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Abstract

Over the past decade, there has been an exponential rise of high-data-rate, ultra-low-latency,
and bandwidth-hungry applications at the client’s end, which has increased data tra�c many-
fold. Recent developments in 5G and cloud-based services have driven the compound annual
growth rate (CAGR) of global Internet protocol (IP) tra�c by nearly 30%. Hence, in the near
future, per-month IP tra�c growth will reach the zetta-bytes era. The COVID-19 pandemic has
also catalyzed the usage of online services, leading to a 50% increase in data tra�c compared to
the pre-pandemic scenario. Recent forecasts indicate that, for the next ten years, the deployed
infrastructure of the optical fiber backbone network will need to be upgraded to support this
exponential growth of IP tra�c to avoid the fiber-capacity-crunch problem. This has compelled
network operators to seek out new strategies for enhancing network capacity while increasing
minimum capital expenditure (CapEx).

The use of multiband (MB) and multifiber technologies appears to be a promising alterna-
tive immediate solution in recent studies while having its own trade-o↵ to address this fiber
capacity crunch problem and enhance the overall network capacity. MB technology considers
the exploitation of the deployed standard single-mode fiber while enabling transmission on other
bands (such as O, E, S, and L) along with the traditional C-band (1530 - 1565 nm). Although
the multiband technology can use the full capacity of the existing deployed infrastructure, the
challenges come from nonlinear impairments such as interchannel stimulated Raman scattering
(ISRS). On the contrary, the multifiber-based solution focuses on the enlightenment of available
dark fibers or the addition of additional parallel fibers. However, the CapEx for additional fiber
resource deployment can play a crucial role in this context.

The research in this thesis has focused on addressing the following fundamental questions
in this context:

• What is the cost-e↵ective solution between MB and multifiber transmission? We justify
this by performing techno-economic comparisons between these two solutions. As the L-
band wavelengths provide the minimum attenuation after the C-band and as the L-band
amplification appears as the most viable solution using the available commercial ampli-
fiers, this thesis entirely focuses on C+L band transmission for analyzing the multiband
scenarios.

• Do the conventional resource allocation and spectrum management policies also work well
for C+L band systems while considering the impact of physical layer impairments?

• What will be the e↵ective strategy to upgrade the existing C-band network towards the
C+L band solution?

• How can network survivability be ensured in the C+L band environment for geographi-
cally diverse networks?
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In the first part of this thesis, we have considered the C+L band physical layer model for
estimating the quality of transmission (QoT) in multi-hop links while considering nonlinear
interference (NLI) due to ISRS and other linear impairments (such as amplified spontaneous
emission (ASE) noise). Consequently, we have made the techno-economic comparisons be-
tween the C+L band optical network with the multifiber C band scenario in the context of
geographically diverse networks. Our results capture the variation of cost-per-bit with network
tra�c growth and fiber leasing cost. The numerical result indicates that the transmission over
C+L bands is cost-e↵ective compared to the multifiber C band scenario, particularly for large
link-based geographies while considering the fiber leasing scenario. However, for smaller ge-
ographies, C+L band transmission becomes advantageous only if the fiber lease cost is high. As
an alternate solution to fiber leasing, cable deployment scenarios are also considered separately
for techno-economic comparison. The reported result shows that the C+L band system can
postpone the need for extra cable deployment compared to the C band system and thereby
minimizes the cost-per-bit in the long run. Furthermore, the comparison between optical cable
deployment and fiber leasing is captured to minimize cost-per-bit while considering an opera-
tor’s domain knowledge about their network.

After showcasing the benefits of C+L band transmission on cost-per-bit minimization, the
next part of this thesis is focused on e�cient spectrum management policies for the C+L band
network to enhance the overall network capacity. Hitless spectrum defragmentation is mainly
considered for the e�cient utilization of spectral resources. The proposed work provides in-
sights for network operators to develop the quality of service (QoS) maintenance strategy while
doing spectrum defragmentation in the C + L bands. The proposed scheme prioritizes the min-
imization of the fragmentation index while maintaining the quality of transmission (QoT) for
two di↵erent defragmentation algorithms, namely, nonlinear-impairment (NLI)-aware defrag-
mentation (NAD) and NLI-unaware defragmentation (NUD). We leverage machine learning
(ML) techniques for QoT estimation of ongoing lightpaths during spectrum reprovisioning.
The optical signal-to-noise ratio (OSNR) of a lightpath is predicted for each choice of spectrum
reprovisioning, which helps to monitor the e↵ect of defragmentation on the quality of active
lightpaths (in terms of assigned modulation format). Numerical results show that, compared
to a baseline algorithm (NUD), the proposed NAD algorithm provides significant capacity
increment for smaller and as well as larger networks.

As the C+L band network is highly vulnerable to NLI, appropriate channel allocation during
lightpath provisioning also becomes crucial for boosting the achievable capacity of the overall
network. As a consequence, we have developed an e�cient spectrum allocation strategy for
C+L band networks. Unlike conventional schemes, the proposed scheme takes the e↵ect of
physical layer impairments (PLI) before the choice of the spectrum during resource allocation
to reduce the likelihood of blocking. An algorithm under this scheme, namely, OSNR adaptive
first–last-fit (OA-FLF), is proposed while leveraging the heterogeneity of the C+L band elastic
optical network. The proposed algorithm selectively chooses the available channels among C
and L bands to achieve the maximum network capacity in the long run. However, as the
network evolves from the beginning-of-life (BoL) or end-of-life (EoL) situation, the analytical
method of OSNR estimation under this OA-FLF algorithm becomes computationally intensive.
We have leveraged the computational advantage of ML techniques to resolve this issue and
utilized a deep neural network (DNN) model to predict the OSNR of all lightpaths during
provisioning. Reported results show that, compared to the baseline algorithms, the proposed
OA-FLF algorithm can provide gain in terms of tra�c admissibility for smaller and as well as
larger networks.

As the existing C-band-based network can’t adopt these emerging technologies instanta-
neously, strategic planning needs to be done to upgrade the existing network infrastructure.
Hence, the later part of this thesis focuses on e�cient network upgrade strategies. First, the ad-
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vantage of resource re-provisioning via selective movement of lightpaths from C-band to L-band
is explored before upgrading the C-band network to C+L-bands. Later on, a novel strategy,
named C to C+L Upgrade (CLU), is proposed to upgrade links from C to C+L bands gradually.
We develop a recurrent neural network (RNN)-based model to e�ciently predict links for the
upgrade based on network state and spectrum utilization to reduce blocking and upgrade costs.
Our results show that CLU outperforms baseline strategies (which do not employ predictive de-
cisions) by upgrading fewer links at appropriate times. As the parallel multifiber C-band-based
solution is beneficial for the network operators in the presence of their own dark-fibers availabil-
ity, the later section of this thesis also explored the strategic network upgrade methodologies
in this context. The advantage of adaptive margin allocation on network upgrades while e↵ec-
tively utilizing the monitoring data from optical performance monitoring equipment is shown
for multifiber-based upgrade scenarios. The proposed approach considers periodic feedback
from the network to gain domain knowledge and prioritizes adequate margin allocation before
network upgrade initiation. Reported results show that usage of domain knowledge-assisted
adaptive margin can postpone the requirement of the network upgrade, enhance the spectrum
e�ciency, and minimize cost-per-bit in the long run.

Although operations over the C+L band can be an immediate and cost-e↵ective solution for
minimizing network upgrade costs, the impact on overall network reliability due to component
failures needs to be considered for comprehensively assessing the true potential of the C+L band
solution. Hence, the last part of this thesis is focused on the network survivability for C+L
band networks while considering geographically diverse networks. In this context, we consider
only single-band (either C or L band) inline amplifier failure scenarios. The provisioning of the
backup lightpaths is prioritized over the same route as primary lightpaths using the alternate
band. If the spectrum is unavailable in the primary routes, alternate routes are explored for
backup path provisioning. Our approach measures the overall protection space of the network
and the quality of the allocated lightpaths in geographically diverse networks. As a final step,
we show the e↵ect of the required Fill Margin (FM) on the achievable protection space and
reliability of the network.

To summarize, the research in this thesis is entirely focused on the C+L band optical
networks while considering the impact of the physical layer impairments. Numerous significant
aspects, such as techno-economic comparisons, cost-per-bit minimization, e�cient spectrum
resource management, periodic network upgrades, and reliability issues, have been explored in
various parts of this thesis. The research output on these perspectives will be truly essential
for network operators and vendors for practically enabling C+L band transmission in the core
optical network.
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Chapter 1
Introduction

1.1 Background

In the era of machine-to-machine (M2M) communications, the Internet of Things (IoT), cloud
computing, and ultra HD video live-streaming services, core network tra�c is expected to
increase manifold in the upcoming years. In order to support these next-generation services
under the advancement of 5G and beyond technologies, the overall capacity of the core optical
fiber networks needs to be enriched. Research into elastic optical networks over the C-band has
been carried out over the past decade to address the capacity crunch problem while allocating
optical spectrum in granularity of 12.5 GHz [1]–[3]. In parallel, significant research has also been
reported on overall spectrum e�ciency (SE) improvement while using advanced modulation
format and constellation shaping [4]. However, the saturation in SE improvement due to the
Shannon limit indicates that operators need to find some other alternatives in this context.
As a consequence, the requirement for additional spectral resources still persists to solve the
capacity crunch problem.

Two di↵erent technologies, namely, multiband (MB) optical transmission and space division
multiplexing (SDM), emerge as potential candidates in this context [5]. The former is focused
on the e↵ective utilization of the already deployed single-mode optical fiber (ITU-T G.652.D)
by exploring the optical transmission over other wavelength bands in addition to transmission
over only the traditional C-band (1530 - 1565 nm). Whereas the SDM approach is focused on
providing redundant C-band optical spectrum either by activating the dark fibers or deploying
novel multicore fibers (MCF). As the commercial deployment of new MCF fiber cables requires
enormous CapEx, multiband transmission emerges as an immediate option compared to the
SDM solution [6].

Figure 1.1 captures the wavelength range and the dispersion and attenuation parameters of
di↵erent optical bands, along with the details of the doped fiber amplifiers technologies [7]. As
the amplification in the long wavelength band (L-band, 1565 - 1625 nm) can be supported using
the current-deployed erbium-doped fiber amplifiers (EDFA), C+L band transmission becomes
the first viable solution in the context of multiband technology [8].

1.2 Objectives

The main aim of this dissertation is to evaluate the net capacity and cost benefits of the C+L
band elastic optical networks while considering the impact of nonlinear interference (NLI) due
to inter-channel stimulated Raman scattering (ISRS) and other linear impairments. In order to
achieve this aim, the following objectives have been addressed in di↵erent parts of this thesis:
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Figure 1.1: Bands of optical transmission in ITU-T G.652.D SMF fiber [5].

• Objective 1: To perform the techno-economic comparison between C+L band and
multifiber-based C-band technology in the context of geographically diverse networks.

• Objective 2: To design e�cient spectrum management policies for the C+L band net-
work to enhance the overall network capacity while considering the underlying physical
layer impairments.

• Objective 3: To propose e�cient network upgrade methodologies for the designing of
next-generation optical networks.

• Objective 4: To analyze the network survivability for C+L band networks while con-
sidering geographically diverse networks.

Figure 1.2 captures the flow of the overall thesis and the relationship between each chapter
according to the above-mentioned objectives. To begin with, chapter 2 illustrates the physical
layer model for the C+L band optical network while predicting the optical signal-to-noise ratio
(OSNR) of a lightpath in the presence of linear and non-linear impairments. Later on, chapters
3 and 4 describe the strategies for techno-economic comparisons (objective 1) while considering
the physical layer model from Chapter 2. Furthermore, objectives 2 and 3 have been analyzed
in chapters 5, 6, and chapters 7, 8, and 9, respectively. In addition, the last objective of this
thesis (objective 4) is discussed in Chapter 10 while considering the similar input on the physical
player model from Chapter 2 as Objectives 2 and 3. Finally, chapter 11 summarizes the overall
contribution of this dissertation in order to justify the aforementioned aim of this thesis and to
illustrate the potential benefits of the C+L band network.

1.3 Major Contributions

The key contributions and outcomes of the research under this thesis are summarized below,
along with relevant publications.
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Figure 1.2: Relationship between chapters to grasp the key objectives.

• The research in this thesis first focused on multiband physical layer modeling while in-
vestigating the presence of significant challenges from several non-linear physical-layer
impairments (PLIs), such as ISRS, and band-dependent transmission impairments, such
as attenuation, dispersion, etc. In order to enhance the overall capacity of the network
while mitigating the e↵ect of PLIs, the use of gain-flattering filters (GFFs) in di↵erent
parts of the network has been explored. Reported results show that the placement of GFF
at every inline amplifier module instead of its placement at the reconfigurable optical add-
drop multiplexer (ROADM) module can provide significant gain in tra�c admissibility for
smaller and as well as larger networks. In addition, the e↵ect of launch power and symbol
rate variation is also explored in this context. Numerical results show that the placement
of GFF at the ROADM modules outperforms in terms of return on investment (ROI),
whereas the placement of GFF at the EDFA module outperforms in terms of quality of
transmission (QoT).

– R. K. Jana, A. Srivastava, A. Lord, and A. Mitra, “E↵ect of Gain Flattening Filter
Placement for Nonlinear Impairment Mitigation in Multiband Optical Transport
Network,” 2023 IEEE International Conference on Advanced Networks

and Telecommunications Systems (ANTS), Jaipur, India, 2023, pp. 102-107,
doi: 10.1109/ANTS59832.2023.10469529.
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• The next part of this thesis is focused on the techno-economic comparisons between C and
C + L band technologies while taking the cost of di↵erent in-line components. A domain-
knowledge-assisted, cost-e↵ective network upgrade algorithm is proposed to enhance the
overall capacity of the network while minimizing CapEx. The performance of the proposed
algorithm is assessed in terms of network upgrade cost, overall CapEx, and cost-per-bit
while considering flex-grid with incremental static tra�c. In addition, the comparison
between optical cable deployment and fiber leasing is captured to upgrade the capacity
of the optical core network with minimum cost-per-bit. Moreover, geographically diverse
networks are considered in this study to highlight the e↵ect of longer link length on the
network upgrade cost.

– R. K. Jana, A. Mitra, A. Pradhan, K. Grattan, A. Srivastava, B. Mukherjee, and
A. Lord, “When Is Operation Over C + L Bands More Economical than Multifiber
for Capacity Upgrade of an Optical Backbone Network?,” 2020 European Con-

ference on Optical Communications (ECOC), Brussels, Belgium, 2020, pp.
1-4, doi:10.1109/ECOC48923.2020.9333276.

– R. K. Jana, M. A. Iqbal, N. Parkin, A. Srivastava, A. Mishra, J. Balakrishnan, P.
Coppin, A. Lord and A. Mitra, “Multifiber vs. Ultra-Wideband Upgrade: A Techno-
Economic Comparison for Elastic Optical Backbone Network,” 2022 European

Conference on Optical Communications (ECOC), Basel, Switzerland, 2022,
pp. 1-4, doi: 10.1364/ECEOC.2022.We1A.5.

– R. K. Jana, A. Srivastava, A. Lord, and A. Mitra, “Optical Cable Deployment
vs. Fiber Leasing: An Operator’s Perspective on CapEx Savings for Capacity
Upgrade in Elastic Optical Core Network,” in Journal of Optical Communi-

cations and Networking, vol. 15, no. 8, pp. C179-C191, August 2023, doi:
10.1364/JOCN.483200, [Impact Factor: 4.0].

• After showcasing the benefits of multiband (C+L band) transmission on cost-per-bit min-
imization, the consequent part of this thesis is concentrated on the designing of e�cient
spectrum management policies for the C+L band network. This work proposes, for the
first time, a quality-aware proactive defragmentation scheme for the multiband (C+L
band) EON system while analyzing the trade-o↵ between NLI and defragmentation. This
work provides insights for network operators to develop the QoS maintenance strategy
while doing spectrum defragmentation in the C + L bands. During the development of
the proposed schemes, this work shows the impact of the lightpath selection strategy on
the overall network capacity. The proposed scheme prioritizes the minimization of the
fragmentation index (FI) and QoT maintenance for two di↵erent defragmentation algo-
rithms, namely, NLI-aware defragmentation (NAD) and NLI-unaware defragmentation
(NUD). Moreover, to leverage the computational advantage of machine learning (ML)
techniques, a robust deep neural network (DNN) model is also used to predict the OSNR
of all lightpaths while performing proactive spectrum reprovisioning.

– R. K. Jana, B. C. Chatterjee, A. P. Singh, A. Srivastava, B. Mukherjee, A. Lord,
and A. Mitra, “Machine learning-assisted nonlinear-impairment-aware proactive de-
fragmentation for C+L band elastic optical networks,” in Journal of Optical

Communications and Networking, vol. 14, no. 3, pp. 56-68, March 2022, doi:
10.1364/JOCN.440214 [Impact Factor: 4.0].
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• As the multiband network is highly vulnerable to NLI, appropriate channel allocation
during lightpath provisioning also becomes crucial for enhancing the achievable capacity
of the overall network. As a consequence, the next part of this thesis is focused on the
development of e�cient spectrum allocation policies over C+L band networks. First, the
performance of the conventional spectrum allocation policies is investigated in di↵erent
geographies with di↵erent channel launch powers for C+L band systems. Hence, a novel
quality-aware resource provisioning scheme is proposed to enhance the overall network
capacity while capturing the physical layer impairments for the C+L band.

– R. K. Jana, B. C. Chatterjee, A. P. Singh, A. Srivastava, B. Mukherjee, A.
Lord, and A. Mitra, “Performance Evaluation of Conventional Spectrum-Allocation
Policies for C+L Band Elastic Optical Networks,” 2021 IEEE International

Conference on Advanced Networks and Telecommunications Systems

(ANTS), Hyderabad, India, 2021, pp. 348-353, doi: 10.1109/ANTS52808.2021.993
7024.

– R. K. Jana, B. C. Chatterjee, A. P. Singh, A. Srivastava, B. Mukherjee, A. Lord,
and A. Mitra, “Quality-Aware Resource Provisioning for Multiband Elastic Optical
Networks: A Deep Learning-Assisted Approach,” in Journal of Optical Com-

munications and Networking, vol. 14, no. 11, pp. 882-893, Nov 2022, doi:
10.1364/JOCN.465782, [Impact Factor: 4.0].

• As the existing C-band-based network cannot adopt these above-mentioned emerging
technologies instantaneously, strategic planning needs to be done to upgrade the existing
network infrastructure. Hence, the later part of this thesis focuses on e�cient network
upgrade methodologies. First, the advantage of resource re-provisioning is explored for
upgrading the C-band network to C+L bands while leveraging the benefits of selective
lightpaths’s movement from C-band to L-band. Later on, a novel strategy, named C
to C+L Upgrade (CLU), is proposed to upgrade links from C to C+L bands gradually.
Moreover, as the parallel multifiber C-band-based solution is beneficial for the network
operators in the presence of their own dark-fibers availability, the later section of this thesis
also explored the strategic network upgrade methodologies in this context. Mainly, the
advantage of adaptive margin allocation on network upgrades while e↵ectively utilizing the
monitoring data from optical performance monitoring equipment is shown for multifiber-
based upgrade scenarios.

– R. Kalkunte, R. K. Jana, S. Ferdousi, A. Srivastava, A. Mitra, M. Tornatore, A.
Lord, and B. Mukherjee, “GSNR-aware resource re-provisioning for C to C+L-bands
upgrade in optical backbone networks,” in Photonic Network Communica-

tions , vol. 47, pp. 139-153, July 2024, doi: 10.1007/s11107-024-01023-6, [Impact
Factor: 1.8].

– R. Kalkunte, F. S. Abkenar, R. K. Jana, D. Aureli, S. Ferdousi, A. Srivastava, A.
Mitra, M. Tornatore and B. Mukherjee, “An E↵ective Strategy for Link Upgrade
from C to C+L Band in Elastic Optical Backbone Networks,” 2023 IEEE In-

ternational Conference on Advanced Networks and Telecommunications

Systems (ANTS), Jaipur, India, 2023, pp. 437-440, doi: 10.1109/ANTS59832.202
3.104696492023.
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– R. K. Jana, A. Lord, A. Srivastava, and A. Mitra., “An Operator’s Perspective
on the Introduction of Domain Knowledge-Assisted Adaptive Margin Ahead of Net-
work Upgrade,” 2024 European Conference on Optical Communications

(ECOC), Frankfurt, Germany, 2024, pp. 1-4, (Accepted).

• Although operations over the multiband can be a short-term, cost-e↵ective solution for
minimizing network upgrade cost and the cost-per-bit in the long run, the overall network
reliability due to component failures needs to be further studied in order to assess the
overall true potential of the multiband solution. Hence, the last part of this thesis is
focused on the network survivability for C+L band networks while considering geograph-
ically diverse networks. In this context, we consider only single-band (either C or L band)
inline amplifier failure scenarios. Our proposed approach measures the overall protection
space of the network and the quality of the allocated lightpaths in two geographically
diverse networks. As a final step, we have shown the e↵ect of the required OSNR margin
variation for absorbing adjacent channel impairments (called Fill Margin (FM)) on the
achievable protection space and reliability of the network.

– R. K. Jana, A. Srivastava, A. Lord, and A. Mitra, “E↵ect of fill margin on network
survivability for C+L band optical networks,” 49th European Conference on

Optical Communications (ECOC), Glasgow, UK, 2023, pp. 1453-1456, doi:
10.1049/icp.2023.2589.

1.4 Thesis Layout

The rest of the thesis is organized as follows:
Chapter 2 presents the overview of multiband optical networks while capturing the NLI

due to ISRS and other linear impairments. In chapter 3, the techno-economic comparisons
between the C+L band optical network and the multifiber C band system are captured while
considering fiber leasing and cable deployment scenarios. Chapter 4 minimizes the cost-per-bit
with increasing tra�c load while exploring the domain-knowledge-assisted network upgrade
methodologies. After showcasing the benefits of the multiband optical network, the next part
of the thesis is focused on the development of e�cient spectrum management and spectrum
allocation policies in chapter 5 and 6, respectively. The later part of this thesis is focused on
the upgradation of the existing C-band-based infrastructure towards the C+L band. At first,
the advantage of resource re-provisioning from C-band to L-band is explored in this context in
chapter 7. Hence, an ML-based model is also developed in chapter 8 for e�ciently predicting
links for the upgrade as per the network’s current status. Furthermore, chapter 9 explores the
advantage of optical performance monitoring equipment and shows the impact of utilizing the
monitoring data on the network upgrade requirement. The last part of this thesis is focused
on the network survivability for multiband networks where the reliability aspects are compared
between C+L band and C-band systems for geographically diverse networks in chapter 10.
Finally, Chapter 11 concludes this dissertation and indicates possible future research directions.
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Chapter 2
Overview of C+L Band Optical
Networks

2.1 Introduction

As indicated in Chapter 1, many sophisticated technologies, including M2M communication,
IoT, cloud computing, etc., have significantly boosted the compound annual growth rate
(CAGR) of global Internet protocol (IP) tra�c in the 5G era [9]. In addition, the rise of
online activities during the COVID-19 pandemic also increased the overall network tra�c glob-
ally by approximately 50% [10]. Recent projections show that, in order to prevent the optical
fiber capacity crunch problem, the existing infrastructure of the optical fiber transport network
should be increased in order to accommodate this exponential rise of IP tra�c over the next
10 years [11]. As a result, the optical network industry’s research focuses on increasing the
capacity of existing infrastructure while minimizing capital expenditures (CapEx).

In recent studies, MB and SDM technologies have been proposed as potential candidates
for optical transport network upgrades. As mentioned in Chapter 1, research in MB solution
focuses on the e↵ective utilization of additional bands (such as L (1565 - 1625 nm), S (1460 -
1530 nm), E (1360 - 1460 nm), and O (1260 - 1360 nm) bands) of deployed single-mode fibers
along with the conventional C band (1530 - 1565 nm) transmission. On the other hand, the
use of parallel single-mode fibers and several new types of fibers, such as multimode fibers and
multicore fibers, are the key focus of SDM technology.

Although the MB solution enhances the transmission bandwidth, a drawback is the presence
of inter-channel stimulated Raman scattering (ISRS) [12]. As a result of ISRS, nonlinear
interaction occurs between the active channels in the network, and a significant amount of power
transfer happens from higher-frequency active channels to lower-frequency active channels. This
redistribution of launch power enhances the nonlinear interference (NLI) for certain channels
and reduces the overall transmission reach of the network.

The use of gain flattening filters (GFF) for the mitigation of ISRS is a useful technique in
the context of the MB technology [13], [14]. However, the position of GFF needs to be localized
as it can severely impact the quality of transmission and the achievable capacity of the network.
We have explored the e↵ect of GFF localisation in MB scenarios while considering the presence
of various geographies, launch power, and symbol rates.

This work compares the e↵ect of GFF placement in the C+L band system in two di↵erent
positions, namely, GFF at each of the inline amplifier modules and GFF at each of the reconfig-
urable optical add-drop multiplexer (ROADM) modules. As less number of GFF is required for
the latter approach, the impact of the deployed GFF count is analyzed here for geographically
diverse networks in terms of tra�c admissibility, quality of transmission (QoT), and return on
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investment (ROI).
The remaining parts of this work are arranged as follows. Section 2.2 discusses the under-

lying physical layer of the network. Section 2.3 captures the details of GFF-assisted routing,
modulation, and spectrum allocation (RMSA) strategy. The simulation setup and simulated
results are reported in Section 2.4 and 2.5, respectively. Finally, Section 2.6 concludes the work.

