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Abstract We studied the power consumption of hybrid-amplified SCL-band links using commercial
benchtop amplifiers and Raman pumps. We show a reduction in energy per bit for multi-span hybrid
Raman amplified links of up to 26% versus lumped amplification. ©2025 The Author(s)

Introduction
To meet increasing capacity demands, the last

decade has seen a strong research push towards
long-haul DWDM coherent transmission systems
beyond the C- and L- wavelength bands. A variety
of different UWB schemes have been proposed,
ranging from adding just the S-band to occupying
the entire OESCLU spectrum and even extending
further towards 2 um wavelengths with the newly-
defined X-bandl'-'1,

In parallel to this capacity-motivated research
there has been a strong push to reduce the power
consumption of coherent links!'2-4 Alongside
ecological and financial concerns, a major motiva-
tor for subsea links is the limited electrical power
delivery to the repeaters, which constrains the de-
sign and performance of the link['SH'71, Currently,
only one C+L-band subsea link has seen deploy-
ment, with the rest being C-band only!8l,

Further increasing link throughput by implement-
ing UWB schemes raises several questions about
the amplification power efficiency. In C-band sys-
tems alone, the link amplifiers can contribute as
much as 18% of the total power consumption!'2].
Since each distinct wavelength band requires its
own tailored amplifier, the addition of other wave-
length bands leads to rapid scaling of amplifier
power requirements. In addition, many of the am-
plifiers for these new spectral regions (e.g. the
thulium-doped fibre amplifier or TDFA for S-band)
are less mature and less efficient compared to
the erbium-doped fibre amplifier (EDFA) used in
the conventional C-and L-bands. Indeed, there
is little published research into the system-level
power consumption considerations for these new
wavelength bands.

Distributed Raman amplification (DRA) offers an
alternative amplification scheme for UWB systems
by using the fibre as the gain medium. While DRA
allows for multi-band amplification with reduced
ASE noise compared to lumped amplifiers, it is
much less power efficient!'®). While considerable

analysis exists for C-band systems, no power effi-
ciency analysis of DRA or hybrid-amplification has
yet been conducted in a multi-band scenario.

In this work, we study the power consumption of
hybrid-amplified SCL-band links. We measure the
electrical-to-optical power conversion efficiency of
a commercial TDFA, C-band EDFA and L-band
EDFA. We use the Gaussian noise (GN) model
with inter-channel stimulated Raman scattering
(ISRS) and DRA to investigate the power efficiency
(energy per bit) of both CL and SCL-band trans-
mission scenarios with lumped amplification and
hybrid pump-optimised backward-pumped DRA.

Power conversion efficiency measurements
Assuming uniform power per WDM channel, the
total amplifier power consumption of a hybrid-
amplified SCL-band link can be described by!'9l:
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where Ngpan is the span number, #; is the electrical-
to-optical (wallplug) power conversion efficiency
(PCE) in band i, Ng, is the number of channels
in band i, Py is the per-channel launch power,
G, is the lumped amplifier gain for band i, Py, is
the lumped amplifier monitoring and management
power consumption, Ng is the number of Raman
pumps and Py is the output power per Raman
pump. The first and second terms reflect the power
consumption of the SCL lumped amplifiers and the
third accounts for the Raman pumps.

While EDFA power conversion efficiency has
been studied extensively!'316120] |ittle analysis is
available for the more recent TDFA. Determining
n; in Eq. 1 is possible analytically, but depends on
several factors including: pump wavelengths and



powers, pump PCE, doped fibre length and con-
version efficiency, gain-flattening filters, thermo-
electric cooling (TEC) efficiency etc. These pa-
rameters depend heavily on link design and are
not always available in commercial specifications.
Here, we directly measure the power draw of our
commercial amplifiers at the wall socket using off-
the-shelf power monitors to determine our ampli-
fier wallplug efficiencies from Eq. 1. All amplifiers
and pumps measured here were used in previous
SCL-band transmission experimentsBhA4H211,
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Fig. 1: (a) Measured electrical-to-optical wallplug power
conversion efficiency versus output power for SCL-band
amplifiers. (b) Measured wall-plug power consumption versus
output power for a 1365 nm Raman pump.

