T I O O B B B A
800 1000 ) 1500 2000 2400

Distance (km)

Fig. 1: Transmission distance, throughput, and spectral
efficiency (SE) of recent long-haul transmission
demonstrations using three or more optical bands. Solid
markers: decoded net rate; open markers: rate from GMI.

gain coefficient) and the presence of a higher wa-
ter absorption peak may reduce the efficiency of
Raman amplification in G.654.E fibre, studies have
shown that Raman pumping can still provide per-
formance gains('21'3l. Several prior works using
G.654.E fibre have been reported!®'4115] though
they feature either limited transmission distances
of no more than 150 km or signals at wavelengths
above the cutoff wavelength.

In this work, we investigate the feasibility of
SCL-band long-haul transmission over G.654.E-
compliant Corning® Vascade® EX2500 fibre and
achieve the highest SE in SCL-band long-haul
transmission. Negligible penalty due to multipath
interference (MPI) was observed for signals be-
low the cutoff wavelength. With the benefit of
lower attenuation, the G.654.E fibre was found to
enable similar throughput to G.652.D fibre-based
transmission, but without the need for distributed
Raman amplification. Furthermore, despite the
higher water absorption peak of the G.654.E fi-
bre, the use of distributed Raman amplification
with pump wavelengths in the E-band, provided
improved transmission performance. The results
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Fig. 2: Experimental setup for S+C+L-band long-haul transmission over 18x86.2km G.654.E-compliant fibre. Inset: spectrum of
channel under test (CUT).

show the potential of this type of fibre for long-haul
UWB optical transmission.

Experimental setup

The experiment carried out (shown in Fig. 2)
consisted of an external-cavity laser (ECL) and
a dual-polarisation in-phase quadrature (DP-IQ)
thin film lithium niobate (TFLN) modulator with a
3-dB bandwidth of ~80GHz, driven by an arbi-
trary waveform generator (AWG) to generate a
112 GBd geometrically-shaped (GS)!'®! 16-QAM
or 64-QAM test channel. A fourth-order Volterra
digital pre-distortion filter was applied to compen-
sate for the nonlinear response of the digital-to-
analogue converter (DAC), driver amplifier and
modulator, achieving a maximum back-to-back
signal-to-noise ratio (SNR) of ~19dB across all
three bands. Co-propagating WDM channels
were emulated using spectrally-shaped ampli-
fied spontaneous emission (ASE) noise, gener-
ated by a wideband ASE source and shaped by
WaveShapers® operating as wavelength selec-
tive switches (WSSs). The combined WDM sig-
nal was transmitted through a recirculating fibre
loop for 18 re-circulations, totalling a distance of
1552 km. The loop comprised a pair of acousto-
optic modulators (AOMs) for switching between
loading and re-circulating states, a polarisation
scrambler (PS), three gain blocks (each of which
included an S-band thulium-doped fibre amplifier
(TDFA), a low-gain C-band EDFA and a low-gain
L-band EDFA), a 86.2km G.654.E-compliant fibre
span, three backward Raman pumps, and WSSs
and variable optical attenuators (VOAs) for power
balancing. The UWB receiver consisted of a band-
pass filter, a pre-amplifier, a 90-degree hybrid, and
a 256 GSa/s Keysight UXR oscilloscope. Offline
digital signal processing (DSP)!'"] and adaptive
rate decodingl®M'8 was performed.

Fibre and Raman pump characterisation
The Vascade EX2500 fibre had a span length of
86.2km, and a low-water-peak G.652.D fibre of
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Fig. 3: Fibre attenuation at signal and Raman pump
wavelengths.

the same span length was used for comparison.
Throughout the remainder of this paper, we refer to
the Vascade EX2500 fibre and the low-water-peak
fibre as G.654.E and G.652.D, respectively. The
measured attenuation of the two fibres is shown
in Fig. 3, with G.654.E exhibiting ~0.04 dB/km
lower attenuation across the signal wavelengths,
but higher loss at the pump wavelengths in the
E-band due to the presence of the water absorp-
tion peak. The total fibre span losses at 1550 nm,
including splicing losses, were 13.0dB for G.654.E
and 16.5dB for G.652.D.