2.2 Physical-Layer Model

This section explains the details of the physical layer model, which is needed to estimate the
QoT of a lightpath in terms of OSNR. Figure 2.1 shows the end-to-end system model for
the C+L band where the transmission of a lightpath over multiple hops is illustrated. During
multi-hop transmission between a source and destination node, a lightpath travels over di↵erent
links, inline amplifiers, and ROADM modules. Band-specific inline amplifiers such as C band
EDFA (noise figure (NF) = 5.5 dB [5]) and L band EDFA (NF = 6 dB [5]) are used in every
link between successive spans. In order to mitigate the e↵ect of ISRS, two positions for GFF
placement are considered, and the corresponding physical layer model is elaborately described
below.

Figure 2.1: End-to-end physical layer model.

2.2.1 GFF at ROADM module

If the GFF is placed in the ROADM module, the band-specific amplifiers and MUX/DEMUX
elements (insertion loss = 1 dB) for multiplexing/demultiplexing purposes are considered within
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the inline amplifier module. The gain of the inline amplifiers (gin) is set as the previous span
losses, and the accumulated amplified spontaneous emission (ASE) noise power (in Watts) of
the lightpath at frequency f after traversing the ith link are considered as follows [15]:

P i
ASE(f) = N i

S2nsp(gin � 1)hfBRef , (2.1)

where BRef , h, N i
s and 2nsp denote reference bandwidth, Planck constant, number of spans in

the ith link and NF of the amplifier, respectively.

PRi
ASE(f) = N i

S2nsp(gR(f)� 1)hfBRef , (2.2)

Equation 2.2 captures the component of ASE noise (PRi
ASE(f)) power from the ROADM module,

where the combined gain (i.e., gR(f) in linear scale) of the GFF block and amplifier module at
the ROADM can be written (in dB scale) as follows [16]:

GR(f)(dB) =

8
><

>:

18�
PN i

s
k=1 ⇢k(f) positive ISRS gain,

18 no ISRS gain,

18 +
PN i

s
k=1 ⇢k(f) negative ISRS gain,

(2.3)

where 18 and ⇢k(f) denote the insertion loss (in dB) for the wavelength-selective switches
(WSSs) [17] and accumulated ISRS gain, respectively. The details of ISRS gain are captured
in Appendix A.

P i
NLI(f) = (P i

ch)
3N i

s⌘XPM(f) + (P i
ch)

3N i
s⌘SPM(f), (2.4)

On the other hand, the total NLI power (P i
NLI(f)) (in watt) can be expressed using Equation

2.4, where the component of self-phase modulation (SPM) (⌘SPM(f)) and cross-phase modula-
tion (XPM) (⌘XPM(f)) can be written using Equation 2.5 and 2.6, respectively [13].

⌘SPM (f) ⇡ 4

9
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z
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·
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,

(2.5)

⌘XPM (f) ⇡ 32

27

NchX

k=1,k 6=z

✓
Pk

P i
ch

◆2 �2

Bk�z,k↵̄ (2↵ + ↵̄)

·

Tk � ↵2

↵
atan

✓
�z,kBz

↵

◆
+

A2 � Tk

A
atan

✓
�z,kBz

A

◆�
,

(2.6)

where Nch denotes total number of active channels. Pk is the power of the kth interfering chan-
nel, � is the fiber nonlinear coe�cient, �z,k is the phase mismatch term between kth interfering
channel and channel of interest, and Tk denotes the frequency-dependent constant of the kth

channel for ISRS power transfer [12].
Moreover, the OSNR of a lightpath after traversing through the NL number of links at the

frequency f can be summarized as follows [15]:

1

OSNR(f)
=

NLX

i=1

✓
P i
ASE

P i
ch

+
P i
NLI(f)

P i
ch

+
PRi
ASE(f)

P i
ch

◆
, (2.7)

where P i
ch, P

i
NLI(f) and PRi

ASE denote the launch power, accumulated NLI power and accumu-
lated ASE noise power due to EDFAs of ROADM module in the ith optical link, respectively.
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2.2.2 GFF at EDFA module

If the GFF is placed after every span in every inline amplifier (EDFA) module, the combined
gain of EDFAs and GFF can be summarized as follows [13]:

G(f)[dB] =

8
><

>:

↵Li
span � ⇢ispan(f) positive ISRS Gain at f,

↵Li
span no ISRS gain at f,

↵Li
span + ⇢ispan(f) negative ISRS Gain at f

(2.8)

where ↵, Li
span and ⇢ispan(f) denote fiber attenuation, span length of ith link and ISRS gain in

each span, respectively.
Moreover, the ISRS gain for a single span at frequency f can be written as follows [13]:

⇢(z, f) =
Ptote�↵z�PtotCrLefff

R
GTx(⌫)e�PtotCrLeff⌫d⌫

(2.9)

where Ptot, Cr, and GTx denote total signal power, Raman gain slope, and power spectral
density, respectively.

On the other hand, as the GFF block is absent at the ROADM unit, the gain of the amplifier
modules at ROADM becomes equivalent to total WSS switching loss (18 dB), and the overall
OSNR of a lightpath can be expressed as follows:

1

OSNR(f)
=

NLX

i=1

✓
(P i

ASE(f))
0 + (P i

NLI(f))
0

P i
ch

◆
+

✓
(PRi

ASE)
0

P i
ch

◆
(2.10)

where (P i
ASE(f))

0, (P i
NLI(f))

0 and (PRi
ASE)

0 denote total ASE noise power due to inline EDFAs,
NLI power and ASE noise power from ROADM modules, respectively, for GFF at EDFA
scenario.

2.3 GFF-assisted RMSA

This section describes the overview of the proposed RMSA methodology (Algorithm 1) while
considering the position of GFF in the network. This algorithm considers several parameters as
input, such as network topology, channel launch power, symbol rate, supportable modulation
formats, associated OSNR threshold, and GFF positions. Moreover, it returns the information
about tra�c admissibility, QoT, and ROI as output.

Initially, the possibility of spectrum allocation is checked in the kth shortest path for every
incoming request (lines 1-2). If there is spectrum availability in any of the available routes, the
position of GFF is checked in the selected route (lines 3-4). Hence, the OSNR of the lightpath
is calculated according to the position of GFF (lines 5-9), as discussed in Section 2.2. If the
OSNR of the lightpath exceeds the threshold according to the supportable modulation formats,
the incoming requests are served in the network while operating the lightpath over the selected
modulation format (lines 10-12). On the contrary, if there is an unavailability of spectrum in all
of the allowable routes or the OSNR of the corresponding lightpath of a request can not meet
the threshold requirement of any modulation formats, the requests are blocked in the network
(lines 16 - 18). Next, the overall tra�c admissibility is captured in terms of total accepted
requests and blocked requests (lines 26-27). Finally, the algorithm calculates the QoT using
the distribution of modulation formats across the allocated lightpath in the network (line 28)
and also evaluates the ROI while monitoring the CapEx and allocated tra�c in the network
(line 29).
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Algorithm 1 GFF-Assisted RMSA

Input: Network topology, Channel launch power, Symbol rate, Supportable modulation for-
mats, Tra�c array, GFF position, k-shortest paths for every request, kmax;

Output: Allocated requests, Blocked requests, QoT, ROI;
Initialisation: # of Blocked requests = 0, # of allocated requests = 0, k = 1

1: for each request in tra�c array do
2: Check the possibility of spectrum allocation in the selected route k;
3: if (spectrum allocation == True) then
4: Check GFF position in the selected route;
5: if (GFF at ROADM == True) then
6: Calculate the OSNR of the lightpath using Eq. 2.7;
7: else
8: Calculate the OSNR of the lightpath using Eq. 2.10;
9: end if
10: if (OSNR of the lightpath � threshold of minimum allowable modulation format)

then
11: Allocate the lightpath in the network;
12: # of Allocated requests += 1;
13: else
14: Check the alternate route;
15: k += 1;
16: if (k > Kmax) then
17: # of Blocked requests += 1;
18: else
19: Go to Step 2;
20: end if
21: end if
22: else
23: Go to Step 14;
24: end if
25: end for
26: Total allocated requests == # of allocated requests;
27: Total blocked requests == # of blocked requests;
28: QoT == Distribution of modulation formats in the allocated lightpaths;
29: ROI == CapEx / Allocated tra�c;

2.4 Simulation Setup

In this work, simulations are done using a custom-built, event-driven, Python simulator while
considering two diverse geographies, such as the BT-UK network (22 nodes, 35 links, average
link length of 147 km) [18] and the Indian RailTel network (19 nodes, 28 links, average link
length of 531 km) [18]. The details of these topologies are discussed in Appendix B. Moreover,
three conventional launch powers (0 dBm, -1.5 dBm, and -3 dBm) per channel [19] are consid-
ered for analysis, along with symbol rates of 28 GBaud with 37.5 GHz channel spacing. Table
2.1 captures the supported modulation formats for individual lightpaths and corresponding
OSNR thresholds. An optical bandwidth of 10 THz is considered for every link with a guard
band of 200 GHz between the C and L bands.
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Table 2.1: Supported modulation formats for lightpaths in 28 GBaud system [13].

Modulation Data Rate (Gbps) OSNR Threshold (dB)

PM-BPSK 50 9
PM-QPSK 100 12
PM-8QAM 150 16
PM-16QAM 200 18.6
PM-32QAM 250 21.6
PM-64QAM 300 24.6

2.5 Results and Discussion

This section first discusses the scenario of a point-to-point link where the distribution of power
across all the active channels is monitored for di↵erent positions of GFF. Later on, the e↵ect of
GFF placement on the overall network performance is analyzed in terms of tra�c admissibility,
QoT, and ROI. Tra�c admissibility is defined as the number of allocated connections in the
network till predefined thresholds (such as 1% blocking in the network). The QoT is captured
in terms of the distribution of the modulation formats across all the established connections in
the network. ROI is defined as the ratio of the cost of the required GFF [20] to the allocated
capacity.

Figure 2.2: E↵ect of ISRS on power profile of each channel (-3 dBm of uniform launched power
is considered at first span, as shown by the black solid line).
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2.5.1 Point-to-point link analysis

Figure 2.2 captures the e↵ect of the ISRS on the power profile across the C+L band spectrum for
a point-to-point link. The x-axis represents the normalized frequencies for the overall 10 THz
C+L band spectrum, whereas the y-axis represents the launch power profile at the beginning of
every span due to ISRS non-compensation. Here, the 0 to 5 THz range on the x-axis indicates
the C-band channels, whereas the 0 to -5 THz range denotes the L-band channels. Reported
results show that if the ISRS e↵ect is not compensated by GFF placement at the end of the
span, the flat launch power distribution becomes tilted from one span to another due to power
transfer from higher frequency channels to lower frequency channels. Figure 2.2 also depicts that
if the number of spans with ISRS non-compensation increases in a point-to-point link, drastic
power di↵erences between the di↵erent channels in the 10 THz spectrum can be observed. For
example, as shown by the red dotted line in Figure 2.2, if the ISRS is uncompensated for the
eight consecutive spans (i.e., 480 km while taking 60 km as span length), launch power at the
input of ninth span becomes - 21 dBm at 5 THz frequency and 5 dBm at -5 THz frequency.
As the NLI on a particular span depends on the power profile of di↵erent active channels, the
variation of launch power from one span to another due to tunability in GFF localization results
in di↵erent NLIs for the active channels in the link. Consequently, the quality of transmission
across di↵erent channels becomes dependent on GFF localization.

2.5.2 Network Analysis

This section describes the e↵ect of GFF placement on the overall network performance in terms
of tra�c admissibility, QoT, and ROI.

2.5.2.1 Tra�c Admissibility

Figures 2.3 and 2.4 show the tra�c admissibility till 1% blocking for the BT-UK network and
Indian RailTel network, respectively. The reported result shows that the placement of GFF
at every EDFA module can provide a 37.7% gain in tra�c admissibility compared to GFF at
the ROADM scenario for 0 dBm launch power in the BT-UK network. However, as the launch
power decreases from 0 dBm to -3 dBm, ISRS gain decreases significantly in every span of the
C+L band link. As a result, the advantage of GFF placement at ROADM becomes similar to
the GFF at EDFA scenario.

Figure 2.4 shows that the GFF placement at every EDFA in the Indian RailTel network can
provide tra�c admissibility gain of 38.9%, 74.9%, and 118.7% for 0 dBm, -1.5 dBm, and -3 dBm
launch power, respectively, compared to the placement of GFF at ROADM scenario. As the
average link length of the Indian RailTel network is higher compared to the BT-UK network, the
ISRS compensation at ROADM reduces the QoT and achievable tra�c admissibility. Whereas
the placement of GFF at every EDFA mitigates the ISRS e↵ect after every span and provides
significant gains compared to GFF at the ROADM scenario.

2.5.2.2 Quality of Transmission

The QoT is captured in terms of the distribution of modulation formats across the established
lightpaths in the network. Figures 2.5 and 2.6 capture the QoT in BT-UK and Indian RailTel
network, respectively. The reported result shows that the shifting of the GFF position from
EDFA to ROADM degrades the QoT in both of the networks. Mainly, lower-order modulation
(LoM)-based lightpaths, such as PM-BPSK and PM-QPSK, increase in both of the networks
for GFF at the ROADM scenario compared to GFF at the EDFA scenario. In smaller networks
like BT-UK, the shifting of GFF at ROADM enhances the LoM from 3.7% to 11.6%, whereas
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Figure 2.3: Tra�c admissibility in BT-UK Network.

Figure 2.4: Tra�c admissibility in Indian RailTel network.

the LoM-based lightpaths increase from 55.8% to 64.3% in the considered longer network (i.e.,
Indian RailTel Network). This 7.9% increment of LoM lightpaths due to the shifting of the
GFF position does not severely impact the tra�c admissibility in the BT-UK network as the
majority of lightpaths are provisioned over higher-order modulation (HoM). Here, PM-8QAM,
PM-16QAM, and PM-32QAM are considered as HoM. However, the enhancement of LoM-
based lightpaths due to the shifting of the GFF position from EDFA to ROADM in the Indian
network significantly dropped the tra�c admissibility as the majority of lightpaths in this longer
network are provisioned over low-e�ciency oriented LoM formats.
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(a) GFF at EDFA

(b) GFF at ROADM

Figure 2.5: Quality of Transmission in BT-UK Network (Launch Power = -3 dBm).
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(a) GFF at EDFA

(b) GFF at ROADM

Figure 2.6: Quality of Transmission in Indian RailTel Network (Launch Power = -3 dBm).
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Table 2.2: ROI for BT-UK network till 1% blocking.

GFF Position Launch Power (dBm) ROI ($ /bit/sec)

ROADM 0 15.2
ROADM -1.5 11.0
ROADM -3 10.7
EDFA 0 44
EDFA -1.5 40.4
EDFA -3 40.0

Table 2.3: ROI for Indian RailTel network till 1% blocking.

GFF Position Launch Power (dBm) ROI ($ /bit/sec)

ROADM 0 60
ROADM -1.5 36.9
ROADM -3 31.6
EDFA 0 560
EDFA -1.5 275.9
EDFA -3 188.6

2.5.2.3 Return on Investment

Tables 2.2 and 2.3 capture the RoI for BT-UK and Indian RailTel networks, respectively.
Simulated results indicate that GFF placement at ROADM can provide a maximum gain of
73.2% in the BT-UK network, whereas the number becomes 89.2% for the Indian RailTel
network. As the allocated capacity till 1% blocking is higher in the BT-UK network compared
to the Indian network scenario, ROI becomes generally higher in the Indian network.

2.6 Conclusion

In terms of tra�c acceptance, quality of service, and return on investment (ROI), this work
examines the impact of GFF installation at various locations across geographically diversified
networks. The reported result shows that the placement of GFF at the ROADM module can
provide gain in terms of return on investment. However, the placement of GFF at EDFA
outperforms in terms of tra�c admissibility and quality of transmission for shorter and as well
as longer geography.
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Chapter 3
Techno-Economic Comparison between
C+L Band and Multifiber Technology

3.1 Introduction

The primary objective of the network operators is the increment of the overall network capacity
while incurring minimum CapEx. Although the use of multiple parallel fibers and MB solu-
tions appear as potential candidates for increasing network capacity, both of these solutions are
associated with their individual trade-o↵s. As discussed in Chapter 2, transmission over MB
can use the full capacity of the existing infrastructure; however, the quality of the transmission
becomes susceptible to NLIs such as ISRS [21]. In addition, the MB system needs the devel-
opment of several advanced amplifier modules for long-reach transmission over di↵erent bands.
On the contrary, leasing or deployment of additional fibers is needed to enable transmission
over the multifiber C band-based solution.

Moreover, the geographical size of the network plays a crucial factor for the network opera-
tor. Mainly, the cost of additional equipment and fiber lease costs varies based on the size of the
network. Therefore, the choice of technology for a network upgrade may vary from operator to
operator. Recently, an optimum way to multifiber C+L bands link upgrade has been studied
for the Italian network, considering geographical population locations [22]. Similarly, it has
been shown that the MB Elastic Optical Network (EON) needs a higher migration cost than
that of the parallel fiber system for the Telefónica-Spain national network [23].

In this work, at first, the e↵ect of fiber lease cost on network cost upgrade (measured in
cost-per-bit metric) has been analyzed for geographically diverse networks (such as BT-UK and
Indian network [24]). Optical signal transmission over the C+L band and multifiber C-band
solution are also compared. As the addition of spectral resources in the network can practically
be possible only by leasing or deploying whole new fiber cables, we have also concentrated on
additional cable deployment. The later part of this study considered more realistic assumptions
and demonstrated the strategy of additional cable deployment at di↵erent required locations in
the network. Mainly, the impact of additional cable deployment on tra�c growth is analyzed
in this work. Two scenarios, namely, multifiber C band and multifiber C+L band, are focused
in this study. We have indicated the former case as nC and the latter case as n(C+L), where
the notation n is used to resemble the multifiber scenario. A techno-economic comparison is
performed between the nC and n(C+L) in terms of CapEx and cost-per-bit of the network
while assuming a bidirectional single fiber pair in all of the links of the network initially.
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3.1.1 Key Contributions

The overall contribution of this study can be summarized as shown below:

• Network operation over C+L bands compared to multifiber (nC) band is investigated for
the capacity upgrade of optical backbone networks. Mainly, the e↵ect of fiber leasing cost
on the cost-per-bit of the network is captured for geographically-diverse networks. The
reported result shows the advantage of the C+L band network for larger networks, even
for the presence of low fiber lease cost.

• Two methods are proposed to upgrade the network capacity by following two principles,
namely, placement of extra cable and lease of extra fibers.

• The e↵ect of network upgrade instances on the total cost of the system is analyzed for
both nC band and n(C+L) band scenarios. Reported results indicate that the n(C+L)
band systems can save 30% of the total cost while using 22.2% fewer upgrades compared
to the nC band scenario.

3.2 Cost Model

In order to do the techno-economic comparison between multifiber and C+L band systems,
we consider the relative cost of several components while considering C band EDFA cost as a
baseline, as shown in Table. 3.1. As the L-band EDFA consists of longer EDF coils [8], the cost
of an L-band EDFA is assumed to be 20% higher compared to the C band EDFA. According to
the specifications from Sterlite Technologies Limited [25], we have considered the ‘8-FC’ optical
cable for analyzing the cable deployment scenarios. Mainly, the availability of eight parallel
fibers is considered for transmission over the considered ‘8-FC’ optical cable. Moreover, di↵erent
fiber lease costs based on the network operator’s geography have also been focused on during
the analysis. For a European country, fiber lease cost is considered as approximately 0.33x (⇠
$1308) per fiber/km/year for five years of leasing package. Whereas the lease cost in the Indian
network is considered as about 0.007x (⇠ $ 29) per fiber/km/year, which is significantly less
compared to European countries.

3.3 Link Upgrade Strategy

3.3.1 Scenario 1: Fiber Leasing

In this study, we have considered two scenarios. At first (scenario 1), leasing of extra fibers
is considered at the specific links to upgrade the network capacity. Initially, the lightpaths
are allocated until 1% blocking for single fiber C+L bands. Then, for the nC case, we start
with single C band fiber links and repeat the simulation until an equal number of lightpaths
matching the C+L bands is achieved. In order to achieve an equal number of lightpaths
as the C+L band scenario, additional fibers are leased at specific positions in the network
during nC band operations. Mainly, the route of the lightpath for each 1% blocked demand is
considered during nC band upgrade operations, and additional parallel fibers are leased to the
most exhausted links in the considered route. The links with the highest spectral occupancy in
the considered route during the instance of network upgrade are referred to as exhausted links.
This process of extra fiber leasing in the most exhausted link of the route continues until the
upgraded links help to reroute the last 1% blocked connection. In the later part of this work
(scenario 2), we have taken more realistic assumptions and upgraded the network by deploying
new cables consisting of 8 parallel fibers.
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Table 3.1: Approx. relative cost of di↵erent equipment [20], [26].

Equipment Relative Cost
EDFA (C band) x (⇠ 4000 $)
EDFA (L band) 1.2x

DEMUX 0.04x
MUX 0.04x

EDFA module (C+L) 2.28x
8-FC Cable Purchase 0.05x / km

8-FC Cable Deployment 0.5x / km
GFF at EDFA module 0.2x

WSS (C band) 5x
WSS (L band) 6x
Transponder 36x

Average fiber lease cost Nx
(per fiber per km per year) (N = 0 to 0.5)

3.3.2 Scenario 2: Cable Deployment

This section presents the proposed methodology for scenario 2, which has been considered to
upgrade specific links of the network as per the requirement of tra�c growth. The links are
upgraded by placing extra multifiber cables and their associated additional amplifiers. Mainly,
the selection of the link for upgrade is determined based on the spectrum occupancy. Fig. 3.1
illustrates the flowchart of the proposed link upgrade strategy. The proposed strategy starts
with the allocation of upcoming new tra�c requests while doing routing, modulation, and
spectrum allocation (RMSA). If the unavailability of spectrum resources leads to the blocking
of certain requests, the strategy compares the state of current blocking probability (BP) with
the predefined acceptable threshold (BPth). If BP becomes equal to BPth, the strategy stops
the allocation of a new connection and monitors the state of the network. As a start, it takes
the route of the last blocked demand and upgrades the most congested links one by one in the
route by placing additional cables until the successful rerouting of the last blocked connection.
Consequently, the allocation process of new requests is resumed after the successful rerouting
of the last blocked request. The process of new connection establishment and additional cable
addition continues until the network reaches its targeted capacity.

3.4 Simulation Setup

3.4.1 Scenario 1: Fiber Leasing

In this work, for techno-economic comparison between nC and C+L bands EON, the cost-per-
bit metric is analyzed for the small BT-UK network and the larger Indian network. The average
link length of BT-UK is 147 km, whereas for the Indian network, it is 531 km. The details of
these topologies are illustrated in Appendix B. In this work, a biased tra�c matrix is generated
to resemble tra�c flow among high-demand generating nodes in both networks. For BT-UK,
we use the population and dropped wavelength data of each node to choose source-destination
pairs probabilistically. For the Indian network, we use a population metric for each city [27].
We have used the 28 GBaud system with 37.5 GHz channel spacing. As the positions of GFF
for ISRS compensation impact the QoT (as shown in Chapter 2), placement of GFF at every
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Figure 3.1: Flowchart of link upgrade strategy.

EDFA module is considered for the larger Indian network in order to provision lightpaths over
longer distances. Whereas, for smaller networks like BT-UK, we have compensated the ISRS
at each ROADM block using GFF.

A total of 10,000 demands, each of 100 Gpbs, are generated to fill the network spectrum.
Moreover, three launch powers (-5.25 dBm, -3 dBm, and -1.5 dBm) are also considered for both
of the networks. In addition, the channel bandwidth of 37.5 GHz for C+L band transmission
is assumed, with a guard band of 200 GHz between C and L bands. Figures 3 and 4 present
average results of 100 random tra�c generations while considering three shortest paths for each
lightpath; and C band is considered first for filling the spectrum in case of C+L bands.
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3.4.2 Scenario 2: Cable Deployment

A custom-built, event-driven Python simulator is developed to make the techno-economic com-
parison. BT-UK network topology is considered for simulation with 0 dBm launch power while
considering GFF at every ROADM scenario (as discussed in Chapter 2). Moreover, a 64 Gbaud
system with 75 GHz of channel spacing is considered while taking three modulation formats,
PM-QPSK, PM-8QAM, and PM-16QAM. On the other hand, 200 GHz guard band is consid-
ered between C and L band due to non-ideal WSS passband assumption. A biased tra�c matrix
is generated by following the same methodology as described in Section 3.4.1 to capture the
tra�c growth rate of 35% with baseline tra�c of 20 Tb/s. A total of 1500 requests, each of 100
Gbps, are considered as a targeted capacity of the network during simulation, which resembles
seven years of network tra�c growth with a pre-determined blocking threshold (BPth) of 1%.
We run the simulations for twenty seeds, and the average results are reported with less than a
5% margin of error at a 95% confidence interval.