We fully loaded the entire S-, C- and L-bands
with spectrally-flattened ASE and measured the
wallplug power consumption and output power
as pump drive current was increased. The in-
put power of each band was fixed at 2 dBm. The
wallplug efficiency is shown in Fig. 1(a) for three
amplifiers. The Amonics C- and L-band benchtop
EDFAs have 23 dBm saturation and the Fiberlabs
TDFA has 20.5 dBm saturation. The wallplug effi-
ciency does not include Pnm which was found to
be 8 W, similar to previous estimations in literature
of 10 WI'®l, The C-band EDFA PCE of 5% is also
similar to that in prior studies!'®'%, The L-band
EDFA PCE is lower than the C-band due to lower
gain efficiency of EDFAs at long wavelengths, re-
quiring more pump power. The TDFA PCE is 1%
as it uses three pumps instead of one. As no de-
ployed TDFA system currently exists, this result is
used as an estimate for deployed S-band systems.

We carried out a power consumption measure-
ment for our Raman pumps, shown in Fig. 1(b).
The pump sources are Anritsu laser diodes cen-
tred at 1365 nm, 1385 nm, 1405 nm and 1425 nm.
The power consumption of these pumps are practi-
cally identical, thus only one curve is shown. Here

the output power only accounts for the Raman
pump, not the signal power after DRA. The Raman
PCE depends on both fibre and signal properties,
thus we report the pump power draw only.

GN model with ISRS

To estimate power consumption in a hybrid-SCL
link, we used the ISRS GN model in the pres-
ence of DRA with the modulation format correc-
tion to calculate backward-pumped DRA gain and
SNR[?2H?4 We modelled a fully-loaded system
with 140 GBd dual-polarisation 64-QAM channels
with a 150 GHz spacing and transceiver SNR
of 20 dB. Two scenarios were considered: (i)
CL-band (1530nm-1620nm, 73 channels) and (ii)
SCL-band (1460nm-1620nm, 127 channels). The
launch power is uniform with 2 dBm per chan-
nel. The fibre is 80 km SMF-28 with disper-
sion 16.5 ps/(nm-km), nonlinear coefficient of 1.13
W-1km~! and wavelength-dependent attenuation
of 0.2 dB/km at 1550 nm[?3l. The lumped S-, C-
and L-band amplifiers have noise figure of 6, 5 and
6 dB respectively. For backward-pumped DRA, a
particle swarm optimiser was used to determine
optimum pump wavelengths and powers (up to
250 mW per pump) to maximise the Shannon
capacity!®®l, We use the results from Fig. 1 along-
side EqQ. 1 to obtain the lumped and DRA power
consumption (assuming lumped output power is
saturated). Since DRA is a multi-band amplifier,
we use the ratio of DRA gain in each band to de-
termine the per-band DRA power consumption.

Power evaluation results

The power consumption of each band is shown in
Fig. 2 for 1 span. Pnn was set to zero to inves-
tigate the power consumption without overheads.
From Eq. 1, the total power consumption scales
linearly with Ngpan, thus the ratios do not change
with distance. Without DRA, the S-band consumes
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Fig. 2: Power consumption of CL and SCL amplification after
1 span. Solid: lumped, crosshatch: DRA.
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Fig. 3: Throughput for different amplification schemes after 1, 10 and 100 spans. Dashed: CL system, solid: SCL system.

more than double the C+L bands combined due to
the low TDFA PCE. As more DRA pumps are intro-
duced, the S-band benefits most from DRA gain
than the C/L bands, with DRA power consumption
quickly dominating. A similar trend is visible in
the CL scenario but with similar DRA consumption
between C+L bands.

Fig. 3 shows the throughput per band Cy, for
different amplification schemes for CL and SCL
systems. At 1 span, the throughput is limited by
transceiver noise, thus DRA offers little gain in
both systems (except in the S-band, where DRA
is the most beneficial)?®. The S-band provides
the largest capacity as it has the largest number of
channels. Despite this, at 100 spans the lumped
S-band underperforms both C- and L-bands since
ISRS and amplifier ASE noise limit the throughput.
Consequently, DRA provides the most benefit to
the S-band, corresponding to the high DRA power
consumption shown in Fig. 2. In the CL system,
the L-band achieves the highest throughput as it
benefits the most from ISRS and DRA.

Fig. 4 shows the energy per bit for each scenario
for 1 and 100 spans and varying Pnm. Overall, the
S-band has the highest energy per bit which in-
creases with Raman pump count. However, as
Pnm increases, its contribution dominates Py in
Eq. 1 and the energy per bit becomes propor-

tional to 1/Cy, thus the S-band energy per bit
approaches the C-band. For 100 spans, hybrid-
DRA energy per bit decreases as more pumps
are added, with S-band (total) energy per bit re-
ducing by 17%, 25% and 36% (12%, 20% and
26%) compared to lumped amplification for Pnm =
0 W, 2 W and 8 W respectively, where 8 W corre-
sponds to our benchtop amplifier measurements.
Comparing Figs. 1 and 3 at 100 spans, the DRA-
enhanced throughput in the S-band offsets the
increased DRA power consumption, leading to
improved overall energy per bit for SCL systems.
Since transceiver throughput adaptively depends
on link quality, the throughput enhancement by
hybrid-DRA increases spectral efficiency, poten-
tially leading to additional improvements in end-to-
end power efficiency per bit.

