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Abstract In multi-band optical networks using the C-, L-, and S-bands for data transmission, the

latter provides the poorest Quality of Transmission (QoT). We have evaluated an optimized regenerator

placement strategy focusing on the S-band, demonstrating the possibility of increasing the network

capacity in a cost-effective manner.

Introduction

Network traffic demands continue to grow and

tackling this problem, as well as limiting the over-

all power consumption of telecommunication net-

works[1], requires the deployment of high capac-

ity and power-efficient transceivers (TRXs). Net-

work operators have exploited spatial division

multiplexing (SDM) and band division multiplex-

ing (BDM)[2] upgrades to increase the capacity

of their Wavelength-Division Multiplexing (WDM)

systems operating in the C-band only, with a to-

tal bandwidth of approximately 4.8 THz. BDM up-

grades aim to utilize a wider region of the low-loss

single-mode bands of optical fibers, namely of the

widely-deployed ITU-T G.652.D fiber, which has a

low-loss bandwidth exceeding 50 THz[3]–[6]. BDM

may use already deployed optical fiber, which

makes it a cost-effective way of increasing net-

work capacity[3]. On the contrary, SDM requires

the utilization of multiple fibers to increase net-

work capacity. Additionally, the use of traffic

grooming may be enforced, increasing the net-

work capacity by maximizing the use of already

deployed TRXs[7]. The network capacity may also

be increased by doing a translucent optical net-

work design, i.e., by regenerating the optical sig-

nal in intermediate nodes between the source and

destination, therefore enabling the use of higher

capacity modulation formats. Power optimization

in translucent optical networks has been investi-

gated by Kanj et. al, which extended the gen-

eralized multiprotocol label switching (GMPLS) to

support optical regeneration[8]. In order to imple-

ment a greener solution, TRX power consumption

investigations have been performed, for example

in[9], where the authors showed that CMOS node

size decreases every two years corresponding to

the scale of Intel’s integrated circuit. The Opti-

cal Internetworking Forum (OIF) is also seeking

power efficient TRX solutions – The implementa-

tion agreement (IA) for the application of coherent

techniques in a pluggable form[10] is a clear ex-

ample of such a case. Additionally, one of the lat-

est IAs defined the 400ZR, which is a power- and

cost-effective coherent interface solution support-

ing 400 Gbps in a single channel.

Each optical fiber transmission band has a dif-

ferent QoT, with the S-band exhibiting the worst

performance when compared to the C- and L-

bands. In this work, we propose the use of optical

signal regeneration in the S-band to reach similar

optical performance in three considered transmis-

sion bands (C-, L- and S-bands). This approach

impacts not only the deployed traffic, but also the

cost and energy consumption of optical networks.

This paper is organized as follows. In sec-

tion Methodology, the evaluation of the QoT for

a single 70km fiber span and the TRX character-

istics are discussed. Section Data and Network

Analysis describes the details of regenerator as-

signment for two scenarios. The main results are

presented and discussed in section Results. The

main conclusions are outlined in section Conclu-

sions.

Methodology

In this work, the QoT of a lightpath (LP) is cal-

culated considering two Gaussian disturbances –

the ASE noise and nonlinear interference (NLI),

introduced by the amplifiers and optical fiber prop-

agation, respectively. The generalized signal-to-

noise ratio (GSNR)[4] approach is used to this

end. Following a disaggregated abstraction of the

physical layer[11],[12], the total LP GSNR is com-

puted based on the GSNR at the end of each

individual fiber span, which is calculated using

the GNPy open source library[13]. For the C- and

L-bands, commercial Erbium-doped fiber ampli-

fiers (EDFAs)[14] are considered, whereas bench-



Tab. 1: TRX modelling variables.

TRX Mod.

format

Data rate

[Gb/s]

CD tolerance

[ps/nm]

P[W] RGSNR

[dB]

Flex 16QAM 400 20,000 20 21

8QAM 300 40,000 18 18

QPSK 200 50,000 16 14

QPSK 100 100,000 13 11

top Thulium-doped fiber amplifiers (TDFAs)[15] are

considered for the S-band. We assume that fiber

losses are fully compensated at the end of each

span. Fig. 1 shows the GSNR (for the C-, L-,

and S-bands) after transmission along a single

span of 70 km of ITU-T G.652D fiber. A 500 GHz

guard band is imposed between the C-, L- and S-

bands (black dashed lines in Fig. 1). We consider

the transmission 64 channels (64Gbaud) in each

band, with a 75 GHz frequency slot allocated to

each channel. The LOGO approach[16] is used to

estimate the optimum launch power per channel

of −0.4, −0.2 and 0.6 dBm for the C-, L- and S-

bands, respectively. In this case, the GSNR in the

S-band is about 4 dB smaller than in the C- and

L-bands.