3.5 Results and Discussion

3.5.1 Scenario 1: Fiber Leasing

This section analyzed the normalized cost-per-bit metric with the fiber lease cost for C+L
band and nC scenarios. Figures 3.2 and 3.3 shows the scenario of BT-UK and Indian networks,
respectively, while considering five years of leasing and three di↵erent launch powers. As the
fiber leasing cost varies from country to country, we have considered di↵erent fiber leasing
costs and captured their impact on the cost-per-bit. The reported result shows that the rise
of leasing cost multiplicative factor (indicated by N in Table 3.1) increases the cost-per-bit
value in both of the scenarios. At N = 0.0 (i.e., no fiber leasing cost), the C+L band becomes
expensive compared to the nC scenario due to the requirement of costly L-band subsystems.
However, as the value of N enhances, the cost of leased fiber (labeled as ‘extra added fiber’ in
Fig. 3.2 and 3.3) dominates. The crossover point represented by the arrow in Fig. 3.2 and
3.3 indicates the corresponding fiber lease cost, after which the operation over C+L bands will
incur lower cost-per-bit compared to the nC scenarios. The launch power of individual channels
plays a crucial role in this context, and their impacts are also illustrated in Fig. 3.2 for the
BT-UK network. At -5.25 dBm launch power, 1222 lightpaths, on average, are provisioned in
the C+L band scenario until 1% blocking as shown in the top sub-figure of Fig. 3.2). In order
to achieve the same capacity in the nC scenario, multiple fibers are leased, and the total leased
fiber distance becomes 2193 km. These extra leased fibers enhance the cost-per-bit in the nC
scenario and lead to a crossover at N = 0.13. Furthermore, as the launch power increases from
-5.25 dBm to -3 dBm, the number of allocated lightpaths till 1% blocking in the C+L band
enhances to 1247 (as shown in the middle sub-figure of Fig. 3.2) due to the enhancement of
received optical signal power. The improvement of this signal power also improves the QoT
in the C-band system and postpones the requirement for additional spectrum resources. As a
result, the crossover point shifted toward the right from N = 0.13 to N = 0.22. Nonetheless,
at the typical lease cost of fiber for the BT-UK network, as shown by the green dotted vertical
line, the C+L band scenario still shows its cost-e↵ectiveness compared to the nC scenario. If
the launched power is further enhanced from -3 dBm to -1.5 dbm, the number of provisioned
lightpaths till 1% blocking reduces in the C+L band to 1151 due to the enhancement of ISRS-
based NLI. As a consequence, the crossover point shifted further right from N = 0.22 to N =
0.33 as indicated in the last sub-figure of Fig. 3.2.

Figure 3.3 shows the normalized cost-per-bit for the Indian network under C+L bands and
nC case. Similar results like the BT-UK network are also observed here. Nevertheless, the
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Figure 3.2: Normalized cost-per-bit for BT-UK network with five years of leasing.

presence of longer link lengths in the Indian network prepones the crossover point in the Indian
network compared to the BT-UK scenario. Reported results show that a maximum number of
lightpaths are provisioned in the C+L band scenario for -5.25 dBm of launch power. As the
launch power of each channel increases from -5.25 dBm to -3 dBm, the number of provisioned
lightpaths decreases significantly in the C+L band scenario due to the increment of NLI over
longer link lengths. Consequently, the total length of required leased fibers for the nC scenario
is also dropped from 9974 km to 6094, as shown by the top and middle sub-figure of Fig. 3.3. As
the link lengths are much larger and the leased fiber distance is greater for the Indian network

23



compared to the BT-UK scenario, the nC solution becomes costlier even for lower fiber lease
costs. If the launch power is further increased to -1.5 dBm, NLI becomes significant over longer
links of the Indian network under the C+L band transmission. As a result, only 691 lightpaths
are provisioned till 1% blocking in the Indian network under C+L band scenario as indicated in
the bottom sub-figure of Fig. 3.3. Consequently, minimal fibers are leased for the nC scenario
with -1.5 dBm launch power, and the gap between nC and C+L bands after crossover becomes
less significant compared to other power profiles.

Figure 3.3: Normalized cost-per-bit for Indian network with five years of leasing.

24



3.5.2 Scenario 2: Cable Deployment

In order to accommodate the exponential tra�c growth, multiple cables (8-FC) are deployed
in specific links of the network for both C and C+L band systems using the mentioned link
upgrade strategy.

Figure 3.4: Cable addition instances with tra�c loading.

The results of multiple independent simulations are captured in Fig. 3.4, where the number
on the y-axis represents the number of allocated tra�c demands in the network. Whereas, the
number on the x-axis represents the corresponding cable addition instances in order to support
the targeted tra�c demand in the network. Individual box plots have been used to depict
the variation of allocated demands in the network over multiple simulations under each cable
addition instance. On average, for the C band system, the first cable addition occurs after the
allocation of 500 100G demands in the network, as indicated by the left-most (or first) blue
box in Fig. 3.4. Whereas the availability of extra resources in the C+L band system provides
50% more capacity and postpones this instance of the first upgrade till 1000 100G demands.
Moreover, the presence of the small number of channels in the C band system results in the
addition of more cables compared to the C+L band system in order to serve the same amount of
tra�c. Figs. 3.5 and 3.6 show the variation of overall cost and cost-per-bit of the network with
instances of cable addition and tra�c loading. As the cables are added at di↵erent instances,
the slope of the total cost curve rises. Due to the costly amplifier module, although the C+L
band system appears costly for low tra�c, a crossover happens between C and C+L band
systems when allocated demand touches 600 100G capacity as indicated in Figure 3.5.

The numerical result suggests that out of 35 links in BT-UK, 51.4% of the links are upgraded
for nC system, whereas a 22.2% reduction in the number of link upgrades is achievable using
the n(C+L), which leads to 30% total cost savings.

Moreover, simulation results also show that, on average, n(C+L) needs to activate 41.6%
fewer additional fibers than the nC case (number of extra active fibers is 24) in order to cater
for the same amount of tra�c and thereby indicates the availability of a large surplus capacity
of n(C+L) compared to nC.
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Figure 3.5: Total cost variation with tra�c loading (Crossover Point: (600, 425)).

Figure 3.6: Cost-per-bit variation with tra�c loading.

3.6 Conclusion

This study shows that C+L band EON is cost-e↵ective compared to nC band EON scenarios,
particularly for larger geographies (Indian network). But, for smaller geographies (BT-UK
network), C+L bands are advantageous only if the fiber lease cost is high. It is also observed
that the C+L band system can postpone the need for extra cable deployment compared to the
C band system and thereby minimizes the cost-per-bit in the long run.
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Chapter 4
An Operator’s Perspective on the
Designing of Cost-E↵ective Network
Upgrade Solution

4.1 Introduction

Chapter 3 performs the techno-economic comparison between MB and multifiber technology
while considering fiber leasing and cable deployment scenarios separately. Although several
attempts have been made in the literature to inspect the behavior of these two technologies
regarding network upgrades, there still exists some fundamental questions:

• Is it possible to lease the dark fiber or deploy the new optical cable in any link of the
network?

• Is the same upgrade solution beneficial for every network operator?

• What is the cost-e↵ective upgrade solution if the baseline system consists of multiband
and multifiber-based infrastructure?

To address these questions, this chapter proposes a cost-e↵ective network upgrade algorithm
by considering CapEx for several in-line equipment and di↵erent parameters related to network
infrastructure. A couple of realistic scenarios have been considered in the simulation in order
to provide solutions relevant to di↵erent network operators.

In brief, the following are the main contributions of this work:

• A domain knowledge-assisted, cost-e↵ective network upgrade algorithm is proposed to
enhance the overall capacity of the network while minimizing CapEx.

• The performance of the proposed algorithm is assessed in terms of network upgrade cost,
overall CapEx, and Cost-per-bit while considering EON with incremental tra�c.

• Geographically diverse networks are considered in this work to highlight the e↵ect of
longer link length on the network upgrade cost.

The rest of this work is divided into the following sections. Section 4.2 summarizes the
building blocks of the techno-economic comparison, where the cost model and network upgrade
strategy are discussed in detail. The simulation setup, along with tra�c matrix generation
methodology, is presented in Section 4.3. Furthermore, the results of the techno-economic
comparison are elaborated in Section 4.4. Finally, Section 4.5 concludes the work.
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4.2 Building Blocks for Techno-economic Comparison

This section describes the methodology of the techno-economic comparison while describing the
problem statement followed by a discussion on the cost model and proposed network upgrade
algorithm.

4.2.1 Problem Statement

According to the discussion in Chapter 3, it can be realized that the capacity of the optical
network needs to be upgraded while minimizing the CapEx. From operator to operator, the
choice of upgrade can vary based on the availability of owned fiber, third-party dark fiber
distribution, the possibility of new cable deployment in the owned or the third-party duct,
and the cost of new duct deployment. In this work, we proposed a domain knowledge-assisted
network upgrade algorithm, which can help the operator to choose the best way of upgrading
as per their network condition.

Table 4.1: Approximate relative cost of di↵erent equipment.

Equipment Relative Cost

EDFA (C band) [28] x (⇠ $4000) (reference cost)
EDFA (L band) 1.2x
DEMUX [29] 0.04x
MUX [29] 0.04x
EDFA module (C+L band) 2.28x
8-FC Cable Purchase 0.05x / km
8-FC Cable Deployment 0.5x / km
Optical Fiber Leasing Cost [30] 0.33x /fiber/km/year
Duct Rental Cost 0.0875x /km/year
New Duct Deployment Cost with
New Fiber Roll-out (Rural area) [5]

6.58x /km

New Duct Deployment Cost with
New Fiber Roll-out (Metropolitan
area) [5]

131.65x /km

4.2.2 Cost Model

Table 4.1 captures the relative cost of di↵erent inline equipment’s, where the cost of C band
EDFA is taken as the baseline or reference cost. The cost of L band equipment is considered
20% higher compared to the C band (since the L band EDFA needs longer EDF coils than C
band EDFA [8]). Sterlite’s 8-FC cable is considered for the cable deployment, which has eight
parallel fibers and is the least granular feasible cable currently available.

4.2.3 Proposed Algorithm of Network Upgrade

Conventional approaches for network upgrades assume that the leasing of dark fibers or new
cable deployment can be possible in all the links of the considered topology. However, the
network upgrade methodology can vary from operator to operator based on various factors,
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such as the distribution of dark fibers, duct space availability, and the cost of cable deployment.
This specialized information about the network is generally known as Domain knowledge, and
network operators can leverage the benefits of this existing information during their network
upgrade. This section describes the proposed algorithm, which considers all of these areas
of domain knowledge of the network and returns the most cost-e↵ective solution for network
upgrade.

Table 4.2 and 4.3 lists the notations for the di↵erent parameters, decision variables, and
functions which are used in the proposed algorithm. Algorithm 2 starts by taking multiple
inputs such as network topology, tra�c matrix, channel launch power, OSNR threshold, and
tolerable blocking probability, along with a couple of domain knowledge parameters. The cost
of network upgrades varies as per its associated methodology. For example, an operator can
choose to light up its own pre-existing dark fibers (if any) during a network upgrade, whereas
another operator can choose to deploy a new cable in its own duct if the duct spaces are
available. Similarly, if an operator does not have its own duct at any particular location, it can
choose to deploy new cables in another existing operator’s (third-party) duct. On the other
hand, operators can also choose to lease fibers from a third party or can deploy their new
duct. Therefore, it can be easily understood that all the possible cases need di↵erent costs
of the upgrade (as listed in Table 4.1). On the other hand, as the characteristics of di↵erent
links in the network varies based on several factors such as it’s geographical location, tra�c
generation probability, availability of third party dark fibers, etc., it is also important to check
the possibility of all these options in di↵erent links of the network. All of this information is
taken as input in Algorithm 2.

Initially, for each demand request, the possibility of tra�c grooming is checked in order to
e↵ectively use the remaining capacity of the existing lightpaths (lines 1 - 9) [16]. At first, the
tra�c grooming function (TG) takes every incoming demand request (t) and tries to place them
in the network using the spare capacity of the existing lightpaths. If the spare capacity of any
existing lightpath LTG matches the requirement of request t, tra�c grooming is initiated by
allocating the demand request t using LTG. If tra�c grooming is not possible, the possibility of
routing and spectrum allocation over a new lightpath is checked using the function CRSA (line
11). This function takes the details of the network topology and demand request as input and
returns the availability of continuous and contiguous spectrum slots (ACCSS) in the feasible
route. The CRSA function explores the k-shortest path routing policy for individual tra�c
requests and checks the ACCSS in the allowable routes.

If there exists continuous and contiguous spectrum slots in any of the k route, the GAF
function takes the information of spectrum occupancy for that k route as input and results
the list of all available frequencies. Consequently, the SAP function takes all of these available
frequencies as input and returns the preferable frequency among them for provisioning new
lightpaths in the network (lines 12 - 14) according to the allowable spectrum allocation policy.
Hence, the OSNR of the lightpath is calculated at the preferable frequency while considering
the assumptions of the physical layer model (as discussed in Chapter 2) (line 15). If the OSNR
of the lightpath appears greater than the predefined threshold, the corresponding highest-order
modulation format is chosen, and the spectrum is allocated for this lightpath (lines 16 - 19).
Generally, if any lightpath does not find a continuous and contiguous spectrum in its route,
it’s considered as a blocked connection. When the network touches its predefined tolerable
blocking probability, network upgrade methodology is initiated (lines 23 - 24) while pausing
the next demand allocation. The route of the last blocked connection is analyzed, and the
most congested link is chosen first for upgrade (lines 25 - 26). The possibility of link upgrade
is analyzed using the function CPL and all the domain knowledge (line 27). Furthermore, all
the possibilities are compared, and the cost-e↵ective solution is calculated (lines 28 - 29). After
upgrading the selected link in the last blocked route cost-e↵ectively, the RBC function tries to
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Table 4.2: List of notations for di↵erent given parameters, decision variables, sets, and functions
used in the algorithm.

Notation Description
Given Parameters:

G(V, E) Network topology; V = set of nodes, E =
set of links.

T Tra�c matrix.
PCh Launch power of each channel.
Om

Th OSNR threshold for all allowable modula-
tion formats.

QoTCal Quality of transmission calculator.
BP Th Blocking probability threshold.
CLODF Cost for lighting-up owned dark fiber.
CCDOD Cost for cable deployment in owned duct.
CCDTD Cost for cable deployment in third-party

duct.
CLDF Cost for leasing dark fibers from third-

party.
CDD Cost for duct deployment.
PLODF
e Possibility of LODF in link e 2 E.

PCDOD
e Possibility of CDOD in link e 2 E.

PCDTD
e Possibility of CDTD in link e 2 E.

PLDF
e Possibility of LDF in link e 2 E.

PDD
e Possibility of DD in link e 2 E.

Decision Variables:
TA Tra�c admissibility 2W.
BP Blocking Probability.
CapEx Capital Expenditure.
PTG

t Possibility of tra�c grooming for demand
request t 2 {True, False}.

LTG Location of tra�c grooming.
Rt Route for the tth demand request.
ACCSS Availability of continuous and contiguous

spectrum slots 2 {True, False}.
FAvailable Available set of frequencies.
f Selected frequency.
OSNRf OSNR at selected frequency f .
MOSNRf

Modulation format according to OSNR at
frequency f

AS Available solutions.
CS Cost-e↵ective solution.
SU Successful Upgrade 2 {True, False}.

reallocate the blocked connection by rerouting over the upgraded new link. If the last blocked
connection can be provisioned into the network using the upgraded link, the network upgrade
methodology is paused, and resource allocation for the next requests is initiated. However, if
the last link upgrade is not su�cient to reallocate the blocked demand, the variable SU is set as
False, and the upgrade methodology continues over the other links in the blocked route (lines
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Table 4.3: List of notations for di↵erent sets and functions used in the algorithm.

Notation Description
Sets:

SO Spectrum occupancy.
LAll Set of all ongoing lightpaths.

Functions:
TG Tra�c grooming.
CRSA Check route and spectrum availabil-

ity.
GAF Get available frequencies.
SAP Spectrum allocation policy.
SLDSO Sort the link in descending order of

spectrum occupancy.
CPL Check the possibility of link up-

grade.
COMPARE Compare the available solutions.
LUC Link Upgrade cost.
RBC Reroute the blocked connection.

30 - 34). After upgrading selected links as per the domain knowledge, the algorithm returns
the most cost-e↵ective solution of network upgrade with its associated CapEx.

In Algorithm 2, the time complexity to find the possibility of tra�c grooming for each
incoming request t 2 T in every existing lightpath LP 2 LAll using lines 1 to 9 is O(|T |⇥ |LAll|).
In line 11, the Dijkstra’s algorithm is used with time complexity of O(|T |⇥ (|V |+ |E| log |V |))
to find the shortest path routing for each lightpath. In addition, availability of spectrum is also
checked using CRSA function with time complexity of O(|T |⇥|S|⇥|E|), where S represents the
set of frequencies in each link. In lines 12-19, spectrum and modulation allocation is done for
each request with time complexity of O(|T |⇥|S|⇥|M |), where M denotes the set of modulation
formats. Consequently, during the network upgrade stage, SLDSO function is executed first
with time complexity ofO(|E|⇥log |E|). In lines 26-34, the cost e↵ective link upgrade strategy is
calculated with time complexity of O(|E|). Therefore, the overall time complexity of Algorithm
2 can be written as O(|T ||LAll|+ |T |(|V |+ |E| log |V |)+ |T ||S||E|+ |T ||S||M |+ |E| log |E|+ |E|).

4.3 Simulation Methodology

This section describes the simulation setup in order to provide detailed information about
various considered parameters, such as channel launch power, attenuation coe�cient, channel
spacing, etc. In addition, biased tra�c matrix generation procedure, domain knowledge and
all the related assumptions are also discussed later on.

4.3.1 Simulation Setup

To make the techno-economic comparison, an event-driven, custom-built Python simulator is
developed. In addition, Intel(R) Xeon(R) CPU E5-2670 v2 @ 2.50 GHz and Intel(R) Xeon(R)
Gold 5220 CPU @ 2.20 GHz with 264 cores and 96 GB of memory is used to generate all of
the reported results. Simulations are considered first on smaller geography, such as the BT-UK
network (22 nodes, 35 links, average link length of 147 km). Later on, the scenario of the
longer network (Pan-Europe network) is also considered in this study and elaborately discussed
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Algorithm 2 Domain Knowledge Assisted Network Upgrade for MB-EON

Input: G(V, E), T, PCh, Om
Th, QoTCal, BP Th, CLODF , CCDOD, CCDTD, CLDF , CDD, PLODF

e ,
PCDOD
e , PCDTD

e , PLDF
e , PDD

e ;
Output: TA, BP , SO, CS, CapEx ;

Initialisation : TA = 0, BP = 0, SO = {;}, LAll = {;}, PTG
t = False;

1: for each demand request t in T sequentially do
2: for each lightpath LP in LAll do
3: LTG  TG(t, LP);
4: Update PTG

t;
5: end for
6: if (PTG

t == True) then
7: Allocate demand request t using LTG;
8: TA = TA + 1;
9: Update SO, LAll;

10: else
11: Rt, ACCSS  CRSA(G(V, E), t);
12: if (ACCSS == True) then
13: FAvailable  GAF(ACCSS, SO, Rt);
14: f  SAP(FAvailable);
15: OSNRf  QoTCal(t, Rt, PCh, f 2 FAvailable, SO);
16: if (OSNRf � min(Om

Th)) then
17: Select MOSNRf

, Occupy f ;
18: TA = TA + 1;
19: Update SO, LAll;
20: end if
21: else
22: Update BP ;
23: if (BP � BP Th) then
24: Pause CRSA for next demand request;
25: L = SLDSO(Rt, SO);
26: for each link l in L do
27: AS = CPL(l, PLODF

e , PCDOD
e , PCDTD

e , PLDF
e , PDD

e );
28: CS = COMPARE (AS);
29: CapEx = LUC(CS, CLODF , CCDOD, CCDTD, CLDF , CDD);
30: SU = RBC (CS)
31: if (SU == True) then
32: Skip other links in L;
33: else
34: Continue;
35: Resume CRSA for next demand request;
36: else
37: Start the allocation of next demand request;
38: end if
39: end if
40: end if
41: end for

in Section 4.4. The details of these topologies are illustrated in Appendix B. Furthermore, Table
4.4 captures the allowable modulation formats that are taken into account for modeling the 64
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Gbaud system with 75 GHz of channel spacing. A total optical bandwidth of 10 THz is taken
for transmission over C+L band in each fiber, while considering guard band of 200 GHz at the
junction of C and L band due to non-ideal WSS passband assumption [20]. Consequently, the
number of channels in every link is considered as 59 and 135 for C and C+L band systems,
respectively. Furthermore, the presence of ITU-T G.652.D fibers is assumed in each link of
the network along with the other system parameters as listed in Table 4.5. Mainly, the last-fit
spectrum allocation policy is considered here where the spectrum allocation is started from the
highest frequency (C-band wavelength.) Moreover, k-shortest path (k=3) routing is considered
for every tra�c demand. The blocking probability threshold is considered as 1%. The average
results are presented with less than a 5% margin of error at a 95% confidence interval after
performing the simulations over 20 random seeds.

Table 4.4: Allowable modulation formats and corresponding OSNR threshold [31], [32].

Modulation Data Rate (Gbps) OSNR Threshold (dB)
PM-QPSK 200 16
PM-8QAM 300 21
PM-16QAM 400 24

Table 4.5: System parameters [13].

Parameters Symbol Values
Pch Channel launch power [dBm] 0
BCH Channel spacing [GHz] 75
↵ Attenuation coe�cient [dB/km] 0.2
D Dispersion [ps/nm/km] 17
S Dispersion slope [ps/nm2/km] 0.067
� NL coe�cient [1/W/km] 1.2
Cr Raman gain slope [1/W/km/THz] 0.028

4.3.2 Tra�c Matrix

We have considered baseline tra�c of 20 Tb/s along with the 35% annual growth rate. Since
static tra�c builds up in core networks, a total of 1500 static demand requests, each of 100
Gbps, are taken into account for the simulation, which emulates network tra�c growth over
the seven-year time frame. Therefore, when a total of 1500 requests (with an individual data
rate of 100G) exist in the network, the total capacity of the network becomes 1500 * 100 G
= 150 Tbps. As described in [20], a biased tra�c matrix is generated by probabilistically
choosing the source-destination pairs using the dropped wavelength data of individual nodes.
The data of dropped wavelength for each node is listed in Appendix B. This methodology helps
to resemble the high tra�c flow between special nodes in di↵erent geographic locations of the
BT-UK network. The current analysis solely takes into account requests with data rates of 100
Gbps, however using tra�c grooming demands with variable data rates can also be allocated
into the network.
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4.3.3 Assumptions

We assume that no leasing cost is required if the operator has their own dark fibers, whereas
the cost of other inline equipment, such as EDFAs are only necessary to decide the cost of the
upgrade. The usable bandwidth of additional fibers is assumed based on whether the C or
C+L band network has been considered from the beginning. For example, if additional fibers
are placed in the C+L band-based link, it’s assumed that the extra fiber will also operate in
the C+L band.

Figure 4.1: Shortest path heat map.

4.3.4 Domain Knowledge

For the current study, we have not considered cable deployment in third party ducts for the
BT-UK network. Since the availability of operator-owned dark fibers can vary from operator
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(a) Case 1: DAll.
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(b) Case 2: DSN .
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(c) Case 3: DSL.
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(d) Case 4: DLL.
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(e) Case 5: DSPL.
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(f) Case 6: DNL.

Figure 4.2: Availability of operator’s owned dark fiber (red links: dark fibers are available;
black links: dark fibers are absent).
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to operator based on their deployment strategy, various distributions of operator’s owned dark
fibers are considered in the simulation as listed below:

1. Case 1 (DAll): Operator’s owned dark fibers are available in all the links.

2. Case 2 (DSN): Operator’s owned dark fibers are available only between the special nodes
(SN) of the network. For the BT-UK network, the ‘Hubs’ and ‘Super Hub’ labeled nodes
(as shown in the Appendix B) are considered as the special nodes.

3. Case 3 (DSL): Operator’s owned dark fibers are available at shortest links (SL). For the
BT-UK network, the links with distance less than 147 km (the average link length) are
considered as shorter links.

4. Case 4 (DLL): Operator’s owned dark fibers are available at the larger links (LL). For
the BT-UK network, the links with distance greater than 147 km (the average link length)
are considered as larger links.

5. Case 5 (DSPL): In every topology, a total of
�
n
2

�
unique demand requests can be gen-

erated among n number of nodes of the topology. Dijkstra’s shortest path algorithm can
be used to determine the shortest route between the source and destination node of each
of these individual requests. If the probability of occurrence for each demand request is
equal, the likelihood of link congestion can be determined by the majority voting rule.
This rule indicates that if the route of most of the requests passes over a link, the chances
of blocking/congestion will be more in that link compared to other parts of the topology.
Therefore, it is crucial for the operators to place extra resources into these specific links
for achieving high network throughput. For case 5, it is considered that operator’s owned
dark fibers are available in all of these links where the shortest path of most of the unique
requests is likely to overlap. Figure 4.1 captures the shortest path heat map for the
BT-UK network while taking

�
n
2

�
unique requests, where n = 35. The individual boxes

represent the links between two nodes which are indicated on the two axes. The denoted
number in the box indicates how many unique requests are expected to route through
that particular link. The midpoint of the right side vertical bar (i.e., 30) of Figure 4.1 is
considered as the threshold to choose the maximum overlapped links.