Three lasers were used as Raman pumps in
the G.654.E fibre, at wavelengths of 1365nm,
1385 nm, 1405 nm with maximum output powers
of ~500 mW each. For the G.652.D fibre, an addi-
tional pump at 1425 nm was employed to enhance
the Raman gain. The pump powers and signal
launch power per band were optimised for both
fibre types using a simplified ISRS GN model!'°]
to maximise throughput. Wavelength-dependent
gains or losses were replaced with average values
per band in the model to simplify optimisation and
system design. Pump powers were set to max-
imum for G.654.E fibre due to reduced Raman
efficiency!'®l, while 447 mW, 501 mW, 331 mW,
224 mW powers were used for the four pumps
for transmission over the G.652.D fibre, with sim-
ilar total pump power of ~1.5W. The optimised
total launch powers of the signals in the S-, C-,
and L-bands were 19.7 dBm, 19.4dBm, 18.5dBm,
respectively, for the G.654.E fibre, and 19.7 dBm,
16.6 dBm, 18.5dBm, respectively, for the G.652.D
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Fig. 4: Raman on-off gain.

fibre. The Raman on-off gain was measured using
an optical spectrum analyser (OSA), as shown in
Fig. 4. Despite using the maximum available Ra-
man pump powers for the G.654.E fibre, the gain
in the S-band remained below 10dB due to its
lower Raman gain coefficient - approximately half
that of the G.652.D fibrel'3l. In contrast, pumping
the G.652.D fibre achieved a maximum Raman
gain of more than 20 dB.

Results

The signal spectral power was monitored using
an OSA and is shown in Fig. 5. The wavelength-
dependent gain of the lumped amplifiers led to a
non-flat launch power profile into the fibre, which
was the primary cause of the SNR variations.

G.654.E Vascade EX2500 with Raman
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Fig. 5: Spectra at loop monitor, G.654.E fibre input and output.

After DSP and deducting pilot overhead, the
SNR and GMI for the G.654.E fibre transmission -
with and without Raman amplification - are shown
in Fig. 6(a) and (b). In the S-band, the SNR ranges
from 5dB to 11 dB, where a geometrically-shaped
(GS)-16 QAM constellation was employed. In con-
trast, the received signals in the C- and L-bands
exhibited higher SNRs of ~12dB, allowing the
use of a higher-cardinality GS-64 QAM constella-
tion. Comparing Fig. 6(a) and (b), the most sig-
nificant improvement is observed in the shorter-
wavelengths of the S-band, where an average
GMI increase of 0.86 bit/4D-symbol is achieved
for channels between 1480 nm and 1500 nm with
Raman amplification. The remaining channels
in the S-band and those in the C- and L-bands
show similar performance. The total throughput
over the 1552km G.654.E fibre, estimated from
GMI, is 100.85 Tb/s with Raman amplification and
97.02 Tb/s without. Compared to the results of
the G.652.D fibre transmission experiment with
Raman amplification, shown in Fig. 6(c), similar
SNR is achieved in the S-band, indicating negligi-
ble MPI-induced penalties in transmission over

Wavelength (nm)

Fig. 6: (a)-(c) Received SNR (left axis) and GMI (right axis)
with different types of fibre, with or without Raman
amplification. (d) Decoded data rate per channel for the 3
scenarios; inset received constellations: GS-16 QAM for the
S-band and GS-64 QAM for the C- and L-band.

G.654.E fibre at wavelengths below the cutoff
wavelength. In the C- and L-bands, approximately
0.67 and 0.20 bit/4D-symbol higher GMI values,
respectively, were achieved with the G.654.E fibre,
largely due to the significantly lower attenuation
and larger effective area of the G.654.E fibre.

After decoding, the net data rates in Fig. 6(d),
corresponding to the scenarios in (a)-(c), were
92.8 Tb/s and 88.8 Tb/s for G.654.E fibre transmis-
sion with and without Raman, respectively. The
G.654.E fibre with only lumped DFA achieves a
throughput comparable to that of the G.652.D fi-
bre with Raman amplification (89.9 Tb/s), which
requires over 1.5W of pump power. These results
demonstrate the suitability of G.654.E-compliant
fibre for long-haul UWB transmission.

Conclusion

We successfully transmitted SCL-band 15.08 THz
bandwidth signals at a high baud rate of 112 GBd
over 1552km of cutoff-shifted G.654.E Vascade
EX2500 fibre, achieving more than 100Tb/s
throughput with negligible performance penalty
observed below the cutoff wavelength. Transmis-
sion performance comparable to that of a Raman-
amplified low-water-peak G.652.D fibre link high-
lights the potential of long-haul UWB transmission
using DFA only with G.654.E fibre.
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