Table 1 presents the TRX characteristics, sup-

porting three different dual-polarization modula-

tion formats considered in our work; 16QAM,

8QAM, and QPSK (bit rate, maximum allowed

chromatic dispersion (CD), consumed power and

required GSNR (RGSNR)). We assume the same

RGSNR in back-to-back operation (B2B) for each

modulation format as indicated in[17].

Data and Network Analysis

We focus upon optimization of a translucent ap-

proach in the S-band targeting at: a) attain-

ing similar capacity in S-band as in the C-band,

which we refer to as S-band with limitations

and b) achieving the maximum capacity in S-

band, which we refer to as S-band without limi-

tations. Both network designs are compared with

the fully transparent reference approach, denoted

in the figures as transparent CLS.

A transparent design is always assumed for the

C- and L-bands. As an example of the imple-

mentation of the proposed approaches, let’s as-

sume that 8QAM and QPSK modulation formats
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Fig. 1: GSNR profile for a single span of 70 km for L-, C-,
and S-bands.

are supported by a LP in the C- and S-bands,

respectively. In this case, regenerators are as-

signed in the S-band to improve the overall QoT.

In the S-band with limitations scenario, the mini-

mum number of optical regenerators required to

enable 8QAM transmission are deployed in the

intermediate nodes. Conversely, in the S-band

without limitations scenario, the minimum num-

ber of regenerators required to enable 16QAM

transmission (the most efficient modulation for-

mat used by the TRX) are deployed. Concern-

ing the regenerator assignment, if the maximum

LP capacity is different in the C- and S-bands,

the algorithm evaluates all possible regenerator

placement options with respect to the GSNR and

the CD threshold (see Table 1) of each LP. Then,

based on the scenario, the best option is se-

lected. This regenerator assignment algorithm

considers the least possible number of regenera-

tors thus preventing unnecessary increase of cost

and power consumption.

The statistical network assessment pro-

cess (SNAP)[18] is used to analyze the blocking

probability vs. allocated traffic for the USNET

network topology[19] by progressively loading the

network with 100 Gbps connection requests.

Results

Fig. 2 shows the total allocated traffic for dif-

ferent blocking probabilities (BP) forthe three in-

vestigated scenarios: the transparent CLS ref-

erence scenario, S-band with limitations and S-

band without limitations. Firstly, it is clear that the

fully transparent network design (solid blue) leads

to the highest blocking probability. As an example,

a BP of 1 % is reached at a network capacity of

approximately 200 Tbps. In the S-band with limi-

tations scenario (red dashed line), there is a small

capacity increase of almost 5 Tbps for the same

BP. Finally, for the S-band without limitations sce-

nario (dashed black curve) the total capacity is in-

creased by about 15 Tbps for the same BP.

Figure 3 provides more details on the poten-

100 125 150 175 200 225 250

Total Allocated Traffic [Tbps]

10
-4

10
-3

10
-2

10
-1

B
lo

c
k

in
g

 P
ro

b
a

b
il

it
y

transparent CLS

transparent CL, translucent S W limitation

transparent CL, translucent S W/O limitation

200 205 210 215 220
0.009

0.0095

0.01

10
-3

Fig. 2: Blocking probability versus total allocated traffic for
the USNET topology.
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Fig. 3: The (a) regenerators quantity, and (b) LP regenerator assignment ratio, for a range of different route lengths within the
USNET topology.

tial of the proposed approach. Fig. 3a shows

the number of regenerators used in both S-band

scenarios for different lightpath route distances.

Considering first the S-band with limitations sce-

nario, the total average number of regenerators

used in the network is approximately 54, with

about 38 lightpath routes in the range of 2000-

2500 km. However, in the S-band without limi-

tations scenario, the number of regenerators is

approximately 111, with a maximum of approxi-

mately 50 corresponding to distances in the 2000-

2500 km range. In this scenario, additional regen-

erators are used for LP longer than 2500 km to

enable 16QAM modulation format.