6. Case 6 (DNL): Operator’s owned dark fibers are not available in any of the links.

Overall, Figure 4.2 summarizes the distribution of dark fibers in the BT-UK network for all the
above-mentioned cases. The red links in the figure indicate the availability of the operator’s
owned dark fibers. In contrast, the dark link represents the deficiency of dark fibers at di↵erent
locations in the network.

4.4 Results and Discussions of Techno-economic Com-
parison

This section evaluates the performance of the proposed algorithm in terms of the cost of the
upgrade, total CapEx, and normalized cost-per-bit. The metric cost of the upgrade is defined
as the amount of additional investment which is required in order to place additional spec-
trum resources at certain links of the networks for achieving the targeted network capacity.
Total CapEx is calculated by adding the cost of the upgrade with the baseline infrastructure
cost. Normalized cost-per-bit is measured by dividing the total CapEx of the network by the
achievable overall network capacity.
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(a)

(b)

Figure 4.3: Cost of network upgrade: (a) C band system, (b) C+L band system.

4.4.1 Cost of Upgrade Analysis

Figure 4.3 compares the cost of network upgrade for di↵erent cases as indicated in Section 4.3.4.
In Figure 4.3(a), the cost of network upgrade is plotted while considering the underlying system
as C band. On the other hand, the C+L band system is considered in Figure 4.3(b). For case
1 (DAll), additional EDFAs are only considered to upgrade the network as all the links consist
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of the operator’s owned dark fiber. Therefore, it provides the minimum cost of the upgrade for
both the C and C+L band systems.

Algorithm 2 selects third party fiber leasing and optical cable deployment in the owned
duct as the choice of two minimum upgrades in those links where the operators do not have
their pre-existing dark fibers. For other cases (except case 1), the cost of network upgrade
using third party dark fiber leasing appears large compared to optical cable deployment in the
operator’s own duct while considering 5 years of leasing contract. As the number of channels in
the C+L band system is approximately twice compared to that of the C band-only system, the
requirement of the network upgrade for achieving a targeted capacity becomes smaller for the
C+L band. As a result, the cost of network upgrade becomes smaller in the C+L band system
compared to the C band system for each of the cases. As case 6 (DNL) considers the absence of
the operator’s owned dark fibers in all the links, the cost of network upgrade becomes maximum
compared to the rest of the cases for both the C and C+L band systems.

4.4.2 Total CapEx Analysis

The variation of the overall CapEx with the instances of tra�c loading for di↵erent cases is
captured in Figures 4.4, 4.5, 4.6, 4.7, 4.8 and 4.9. For case 1, as there is the availability of the
operator’s owned dark fibers in all the links, the minute increment is observed in total CapEx
with the increment of tra�c load. Moreover, as the cost of the C+L band EDFA module is 2.28
times higher compared to C band EDFA, the overall CapEx remains higher for the C+L band
system compared to the C band scenario. However, for other cases (except case 1), instances
of extra resource addition (cable deployment/fiber leasing) change the slope of the curves. For
example, Figure 4.5(a) indicates that first fiber leasing occurs when the network touches a total
capacity of 60 Tbps while allocating 600 requests, each of 100 Gbps, in the network for the
C band system. On the contrary, the C+L band system indicates a 66.67% gain in-terms of
tra�c admissibility while postponing the need for additional resources until 1000 requests each
of 100 Gbps exist in the network. Moreover, a crossover happens when 600 requests each of
100 Gpbs are provisioned in the network, after which the C band-based system becomes costly
compared to the C+L band system. As the network is loaded with more tra�c, certain links of
the C+L band system are also upgraded using the leasing of dark fibers. However, to achieve
the targeted capacity of 150 Tbps, the multifiber C+L band system provides a gain of 35.2% in
CapEx savings compared to the C band system. The remaining cases of total CapEx analysis
(as highlighted in Figures 4.5, 4.6, 4.7, 4.8 and 4.9) have also shown a similar nature of crossover
for fiber leasing and cable deployment scenarios. If we consider the worst-case scenario (case
6) as shown in Figure 4.9(a) and 4.9(b), the multifiber C+L band system provides CapEx
savings of 36.9% compared to the multifiber C band system when the network touches 1500
100G capacity.

4.4.3 Cost-per-bit Analysis

The e↵ect of tra�c increment on the normalized cost-per-bit of the network is shown in Figures
4.10, 4.11, 4.12, 4.13, 4.14 and 4.15 while considering di↵erent strategies of network upgrade.
All the cost-per-bit data are mainly normalized by a common integer (1011)/x, where x is the
cost of C-band EDFA (as discussed in Table 4.1). Ideally, if there is no network upgrade, the
cost-per-bit reduces along with the tra�c increment. Additionally, if the network is upgraded
by the operator’s own dark fibers, the cost-per-bit decreases almost exponentially, as shown in
Figures 4.10(a) and 4.10(b).

However, if the network is upgraded by third party fiber leasing or cable deployment in its
own duct, the slope of the cost-per-bit curve changes. Generally, single fiber C+L band solution
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(a)

(b)

Figure 4.4: Total CapEx analysis: (a) case 1 with dark fiber leasing, (b) case 1 with optical
cable deployment.

achieves larger cost-per-bit at small tra�c instances due to the presence of the costly EDFA
module. Nevertheless, when the cost of network upgrades becomes dominant along with the
tra�c load increment, the cross-over occurs between two cost-per-bit curves, as shown in Figures
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(a)

(b)

Figure 4.5: Total CapEx analysis: (a) case 2 with dark fiber leasing, (b) case 2 with optical
cable deployment.

4.11, 4.12, 4.13, 4.14 and 4.15. Therefore, the operation over the C+L band becomes cheaper
in terms of cost-per-bit and indicates the best return on investment in the long term. The
simulated result shows a maximum gain of 40.5% (case 3) can be achievable in terms of cost-per-
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(a)

(b)

Figure 4.6: Total CapEx analysis: (a) case 3 with dark fiber leasing, (b) case 3 with optical
cable deployment.

bit reduction using the C+L band, whereas, in the worst-case scenario (case 6), the multifiber
C+L band solution can reduce the cost-per-bit of the network at least by 21.9% compared to
the multifiber C band solution. Ideally, the instances of extra cable deployment/fiber leasing
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(a)

(b)

Figure 4.7: Total CapEx analysis: (a) case 4 with dark fiber leasing, (b) case 4 with optical
cable deployment.

occur more in the C band compared to the C+L band due to the lack of spectrum resources.
As a result, in the long run, the C+L band provides minimum network upgrade cost compared
to the C band scenario. However, the distribution operator’s own dark fiber can improve the
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(a)

(b)

Figure 4.8: Total CapEx analysis: (a) case 5 with dark fiber leasing, (b) case 5 with optical
cable deployment.

performance of the C band system and minimizes the upgrade cost di↵erence between C and
C+L band. Figure 4.14(b) depicts such kind of scenarios where the availability of the dark
fibers on overlapped shortest-path-based routes (case 5) decreases the cost of upgrades in the
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(a)

(b)

Figure 4.9: Total CapEx analysis: (a) case 6 with dark fiber leasing, (b) case 6 with optical
cable deployment.

C band. As a result, the multifiber C band system achieves similar to multifiber C+L bands
for these special cases.
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(a)

(b)

Figure 4.10: Cost-per-bit Analysis: (a) case 1 with dark fiber leasing, (b) case 1 with optical
cable deployment.

4.4.4 E↵ect of Link Length and Channel Launch Power

So far, we have considered a smaller network (BT-UK, average link length = 147 km) in our
analysis. However, it will be interesting to study the longer networks as well since the link
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(a)

(b)

Figure 4.11: Cost-per-bit Analysis: (a) case 2 with dark fiber leasing, (b) case 2 with optical
cable deployment.

length of the network plays an important role in the overall achievable capacity of the network.
We have taken Pan Europe networks [average link length = 486 km][13] in this context and
described the performance of our proposed algorithm on it. All of the physical layer parameters
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(a)

(b)

Figure 4.12: Cost-per-bit Analysis: (a) case 3 with dark fiber leasing, (b) case 3 with optical
cable deployment.

are considered the same as discussed in Chapter 3. As the placement of GFF at ROADMs can
significantly a↵ect the QoT of lightpaths in longer geography [20], GFFs are placed after every
span to mitigate the e↵ect of ISRS in Pan-Europe network. The same cost model (as discussed
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(a)

(b)

Figure 4.13: Cost-per-bit Analysis: (a) case 4 with dark fiber leasing, (b) case 4 with optical
cable deployment.

in Section 4.2.2) is considered here to determine the network upgrade cost. Tra�c matrix for
Pan-Europe network is generated using the gravity model [33]. The worst-case scenario (case 6:
DNL) is considered here for further analysis, where it is assumed that the operator’s owned dark
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(a)

(b)

Figure 4.14: Cost-per-bit Analysis: (a) case 5 with dark fiber leasing, (b) case 5 with optical
cable deployment.

fibers are not available in any of links of the Pan Europe network. As the advantage of cable
deployment over fiber leasing on CapEx savings is already shown for the smaller network, only
cable deployment cases are considered here for further analysis. Table 4.6 shows the variation
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(a)

(b)

Figure 4.15: Cost-per-bit Analysis: (a) case 6 with dark fiber leasing, (b) case 6 with optical
cable deployment.

of the network upgrade cost for the C and C+L band system with the fixed launch power
(same as BT-UK network). As the tra�c load grows in the network, the need for extra cable
deployments also increases, and that results in the enhancement of upgrade costs for both C
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and C+L band systems.

Table 4.6: Cost of Network Upgrade for Pan Europe Network (Launch Power = 0 dBm).

System Allocated Tra�c (Tbps) Upgrade Cost (x)
C Band 10 1221.15
C Band 50 3825.45
C Band 100 5165.8
C Band 150 6014.5

C+L Band 10 2802.84
C+L Band 50 5016.77
C+L Band 100 5857.64
C+L Band 150 6312.05

The e↵ect of channel launch power for fixed tra�c load is shown in Table 4.7. At high
launch power (-1.5 dBm), the e↵ect of ISRS dominates in the C+L band system and degrades
the average quality of the lightpaths. As a result, the congestion rises in the C+L band network
and enhances the network upgrade cost in the long run. However, if the channel launch power is
reduced (e.g., from -1.5 dBm to -3 dBm), the average quality of lightpaths improves in the MB
network due to the reduction of NLI. As a result, the C+L band system shows an advantage
over the C band system (at -3 dBm launch power) in minimizing the network upgrade cost.
Nevertheless, too much signal power reduction (e.g., -6 dBm) also reduces the quality of the
lightpaths and returns high network upgrade costs.

Table 4.7: Cost of Network Upgrade for Pan Europe Network (Allocated Tra�c = 1 Tbps).

System Launch Power (dBm) Upgrade Cost (x)
C Band 0 0
C Band �1.5 0
C Band �3 2560.75
C Band �4.5 1932.65
C Band �6 3108.75

C+L Band 0 0
C+L Band �1.5 571.16
C+L Band �3 1377.9
C+L Band �4.5 3353.23
C+L Band �6 5252.29

4.5 Conclusion

We investigated the techno-economic comparison between C and C+L band technology while
taking a robust cost model. A domain knowledge-assisted cost-e↵ective network upgrade algo-
rithm is proposed in order to enhance the overall network capacity while minimizing CapEx.
The comparison between optical cable deployment and fiber leasing is captured in order to
upgrade the overall network capacity with minimum cost-per-bit. Reported results show that
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the single fiber C+L band system can provide approximately 66.67% gain in terms of tra�c ad-
missibility compared to the multifiber C band system while considering fiber leasing in BT-UK
network. If the operator’s owned dark fibers are not available in any of links, numerical results
show that the multifiber C+L band system in BT-UK network can still provide CapEx savings
of approximately up to 40.5% compared to the multifiber C band systems while minimizing
the cost-per-bit of the network approximately by 21.9% for achieving the targeted network
capacity of 150 Tbps. The cost of network upgrade is also analysed for larger networks (like
Pan Europe) where the quality of the lightpaths becomes more susceptible to NLI. Reported
results show that multifiber C+L band system need 4.95% higher upgrade cost compared to
multifiber C band system to achieve 150 Tbps network capacity with high launch power (0
dBm). In addition, the advantage of launch power variation is also explored for minimization
of network upgrade cost. Numerical results show that the decrement of launch power from 0
dBm to - 3 dBm can provide approximately 46.2% gain for the upgrade cost minimization in
C+L band system compared to C band.
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Chapter 5
Fragmentation Management in C+L
Band Optical Networks

5.1 Introduction

The advantage of the MB (C+L) network is already illustrated in Chapter 2 to 4. This C+L
band system consists of double spectrum resources compared to the C-band system, and e�cient
management of these important resources is crucial for the network operator in order to avoid
blocking in the system. Typically, a major requirement of spectrum management is to reduce
the isolated and unutilized spectrum slots that cannot serve a demand request while satisfying
the spectrum continuity and contiguity constraints for EONs [34]. These fragmented spectrum
chunks need to be re-aligned by the process of defragmentation to create contiguous spectral
resources to accommodate future tra�c growth.

Considerable literature exists on fragmentation management to enhance the overall network
capacity while operating over C band [35]–[37]. In all of these papers, the worst-case NLI
assumption (by considering the fully-filled worst case spectrum occupancy in every link) has
been considered to avoid the complexity of real-time NLI estimation as per the changes in
network dynamics. This assumption makes the computation of the QoT easier and provides
a worst-case system capacity for the C band network. On the other hand, currently, network
operators are planning to upgrade the deployed infrastructure for the next-generation optical
network with less cost per bit. Among various approaches, the MB system (such as C+L)
is evolving as a potential solution where the dominance of NLI on the OSNR becomes more
prominent due to the presence of ISRS with a high number of channels. Therefore, for such a
MB scenario, consideration of the worst-case NLI assumption can reduce the overall achievable
capacity of a network very significantly.

Recently, to extract maximum capacity from the deployed infrastructure, operators are
focused on designing actual margin [38], and just enough margin-oriented [39] based future
networks. The key idea considered in this work is replacing the static-worst-case NLI estimation
with the dynamic-real-time NLI estimation by sensing the network’s current state of channel
occupancy. Accordingly, with the advancement of optical performance monitoring (OPM)
equipment [40], researchers also observed that all the links in a network are not fully occupied.
Generally, wavelength continuity constraints in WDM networks, as well as spectrum continuity
and contiguity constraints in EONs, create unoccupied spectrum regions in every link. These
unoccupied spectrum regions are less likely to be filled with increasing tra�c due to resource
allocation constraints.

Moreover, there has been a growing interest in impairment-aware physical-layer study in
the context of EONs, while performing conventional network-layer tasks such as routing, spec-
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trum allocation, providing protection, tra�c grooming, etc. Following that direction, Ref. [41]
presented a dynamic QoT-aware routing and spectrum allocation (RSA) algorithm while con-
sidering OSNR for path selection, and spectrum and modulation level assignment. Reported
results indicate that the presented scheme performs best in terms of average OSNR for NSFNET
and US backbone network. In [42], authors formulated an integer linear program (ILP) to solve
the resource-allocation problem for static tra�c scenario while considering several common im-
pairments such as amplified spontaneous emission (ASE) noise from in-line amplifiers and NLI
from co-propagating lightpaths along the same fiber. Simulation results show that, for Deutsche
Telekom (DT) network, the algorithm can provide up to 31% bandwidth savings compared to
the baseline methods. Authors in [43] showed the advantage of tra�c grooming and multi-path
routing to enhance spectral e�ciency while considering realistic physical-layer impairments.
However, most of these works on defragmentation have considered only the C band while as-
suming hard values for reach and capacity, due to lack of low-computation-complexity-based
QoT estimators.

To the best of our knowledge, no work has accounted for the trade-o↵ between NLI and
defragmentation. In case of a MB system operating beyond the C band, the NLI due to
ISRS becomes non-negligible [13]. Therefore any spectrum re-tuning will need to account for
its detrimental impact on OSNR of other active lightpaths. It is important to account for the
impact of defragmentation on existing lightpaths because OSNR is an important figure of merit
in guaranteeing a committed QoS by an operator to their customers under their service level
agreements (SLA) [44]–[46]. Therefore, while initiating defragmentation to achieve the best
ROI, the operator needs to e�ciently manage the spectrum while preventing any reduction in
the committed QoS due to ISRS for a MB system.

This work proposes, for the first time, a quality-aware proactive defragmentation scheme
for the MB EON system while considering C+L bands. It provides insights to develop a QoS
maintenance strategy while doing spectrum defragmentation in C+L bands. During the devel-
opment of the proposed schemes, the work shows the impact of the lightpath selection strategy
on the overall network capacity. The proposed scheme prioritizes the minimization of fragmen-
tation index (FI) and QoT maintenance for two di↵erent defragmentation algorithms, namely
— NLI-aware defragmentation (NAD) and NLI-unaware defragmentation (NUD). Moreover,
to leverage the computational advantage of machine learning (ML) techniques, a robust deep
neural network (DNN) model is used to predict the OSNR of all the lightpaths, while per-
forming proactive spectrum retuning. Simulation results indicate the advantage of the NAD
algorithm with respect to a baseline algorithm (NUD) in terms of blocking probability, tra�c
admissibility, fragmentation index (FI), contiguous-aligned available slot ratio (CAASR), and
cost of defragmentation.

The rest of the work is organized as follows. Section 5.2 discusses related works. Section 5.3
describes the e↵ect of ISRS on defragmentation and the problem statement. Section 5.4 presents
the proposed schemes. Section 5.5 introduces the simulation setup followed by tra�c matrix
generation procedure, and training and testing mechanism of the DNN-based QoT estimator.
Section 5.6 evaluates the performance of the proposed scheme. Finally, Section 5.7 concludes
the work.

5.2 Related Works

Dynamic establishment and tearing down of lightpaths can create non-aligned, non-continuous,
isolated vacant slots in the optical spectrum. Recent evidence suggests that this inevitable situ-
ation of fragmentation needs to be handled by e�cient approaches, such as non-defragmentation
and defragmentation. The non-defragmentation approach tries to manage the spectrum in ad-
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vance to avoid fragmentation by incorporating spectrum partitioning and multi-path routing.
Several defragmentation approaches have been studied to enhance tra�c admissibility, where
the fragmented spectrum is managed proactively or reactively. Various attempts have also been
made to reroute existing lightpaths to further reduce the blocking probability while following
proactive or reactive approaches. Several hitless methods have been investigated to avoid tra�c
disruptions while following several retuning approaches, such as hop-retuning, push-pull, make-
before-break. The following subsections summarize these related works on defragmentation.

5.2.1 Approaches Dealing with Non-defragmentation

The creation of spectrum partition to allocate di↵erent lightpaths (in terms of route, requested
bandwidth, etc.) can reduce the fragmentation in the network. Taking this direction, Refs.
[47], [48] divided the spectrum into multiple dedicated partitions and assigned di↵erent light-
path groups into di↵erent sections. Grouping of lightpaths can be done based on the requested
bandwidth or their routes. The number of partitions can be estimated by formulating a graph-
coloring problem. Reported results indicate that the blocking probability can be lowered by
reducing the number of partitions in the spectrum; however, statistical multiplexing gain be-
comes lower. To avoid this drawback, authors in [49], [50] introduced pseudo partitioning
techniques by allocating di↵erent lightpaths into di↵erent portions of the spectrum. Moreover,
to suppress the e↵ect of spectrum contiguity in a fragmented scenario, authors in [51] reported
a multi-path routing strategy by splitting a demand into multiple smaller sub-demands to avoid
blocking.

5.2.2 Approaches Dealing with Defragmentation

A number of cross-sectional studies suggest that, although non-defragmentation approaches can
provide lower CAPEX, the admissible tra�c is significantly low compared to defragmentation
techniques. During defragmentation, existing lightpaths can be sequentially shifted from one
part of the spectrum to another to minimize vacant spectrum slots. Following this direction,
authors in [52] reported a novel push-pull technique which gradually moves the lightpaths
across the available slots in a step-by-step manner without jumping over existing occupied
slots during movement. This strategy ensures no additional equipment requirements and zero
tra�c disruptions. However, sequential movement may lead to the end-of-line situation, where
a lightpath can not be shifted without spectral jump in the vacant places of the spectrum due
to the presence of other ongoing intermediate lightpaths. This situation can be overcome only
by allowing spectral jumps [53] during rearrangement of the spectrum. Following this direction,
Ref. [54] compared these two approaches. Reported results indicate the advantages of the hop-
retuning methods, including spectrum jumps compared to the push-pull technique to achieve
lower bandwidth blocking probability. Several attempts have also been made to learn the e↵ect
of defragmentation scheduling time on the admissible tra�c load. Defragmentation subroutine
can be triggered periodically (called proactive approach) or after the rejection of a request
(called reactive approach). In [55], the authors presented both approaches while performing
non-disruptive movements. The reported results indicate that reactive approaches can provide
a significant advantage while minimizing the defragmentation cost in terms of delay and impact
on existing lightpaths.

Overall, all of the above-mentioned defragmentation approaches consider the C band system,
where the e↵ect of NLI is smaller than the MB scenario. Therefore, avoidance of NLI during
defragmentation does not impact the overall system capacity significantly. However, for the
MB system, the e↵ect of NLI becomes severe due to the higher number of channels and ISRS,
thereby indicating a need for investigation to monitor the quality of lightpaths during defrag-
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mentation. This motivates us to investigate the e↵ect of the physical layer on defragmentation,
mainly during MB transmission. Our research considers the disruption-free defragmentation
movements while considering ISRS-based NLI in the C+L band scenario.

5.3 Prerequisites for the proposed scheme

This section presents an overview of the e↵ect of ISRS on defragmentation, ML-based QoT
estimator, problem statement, and assumptions.

5.3.1 E↵ect of ISRS on Defragmentation

As described in Section 5.1, ISRS is a significant component for MB transmission, which severely
a↵ects the NLI and OSNR of a lightpath. Typically, if two channels are separated by 13 THz,
then the maximum power can transfer from a lower wavelength channel to a higher wavelength
channel due to ISRS phenomena [56]. As a consequence, the NLI power will also be maximum
at the higher wavelength or lower frequency channels as compared to other channels present
in the counterparts of the spectrum. As discussed in Chapter 2, the rise in NLI power also
decreases the QoT of the lightpaths having higher wavelengths.

Available Spectrum Occupied Spectrum

L band C band L band C band

(a) (b)

Figure 5.1: E↵ect of ISRS on defragmentation in C+L band EON: (a) High Fragmentation,
Low ISRS; (b) Low Fragmentation, High ISRS.

The primary objective of any defragmentation algorithm is to reduce isolated-available slots
in any link to improve a network’s overall FI (which can be calculated as the di↵erence between
unity and CAASR [57]). Figure 5.1 shows an example to describe the drawback of a conventional
defragmentation algorithm, which tries to reduce FI without monitoring QoT of lightpaths.
For simplicity, it is assumed that there are six slots across the C+L bands and three lightpaths
occupy a total of three slots. The spectrum with isolated vacant slots is considered first, as
shown in Fig. 5.1(a), which shows the scenario before defragmentation. Fig. 5.1(b) shows the
spectrum scenario after defragmentation, where to minimize the number of isolated-available
slots, one of the lightpaths is retuned towards C band. In both scenarios, the possibilities of
power transfer due to ISRS are represented by the pair of arrows. Since the presence of more
number of contiguous occupied slots in the C band can enhance the ISRS power transfer in
the L band, here the quality of the single L band lightpath (in terms of OSNR and associated
modulation format) degrades in the post-defragmentation scenario. Typically, L band channels
su↵er more NLI penalties, ASE noise, and OSNR penalty compared to C band [18]. Therefore,
for C+L band transmission, it is not necessary that any choice of spectrum retuning of a
lightpath for FI minimization can also maintain the quality of any existing connections. Hence,
the quality of lightpaths needs to be checked during defragmentation to handle the trade-o↵
between QoT maintenance and FI minimization.

56



5.3.2 QoT Estimation using ML

QoT of an optical lightpath is generally quantified in terms of its OSNR. Furthermore, for
any wavelength-multiplexed system, the OSNR of any active channel mainly depends on the
NLI contribution from other co-propagating channels. Therefore, the calculation of OSNR
of active lightpaths according to the changes in network dynamics is an important step for
accurately capturing the impact of NLI. In [12], for reduction of computational complexity,
the authors give a closed-form approximated formula for NLI estimation while incurring 0.2
dB average error, and it has been adapted in several works [13], [20], [58], [59] to update the
OSNR of any active lightpaths. However, as the number of provisioned lightpaths enhances
in the network, the complexity of this closed-form-based calculation chances manyfold while
considering geographically diverse networks. For example, suppose S is the number of maximum
channels in each link, Z is the number of active lightpaths in the network, and n is the number
of nodes in the network. If O(T ) is the order of complexity for OSNR calculation of a single
lightpath, then the overall time complexity for calculating OSNR of all the active lightpaths
during defragmentation becomes in the order of O(Z ⇥ T ⇥ S ⇥ n2).

Recently, in [60]–[66], several attempts have been made to predict the QoT of a light-
path with less computational complexity using Machine Learning (ML) approaches while using
synthetic and real data sets. This motivates us to build a DNN-based regression model for
predicting the OSNR of active lightpaths. Section 5.5.2 describes the QoT estimator model,
which takes features of existing lightpaths as input and estimates the OSNR of a new lightpath.
Several hyper-parameters related to DNN (such as the number of hidden layers, hidden nodes,
activation functions, etc.) are tuned to train the DNN model, which improves the prediction
accuracy.