Conclusion

We investigated the power consumption of hybrid-
amplified SCL-band links. We found that the
low power conversion efficiency of the TDFA con-
tributes more than double the power consump-
tion than C- and L-band lumped amplifiers alone.
Hybrid-DRA not only leads to higher throughput
than lumped amplification, but can lead to improve-
ments in energy per bit in long-haul systems, po-
tentially translating to lower power consumption of
pluggable coherent transceivers.
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Fig. 4: Energy per bit for various amplification schemes for different Pmm at 1 and 100 spans. Dashed: CL, solid: SCL system.



Acknowledgements

This work was supported by EPSRC Grant
EP/R035342/1 Transforming Networks - building
an intelligent optical infrastructure (TRANSNET),

EP/W015714/1

Extremely Wideband Optical

Fibre Communication Systems (EWOC), and
EP/V007734/1 EPSRC Strategic equipment grant.
Polina Bayvel is supported under a Royal Society
Research Professorship.

References

(1]

(7]

(8]

[10]

(1]

F. Hamaoka, M. Nakamura, T. Sasai, et al., “110.7-Tb/s
single-mode-fiber transmission over 1040 km with high-
symbol-rate 144-GBaud PDM-PCS-QAM signals”, in
Optical Fiber Communication Conference (OFC), Paper
Tu3E.6, 2024. DOI: 10.1364/0FC.2024.Tu3E. 6.

F. Hamaoka, K. Kimura, M. Nakamura, et al., “Net 107.7-
Tb/s triple-band WDM transmission over 1200-km single-
mode fiber with forward- and backward-pumped dis-
tributed Raman amplifiers”, in Optical Fiber Communi-
cation Conference (OFC), Paper Th3C.2, 2025.

J. Yang, H. Buglia, E. Sillekens, et al., “Experimental
validation of the closed-form GN model accounting for
distributed Raman amplification in an S+C+L-band hy-
brid amplified long-haul transmission system”, in ECOC
2024, 50th European Conference on Optical Communi-
cation, 2024, pp. 67-70.

J. Yang, E. Sillekens, M. JarmoloviCius, et al., “Trans-
mission over field-deployed standard single-mode fibre
using >100 nm S+C+L-band”, Journal of Lightwave
Technology, pp. 1-9, 2025. DOI: 10.1109/JLT. 2025.
3546075.

R. Aparecido, J. Yang, J. D. Downie, et al., “Experimental
demonstration of MPI-penalty-free S-band transmission
over G.654.E fibres”, in Optical Fiber Communication
Conference (OFC) 2025, San Francisco, CA, USA, 2025,
WA4E 4.

X. Zhang, M. Luo, Q. He, et al., “201.6 Tbit/s S+ C+
L-Band transmission over 2x 75 km SSMF with doped
fiber amplification”, in ECOC 2024; 50th European Con-
ference on Optical Communication, VDE, 2024, pp. 946—
949.

Y. Zhang, M. Zuo, Q. Qiu, et al., “214-Tb/s transmission
over 2x75-km in the S+C+L band with >1-Th/s/X signals
using only doped fiber amplifiers”, in Optical Fiber Com-
munication Conference (OFC), Paper Th3C.3, 2025.

T. Kobayashi, S. Shimizu, A. Kawali, et al., “C+L+U-band
14.85-THz WDM transmission over 80-km-span G.654.E
fiber with hybrid PPLN-OPA/EDFA U-band lumped re-
peater using 144-Gbaud PCS-QAM signals”, in Optical
Fiber Communication Conference (OFC), Paper Th4A.1,
2024.

B. J. Puttnam, R. S. Luis, I. Phillips, et al., “High data-
rate OESCLU-band transmission”, Journal of Lightwave
Technology, pp. 1-9, 2025. DOI: 10.1109/JLT.2025.
3543448.

S. Shimizu, T. Kobayashi, M. Abe, et al., “133-Tbps 1040-
km (13x 80 km) lumped-amplified transmission over 22
THz in S-to-U-band using hybrid multiband repeater with
PPLN-based optical parametric amplifiers and EDFAs”,
in ECOC 2024; 50th European Conference on Optical
Communication, Paper Th3B.2, 2024.