The ratio between the number of LPs with and

without regenerators is also shown for both net-

work designs in Fig.3b. This figure shows that,

when designing a translucent S-band with lim-

itations, as the LP length increases, so does

the number of required regenerators until only

QPSK is suported in C-band. In this case, and

assuming this modulation format is also sup-

ported in S-band, no optical regenerators are re-

quired. Lightpaths being assigned regenerators

for route lengths in 1000-1500, 1500-2000, and

2000-2500 km ranges, which are 0.9%, 9%, and

20% of total LPs, are a clear example of this. On

the other hand, for the S-band without limitations

case, we expect that the ratio of LP using regen-

erators increases proportionally to the LP route

length; we find that this is the case, except for

LPs in the 2500-3000km range, where the ratio

of assigned regenerators drops to approximately

10 %. The reason for this drop is that, in this topo-

logical configuration and for several node pairs,

the first option for traffic assignment is a route

within this range, meaning that the majority of LPs

are still assigned frequencies within the C- and L-

bands. This condition greatly reduces the number

of S-band samples within this range, correspond-

ingly reducing the number of LP which may be

assigned regenerators.

In Table. 2 we provide the total capacity, energy

consumption and TRX number (normalized with

respect to the transparent reference scenario),

along with the average number of LPs requiring

regenerators. These results show that, for both

scenarios, the average energy consumption only

marginally increases, along with a progressive but

small increase in the number of required TRXs.

Overall, we remark that, if there are strict power

consumption limitations within the network, plac-

ing regenerators within the S-band with limitations

can provide some capacity enhancement, which

can be increased beyond the C+L reference level,

if these limitations are not imposed.

Tab. 2: Multiplicative factor of capacity, energy consumption,
TRX point-to-point number, and number of LPs assigned
regenerators for the three scenarios under investigation.

Capacity Energy

Consumption

TRX Avg. # LPs with

regenerators

Transparent CLS 1 1 1 0

Transparent CL,

S band W limitation

1.01 1.00 1.04 54.84

Transparent CL,

S band W/O limitation

1.06 1.01 1.10 111.67

Conclusions

We proposed two network design strategies to in-

crease the capacity of the S-band. We showed

that deploying regeneration for lightpaths in the S-

band is a cost-effective way to increase network

capacity without significantly increasing the over-

all energy consumption and cost.

Acknowledgements

This work was partially funded by the EU H2020

within the ETN WON, grant agreement 814276

and by the Telecom Infra Project.



References
[1] F. Musumeci, M. Tornatore, and A. Pattavina, “A power

consumption analysis for ip-over-wdm core network ar-

chitectures”, Journal of Optical Communications and

Networking, vol. 4, no. 2, pp. 108–117, 2012.

[2] A. Ferrari, E. Virgillito, and V. Curri, “Band-division

vs. space-division multiplexing: A network performance

statistical assessment”, Journal of Lightwave Technol-

ogy, vol. 38, no. 5, pp. 1041–1049, 2020.

[3] A. Ferrari, A. Napoli, J. K. Fischer, N. M. S. d. Costa, A.

D’Amico, J. Pedro, W. Forysiak, E. Pincemin, A. Lord, A.

Stavdas, J. P. Fernndez-Palacios Gimnez, G. Roelkens,

N. Calabretta, S. Abrate, B. Sommerkorn-Krombholz,

and V. Curri, “Assessment on the achievable throughput

of multi-band itu-t g.652.d fiber transmission systems”,

Journal of Lightwave Technology, pp. 1–1, 2020.

[4] E. Virgillito, R. Sadeghi, A. Ferrari, G. Borraccini, A.

Napoli, and V. Curri, “Network performance assess-

ment of c+l upgrades vs. fiber doubling sdm solutions”,

in Optical Fiber Communication Conference (OFC)

2020, Optical Society of America, 2020, M2G.4. DOI:

10.1364/OFC.2020.M2G.4.

[5] E. Virgillito, R. Sadeghi, A. Ferrari, A. Napoli, B. Cor-

reia, and V. Curri, “Network performance assessment

with uniformand non-uniform nodes distribution in c+l

upgrades vs. fiber doubling sdm solutions”, in Interna-

tional Conference on Optical Network Design and Mod-

elling (ONDM) 2020, 2020.

[6] R. Sadeghi, B. Correia, E. Virgillito, N. Costa, J. Pedro,

A. Napoli, and V. Curri, “Multi bands network perfor-

mance assessment for different system upgrades”, in

2020 IEEE Photonics Conference (IPC), 2020, pp. 1–2.

DOI: 10.1109/IPC47351.2020.9252450.