5.3.3 Problem Statement

Based on discussions in Sections 5.1 and 5.3.1, it can be observed that the e↵ect of defrag-
mentation on the OSNR of existing lightpaths needs to be investigated. Till now, as per our
literature survey, no work on fragmentation considers this kind of cross-layer interaction be-
tween the physical and network layers during defragmentation. In this work, we propose a
QoT-aware proactive defragmentation scheme, which can capture the e↵ect of defragmentation
on the established lightpath’s QoT and committed SLA.

5.3.4 Assumptions

We assume that all network links have the same number of spectrum slots as resources which
includes both C and L bands. We do not consider rerouting of lightpaths during defragmenta-
tion, which generally degrades the QoT of the lightpath of interest (LoI) [67]. We also consider
tra�c grooming during lightpath establishment, where multiple demands are served by the
network using higher-order-modulation-based lightpaths [13].

5.4 Proposed Scheme

5.4.1 Overview

Conventional approaches on defragmentation assume that any movement of LoI won’t change
the QoT of any existing lightpaths, due to the presence of high link margin. As a consequence,
these approaches mainly consider the minimization of fragmentation index (FI) during the
shifting of lightpaths. However, for low-margin-based [58] multiband systems, this assumption
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is inaccurate due to the presence of ISRS. Our proposed scheme is designed for such MB
systems where the key objective is to monitor the changes in QoT (in terms of OSNR) of
existing lightpaths due to defragmentation. Our study considers two algorithms, namely —
NAD, and NUD. To explore the trade-o↵ between the minimization of FI and maintenance
of QoT, these two algorithms consider the prioritization of di↵erent quantities for lightpath
retuning. Algorithm 3 (NAD) prioritizes QoT maintenance of existing lightpaths as compared
to FI minimization, whereas Algorithm 4 (NUD) prioritizes in reverse order. Since no existing
work considers this kind of quality maintenance issue, the NUD algorithm is considered here
as the baseline approach.

During the NAD defragmentation, we explore every possible position where a selected light-
path can be retuned. For each of these positions, the changes in OSNR of all active lightpaths
is calculated. Therefore, as more lightpaths are added to the network, the number of OSNR
calculations for a given defragmentation movement increases. The DNN-based regression model
helps here to ease this computational complexity of OSNR estimation as per the changes in
the network’s dynamics. This approach during defragmentation helps to elucidate the trade-o↵
between the spectrum defragmentation and OSNR degradation of existing lightpaths.

On the other hand, during the non-defragmentation stage, the quality of all the lightpaths
and the corresponding supportable modulation formats are updated as per the addition of
network tra�c. During any QoT (OSNR) degradation towards lower modulation formats,
we ensure the routing of the additional un-accommodated demands over newly established
lightpaths.

5.4.2 NLI-aware Defragmentation (NAD) Method

The key objective of the NAD algorithm is to maintain the committed QoS while adhering to
the SLA between the customers and operators. To achieve this, we ensure that only selected
lightpaths are chosen during the defragmentation process while maintaining the pre-assigned
modulation formats for all the lightpaths. We term these lightpaths as “Safe lightpaths” and
their retuned operation as “Safe movement”. On the contrary, the remaining lightpaths and
their corresponding possible movements are termed as “Risky lightpaths” and “Risky move-
ments”, respectively. In general, the term “Safe” related to some of the lightpath and their
associated movement indicates their higher likelihood of consideration during defragmentation.
On the other hand, the rest of the possible lightpaths and movements (termed as “Risky”) need
to be kept untouched during defragmentation. In a nutshell, NAD method follows the deter-
ministic approach while monitoring the status of each active lightpath during defragmentation.
For any possible transition during defragmentation, if the OSNR of any lightpath indicates
the degradation to be lower than the threshold for supporting pre-defragmentation modulation
formats, the corresponding transition is avoided in the NAD method.

The following subsection describes the strategy of safer lightpath selection while filtering
out risky lightpaths and the description of the NAD algorithm. The method of safer lightpath
selection from Section 5.4.2.1 is used as lightpath selection policy and fed into the proposed
Algorithm 3 of Section 5.4.2.2 as input.

5.4.2.1 Filtering of Risky Lightpaths

Here, we introduce a safer lightpath selection strategy by filtering out all risky lightpaths.
As shown in Fig. 5.2, safer lightpath selection and its associated movement depend on three
parameters, namely — (i) OSNR of a lightpath before defragmentation, (ii) OSNR degradation
of that lightpath for each possible movement, and (iii) number of ongoing demands into that
lightpaths.
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Figure 5.2: Safer lightpath selection strategy for defragmentation.

We formulate a multi-variable binary decision problem using these three parameters to
choose safer lightpaths and filter out risky lightpaths. As a start, we pass each of these three
parameters through di↵erent binary classifiers and classify the state of each parameter into
standard binary output classes (such as “Low” and “High”) as follows.

5.4.2.1.1 Classification of OSNR before defragmentation (Current OSNR): The
quality of a lightpath, its associated modulation format, and capacity depend on its OSNR
value. As an example, for symbol rate of 28-32 GBaud and BER of 10�3, the OSNR threshold of
PM-BPSK, PM-QPSK, PM-8QAM, PM-16QAM, PM-32QAM, and PM-64QAM modulations
are 9, 12, 16, 18.6, 21.6, and 24.6 dB, respectively, whereas the corresponding capacities are
50, 100, 150, 200, 250, and 300 Gbps, respectively [13]. As shown in Table 5.1, we divide the
OSNR range of each modulation format into two equal parts. The region near the lower bound
is classified as “Low”, whereas the remaining portion is termed as “High”. For retuning during
defragmentation, the probability of selection of lightpaths from the “High” region is greater
than that from the “Low” region due to the constraint of quality maintenance.

Table 5.1: Classification of OSNR before defragmentation.

Modulation Current OSNR (dB) Decision
PM-BPSK 9-10.5 Low

10.5-11.9 High
PM-QPSK 12-14 Low

14-15.9 High
PM-8QAM 16-17.3 Low

17.3-18.5 High
PM-16QAM 18.6-20.1 Low

20.1-21.5 High
PM-32QAM 21.6-23.1 Low

23.1-24.5 High
PM-64QAM 24.6-27.3 Low

27.3-30 High

5.4.2.1.2 Classification of OSNR degradation for each possible movement: Gen-
erally, the modulation format of a lightpath is supported over a range of OSNR. Therefore,
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if the updated OSNR of the lightpath due to retuning remains within this range, its modula-
tion format (or committed QoS) remains unaltered. Therefore, the di↵erence between OSNR
lower limit of two consecutive modulation formats can be defined as the OSNR window of
each modulation format (and symbolized by �). As shown in Table 5.2, we use � to classify
the degradation of each lightpath. If the degradation of the OSNR of a particular modulation
format is greater than 50% of its � value, we classify it as high degradation, whereas the rest of
the cases belong to the low degradation class. Moreover, to obtain the updated OSNR of LoI
for each possible movement, the trained DNN model is used, as discussed in Section 5.5.2.

Table 5.2: Classification of OSNR degradation.

Modulation Degradation OSNR (dB) Decision
PM-BPSK (� = 3)  50% � Low

> 50% � High
PM-QPSK (� = 4)  50% � Low

> 50% � High
PM-8QAM (� = 2.6)  50% � Low

> 50% � High
PM-16QAM (� = 3)  50% � Low

> 50% � High
PM-32QAM (� = 3)  50% � Low

> 50% � High
PM-64QAM (� = 5.4)  50% � Low

> 50% � High

5.4.2.1.3 Classification of number of ongoing demands into a lightpaths: The ca-
pacity of higher-order-modulation-based lightpaths is much more compared to the lower-order
ones. For example, three 100 Gbps demands can be groomed within one PM-64QAM light-
path, whereas only one 100 Gbps demand can be served using a single PM-QPSK lightpath.
Therefore, as per the operator’s capacity enhancement perspective, higher-demand-carrying
lightpaths are always preferable compared to single-demand-carrying lightpaths. Hence, retun-
ing of high-demand-carrying lightpaths needs to be avoided during defragmentation to reduce
tra�c disruption. Table 5.3 shows our method to classify each demand. Typically, more
than one demand is placed in the ”High” demand group, whereas others are termed as “Low”
demand. Therefore, in NAD method, the likelihood of selecting lightpaths having “Low” de-
mands is more; however, the impact of other two decision variables (current OSNR and OSNR
degradation) needs to be monitored before finalising the choice of retuning.

Table 5.3: Classification of number of ongoing demands into a lightpath.

Modulation 100 Gbps Demand Decision
PM-BPSK 0.5 Low
PM-QPSK 1 Low
PM-8QAM 1.5 High
PM-16QAM 2 High
PM-32QAM 2.5 High
PM-64QAM 3 High
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5.4.2.1.4 Classification of lightpaths and their possible movement: Now, the light-
paths and their associated movement can be classified as safe or risky as per the strategy
mentioned in Table 5.4. As shown in Fig. 5.2, based on the status of the three input pa-
rameters, the operator can filter out the risky lightpaths and their associated movements. For
example, if the OSNR of a lightpath before defragmentation is already in the lower region, we
termed this lightpath as “risky”, irrespective of the other two parameters (i.e., OSNR degra-
dation and the number of ongoing demands in the lightpath), since it has a higher chance of
blocking after retuning. However, as per the network dynamics, operators of di↵erent networks
can also decide the allowable degree of lower granular OSNR degradation movements (e.g.,
OSNR degradation ⇠ 10% � or 5% � with current OSNR at low state), if the modulation-
invariant policy of NAD method holds. For the current study, we have not considered such
smaller granular transitions when the current state of OSNR belongs to low region. On the
other hand, if any lightpath is at a high OSNR region before defragmentation and degradation
of the OSNR after retuning in some particular positions is also low, we termed them as safer
lightpath and safer movements, respectively. The number of demands in the lightpath does not
matter in this latter scenario as the probability of the lightpath’s QoT change after retuning
becomes very low. It may happen that one safer lightpath may have multiple safer movements.
For such cases, the best movements would be the ones which can minimize the existing FI as
much as possible.

Table 5.4: Classification of lightpaths.

Current OSNR OSNR Degradation Demand Decision
Low Low Low Risky
Low Low High Risky
Low High Low Risky
Low High High Risky
High Low Low Safe
High Low High Safe
High High Low Safe
High High High Risky

5.4.2.2 NLI-aware Defragmentation (NAD) Algorithm

In this section, we describe our proposed heuristic algorithm to address the trade-o↵ between
ISRS and defragmentation for a multiband EON. Table 5.5 presents the notations for the
given parameters and decision variables, which are frequently used in our work. Algorithm
3 takes the network topology, tra�c matrix, launch power of each channel, defragmentation
scheduling threshold, trained DNN model, and lightpath selection policy as inputs. It finds the
defragmented spectrum, blocking probability, tra�c admissibility (in terms of number of served
demands) at various situations (e.g., the instance of first blocking and 1% blocking), network
fragmentation index, and cost of defragmentation.

The algorithm starts with the routing, modulation, and spectrum allocation (RMSA) op-
eration for each requested demand t from the tra�c matrix T (lines 1-2). By using the RMSA
function, this algorithm attempts first for tra�c grooming. If grooming is not possible, it tries
to find the available spectrum resource for demand t as per the spectrum allocation policy into
the shortest route between source and destination, while maintaining spectrum continuity and
contiguity constraints.

After finding the required resources, the possible quality (in terms of OSNR) of the lightpath
and its possible modulation format are checked as per the OSNR threshold [13]. If the demand
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finds a route with required spectrum and acceptable modulation format, it is placed in the
network with the help of a lightpath and counter Ns is incremented. Otherwise, the demand
is blocked and we update the BP . RMSA function also calculates the network fragmentation
index [57] with the help of all established lightpaths (Lall) and their corresponding spectrum
occupancy (fl).

A scheduling threshold (DST ) is chosen for the proactive defragmentation process which
helps to manage the spectrum. After placement of (DST ) number of new demands in the
network (which resembles the batch size), the RMSA operation is paused and fragmentation
subroutine is initiated (lines 3-4). During defragmentation, specific lightpaths are chosen for
retuning with the help of the function Select, which helps to maintain the QoS of all the
lightpaths (line 5). Trained deep neural network model (TDNNM), list of all existing lightpaths
(Lall), and lightpath selection policy (LSP ) are fed into the function Select, which returns the
list of safe lightpaths (LS) and their specific safe movements (f 0

ls from fls) as output. This
function works on the principle of the filter, which is discussed in Section 5.4.2.1.

If the algorithm finds more than one choice for the safe movement of a safe lightpath, a
specific movement is chosen to minimize the FI. Now, these sets of lightpaths are sequentially
retuned to their specific safe positions with the hop retuning mechanism [57] to get the de-
fragmented spectrum in terms of updated spectral occupancy (lines 6-8). As a consequence
of retuning, the algorithm updates information of all the lightpaths as per their new occupied
spectrum in Lall, followed by the updated calculation of network fragmentation index and cost
of defragmentation in terms of the number of shifted lightpaths (lines 9-11). Each of the defrag-
mentation instances is ended by the OSNR upgrade for the retuned safe lightpaths and their
adjacent co-propagating lightpaths with the help of the function OSNRUpdate, which takes the
list of all lightpaths and the spectrum occupancy information of LoI as inputs (lines 13-14). At
the end of the defragmentation subroutine, RMSA operation is resumed for the next set of new
demands in the tra�c matrix T (line 15). After processing each of the requested demands for
allocation, the algorithm finds the overall tra�c admissibility by using the function Capacity,
which takes Ns and BP as inputs, and returns NSF and NSO as outputs (line 20).

5.4.3 NLI-unaware Defragmentation (NUD) Method

The work flow of the NUD algorithm is summarized in the following, where the key intention is
to overlook the e↵ect on the quality of lightpaths during defragmentation. As a start, the NUD
algorithm moves all existing lightpaths of the network into di↵erent positions of the spectrum
for minimization of the fragmentation index of the network, without monitoring the QoT.
However, at the end of all possible movements, the quality of each lightpath is recalculated
using the defragmented spectrum.

5.4.3.1 NLI-unaware Defragmentation (NUD) Algorithm

This section describes NUD as Algorithm 4, which takes the network topology, tra�c matrix,
and channel launch power only as inputs; and provides the defragmented spectrum, network
tra�c admissibility, and cost of defragmentation index as outputs. All of these output param-
eters are discussed in detail in Section 5.6. Like Algorithm 3, this algorithm also starts with
resource allocation for each requested demand using the function RMSA (lines 1-2), followed by
the initiation of defragmentation subroutine (lines 3-4). However, Algorithm 4 chooses all the
ongoing lightpaths during defragmentation and moves each lightpath to a new position (from
fl to f 0

l ) by hop retuning without monitoring the associated QoT changes (line 5-6). For each
movement, the list of lightpaths, spectral occupancy, fragmentation index, and cost of defrag-
mentation are also updated (lines 7-10) as in Algorithm 3. At the end of the defragmentation
subroutine, the OSNRUpdate function is used to update the QoT of all ongoing lightpaths, while
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Table 5.5: List of notations used in the algorithms.

Notation Description
Given Parameters:

G(V, E) Network topology; V = set of nodes,
E = set of links.

T Tra�c matrix.
PCh Launch power of each channel.
DST Defragmentation scheduling thresh-

old.
TDNNM Trained deep neural network model.
LSP Lightpath selection policy.

Decision Variables:
DS Defragmented spectrum.
BP Blocking probability.
Ns Number of total served demands.
NSF Number of served demands before

first blocking.
NSO Number of served demands till one

percent blocking.
NL Number of ongoing lightpaths.
Lall Set of all ongoing lightpaths.
LS Set of ongoing safe lightpaths.
fls Operating frequency of the lths safe

lightpath before hop retuning, where
ls 2 LS.

fls,a Operating frequency of the adjacent
lightpath with respect to lightpath
of interest ls.

f 0
ls Operating frequency of the lths safe

lightpath after hop retuning, where
ls 2 LS.

fl Operating frequency of the lth light-
path before hop retuning, where l 2
Lall.

f 0
l Operating frequency of the lth light-

path after hop retuning, where l 2
Lall.

OSNRls OSNR of the lths ongoing safe light-
path.

OSNRls,a OSNR of adjacent ongoing lightpath
with operating frequency fls,a .

OSNRl OSNR of the lth ongoing lightpath.
FIN Fragmentation index of the network.
CD Cost of defragmentation.

using the updated spectral occupancy after retuning as input (line 12). This recalculation of
OSNR by using updated defragmented spectrum a↵ects the QoT of many lightpaths and hence
a↵ects the BP . Finally, the defragmentation instance is stopped while resuming the RMSA
operation for the next set of requested demands (line 14). In the end, the Capacity function
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Algorithm 3 NLI-aware defragmentation (NAD)

Input: G(V, E), T, PCh, DST , TDNNM , LSP ;
Output: DS, BP , NSF , NSO, FIN , CD;
1: for each demand request t in T sequentially do
2: Ns, Lall, fl, FIN , BP  RMSA(G(V, E), t, PCh);
3: if (Ns mod DST == 0) then
4: Pause RMSA and initiate defragmentation;
5: LS, f 0

ls  Select(Lall, TDNNM , LSP );
6: for each safe lightpath ls in LS sequentially do
7: fls  f 0

ls ;
8: DS  Spectral occupancy;
9: Update Lall;
10: Update FIN ;
11: CD  Number of shifted lightpaths;
12: end for
13: OSNRls  OSNRUpdate (Lall, fls);
14: OSNRls,a  OSNRUpdate (Lall, fls,a);
15: Resume RMSA;
16: end if
17: else
18: Continue;
19: end for
20: NSF , NSO  Capacity(Ns, BP );

Algorithm 4 NLI-unaware defragmentation (NUD)

Input: G(V, E), T, PCh;
Output: DS, BP , NSF , NSO, FIN , CD;
1: for each demand request t in T sequentially do
2: Ns, Lall, fl, FIN , BP  RMSA(G(V, E), t, PCh);
3: if (Ns mod DST == 0) then
4: Pause RMSA and initiate defragmentation;
5: for each lightpath l in Lall sequentially do
6: fl  f 0

l ;
7: DS  Spectral occupancy;
8: Update Lall;
9: Update FIN ;
10: CD  Number of shifted lightpaths;
11: end for
12: OSNRl  OSNRUpdate (Lall, fl);
13: Update BP ;
14: Resume RMSA;
15: end if
16: else
17: Continue;
18: end for
19: NSF , NSO  Capacity(Ns, BP );

captures the tra�c admissibility as in Algorithm 3.
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5.5 Simulation Setup

A custom-built, event-driven, Python simulator is used to emulate the proposed defragmen-
tation scenario while incorporating accurate physical-layer modeling. Two networks, namely
— BT-UK network (22 nodes, 35 links, average link length 147 km) [13], and 24-node US
network (24 nodes, 43 links, average link length 991 km) [68] are considered. The details of
these topologies are illustrated in Appendix B. RMSA are done based on the k-shortest path
and First-Fit policy. Modulation formats of each lightpath are selected based on the OSNR
threshold [13]. Moreover, DST value is chosen as 250 for the entire simulation, which can vary
as per the operator’s choice. We run the simulations for 20 seeds, each with 2000 demands.
The average results from these di↵erent seeds are reported with approximately less than 5%
margin of error at a 95% confidence interval.

5.5.1 Tra�c Matrix

Core networks typically exhibit accumulation of static tra�c. A total of 2000 100 Gbps static
demand requests are considered for the simulation. To resemble the high tra�c flow between
special nodes in di↵erent geographies, a biased tra�c matrix is generated as reported in [20].
Source-destination pairs are chosen probabilistically by using dropped wavelength data for the
BT-UK network, whereas population metric is used for the 24-node USA network.

5.5.2 Training and testing of DNN-based QoT estimator

A DNN model is trained to predict the updated OSNR of all the lightpaths during defragmen-
tation. At first, to create training and testing data set, our network simulator takes network
topology and tra�c matrix as inputs and allocates the requested demands with the help of
lightpaths while considering the C+L band physical-layer model (as described in Section 5.3).
This simulation does not consider any defragmentation instances. Di↵erent features of each
lightpath such as launch power of each channel (Pch), number of total traversed links or hop
count (Hc), link length (Llink), number of traversed intermediate ROADMs, the channel of in-
terest (FCOI), total number of active C band interfering channels throughout the link (Nint,C),
total number of active L band interfering channels throughout the link (Nint,L), total num-
ber of in-line link amplifiers (Namp) and fill factor of traversed link (FF ) [58], and OSNR are
stored to generate the training and testing data. The full data set is split into a 70:30 ratio
for training and testing. As shown in Fig. 5.3, di↵erent features are fed into the DNN-based
regression model which provides the lightpath’s OSNR as output. Tuning of hyperparameters
is an essential step for the DNN-based regressor to minimize the error between predicted and
actual simulated values. To choose the number of hidden layers and their associated number
of neurons, we started from a baseline [61] which consists of 3 hidden layers with 20 neurons in
each. Furthermore, we varied the number of hidden neurons and layers to achieve maximum
prediction accuracy and no overfitting. Although we also tested other activation functions such
as Sigmoid, Arctan, and Tanh, ReLU provided the minimum error for our data set. The error of
the DNN is monitored in terms of maximum absolute error (MAE), mean square error (MSE),
root mean square error (RMSE), and R-squared value. As a result, this hyperparameter tuning
leads to a DNN model (consisting of 5 hidden layers (32, 32, 32, 32, 32 neurons) and ReLU
activation function) with the prediction accuracy of 99.69%.
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Figure 5.3: DNN-based QoT estimator for OSNR prediction.

5.6 Performance Evaluation

We evaluate the performance of the proposed scheme in terms of blocking probability, tra�c
admissibility, fragmentation index, contiguous aligned available slot ratio (CAASR), and the
cost of defragmentation. Blocking probability is defined as the ratio of the number of blocked
requests to the total number of requests in the network. Tra�c admissibility is calculated in
two ways, namely the number of allocated demands in the network before first blocking and
till 1% blocking. The cost of the defragmentation is determined as the total number of retuned
lightpaths during defragmentation. The fragmentation index (�) of the network and CAASR
(�) are calculated using Eq. 5.1 and 5.2, respectively [57].

� = 1� � (5.1)

� =
X

d2D

X

k2KD

wdk. dk, (5.2)

where D and KD donate the set of all the source-destination pairs and the set of routes of
source-destination d 2 D, respectively.  dk is the ratio of �dk and Z, where Z represents the
number of spectrum slots in each link and �dk denotes the maximum number of contiguous
aligned available slots for route k 2 Kd of source-destination pair d 2 D. Furthermore, wdk

represents a weight that is proportional to the tra�c load of route k 2 KD of source-destination
pair d 2 D, where

P
d2D

P
k2KD

wdk = 1.
Initially, we consider uniform channel launch powers of -6 dBm, -4.5 dBm, -3 dBm, -1.5

dBm, and 0 dBm to obtain the information on blocking probability. As shown in Figs. 5.4
and 5.5, for all the launch powers, Algorithm 1 (NAD) performs better in terms of blocking
probability compared to Algorithm 2 (NUD) in both topologies. Figures 5.4 and 5.5 also show
that - 4 dBm and -3 dBm are the optimum launch powers for NUD and NAD algorithms,
respectively. Following this direction, we consider two optimum launch powers (-4 dBm, and
-3 dBm) and one sub-optimal launch power (-1.5 dBm) for further study.

Figure 5.6 shows the variation of blocking probability with tra�c load in BT-UK network for
di↵erent launch powers. We observe that the NAD algorithm with optimum launch power (-3
dBm) provides the least blocking compared to the other scenarios. Tables 5.6 and 5.7 capture
the tra�c admissibility in the BT-UK network. Numerical data shows that Algorithm 1 with
optimum launch power can provide the highest capacity in the network at both the instance of
first blocking and 1% blocking.

The variation of blocking probability with tra�c load for USA network is shown in Fig. 5.7.
Reported trends emphasize the ability of the NAD algorithm to reduce blocking probability with
optimum launch power. Generally, the presence of the longer links accumulates a larger amount
of ASE noise and NLI in the USA network compared to BT-UK network, and thereby reduces
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Figure 5.4: Blocking probability vs. launch power in BT-UK network.

Table 5.6: Number of served demands before first blocking for BT-UK network.

Strategy Launch power (dBm) Served demands
NUD -4 1191
NAD -4 1234
NUD -3 1069
NAD -3 1183
NUD -1.5 882
NAD -1.5 1003

Table 5.7: Number of served demands at 1% blocking for BT-UK network.

Strategy Launch power (dBm) Served demands
NUD -4 1518
NAD -4 1615
NUD -3 1501
NAD -3 1673
NUD -1.5 1350
NAD -1.5 1552
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Figure 5.5: Blocking probability vs. launch power in USA network.

Table 5.8: Number of served demands before first blocking for USA network.

Strategy Launch power (dBm) Served demands
NUD -4 250
NAD -4 350
NUD -3 250
NAD -3 350
NUD -1.5 250
NAD -1.5 300

Table 5.9: Number of served demands at 1% blocking for USA network.

Strategy Launch power (dBm) Served demands
NUD -4 376
NAD -4 421
NUD -3 365
NAD -3 450
NUD -1.5 322
NAD -1.5 383
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Figure 5.6: Blocking probability vs. tra�c load in BT-UK network.