S. Shimizu, K. Kimura, A. Kawali, et al., “27-THz ISRS-
supported transmission over 1040 km in S+C+L+U and
extreme longer-wavelength band”, in Optical Fiber Com-
munication Conference (OFC), Paper Th4A.2, 2025.

[12]

[13]

[14]

(18]

[16]

(7]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

B. S. G. Pillai, B. Sedighi, K. Guan, et al., “End-to-end
energy modeling and analysis of long-haul coherent
transmission systems”, Journal of Lightwave Technol-
ogy, vol. 32, no. 18, pp. 3093-3111, 2014.

O. Sinkin, “Strategies and challenges in designing un-
dersea optical links”, in 2022 European Conference on
Optical Communication (ECOC), |IEEE, 2022, pp. 1-4.

J. D. Downie and X. Liang, “A study of power efficiency
maximization in submarine cable systems”, Journal of
Lightwave Technology, vol. 40, no. 21, pp. 6987-6994,
2022.

T. Frisch and S. Desbruslais, “Electrical power, a poten-
tial limit to cable capacity”, in Proc. SubOptic, vol. 2013,
2013.

S. Desbruslais, “Maximizing the capacity of ultra-long
haul submarine systems”, in 2015 20th European Con-
ference on Networks and Optical Communications-
(NOC), IEEE, 2015, pp. 1-6.

R. Maher, D. Lavery, G. Liga, et al., “Capacity approach-
ing transmission using probabilistic shaping and DBP
for PFE constrained submarine optical links”, in ECOC
2016; 42nd European Conference on Optical Communi-
cation, VDE, 2016, pp. 1-3.

Submarine Cable Map, Pacific Light Cable Network,
https://www.submarinecablemap . com/submarine -
cable/pacific-1light-cable-network-plcn, 2025.

L. Lundberg, P. A. Andrekson, and M. Karlsson, “Power
consumption analysis of hybrid EDFA/Raman amplifiers
in long-haul transmission systems”, Journal of Lightwave
Technology, vol. 35, no. 11, pp. 2132-2142, 2017.

X. Liang, J. D. Downie, and J. E. Hurley, “Repeater power
conversion efficiency in submarine optical communica-
tion systems”, IEEE Photonics Journal, vol. 13, no. 1,
pp. 1-10, 2021.

P. Hazarika, H. Buglia, M. Jarmoloviéius, et al., “Multi-
band transmission over E-, S-, C- and L-band with a
hybrid raman amplifier”, Journal of Lightwave Technol-
ogy, vol. 42, no. 4, pp. 1215-1224, Feb. 2024. pol:
10.1364/JLT.42.001215.

H. Buglia, M. Jarmolovicius, L. Galdino, R. I. Killey, and
P. Bayvel, “A closed-form expression for the Gaussian
noise model in the presence of Raman amplification”,
Journal of Lightwave Technology, vol. 42, no. 2, pp. 636—
648, 2024. DOI: 10.1109/JLT.2023.3315127.

H. Buglia, R. I. Killey, and P. Bayvel, “Ultra-wideband
modelling of optical fibre nonlinearity in hybrid-amplified
links”, Journal of Lightwave Technology, 2024.

H. Buglia, M. Jarmolovicius, L. Galdino, R. I. Killey, and
P. Bayvel, “A modulation-format dependent closed-form
expression for the gaussian noise model in the presence
of raman amplification”, in 49th European Conference
on Optical Communications (ECOC 2023), vol. 2023,
2023, pp. 64—67. DOI: 10.1049/icp.2023.1848.

H. Buglia, E. Sillekens, A. Vasylchenkova, P. Bayvel,
and L. Galdino, “On the impact of launch power opti-
mization and transceiver noise on the performance of
ultra-wideband transmission systems [invited]”, Jour-
nal of Optical Communications and Networking, vol. 14,
no. 5, B11-B21, 2022. DOI: 10.1364/J0CN.450726.


https://doi.org/10.1364/OFC.2024.Tu3E.6
https://doi.org/10.1109/JLT.2025.3546075
https://doi.org/10.1109/JLT.2025.3546075
https://doi.org/10.1109/JLT.2025.3543448
https://doi.org/10.1109/JLT.2025.3543448
https://www.submarinecablemap.com/submarine-cable/pacific-light-cable-network-plcn
https://www.submarinecablemap.com/submarine-cable/pacific-light-cable-network-plcn
https://doi.org/10.1364/JLT.42.001215
https://doi.org/10.1109/JLT.2023.3315127
https://doi.org/10.1049/icp.2023.1848
https://doi.org/10.1364/JOCN.450726

	Introduction
	Power conversion efficiency measurements
	GN model with ISRS
	Power evaluation results
	Conclusion
	Acknowledgements