[7] G. Zhang, M. De Leenheer, and B. Mukherjee, “Opti-

cal traffic grooming in ofdm-based elastic optical net-

works”, Journal of Optical Communications and Net-

working, vol. 4, no. 11, B17–B25, 2012.

[8] M. Kanj, E. Le Rouzic, J. Meuric, and B. Cousin, “Opti-

cal power control in translucent flexible optical networks

with gmpls control plane”, IEEE/OSA Journal of Op-

tical Communications and Networking, vol. 10, no. 9,

pp. 760–772, 2018. DOI: 10.1364/JOCN.10.000760.

[9] W. M. Holt, “1.1 moore’s law: A path going forward”,

in 2016 IEEE International Solid-State Circuits Confer-

ence (ISSCC), 2016, pp. 8–13.

[10] OIF 400ZR IA, https : / / www . oiforum . com / wp -

content/uploads/OIF-400ZR-01.0_reduced2.pdf.

[11] V. Kamalov, M. Cantono, V. Vusirikala, L. Jovanovski,

M. Salsi, A. Pilipetskii, D. K. M. Bolshtyansky, G. Mohs,

E. R. Hartling, and S. Grubb, “The subsea fiber as a

Shannon channel”, in In Proceedings of the SubOptic,

2019.

[12] V. Curri, “Software-defined wdm optical transport in dis-

aggregated open optical networks”, in ICTON, 2020,

We.C2.1.

[13] OOPT-GNPy web app, https : / / gnpy . app/, Ac-

cessed: 2021-06-01.

[14] A. Ferrari, A. Napoli, J. K. Fischer, N. M. S. da Costa,

A. D’Amico, J. Pedro, W. Forysiak, E. Pincemin, A.

Lord, A. Stavdas, et al., “Assessment on the achievable

throughput of multi-band itu-t g. 652. d fiber transmis-

sion systems”, Journal of Lightwave Technology, 2020.

[15] B. Correia, R. Sadeghi, E. Virgillito, A. Napoli, N. Costa,

J. Pedro, and V. Curri, “Power control strategies and

network performance assessment for c+ l+ s multiband

optical transport”, Journal of Optical Communications

and Networking, vol. 13, no. 7, pp. 147–157, 2021.

[16] V. Curri, A. Carena, A. Arduino, G. Bosco, P. Poggiolini,

A. Nespola, and F. Forghieri, “Design strategies and

merit of system parameters for uniform uncompensated

links supporting nyquist-wdm transmission”, Journal of

Lightwave Technology, vol. 33, no. 18, pp. 3921–3932,

2015.

[17] J. Pedro and S. Pato, “Capacity increase and hardware

savings in dwdm networks exploiting next-generation

optical line interfaces”, pp. 1–6, 2018.

[18] V. Curri, M. Cantono, and R. Gaudino, “Elastic All-

Optical Networks: A New Paradigm Enabled by the

Physical Layer. How to Optimize Network Perfor-

mances?”, Journal of Lightwave Technology, vol. 35,

no. 6, pp. 1211–1221, 2017, ISSN: 0733-8724. DOI: 10.

1109/JLT.2017.2657231.

[19] E. Virgillito, R. Sadeghi, A. Ferrari, A. Napoli, B. Cor-

reia, and V. Curri, “Network performance assessment

with uniform and non-uniform nodes distribution in c+l

upgrades vs. fiber doubling sdm solutions”, in 2020 In-

ternational Conference on Optical Network Design and

Modeling (ONDM), 2020, pp. 1–6. DOI: 10 . 23919 /

ONDM48393.2020.9133013.

https://doi.org/10.1364/OFC.2020.M2G.4
https://doi.org/10.1109/IPC47351.2020.9252450
https://doi.org/10.1364/JOCN.10.000760
https://www.oiforum.com/wp-content/uploads/OIF-400ZR-01.0_reduced2.pdf
https://www.oiforum.com/wp-content/uploads/OIF-400ZR-01.0_reduced2.pdf
https://gnpy.app/
https://doi.org/10.1109/JLT.2017.2657231
https://doi.org/10.1109/JLT.2017.2657231
https://doi.org/10.23919/ONDM48393.2020.9133013
https://doi.org/10.23919/ONDM48393.2020.9133013