Figure 5.7: Blocking probability vs. tra�c load in USA network.

the overall capacity. Tables 5.8 and 5.9 provide information on the number of served demands
at the instance of first blocking and 1% blocking, respectively. Numerical data in Tables 5.7
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Table 5.10: Normalised cost, FI, and CAASR for BT-UK network.

Strategy Normalized cost FI CAASR
NUD 1 0.69 0.31
NAD 0.16 0.88 0.12

Table 5.11: Normalised cost, FI, and CAASR for USA network.

Strategy Normalized cost FI CAASR
NUD 1 0.01 0.99
NAD 0.0 0.73 0.27

and 5.9 shows that NAD algorithm can provide a maximum of 15% tra�c admissibility gain
in BT-UK network, whereas in USA network, this gain becomes 23%.

Tables 5.10 and 5.11 show the variation of the normalized cost of defragmentation, FI, and
CSSSR values for Algorithms 3 and 4 in BT-UK and USA network, respectively. As NAD
algorithm considers the maintenance of the quality of all existing lightpaths by selectively
choosing safer lightpaths for retuning, it achieves higher tra�c admissibility, lower cost of
defragmentation, while incorporating a higher value of fragmentation index (or, lower CAASR).
On the other hand, selection of all the lightpaths during defragmentation in NUD algorithm
leads to higher CAASR; and, in the long run, it provides higher cost of defragmentation and
lower tra�c admissibility.

5.7 Conclusion

We investigated spectrum retuning via hitless defragmentation for EON to enhance e�cient
spectrum accommodation while reducing the unused fragmented spaces in the spectrum. As
the presence of ISRS for transmission beyond the conventional C band can severely degrade the
quality of the signal during defragmentation, we investigated the importance of QoT monitoring
during defragmentation in C+L band EONs. A signal-quality-aware proactive defragmentation
scheme for the C + L band system has been proposed. The proposed scheme prioritizes the
minimization of the fragmentation index and QoT maintenance for two di↵erent defragmen-
tation algorithms, namely, NAD and NUD. We leverage ML techniques for QoT estimation
of ongoing lightpaths during spectrum retuning. The OSNR of a lightpath is predicted for
each choice of spectrum retuning, which helps to monitor the e↵ect of defragmentation on the
quality of ongoing lightpaths (in terms of assigned modulation format). Numerical results show
that, compared to a baseline algorithm (NUD), the proposed NAD algorithm provides up to
15% tra�c admissibility gain for smaller networks such as BT-UK, while for larger networks
such as the 24-node USA network, a capacity benefit of 23% is achieved in terms of the num-
ber of served demands at 1% blocking. Mainly, the e↵ect of ISRS on the existing lightpaths
during defragmentation is minimized by selectively choosing safer lightpaths for retuning in
the C+L band system while considering the NAD algorithm. As a result, the NAD algorithm
outperforms in terms of tra�c admissibility compared to the NUD algorithm.

Moreover, the performance of the proposed scheme is also evaluated in terms of FI, CAASR,
and cost of defragmentation. As selected lightpaths are chosen for retuning in the NAD algo-
rithm, the cost of defragmentation becomes lower compared to the NUD algorithm. On the
contrary, the NUD algorithm prioritizes the minimization of FI while selecting all active light-
paths during defragmentation instead of QoT maintenance. As a result, the NUD algorithm
outperforms in terms of FI minimization and CAASR maximization compared to the NAD
algorithm.
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Chapter 6
E�cient Resource Provisioning in C+L
Band Optical Networks

6.1 Introduction

Chapter 5 shows the advantage of periodic spectrum management (namely, defragmentation)
for improving the capacity of multiband EON. The underlying resource provisioning policy also
plays a crucial role in this context, as the major challenge in EON remains in the maintenance
of spectrum continuity and contiguity constraints. Several attempts have been made to reduce
the rate of blocking in EON while designing di↵erent spectrum allocation policies, such as first
fit (FF), last fit (LF), random fit (RF), etc [34]. Although these algorithms reduce blocking,
they assume fully-filled worst conditions to estimate NLI, and that leads to poor resource
utilization. As a result, these algorithms return the overall network capacity under the worst-
case assumption.

The e↵ect of this worst-case NLI estimation becomes severe in the context of MB-EON [6],
[69] due to the presence of ISRS [12]. To overcome this drawback of worst-case NLI estimation
on network capacity, recent work has started to consider the real-time spectrum occupancy
during QoT estimation and resource allocation [13], [58], [59]. Moreover, as the e↵ect of NLI also
depends on the allocated wavelength of the channel of interest, recent research has also focused
on intelligent spectrum allocation policies for lightpaths based on its several characteristics, such
as the link distance for reducing the overall blocking probability of the network while enhancing
the transmission reach. For example, in [70], the authors assign longer lightpath requests in the
smallest indexed spectrum slot, where the dispersion e↵ect is less, whereas the shorter lightpath
requests are assigned in the largest indexed spectrum slot, where the dispersion e↵ect is higher.
Although digital signal processing (DSP) based dispersion compensation techniques can be used
to mitigate the e↵ect of dispersion, authors in [70] have not considered it to avoid the additional
cost and proposed resource allocation algorithm for dispersion uncompensated network. The
result of this dispersion adaptive spectrum allocation scheme shows an improvement compared
to distance adaptive FF schemes in terms of blocking probability reduction and fragmentation
minimization. In [50], a spectrum provisioning strategy based on the lightpath’s route is studied
to separately place joint and disjoint lightpaths at di↵erent ends of the spectrum for minimizing
the number of non-contiguous and non-aligned available slots.

In addition to NLI variation based on spectrum occupancy, the presence of di↵erent band-
specific discrete amplifiers in MB-EON changes the QoT of connections in di↵erent bands due
to the variation of ASE noise. Thus conventional RSA policies [34] that have been utilized for
C-band-only systems may not provide the best performance in the MB-EON context due to
the presence of heterogeneous, complex, and nonlinear physical-layer impairments (PLI) due
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to band-specific characteristics.
All these works indicate some fundamental question:

• Is it possible to build a new resource provisioning framework for allocating requested
tra�c demands in the network while considering the behavior of ISRS in C+L band
EON?

To address this question, this work proposes a novel quality-aware resource provisioning
scheme for C+L band EON while considering the impact of ISRS on NLI. Unlike conventional
schemes, the proposed scheme takes the e↵ect of PLI before the choice of the spectrum dur-
ing resource allocation to reduce the likelihood of blocking. An algorithm under this scheme,
namely, OSNR adaptive first-last-fit (OA-FLF), is proposed while leveraging the heterogeneity
of MB-EON. The proposed algorithm selectively chooses the available channels from di↵erent
bands to achieve the maximum network capacity in the long run. Furthermore, to leverage the
computational advantage of ML techniques (as discussed in Chapter 5), a deep neural network
(DNN) model is used to predict the OSNR of all lightpaths during provisioning. The perfor-
mance of the algorithm is analyzed in terms of tra�c admissibility, quality of the established
lightpaths, and CAASR monitoring.

In summary, the key contributions of this chapter are as follows.

• E�ciency of the conventional C-band spectrum provisioning algorithms is elaborately
analyzed for C+L band EON.

• A deep-learning assisted QoT estimator is modeled with the robust synthetic dataset for
predicting the OSNR of lightpaths as per the changes in the network dynamics with an
accuracy of 99.65%.

• A quality-aware resource provisioning scheme and an algorithm under this scheme are
proposed for C+L band EON to enhance the overall network capacity.

• The performance of the proposed scheme is evaluated in terms of tra�c admissibility,
quality of the established lightpaths, and CAASR.

The remainder of this chapter is organized as follows. Section 6.2 summarizes the related
works on resource provisioning. The deep-learning framework for OSNR estimation of light-
paths is presented in Section 6.3. The e�ciencies of the conventional spectrum allocation poli-
cies are analyzed in Section 6.4. Section 6.5 presents the proposed scheme, whose performance
is evaluated in Section 6.5.5. Finally, Section 6.6 concludes the work.

6.2 Related Works

Generally, the choice of the spectrum allocation strategy a↵ects the overall capacity of a network
due to the variation of the continuous and contiguous spectrum slots. This section summarizes
related works on spectrum provisioning along with the ML-assisted QoT estimation strategy.

6.2.1 Spectrum Provisioning without Considering PLI

Conventional spectrum allocation approaches focus on lightpath placement from one end of the
spectrum. Authors in [37] started the allocation of lightpaths from the low-frequency region
of the spectrum and termed it the FF allocation policy, whereas Ref. [47] followed the reverse
approach and called the allocation LF. In [71], authors investigated a worst-case scenario by
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making a random choice during resource allocation and termed it RF. Furthermore, to minimize
the fragmentation in the network, the authors in [48], [70] reported an FLF approach, where
the disjoint and non-disjoint lightpaths are allocated separately in the spectrum using FF and
LF approaches, respectively. As all of these approaches consider the C band transmission with
worst-case interference conditions, the e↵ect of PLI during resource allocation is ignored.

6.2.2 Spectrum Provisioning Considering PLI

There has been a growing interest in monitoring the e↵ect of adjacent channel interference on the
signal quality after the resource allocation. Ref. [72] investigated a load-aware NLI estimation
model for the C band scenario and reported a step-wise margin reduction strategy according
to the load profile while considering the FF spectrum allocation. Authors in [73] started the
spectrum allocation using FF and calculated the e↵ect of aggregated interference on signal-
to-interference-plus-noise ratio (SINR). These resource provisioning approaches consider the C
band-only system, where the impact of NLI is significantly less compared to the MB scenario.

Recently, provisioning strategy in MB scenario has also got attention, as reported in [74]–
[77]. For example, the authors in [74] considered fixed values of optical reach to model distance
adaptive resource allocation strategy. However, consideration of these fixed values can not
provide the highest capacity from the deployed network due to the approximated PLI assump-
tion. In [75], authors considered multicore, multimode, and MB system, simultaneously, and
proposed a ML framework for resource allocation. However, in practical scenario, the simulta-
neous use of all these technologies needs proper modelling of PLIs. On the other hand, band
allocation algorithms are investigated during resource allocation in [76], where hard values of
optical reach for di↵erent bands is considered without monitoring the evolution of PLI with
tra�c growth. In [77], authors also considered the band allocation step during resource allo-
cation, but randomly considered di↵erent band preference for all the connections. Moreover,
all of the above MB resource provisioning schemes considered FF spectrum allocation policy.
Since, the e↵ect of PLI on each active lightpath changes as per the growth of network tra�c,
the resource provisioning strategies by considering the characteristics of individual connection
needs investigation.

6.2.3 Lightpath’s QoT Prediction using ML

Recently, the adaptation of ML techniques for solving several complex problems of optical
networks has shown a significant advantage [60]. Several authors predict the QoT using di↵erent
ML frameworks, such as multi-layer perceptron (MLP)-based regressor, transfer learning, etc.
For example, in [61], authors use transfer learning approaches while using synthetic dataset
to mitigate the uncertainties of QoT computation in an unused network using an in-service
network. The work in [62] used three regression models to predict the probability density
function for the QoT of unestablished lightpaths with the aid of the synthetic dataset. On
the other hand, the authors in [63] summarize several ML techniques and discuss the sources
of inaccuracy in the QoT estimator, followed by the di�culty of ML training by the accurate
data set in brownfield and greenfield scenarios. Moreover, a comparative study between the
analytical and artificial neural network (ANN) models for QoT estimation is explored in [64].
Authors in [65] started knowledge transferring between di↵erent lightpaths having di↵erent
characteristics such as nodes, modulation formats, device conditions, etc.

Overall, all of the above impairment-aware resource provisioning schemes started with a con-
ventional baseline allocation such as FF, and later on explored several readjustment strategies,
such as modulation format level reduction, alternate paths routing, and adjacent contiguous slot
selection to incorporate the e↵ect of PLI. This approach to PLI handling at the post resource
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allocation stage adds extra complexity to the system and enhances the likelihood of blocking for
a multi-channel system, such as MB-EON. This work proposes a resource provisioning scheme
where the e↵ect of PLI is considered prior to resource allocation. The underlying technique of
the proposed scheme avoids the complexity of readjustment and prioritizes the establishment
of higher-order modulation (HoM) based lightpaths by monitoring the e↵ect of PLI during the
resource allocation to enhance the overall capacity of the network.

6.3 Deep-learning Framework for OSNR Estimation

Conventionally, the quality of a lightpath in terms of OSNR is determined using two methods,
namely, split-step Fourier method (SSFM) and Gaussian noise (GN) model. Although these
expressions can calculate the OSNR easily at the beginning-of-life (BoL) of the network, the
complexity rises when the network evolves towards the mid-of-life (MoL) or end-of-life (EoL)
situations as the number of connections rises in ultra-wideband systems. The network dynamics
change during progressive loading of the network due to the appearance of new demands, and
their associated lightpath start impacting the OSNR of existing connections. Therefore, as the
network gets filled up, the need for the OSNR re-evaluation of all existing lightpaths becomes
computationally intensive. As a solution, advantage of ML techniques is leveraged and DNN-
based regression model is used to predict the quality of a lightpath in a self-adaptive manner
[78].

Figure 6.1 shows the architecture of the DNN-assisted QoT estimator considered, which
takes di↵erent features of a lightpath and predicts the corresponding OSNR. The selection
of these features is very important for accurate prediction. First, several baseline features,
such as path length, number of hops, etc., [79] are taken to predict the OSNR. Then, several
combinations of other features are tested to improve the prediction accuracy while capturing
the e↵ect of complex nonlinear interactions among several active channels in MB-EON. Finally,
the most a↵ecting parameters for in-line ASE noise, ROADM ASE noise, NLI are considered;
and nine features of each lightpath such as the total path length, number of hops, frequency of
the selected channel, number of in-line link amplifiers, intermediate ROADMS, total number of
active C and L and interfering channels, channel launch power, and fill factor [14] are selected.

In addition, the modeling of the QoT estimator is developed by following several consecutive
steps.

• Training data-set generation: First, allocation of 10,000 tra�c requests is considered,
where the source-destination pairs of each tra�c are generated using a biased tra�c ma-
trix (as discussed in Section 6.5.5.1). The pattern of the source-destination distribution
in this tra�c matrix resembles the high tra�c flow between special nodes of the network.
Before allocating spectrum resources for each of these tra�c requests, the OSNR of the
corresponding lightpath at each possible position of the spectrum is calculated using the
analytical closed-form expressions (as discussed in Chapter 2) and saved as the training
data-set. In addition, it needs to be noted that the generated OSNR data-set for train-
ing depends on the underlying physical layer model, where several assumptions, such as
uniform launch power, EDFA gain flattening, constant fiber attenuation, etc., are taken
into consideration. After storing the OSNR of each lightpath for every possible position,
the lightpath is finally allocated at the best OSNR-supportive position. At the end of 1%
blocking, the simulator stops and provides the data of all the established lightpaths with
their possible values of OSNR at the di↵erent parts of the spectrum.

• Feature extraction: Next, di↵erent features of individual lightpaths and their impact
on the corresponding OSNR are extracted from this data set. The extracted data is split
into an 80:20 ratio to train and test a DNN model.
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• Hyperparameter tuning: Initially, the training simulation started with a baseline
architecture of 3 hidden layers with 20 neurons in each. Finally, hyperparameter tuning
returns a DNN model consisting of 5 hidden layers with 64 neurons per layer and the
ReLU activation function in each neuron.

Figure 6.2 shows the accuracy of the calculated OSNR using DNN (termed as DNN-predicted
OSNR) with the value of analytical computation (termed as Analytical OSNR) using the testing
data set. In Figure 6.2, the red dashed line represents the expected accuracy of the QoT
estimator, whereas the blue stars show the actual predicted values of the OSNR by the designed
QoT estimator. Overall, the proposed DNN model provides an average estimation error [80] less
than 0.4% (with a variance of 0.012 dB), and achieves average prediction accuracy of 99.65% .
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Figure 6.1: DNN-assisted QoT estimator.

Figure 6.2: Analytical OSNR vs. DNN-predicted OSNR.
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6.4 Performance Evaluation of Conventional Spectrum-
Allocation Policies

Conventional RSA approaches select the shortest path for each requested demand using k-
shortest paths (KSP) algorithm depending on the availability of spectral resources, while main-
taining spectrum continuity and contiguity constraints. Recently, several works [13], [20], [58]
upgraded the RSA problem into the RMSA problem, where the lightpath’s route, spectrum,
and modulation format are assigned by considering its OSNR. Algorithm 5 describes the overall
flow of the RMSA operation while considering physical-layer impairments (PLI).

The algorithm starts with the search of continuous and contiguous spectrum slots in the
shortest path (lines 1-2) for each requested demand, followed by the lightpath’s OSNR estima-
tion (lines 3-4). If the OSNR of the lightpath is in acceptable range, the demand is admitted
into the network either using tra�c grooming, or by the establishment of a new lightpath
with suitable modulation format (lines 5-11). If there is no possible route for a demand with
requested number of contiguous slots or if the OSNR of the lightpath for a demand in any
possible route remains less than the acceptable limit, the demand is blocked (lines 12-22). At
the end, the algorithm returns the tra�c admissibility (number of served demands at di↵erent
instances) and spectral occupancy in the overall network (lines 24-25).

6.4.1 Simulation Setup

Two geographically-diverse networks, namely BT-UK network (22 nodes, 35 links, average
link length 147 km) [20], and Indian RailTel network (19 nodes, 28 links, average link length
531 km) [59] are considered for analysis. The details of these topologies are illustrated in
Appendix A. Four conventional spectrum-allocation policies, namely FF, LF, FLF, and RF,
are taken for comparison along with k-shortest path routing for RMSA operation. We have
not considered the exact fit (EF) [34] and best fit (BF) [81] spectrum allocation policy in this
study because EF policy leads to higher blocking ratio compared to FLF, whereas BF policy
achieves similar performance to the FF strategy for single path routing. Two conventional
launch powers (-3 dBm and -1.5 dBm) are considered in this study. The FF policy starts
with the channels from the L band, whereas C band channels are taken first for the Last-Fit
approach. Accumulation of 2000 (100 Gbps) static demand requests are taken while considering
the dropped wavelength model and population model for tra�c matrix generation in BT-UK
and Indian network, respectively [20]. 30 seeds of simulations are performed in this study, and
average results with approximately less than 5% margin of error at 95% confidence interval are
reported.

6.4.2 Performance Evaluation

This section analyses the performance of conventional spectrum-allocation policies in terms of
the following parameters:

• Blocking Probability: It is defined as the ratio of the number of blocked demands to
the total number of requested demands in the network.

• Tra�c Admissibility: This parameter measures the overall capacity of the network. It
is defined as the number of allocated requested demands in the network till predefined
thresholds. We have considered two scenarios. First, we capture the number of allocated
demands until any demand block in the network, and it is named the first blocking
scenario. Later on, we also recorded the number of allocated demands in the network
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Algorithm 5 PLI-Aware RMSA

Input: Physical topology, Launch power, OSNR threshold for allowable modulation formats,
Tra�c matrix, k-shortest paths for each demand, Spectrum-allocation policy;

Output: Tra�c admissibility, Spectrum occupancy;
Initialisation: k = 1, Number of Blocked demands = 0

1: for each demand in the tra�c matrix do
2: Check availability of continuous and contiguous spectrum slots in route k as per the

spectrum-allocation policy;
3: if (spectrum availability == True) then
4: Calculate OSNR using Eqn. (2.7);
5: if (OSNR � acceptable threshold) then
6: Check the possibility of tra�c grooming into existing lightpaths;
7: if (grooming possibility == True) then
8: Groom the demand into higher-capacity lightpath;
9: else
10: Establish a lightpath to admit the demand in the network, while choosing a suit-

able modulation formats as per Table 6.1 (from [13]);
11: end if
12: else
13: k += 1;
14: if (k > maximum possible link disjoint shortest path) then
15: Number of Blocked demands += 1;
16: else
17: Go to Step 2;
18: end if
19: end if
20: else
21: Go to Step 13;
22: end if
23: end for
24: Calculate spectral occupancy of each link;
25: Calculate tra�c admissibility in the network;

till 1% of the requested demands were blocked in the network. The latter condition is
referred to as a 1% blocking scenario in the subsequent sections.

• Resource Utilization: It is defined as the ratio of the total number of occupied slots
to the total number of slots in the network.

• CAASR: It is calculated as the di↵erence between unity and network’s fragmentation
[82]. The details of CAASR calculation are elaborately discussed in section 5.6.

• Quality of Established Lightpaths: It is measured in terms of assigned modulation
formats (BPSK, QPSK, PM-8QAM, PM-16QAM, PM-32QAM, PM-64QAM), and its
associated OSNR threshold is given in Table 6.1.

Figures 6.3 and 6.4 show the variation of the blocking probability with tra�c load (number
requested demand), while considering a uniform channel launch power of -3 dBm, for BT-UK
and Indian networks, respectively. We observe that the Last-Fit policy performs best compared
to the other policies in both networks. In the C+L band system, the Last-Fit policy starts
with filling of C band channels where link attenuation, amplifier noise figures (NF), and NLI
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Table 6.1: Quality of lightpaths for 28 GBaud system [13].

Modulation Data Rate (Gbps) OSNR Threshold (dB)

PM-BPSK 50 9
PM-QPSK 100 12
PM-8QAM 150 16
PM-16QAM 200 18.6
PM-32QAM 250 21.6
PM-64QAM 300 24.6

Figure 6.3: Blocking probability vs. tra�c load in BT-UK network.

e↵ect are lower compared to the other end of the spectrum. Thus, the Last-Fit policy leads to
higher OSNR of lightpaths and hence higher capacity in the network.

Tables 6.2 and 6.3 capture the tra�c admissibility (with launch power of -1.5 and -3 dBm)
in terms of number of served demands at the instance of 1% blocking and first blocking, re-
spectively, in the BT-UK network, whereas Tables 6.4 and 6.5 show the same information for
the Indian network. Numerical data shows that, in terms of number of served demands at
1% blocking with -3 dBm launch power, Last-Fit policy achieves approximately 10%, 12.5%,
and 46.6% gain in BT-UK network compared to First Fit, First-Last Fit, and Random Fit,
respectively, whereas in Indian network, these gain becomes 25%, 128%, and 99%.

Figures 6.5 and 6.6 show the variation of resource utilization with the spectrum-allocation
polices in the BT-UK and Indian network, respectively, whereas Figures 6.7 and 6.8 capture
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Figure 6.4: Blocking probability vs. tra�c load in Indian network.

Table 6.2: Number of served demands at 1% blocking for BT-UK
network.

Allocation Policy Launch Power (dBm) Served Demands

First Fit -3 1722
Last Fit -3 1894
First-Last Fit -3 1683
Random Fit -3 1292
First Fit -1.5 1562
Last Fit -1.5 1850
First-Last Fit -1.5 1503
Random Fit -1.5 1376

the condition of network fragmentation in terms of CAASR for the two networks. Simulation
results show that the allocation of lightpaths using Last-Fit policy leads to higher spectrum
utilization and lower fragmentation (higher CAASR). Moreover, the drastic reduction of the
availability of contiguous slots is captured for Random Fit in Figs. 6.7 and 6.8, i.e., as expected,
random spectrum allocation leads to a fragmented network with least capacity, higher blocking,
and lower resource utilization.

The variation of the quality of lightpaths till 1% blocking (with launch power of -3 dBm)
for BT-UK and Indian network is captured in Figs. 6.9 and 6.10, respectively. Results show
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Figure 6.5: Resource utilization in BT-UK network.

Figure 6.6: Resource utilization in Indian network.
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Figure 6.7: CAASR in BT-UK network.

Figure 6.8: CAASR in Indian network.
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Figure 6.9: Quality of lightpaths in BT-UK network.
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Figure 6.10: Quality of lightpaths in Indian network.
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Table 6.3: Number of served demands at first blocking for BT-UK network.

Allocation Policy Launch Power (dBm) Served Demands

First Fit -3 1335
Last Fit -3 1568
First-Last Fit -3 1406
Random Fit -3 1145
First Fit -1.5 1163
Last Fit -1.5 1553
First-Last Fit -1.5 1215
Random Fit -1.5 1104

Table 6.4: Number of served demands at 1% blocking for Indian
network.

Allocation Policy Launch Power (dBm) Served Demands

First Fit -3 608
Last Fit -3 761
First-Last Fit -3 334
Random Fit -3 382
First Fit -1.5 498
Last Fit -1.5 609
First-Last Fit -1.5 238
Random Fit -1.5 309

Table 6.5: Number of served demands at first blocking for Indian network.

Allocation Policy Launch Power (dBm) Served Demands

First Fit -3 419
Last Fit -3 593
First-Last Fit -3 218
Random Fit -3 274
First Fit -1.5 382
Last Fit -1.5 490
First-Last Fit -1.5 168
Random Fit -1.5 236

that Last-Fit policy can place maximum number of higher-order modulation (HOM)-based
lightpaths, which include PM-8QAM, PM-16QAM, PM-32QAM and PM-64QAM for a smaller
geography, such as BT-UK. However, for a larger geography, such as India, dominance of lower-
order modulation (LOM) lightpaths is observed, which includes BPSK and QPSK modulations,
due to presence of longer links, large ASE noise, and low OSNR of the lightpaths.
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6.5 Quality-Aware Resource Provisioning Scheme

6.5.1 Overview

Conventional approaches to resource provisioning either consider the allocation from one end of
the spectrum or provision the spectrum based on the lightpath’s route or distance. However, for
MB-EON, the overall capacity of the network depends on the quality of individual established
lightpaths, which can vary based on the choice of spectrum selection. This section describes
the proposed scheme, which prioritizes the placement of high-quality lightpaths in the network
during resource allocation to achieve high network capacity in the long run.

6.5.2 Model and Assumptions

We assume that all of the links in the network are operating across the C+L band, where
an equal number of spectrum slots are considered in each link. As the spectral occupancy in
the network changes with the progressive tra�c allocation, the QoT of all existing lightpaths
is updated by considering the physical layer model as discussed in Chapter 2. Moreover,
the possibility of tra�c grooming is considered by adjusting the establishment of the small-
capacity-based lightpaths using large-capacity-based lightpaths to save spectrum resources for
future tra�c growth [13].

6.5.3 Concept Illustration of the Proposed Scheme

To illustrate our concept, we consider a sample four-node network with an average link length
of 224 km, as shown in Fig. 6.11. Mainly, five sequential requests (r1, r2, r3, r4, r5) are
considered and their shortest route with corresponding path length are given in the adjacent
table. Four conventional approaches, namely FF, LF, route adaptive first-last-fit (RA-FLF),
and distance adaptive first-last-fit (DA-FLF), are considered; and their associated spectrum
allocation is shown in Fig. 6.12. Generally, FF starts the allocation from the lower channel
index region, whereas LF follows the reverse approach. RA-FLF places disjoint lightpaths using
the FF approach and non-disjoint lightpaths using the LF approach. DA-FLF policy places
longer lightpaths (if the path length is greater than the average link length) in the high channel
index region and shorter lightpaths in the low channel index region.

Overall, all of these baseline approaches allocate the spectrum without concern about the
e↵ect of channel selection on the quality of lightpaths. Typically, each channel in MB-EON has
di↵erent characteristics, which may create variation in the QoT of a lightpath. As shown in Fig.
6.12, lower index channels belong to the L band, where the impact of NLI becomes larger due to
the presence of the ISRS power transfer (as shown by the arrow). On the other hand, the high
NF (6 dB, [83]) of in-line L band-amplifiers raises the ASE noise power compared to the high-
frequency channels of the C band. Since QoT of a lightpath depends on the value of NLI and
ASE noise, the proper selection of a channel for a specific lightpath can enhance its OSNR and
also boost the network capacity. To achieve this, a quality-aware resource provisioning scheme
and its associated algorithm, namely OA-FLF, is proposed in next subsection to execute the
routing, modulation, band, and spectrum allocation (RMBSA) for each tra�c demand. The
key objective of the proposed scheme targets the enhancement of the individual lightpath’s
quality to achieve high network capacity in the long run.

6.5.4 Proposed OA-FLF Algorithm

Figure 6.13 shows the pattern of spectrum filling using the OA-FLF algorithm for the same
sample network and tra�c requests. The key objective of this algorithm is to allocate the
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spectrum for a lightpath at the best OSNR-supportive position while maintaining the filling
of the spectrum in a contiguous manner (to reduce fragmentation). One-by-one demands are
provisioned in the network using the lightpath while searching for the best OSNR-supportive
position at the two ends of the spectrum. The red question mark in Fig. 6.13 at each stage shows
the choice of spectrum allocation available for a particular request at each stage to maintain
the contiguous filling rule. Among the available free channels at the lowest and highest index
positions of the spectrum, the lightpath is allocated using only that channel which can provide
the best OSNR. Table 6.6 summarizes the notations of the given parameters, decision variables,
and functions, which are elaborately used in the proposed algorithm.

Algorithm 6 starts by taking several inputs, such as network topology, tra�c matrix, channel
launch power, OSNR threshold, trained DNN model, and the maximum number of the allowable
shortest paths. Initially, before starting the allocation, tra�c admissibility and the number
of blocked demands are set at zero, whereas the binary variable for the possibility of tra�c
grooming is set as False for any request. Other sets such as spectrum occupancy and list of all
lightpaths do not contain any elements before the start of any allocation.

At the beginning of the allocation of each request, the possibility of tra�c grooming into
existing lightpaths is explored using the function TG (lines 1-9). Generally, when the list of
lightpaths is not empty, the TG function takes the current demand request and information
of ongoing lightpaths as input (lines 2-3). As an output, it returns the location of possible
tra�c grooming. Mainly, if there is spare capacity in the existing lightpath LTG to allocate
the current request t, the binary variable related to the possibility of tra�c grooming (PTG

t)
is updated as True (line 4), and requested demand t is allocated using lightpath LTG (line 7).

On the other hand, if grooming is not possible for a particular request, the CRSA function
is used to check the availability of the spectrum slot for a new lightpath establishment (line
11). It takes the information of network topology, demand information, and index of the
shortest path as input; and returns the availability of continuous and contiguous free spectrum
slots in the possible route Rk. If there are available slots (i.e., ACCSS = True), all of the
corresponding frequency indexes are extracted using the function GAF (line 14). Hence, the
other two functions, namely FFA and LFA, are used to determine the positions of the lowest
index and highest index of the free slots in the spectrum (lines 15-16). Consequently, the OSNR
of the lightpath at these two positions is predicted using the trained DNN model while taking
several input features such as channel power, frequency of operation, spectrum occupancy, etc
(lines 17-18). Furthermore, these two OSNRs are compared to provision lightpaths at the
highest OSNR-based position (lines 19-24). If both of the available frequencies provide OSNR
less than OTh, then an alternate path needs to be explored for lightpath establishment (line 32).
After exhausting all the alternate shortest paths (till kmax), if the algorithm does not find any
su�cient available free spectrum for a demand in any of the routes or the estimated OSNR of
the lightpath for a demand becomes less than the acceptable limit in all the considered paths,
the demand is blocked (lines 33-41).

6.5.5 Performance Evaluation

This section explains the simulation framework, followed by the computational gain of the
DNN-assisted QoT estimator. Then, the advantage of the proposed algorithm compared to the
baseline algorithms is discussed.

6.5.5.1 Simulation Framework

This section describes the simulation setup for analyzing the performance of the proposed
scheme. An event-driven, custom-built Python simulator is designed to implement all of the
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Table 6.6: List of notations for di↵erent given parameters, decision variables, sets, and functions
used in the algorithm.

Notation Description
Given Parameters:

G(V, E) Network topology; V = set of nodes,
E = set of links.

T Tra�c matrix.
PCh Launch power of each channel.
OTh OSNR threshold for allowable mod-

ulation formats.
TDNNM Trained deep neural network model.
kmax Maximum number of allowable

shortest paths for each demand.
Decision Variables:

k Index of the shortest path 2 N.
TA Tra�c admissibility 2W.
NB Number of total blocked demands 2

W.
PTG

t Possibility of tra�c grooming for de-
mand request t 2 {True, False}.

LTG Location of tra�c grooming.
Rk Route for the kth shortest path.
ACCSS Availability of continuous and con-

tiguous spectrum slots 2 {True,
False}.

FAvailable Available frequencies.
fl Available lower-index frequency.
fh Available higher-index frequency.
OSNRfl OSNR at lower-index frequency.
OSNRfh OSNR at higher-index frequency.
MOSNRfl

Modulation format according to
OSNR at lower-index frequency

MOSNRfh
Modulation format according to
OSNR at higher-index frequency.

Sets:
SO Spectrum occupancy.
LAll Set of all ongoing lightpaths.

Functions:
TG Tra�c grooming.
CRSA Check route and spectrum availabil-

ity.
GAF Get available frequencies.
FFA First fit availability.
LFA Last fit availability.
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Algorithm 6 OA-FLF algorithm for MB-EON

Input: G(V, E), T, PCh, OTh, TDNNM , kMax;
Output: TA, NB, SO;

Initialisation : k = 1, TA = 0, NB = 0, SO = {;}, LAll = {;}, PTG
t = False;

1: for each demand request t in T sequentially do
2: while LAll 6= {;} do
3: LTG  TG(t, LAll);
4: Update PTG

t;
5: end while
6: if (PTG

t == True) then
7: Allocate demand request t using LTG;
8: TA = TA + 1;
9: Update SO, LAll;
10: else
11: Rk, ACCSS  CRSA(G(V, E), t, k);
12: if (ACCSS == True) then
13: Pause CRSA for next demand request
14: FAvailable  GAF(ACCSS, SO, Rk);
15: fl  FFA(FAvailable);
16: fh  LFA(FAvailable);
17: OSNRfl  TDNNM(t, Rk, PCh, fl 2 FAvailable, SO);
18: OSNRfh  TDNNM(t, Rk, PCh, fh 2 FAvailable, SO);
19: if (OSNRfl � OTh) and (OSNRfh � OTh) then
20: if OSNRfl � OSNRfh then
21: Select MOSNRfl

, Occupy fl;
22: TA = TA + 1;
23: Update SO, LAll;
24: Resume CRSA for next demand request
25: else
26: Select MOSNRfh

, Occupy fh;
27: TA = TA + 1;
28: Update SO, LAll;
29: Resume CRSA for next demand request
30: end if
31: else
32: k = k + 1;
33: if (k > kMax) then
34: NB = NB + 1;
35: Resume CRSA for next demand request
36: else
37: Try reallocation by following Step 11-29;
38: end if
39: end if
40: else
41: Check the next shortest path and try reallocation by following step 32-37;
42: end if
43: end if
44: end for
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baselines and the proposed algorithm; and all of the reported results are generated using In-
tel(R) Xeon(R) Gold 5220 CPU @ 2.20 GHz and Intel(R) Xeon(R) CPU E5-2670 v2 @ 2.50
GHz with 264 cores and 96 GB of memory. Simulations are focused on two geographically
diverse core networks, namely, the BT-UK network (22 nodes, 35 links, average link length 147
km) and the 24-node USA network (24 nodes, 43 links, average link length 991 km). The details
of these topologies are illustrated in Appendix B. It is assumed that the same fiber, namely
ITU-T G.652.D, is used for both the networks where the fiber attenuation coe�cient is consid-
ered as 0.2 dB/km for both C and L bands. In addition, dispersion, Raman, and non-linear
coe�cients are assumed to be same as [12]. Moreover, a total of 10 THz optical bandwidth in
each fiber is considered for the C+L band transmission. In addition, to mimic the high tra�c
flow between special nodes of these networks, a biased tra�c matrix is considered for selecting
the source-destinations pairs probabilistically. For BT-UK network, this matrix is generated
using the dropped wavelength data [20], whereas the gravity model [84] is used for the same
purpose in case of 24-node USA network. Moreover, the network is progressively loaded with
100 Gbps static demand requests [14], where for each demand k-shortest path (k=3) routing
is taken into consideration. Although only 100 Gbps data rate based requests are considered
for the current study, variable data-rate based demands can also be allocated into the network
using tra�c grooming. Tra�c requests with path lengths greater than 7500 km are avoided
during the biased tra�c generation since the QoT of the lightpath becomes unacceptable due
to high ASE noise. The signal bandwidth (BZ) and Bref are considered same as 37.5 GHz
which is nearly equal to the considered baud rate of the system (28-32 Gbaud). Average results
of 20 seeds are reported at 95% confidence interval with less than 5% margin of error for two
cases with uniform channel launch power (-3 dBm and -1.5 dBm).

6.5.5.2 Computational Gain using QoT Estimator

The key purpose of the DNN-based QoT estimation is the reduction of computational time
compared to the complex analytical approach while ensuring a similar capacity at the end
of the simulation. Figure 6.14 compares the analytical approach with the ML technique in
terms of the computational time (in minutes) and the number of allocated demands till 1%
blocking for the OA-FLF resource allocation algorithm. Reported result shows the DNN-based
approach can provide 96.6% and 96.5% computational gain (in minutes) in the BT-UK network
for uniform channel launch power of -3 dBm and -1.5 dBm, whereas this gain becomes 96.92%
and 96.94% for 24-node USA network.

To account for the e↵ect on the end capacity using these two approaches, we define a
metric, called normalized accuracy, as the ratio of the number of allocated demands with the
computational time. For BT-UK, the value of normalized accuracy becomes 177.9 and 6.09 for
-3 dBm launch power using DNN and analytical approach, respectively, whereas these numbers
become 71.4 and 2.4 for the USA network. This data indicates that the DNN method of OSNR
estimation can provide a significant gain in terms of computation time reduction compared to
the analytical approach while ensuring a similar capacity of the network. Therefore, instead of
analytical calculation, the results of the proposed algorithm with the DNN-assisted approach
are considered in the subsequent sections of this work.

6.5.5.3 Tra�c Admissibility Analysis

The performance of the proposed quality-aware resource allocation algorithm on the overall
network capacity is evaluated in terms of tra�c admissibility till 1% blocking.

Figure 6.15 shows the advantage of the proposed algorithm compared to the baseline al-
gorithms in terms of tra�c admissibility for the two considered geographies with two uniform
channel launch powers. For smaller geographies, such as the BT-UK network, the availability of
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(a) Topology: BT-UK network.

(b) Topology: 24-node USA network.

Figure 6.14: Computational gain using QoT estimator for the proposed algorithm

high-quality lightpaths (such as PM-8QAM, PM-16QAM, PM-32QAM) enhances the chances
of tra�c grooming by utilizing the surplus capacity of existing lightpaths in the network. As a
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(a) Topology: BT-UK network.

(b) Topology: 24-node USA network.

Figure 6.15: Comparison of tra�c admissibility

result, the end capacity of this network becomes much higher compared to larger geographies
(such as the 24-node USA network), where the quality of most of the established lightpaths
belongs to lower order modulation formats (such as PM-BPSK, PM-QPSK). The numerical
results suggest that the OA-FLF algorithm can provide 6.3%, 2.4%, 10.5%, and 29.2% gain, re-
spectively, compared to FF, LF, RA-FLF, and DA-FLF algorithms while using a launch power
of -3 dBm in BT-UK network. Although the increment of launch power from -3 dBm to -1.5
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dBm reduces the overall capacity of the network for any of the algorithms due to enhancement
of the NLI impact on the OSNR of lightpaths, the advantage of OA-FLF compared to other
baseline algorithms remains unaltered.

On the other hand, in larger geography, such as the 24-node USA network, the presence of
high accumulated ASE noise degrades the OSNR of the lightpaths manyfold. In addition, if the
launch power is increased from -3 dBm to -1.5 dBm, the overall capacity of the larger network
becomes very low. However, a gain of 20.6%, 15.2%, 19.6%, and 60.6% can be achievable by the
OA-FLF algorithm compared to the FF, LF, RA-FLF, and DA-FLF algorithms, respectively.
Moreover, as shown in Fig. 6.14, the DNN-based OA-FLF approach, with the help of a 99.65%
accurate QoT estimator, predicts a maximum of 5.9 % and 8.9% less capacity compared to the
analytical approach in the BT-UK network and 24-node USA network, respectively. Therefore,
it can be easily observed that the OA-FLF algorithm with the analytical approach can provide
slightly better tra�c admissibility than the DNN-based approach with the aid of high compu-
tational complexity. Furthermore, as the LF algorithm appears as the best baseline algorithm
compared to others in terms of tra�c admissibility, the subsequent sections only consider the
proposed algorithm OA-FLF and LF for further analysis.

6.5.5.4 Quality of Lightpath Analysis

This subsection analyses the distribution of established lightpath in the network and shows its
e↵ect on the tra�c admissibility. Generally, the quality of the lightpath severely impacts the
overall capacity of the network. The establishment of high-order modulation-based lightpaths
enhances the chances of tra�c grooming and saves spectrum for future connections. In this
work, two lower-order modulations (LoM) (such as PM-BPSK and PM-QPSK) and four HoM
(e.g., PM-8QAM, PM-16QAM, PM-32QAM, and PM-64QAM) are considered as likely choices
for the quality of the lightpaths. The supported data rate and required OSNR threshold for each
of these modulation formats is considered as shown in [14]. Table 6.7 captures the distribution of
LoM and HoM-based lightpaths till 1% blocking while using the proposed and the best baseline
algorithm with launch power of -3 dBm, which provides the highest capacity. Numerical data
suggests that the OSNR adaptive policy can significantly reduce the LoM distribution compared
to the best baseline algorithm (i.e., LF) and provides a notable capacity gain by increasing the
distribution of HoM-based lightpaths.

Table 6.7: Comparison of quality of lightpaths till 1% blocking (PCh = -3 dBm).

Topology Algorithm LoM HoM
BT-UK OA-FLF 17% 83%
BT-UK LF 20% 80%

24-node USA OA-FLF 76% 24%
24-node USA LF 83% 17%

6.5.5.5 Fragmentation Analysis

This section analyses the impact of the proposed quality-aware resource allocation algorithm on
the overall fragmentation of the network. Table 6.8 shows the CAASR value at the end of 1%
blocking for the proposed and the best baseline resource allocation algorithm with two launch
powers. As LF policy starts the allocation of the spectrum from one end of the spectrum, it is
expected that the overall network fragmentation should be lower. However, it is not guaranteed
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that allocation with minimum fragmentation can provide the highest network capacity. The
reported results in Table 6.8 indicate that the OA-FLF algorithm can provide a capacity gain
of up to 7.7% compared to the LF approach while achieving approximately similar values of
CAASR in the smaller geography (i.e., the BT-UK network) due to the ability of high-quality
lightpath provisioning and possibilities of tra�c grooming. In addition, a capacity gain of up
to 15.2% is also achieved in the larger geography (i.e., the 24-node USA network) using the
OA-FLF algorithm compared to the LF strategy. Furthermore, the OA-FLF algorithm also
minimizes fragmentation (and maximizes the CAASR metric) significantly in the 24-node USA
network. As the majority of lightpaths are generally provisioned over LoM formats in longer
geography, the priority for lightpath’s quality selection before spectrum allocation under the
OA-FLF algorithm outperforms in terms of fragmentation minimization compared to the LF
approach. Numerical data suggests that the OA-FLF algorithm returns 14.9% and 4% gain
in CAASR improvement compared to the LF algorithm under -3 dBm and -1.5 dBm channel
power, respectively.

Table 6.8: Comparison of CAASR till 1% blocking.

Topology PCh (dBm) Algorithm NA CAASR
BT-UK -3 LF 1780 0.110
BT-UK -3 OA-FLF 1824 0.108
BT-UK -1.5 LF 1568 0.113
BT-UK -1.5 OA-FLF 1688 0.109

24-node USA -3 LF 522 1.688
24-node USA -3 OA-FLF 564 1.940
24-node USA -1.5 LF 407 1.884
24-node USA -1.5 OA-FLF 469 1.958

6.6 Conclusion

We investigated the importance of the quality-aware resource allocation strategy in the context
of MB-EON. To ease the computational complexity of quality calculation of a lightpath, a DNN-
assisted QoT estimator is considered instead for analytical OSNR calculation while ensuring
acceptable accuracy in the OSNR estimation. The numerical results show that the DNN-based
QoT estimator can provide a maximum computational gain of 96.94% while ensuring an average
prediction accuracy of 99.65%. Furthermore, a resource provisioning algorithm, namely OA-
FLF, is proposed, where the placement of HoM-based lightpaths is prioritized during resource
allocation. Reported results show that, compared to the baseline algorithms, the proposed
OA-FLF algorithm can provide a maximum gain of nearly 30% in terms of tra�c admissibility
for smaller networks such as BT-UK, whereas, for larger geography such as a 24-node USA
network, this tra�c admissibility gain becomes over 60% till 1% blocking.
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Chapter 7
E↵ect of Resource Re-provisioning on
Network Upgrade

7.1 Introduction

Chapter 5 and 6 show the e↵ect of the e�cient spectrum management policies on the C+L
band optical network. As the existing C-band-based network can’t adopt these emerging tech-
nologies instantaneously, strategic planning needs to be done to upgrade the existing network
infrastructure. A network can be upgraded either gradually or all once, depending on the
network operator’s objective. Upgrading all links of the network topology at the same time
without checking the specific link conditions, generally results in an investment of enormous
CapEx. Whereas gradual upgrades while following a pay-as-you-grow approach can avoid the
requirement of unessential upgrades and hence minimize extra CapEx requirements. In this
regard, authors in [84] showed that a network operator needs to wisely select a set/sequence of
link(s) to upgrade from C to C+L, which can delay future network upgrades, thereby achieving
cost benefits.

A network upgrade can be further delayed by employing a mechanism called re-provisioning.
We define re-provisioning as the movement of existing lightpaths from the C band to the L band.
By moving more lightpaths to the L band over the C+L band upgraded links, the availability
of the valuable C-band spectrum increases. This approach may be cost-e↵ective because early
upgrades can be expensive. Hence, re-provisioning is an important mechanism to delay network
upgrades and e�ciently use network resources. A distance-based re-provisioning strategy for
C+L upgrade was proposed in [85]. Despite its e↵ectiveness, re-provisioning lightpaths from
one band to another may degrade the signal quality, i.e., OSNR of lightpaths, leading to
increased service disruptions, which operators would like to avoid as much as possible. To
reduce disruption in the network, we propose new and improved re-provisioning strategies when
upgrading a network to C+L bands. Also, although OSNR can be calculated analytically,
we incorporate a synthetic, data-driven, ML model to estimate OSNR of lightpaths, which
decreases computation times of lightpath-feasibility checks.

The two proposed OSNR-aware re-provisioning strategies, called budget-based (BB) and
margin-aware (MA), aim at reducing lightpath disruption in the network, thereby improving
spectrum utilization. In BB, a network operator is allowed to re-provision a fixed number
of lightpaths from C band to L band after each batch upgrade, while in MA, existing C-
band lightpaths are re-provisioned to L band based on their OSNR margin set by the network
operator. We evaluate the performance of the proposed strategies with a baseline distance-based
strategy in the BT-UK network. Results show that the BB and MA strategies significantly
reduce disruption and blocking in the network, compared to the distance-based strategy in [85].
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The remaining portion of this study is organized as follows: In Section 7.2, related works
are reviewed. Section 7.3 describes the physical-layer model and the regression models used for
Quality-of-Transmission (QoT) estimation. Section 7.4 describes the proposed re-provisioning
strategies for C+L networks and also presents the algorithms. Section 7.5 introduces the
simulation settings and tra�c matrices, and shows the numerical results. Section 7.6 concludes
the study.

7.2 Related Works

How to deal with capacity crunch using MB transmission in optical networks is a topic of
significant interest. Prior works, [69], [77], [86], [87], have considered di↵erent scenarios in MB to
enhance transmission capacity. Ref. [69] developed a planning tool that exploits physical-layer-
aware routing, modulation, and spectrum assignment (RMSA) algorithm to activate optical
bands based on incoming tra�c. Ref. [86] proposed a provisioning scheme considering C+L
and C+L+S bands with the flexibility to assign preference to a specific transmission band.
Their findings indicate that, despite the signal-strength degradation caused by neighboring
bands in the C band, significant reduction in blocking probability can be achieved with MB
transmission. Ref. [77] considered a lightpath-provisioning scheme for di↵erent MB scenarios
(C only, C+L, C+L+S, C+L+S+E, and C+L+S+E+O), showing a significant increase in
transmission capacity. However, technical maturity and commercial availability of the necessary
optical devices for di↵erent bands must be considered. Among the di↵erent bands, L-band
technology has significantly matured, and previous studies [8], [88] provide a strong motivation
for expanding to C+L. Also, network upgrades from C to C+L bands have been implemented
in industry [89].

Considering these prior works, modeling the physical layer is an essential part to plan a
practical MB expansion. Some major factors that need to be considered during MB operation
are stimulated Raman scattering (SRS), nonlinear interference (NLI), noise figure, and type of
optical amplifier required to operate in each band. Ref. [90] considered the above factors and
showed that network tra�c in MB might increase with an optimized power assignment. Ref.
[5] discusses the potential challenges in MB by considering the e↵ects of ASE noise (due to
optical amplifiers) and non-linear e↵ects such as SRS and NLI. Other works, such as [12], [19],
[21], [91] have also modeled and evaluated the impact of ISRS in MB networks. Refs. [13],
[58] investigate MB scenarios limited to C+L systems by accounting for ASE due to in-line
amplifiers and SRS.

The above factors add to signal impairments, thereby a↵ecting the OSNR of lightpaths.
Previous work [85] considered a worst-case scenario to calculate the OSNR of lightpaths for
incoming requests. In fact, determining OSNR using analytical calculations can be cumbersome,
especially when a large number of lightpaths are provisioned in a network. Hence to predict
lightpaths’ QoT, in this study, we use ML-based QoT estimation for unestablished lightpaths
based on the current network state. Multiple studies have demonstrated how to use ML-based
QoT estimators to verify the feasibility of lightpaths for deployment. We review below some
studies related to ML-based QoT estimation.

Ref. [92] proposed regression approaches which consider the e↵ect of variations and un-
certainties on fiber attenuation, non-linear coe�cients, or amplifier noise figure per span, to
estimate QoT. Ref. [93] showed the benefits of using neural networks and support vector ma-
chines (SVM) for modulation-format classification and OSNR estimation. In [94], e↵ectiveness
of various ML models such as k-nearest neighbors, logistic regression, and SVM for QoT esti-
mation were described. Ref. [95] investigated the performance of a data-driven QoT model on
dynamic and unicast metro optical networks capable of supporting both unicast and multicast
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connections. The model predicts nearly-accurate QoT of lightpaths that need to be estab-
lished. Other works, such as [60], [62], [65], [79], show the application of ML to predict OSNR
of lightpaths where real and synthetic data were used. Our work uses the predicted OSNR for
lightpath provisioning and re-estimates OSNR using the ML model during migration to MB.

Operators choose to migrate to MB networks to sustain tra�c growth. However, upgrading
the entire network at once can incur large CapEx and operational expenditures (OpEx). Prior
works, [22], [23], [83], [84], [96], [97], have proposed cost models and upgrade strategies for
MB expansion. Ref. [96] focused on a pay-as-you-grow order of band deployment in MB
networks. Ref. [23] developed a cost model to assess migration scenarios from C band to C+L
and C+L+S bands. Ref. [22] emphasized the importance of link selection by proposing a
framework in which fiber-capacity upgrade is geographically dependent. Ref. [84] modeled a
multi-period batch upgrade from C to C+L networks by considering tra�c demands and annual
tra�c growth, and discussed the significance of selecting appropriate links for C+L upgrade.

Our work focuses on C+L networks where all links initially operate in C band. Building
on previous research, we use a link-selection technique from [84] that groups links into batches
based on their spectrum utilization. This enables network upgrades from C to C+L with
minimal cost. To further reduce upgrade cost, Ref. [84] extended their work to [85] and
introduced a mechanism of distance-based re-provisioning, which delays upgrades by moving
lightpaths, from C band to L band, based on their path length. For instance, upgrading the
network in year 3, year 5, and year 10 may reduce the overall network upgrade cost. To show the
e↵ectiveness of our newly-proposed re-provisioning strategies, we use link-selection technique
from [84] and upgrade times from [85]. Accordingly, Ref. [85] is significantly extended in
this work by demonstrating that selectively moving lightpaths based on their QoT can reduce
the number of disrupted connections in the network and hence limit the adverse impact of
re-provisioning.

7.3 ML-Based Regression Models for QoT Estimation

The QoT of an optical lightpath is usually expressed using OSNR, as discussed in Chapter 2.
Our study relies on ML models to estimate the OSNR of lightpaths. We have used the same
physical layer model as discussed in Chapter 2 for generating data for training purposes. Note
that, since the network is upgraded in batches, we need two estimators - a C-band estimator
and a C+L-band estimator - which are described in Section 7.3.1.

7.3.1 C and C+L-Band QoT Estimators

In previous work [85], OSNR calculation of a lightpath assumed that all channels in a route are
occupied (fully-filled spectrum). Here, we observe that, it is important to calculate OSNR with
growing tra�c so that a network operator, given the state of the network, can assess the current
QoT of a lightpath. Hence, in this work, we estimate the OSNR achieved for the actual current
load in the network. Since repeating QoT estimations for a large number of lightpaths every
time a network state changes could lead to unsustainable computational burden, we adopt a
supervised ML model for QoT estimation, leveraging a well-known Random-Forest algorithm.
The proposed model is fed with features that represent the state of the network: route, COI,
number of intermediate links or hop counts, distance between source and destination, and
number of active interfering channels in C or L band. To depict the route in which a lightpath
operates, we encode all links of a route. ML algorithms require numerical inputs for data
processing. Hence, we choose to encode a route in binary, i.e., if the lightpath traverses a link,
we assign a binary value ‘1’ to the link variable, else ‘0’. Next, we discuss the necessity of using
two estimators for OSNR estimation.
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Since network upgrade occurs in batches [85], with each batch containing a set of links,
the network will exist in a mixed state, where certain links will operate only in C band, while
others are capable of operating in both C and L bands. Consequently, it becomes imperative to
employ two distinct estimators to ensure necessary OSNR estimation, accounting for the impact
of both C and L bands. We accomplish this by using the physical-layer model of Chapter 2
to generate synthetic data for C and C+L band transmission while considering the simulation
parameters discussed in Section 7.5.1.

We now discuss an example on how di↵erent links are encoded during multi-period batch
upgrade for model training. In Fig. 7.1(a), blue links operate in C band and red links operate in
C+L band. For each link, total number of channels and number of active channels are known.
Consider lightpath �1, which is provisioned over links AF, FE, and ED (named e6, e5, and e4,
respectively). These links are assigned value ‘1’, while other links in the network are assigned
with ‘0’. If the link variables (e) are arranged in a matrix as [e1, e2, e3, e4, e5, e6, e7, e8], then
the lightpath is encoded as [0, 0, 0, 1, 1, 1, 0, 0]. Since there are eight links in the network
topology (Fig. 7.1(a)), a route can be expressed using eight binary variables. This encoding
technique allows the model to e↵ectively capture the presence or absence of a connection. The
input to the estimator is an array composed of link variables and other parameters required to
predict OSNR. If a route operates only in C band (e.g., �1 in Fig. 7.1(a)), a C-band estimator
is used. Similarly, if all links of the route are upgraded to C+L (e.g., �2 in Fig. 7.1(a)), then a
C+L-band estimator would be used.

(a) A sample network containing a single link in

C+L band.

(b) A sample network operating with multiple up-

graded links.

Figure 7.1: Two scenarios of network operation

Now, let us consider a scenario in which a lightpath traverses a route containing an upgraded
link. For example, consider a lightpath �3 going through links e1, e2, and e3. As shown in Fig.
7.1(a), only link e2 is upgraded to C+L. In such case, we calculate the OSNR of the entire
route on a per-link basis, i.e., links in C and C+L are fed into respective estimators. Therefore,
OSNR of lightpath �3 can be calculated as shown below.

OSNR�1
�3

= OSNR�1
e1 +OSNR�1

e2 +OSNR�1
e3 (7.1)

By using historical data of relevant network features (for training and validation) and tuning
the model for optimal performance, OSNR can be estimated. The predicted OSNR can be
used to estimate the impact of new lightpaths in the network. These values are also used
to determine lightpath capacity (as shown in Table 7.1). To improve model prediction, we
conduct an exhaustive search to optimize the ML parameters that minimize the loss function
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of the algorithm. We evaluate the performance of the model according to the following metrics:
R-squared (R2), mean squared error (MSE), and mean absolute error (MAE). Both models
have an R2 score higher than 96%, where R2 represents the proportion of variance in OSNR
explained by the network features used to train the QoT estimator. The C-band estimator
exhibits an MSE of 0.1725 and an MAE of 0.2808, while the C+L-band estimator yields an
MSE of 0.5698 and an MAE of 0.5126.

7.4 OSNR-Aware Re-provisioning

7.4.1 Problem Description

In this section, we describe the problem of re-provisioning in MB optical networks, and then
we propose two OSNR-aware re-provisioning strategies. These strategies move the lightpaths
(from C to L band) based on the signal quality with the aim of reducing the overall disruption
in the network. To implement the strategies, we adopt a multi-period upgrade strategy and
upgrade times from [84] and [85], respectively.

Expansion to MB, which involves network upgrades, comes at a cost. Upgrading the entire
network at once to address concerns of growing network tra�c will lead to a high upgrade cost.
Instead, by carefully selecting a set of links in a network, tra�c growth could be sustained.
In this regard, Ref. [84] proposed a multi-period, batch-upgrade strategy (where each batch
contains a subset of links for upgrade), which reduces network upgrade cost over time. By
sorting links in decreasing order of their spectrum utilization and grouping a set of links, network
upgrades from C to C+L can be significantly delayed, thereby further reducing the upgrade
cost. It was also established, for the parameter settings considered in [84], that upgrading the
network in three batches would be most beneficial in terms of cost. To determine the timing of
upgrade of each batch, extensive statistical analysis was conducted, guided by a target blocking
probability set by the network operator.

While multi-period network upgrades lead to lower network upgrade cost, they cause the
network to exist in a mix of C and C+L links. In doing so, lightpaths may exist on routes
which contain upgraded links (e.g., �3 in Fig. 7.1(a)). After each batch upgrade, the network
operator will likely continue to serve most of the requests in C band, as only a subset of links
can accommodate requests in L band. Hence, to maximize availability of C-band spectrum and
delay future network upgrade, we choose to move some of the existing lightpaths in C band to
L band, if possible.

In this regard, Ref. [85] proposed a re-provisioning strategy that relied on distance to delay
network upgrades, thereby lowering network upgrade costs further. Although re-provisioning
helps in lowering upgrade costs, it adds to an important practical problem of disruption. This so-
called disruption (denoted as NDisruption) is an e↵ect occurring due to three factors, namely: Re-
provisioning (denoted as NRe�provisioned), Provisioning Overflow requests (denoted as NOverflow),
and Re-adjustment (denoted as NRe�adjusted), where N is the number of lightpaths. Hence,
disruption in a network can be computed as:

NDisruption = NRe�provisioned +NOverflow +NRe�adjusted (7.2)

In this study, re-provisioning, re-adjustment, and provisioning of Overflow requests are
initiated after each batch upgrade in the network. To demonstrate how/when re-provisioning
(the first factor in disruption) is triggered, we consider the following scenario: if a lightpath �3
originates from node A and terminates at node D (in Fig. 7.1(a)), �3 cannot be re-provisioned
to L band, as not all links in the route have been upgraded. On the contrary, a lightpath �2
starting at node B and terminating at node C could be moved to L band. However, moving a
lightpath from one band to another comes at the cost of sacrificing its signal quality (OSNR).
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Table 7.1: OSNR Classification for Modulation Assignment [58].

Modulation Data Rate (Gbps) OSNR Window (dB)
PM-BPSK 50 9 � 11.9
PM-QPSK 100 12 � 15.9
PM-8QAM 150 16 � 18.5
PM-16QAM 200 18.6 � 21.5
PM-32QAM 250 21.6 � 24.5
PM-64QAM 300 24.6 � 30

OSNR of a lightpath decides the modulation format it supports. Usually, modulation for-
mat of a lightpath supports a range of OSNRs, as shown in Table 7.1. Growing network tra�c
and change in spectrum occupation (e.g., due to link upgrade to L band) can cause OSNR of
lightpaths to degrade during their lifetime. A degraded lightpath needs to either be re-adjusted
(i.e., modulation format should be down-shifted) or an additional overflow request must be pro-
visioned on a new lightpath. Section 7.4.2 provides an example for overflow and re-adjustment,
the second and third factors in disruption, respectively. As network tra�c increases, it could
impact existing lightpaths due to NLI e↵ects, which leads to OSNR degradation. Hence, it is
necessary to monitor lightpaths based on OSNR degradation.

7.4.2 Strategies for Re-provisioning

We propose two OSNR-aware re-provisioning strategies, namely, Margin-Aware and Budget-
Based. MA re-provisioning allows a network operator to move a lightpath to L band based
on its proximity to the lower-bound OSNR value for the corresponding modulation format.
Consider a lightpath �4, as shown in Fig. 7.1(b), that was provisioned in C band with an
OSNR of 23.5 dB. Assume that the first batch of links was upgraded, and it contained all links
on which �4 is provisioned. We now re-estimate the OSNR of �4 and find it to be 22 dB, which
is close to the threshold (21.6 dB) as seen in Table 7.1. This lightpath is a good candidate
to be re-provisioned, as lightpaths whose OSNR is close to the threshold are more likely to
be a↵ected due to NLI (with increasing tra�c) and will anyway drop to a lower modulation
format (and hence be disrupted) regardless of them being re-provisioned.

Alternatively, if a network operator has a budget based on the number of lightpaths that
could be moved, BB re-provisioning may be employed. In this approach, like MA, we calculate
the OSNR margin of lightpaths and select lightpaths whose margin is closest to the threshold.
We continue to select and re-provision such lightpaths until a budget is reached.

After each batch upgrade, OSNR re-estimation is required for all existing lightpaths whose
links have been upgraded. Existing degraded lightpaths may encounter the following scenarios:
(a) Overflow requests can be provisioned on new lightpaths; and (b) C-band lightpaths can be
re-adjusted.

Now, let us consider an example for overflow requests. Loss in signal quality can cause
lightpaths to possibly drop modulation formats, which may lead to reduced capacity. This
reduced capacity causes some requests to overflow and such requests need to be provisioned
on new lightpaths. Consider the following example: suppose a lightpath �5, as shown in Fig.
7.1(b), has a OSNR of 25 dB when provisioned in C band and based on Table 7.1, has a
corresponding data rate of 300 Gbps. Since we assume all lightpaths to have a uniform data
rate of 100 Gbps, �5 can serve at most three requests. Assume that subsequent lightpaths are
provisioned thereafter, and we re-estimate the OSNR of �5 to be 23 dB. This indicates that �5
can now serve at most two requests. Hence, one of the three requests needs to be served by
provisioning a new lightpath.
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Now, let us consider an example for re-adjustment of lightpaths in C band. If a lightpath
degrades such that it drops below its current modulation format but can still serve the existing
requests, then such lightpaths are re-adjusted. Consider the following example: suppose a
lightpath �6, as shown in Fig. 7.1(b), has a OSNR of 27 dB when provisioned in C band and
from Table 7.1, has a capacity of 300 Gbps. Assume �6 serves two requests (of 100 Gbps each).
If the OSNR degrades to 23 dB, it indicates that the modulation format has changed (from
Table 7.1). �6 can continue to serve the existing requests with the new modulation format
because of the data rate it supports. Hence, this lightpath would only be re-adjusted.

7.4.3 Algorithms for Re-provisioning

We now describe the algorithms for our proposed re-provisioning strategies in MB networks.
Given parameters:
- G(V,E): Network topology; V set of nodes, E set of links.
- T : Tra�c matrix.
- E 0: Set of links sorted in descending order of spectrum utilization, where E 0 ⇢ E.
- EC: Set of links in C band, where EC ⇢ E.
- EC+L: Set of links in C+L bands, where EC+L ⇢ E.
- Rp: Set of connection requests in a lightpath p.
- qp: OSNR of lightpath p.
- mp: Modulation format of a lightpath p.
- PC: Set of lightpaths in C band.
- P 0

C: Set of lightpaths in C band sorted based on OSNR proximity.
- PL: Set of lightpaths in L band.
- q0p: Lower-bound OSNR threshold of lightpath p.
- N : Number of upgrade batches.
- kN : Upgrade time of a batch N .
- b(N): Set of un-upgraded links in batch number N .
- B: Set of links upgraded in each batch b; where b 2 B.
- XN : Number of lightpaths that can be moved (budget set by network operator) in each batch
number N .
- Q: OSNR margin set by network operator.

Our algorithms take as input the network topology and number of upgrade batches. We
adopt a link-selection technique from [84] and fix the set of links that are upgraded per batch.
These links are stored in E 0.

Here, we describe Algorithm 7. In this strategy, we assume that the network operator
decides to re-provision a certain number (XN) of existing lightpaths in C band. We obtain E 0

which is the set of links sorted in descending order of spectrum utilization, and we upgrade
the links in E 0 in N batches. When N is greater than 0 and at a fixed upgrade time kN , a
set of un-upgraded links, b(N), from E 0 is upgraded and is added to EC+L (line 3). For each
lightpath p in PC, the algorithm extracts the corresponding features to recompute OSNR (qp),
corresponding modulation format (mp) (lines 5-6), and proximity to the lower OSNR window
of the current modulation format (line 7). Lightpaths in PC are then sorted in ascending order
of their OSNR proximity and are stored in P 0

C (line 8). For lightpaths in P 0
C, re-provision (if

possible) the ones whose links are upgraded to L band (lines 10-17); and if a request in the
re-provisioned lightpath overflows in L band, it is served by a new lightpath (lines 18-20). We
count the number of lightpaths that were re-provisioned (line 22) and check if it exceeds the
budget, XN (line 25). We continue to re-provision lightpaths as long as the number is less than
the budget decided by the network operator. After the re-provisioning phase, OSNR of the
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remaining lightpaths in C band, whose links are upgraded to L band, are re-calculated (lines
29-31), and the modulation format is updated accordingly. If a request in a path overflows
the lightpath capacity due to the updated OSNR, it is served by a newly-provisioned lightpath
(lines 32-34). If the OSNR of the lightpath changes such that its modulation format remains
unaltered, the request remains in the same lightpath with the updated OSNR. After the first
batch upgrade, new requests are allocated in L band first. We store the set of upgraded links
from each batch in B (line 38). The algorithm checks for any remaining batches to upgrade
(line 39); if so, it continues to upgrade until all links in the network are upgraded (line 1).

Now, we describe Algorithm 8. This algorithm works in a similar way to Algorithm 1, except
that the network operator provides a OSNR margin (Q) instead of a budget (XN). Then, we
check if each lightpath p in PC is eligible to be re-provisioned (lines 4-5) and if its OSNR (qp) lies
within the OSNR margin (lines 9-10). All such lightpaths would be re-provisioned to L band
(lines 11-14). Overflow requests of re-provisioned lightpath p will be served by a new lightpath
in L band (lines 15-17). After the re-provisioning phase, OSNR of all remaining lightpaths in C
band will be updated and the overflow requests will be served by newly-provisioned lightpaths
in C band (lines 23-28). The upgraded links from each batch are stored in B (line 32). The
algorithm checks for remaining batches (line 33), and continues to upgrade until the entire
network is upgraded (line 1).

Time complexities of both Algorithms 7 and 8 are: O(N.|PC|.T.log(n)), where N is the
number of batches, T is the number of decision trees in the Random-Forest model, and n is the
number of samples in the dataset.

7.5 Results and Discussion

7.5.1 Simulation Setup

An event-driven, custom-built simulator is used to emulate an upgrade environment from C to
C+L bands while incorporating physical-layer modeling. For our simulation, the BT-UK net-
work is considered, which consists of 22 nodes and 35 links, as shown in Appendix B. A uniform
channel launch power of 0 dBm is considered for every lightpath. To build the QoT Estimator,
synthetic data was generated using the same physical-layer model as discussed in Chapter 2,
while considering the system parameters from Table 7.2. Using these parameters, we generate
1000 datapoints for C and C+L bands separately. These datapoints were subsequently parti-
tioned, with 70% allocated for training and 30% for testing. Routing and spectrum selection
are carried out using k-shortest path and first-fit methods, respectively. Modulation format
of each lightpath is selected according to the OSNR window shown in Table 7.1. We run the
simulation for 20 seeds, each with 3000 demands.

Table 7.2: System Parameters.

Parameters Values
Channel bandwidth (THz) for C band [98] 5
Channel bandwidth (THz) for C+L band [12] 10
Symbol rate (GBaud) [13] 28�32
Channel spacing (GHz) [13] 37.5
Span length (km) for both C and L band [14] 60
Loss co-e�cient (dB/km) [13] 0.2
Noise figure (dB) for C-band EDFA [14] 5.5
Noise figure (dB) for L-band EDFA [14] 6
Non-linearity co-e�cient (1/Watt/km) [13] 1.2
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Algorithm 7 Budget-Based re-provisioning

1: while N > 0 do
2: kN  Fixed upgrade time;
3: EC+L  EC+L [ b(N); % Upgrade set of un-upgraded links, b(N), from E 0 to EC+L at

kN ;
4: for each lightpath p in PC do
5: Update qp  QoT Estimator;
6: Update mp;
7: OSNR proximity qp � q0p;
8: Add p to P 0

C in sorted order of OSNR proximity;
9: end for
10: counter  0;
11: for each lightpath p in P 0

C do
12: if (All links of p are upgraded to L band) then
13: if (Bandwidth available in L band) then
14: Update qp  QoT Estimator;
15: Update mp;
16: Allocate requests Rp in L, p 2 PL;
17: Remove p from C band, update PC;
18: if Capacity of Rp overflows p then
19: Provision overflow requests;
20: Update PL with new lightpaths;
21: end if
22: counter  counter + 1;
23: end if
24: end if
25: if (counter > XN) then
26: break;
27: end if
28: end for
29: for each lightpath p in PC do
30: if (All links of p are upgraded to L band) then
31: Update qp and mp;
32: if Capacity of Rp overflows p then
33: Provision overflow requests;
34: Update PC with new lightpaths;
35: end if
36: end if
37: end for
38: B  B [ b(N);
39: N  N � 1;
40: end while
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Algorithm 8 Margin-Aware re-provisioning

1: while N > 0 do
2: kN  Fixed upgrade time;
3: EC+L  EC+L [ b(N); % Upgrade set of un-upgraded links, b(N), from E 0 to EC+L at

kN ;
4: for each lightpath p in PC do
5: if (All links of p are upgraded to L band) then
6: if (Bandwidth available in L band) then
7: Update qp  QoT Estimator;
8: Update mp;
9: OSNR proximity qp � q0p;
10: if OSNR proximity  Q then
11: Update qp  QoT Estimator;
12: Update mp;
13: Allocate requests Rp in L, p 2 PL;
14: Remove p from C band, update PC;
15: if Capacity of Rp overflows p then
16: Provision overflow requests;
17: Update PL with new lightpaths;
18: end if
19: end if
20: end if
21: end if
22: end for
23: for each lightpath p in PC do
24: if (All links of p are upgraded to L band) then
25: Update qp and mp;
26: if Capacity of Rp overflows p then
27: Provision overflow requests;
28: Update PC with new lightpaths;
29: end if
30: end if
31: end for
32: B  B [ b(N);
33: N  N � 1;
34: end while
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The network topology, along with a tra�c matrix, are provided as inputs. Incoming con-
nection requests are allocated with available modulation format based on the physical-layer
modeling of spectrum bands. Initially, the network operates exclusively in C band, where all
connection requests are provisioned. We adopt a multi-period upgrade strategy from [84] to
support transmission in C+L. After each batch upgrade, new requests are allocated (if possible)
in L band first.

Tra�c in backbone networks is typically quasi-static. To resemble tra�c flow, a biased
tra�c matrix of the BT-UK network is used (an incrementally-growing tra�c with a growth
factor of 30% per year [85]). Source-Destination pairs are selected according to a gravity model
consisting of the tra�c generation probability of each node [84]. Data rate of all requests is
assumed to be uniform, and 3000 connection requests of 100 Gbps are considered for simulation
[84].

7.5.2 Baseline Strategies

To evaluate the e↵ectiveness of our proposed OSNR-aware re-provisioning strategies, we com-
pare them with a set of distance-based re-provisioning strategies introduced in [85]. In these
distance-based strategies, re-provisioning of existing C-band lightpaths to L band is guided by
the evaluation of their path lengths. By calculating the median path length of all allocated
ligthpaths, various versions of the distance-based strategy presented in [85] are listed below:

• R: In this strategy, all existing lightpaths whose links are upgraded to L band are re-
provisioned.

• Rlong: In this strategy, we identify and re-provision all lightpaths whose path length is
longer than the median path length of existing lightpaths.

• Rshort: In this strategy, we identify and re-provision all lightpaths whose path length is
shorter than the median path length of existing lightpaths.

7.5.3 Total Disruption in the Network

In this subsection, we assess the impact of the proposed OSNR-aware re-provisioning strategies
compared to the distance-based re-provisioning strategies by evaluating the disruption metric
in the network. It is calculated using Eq. 7.2 (a detailed description of the factors involved in
disruption is provided in Sections 7.4.1 and 7.4.2).

To represent the variations of the Budget-Based and Margin-Aware re-provisioning strate-
gies, we use notations BBx and MAy, respectively. Here, x indicates the budget or the percent-
age of the existing C-band lightpaths (whose OSNR is closest to the lower limit of their OSNR
window as per Table 1) that can be moved to the L band; and y indicates the OSNR margin
set by the network operator such that the lightpaths within y dB of their OSNR threshold (as
per Table 1) can be moved to L band.

With BB re-provisioning, we show in Fig. 7.2 that BB5% yields the least disruption in
the network by re-provisioning 5% of the lightpaths that are close to the OSNR threshold. In
comparison to Rshort, Rlong, and R, BB5% results in about 22%, 19%, and 29% lower disrup-
tion, respectively. As the budget (i.e., the number of lightpaths that can be moved) increases
(e.g., from BB5% to BB15%), more lightpaths are re-provisioned, causing higher disruption in
the network; however, the disruption still remains lower compared to the distance-based re-
provisioning strategies. Unlike the distance-based strategies, BB takes into account the QoT
of lightpaths and restricts the number of lightpaths that may be re-provisioned after every
batch upgrade. Hence, BB is an e↵ective strategy to minimize disruption in the network.
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With MA re-provisioning, we observe that disruption in the network is least when light-
paths whose OSNR is within 0.1 dB of the OSNR threshold (MA0.1) are re-provisioned. As
shown in Fig. 7.2, compared to Rshort, Rlong, and R, MA0.1 results in about 27%, 24%, and
34% lower disruption, respectively. As OSNR margin increases (e.g., from MA0.1 to MA0.5),
more lightpaths become candidates for re-provisioning, which leads to higher disruption in the
network, but it still remains lower than the disruption caused by distance-based re-provisioning.
Unlike distance-based strategies, MA preemptively moves lightpaths that are likely to drop to
lower modulation formats and thus avoids those lightpaths from contributing to disruption.
Hence, MA is an e↵ective strategy to minimize disruption in the network.

Among the distance-based re-provisioning strategies, R causes the highest disruption as it
re-provisions all candidate lightpaths. Rlong, which re-provisions only the longer lightpaths to
the L band, results in the least disruption. However, to re-provision longer lightpaths, additional
links must be upgraded to ensure su�cient bandwidth availability, resulting in higher upgrade
cost. On the other hand, Rshort re-provisions lightpaths with shorter path lengths, causing
higher disruption than Rlong but lower disruption than R. By re-provisioning only shorter
lightpaths, network operations can continue in the C band, which delays future batch upgrades
and reduces overall upgrade cost. Thus, Rshort is the most cost-e↵ective option [85]. In this
context, it is most relevant to compare our proposed OSNR-aware re-provisioning strategies to
Rshort to evaluate their e↵ectiveness in mitigating disruptions.

Besides disruption, we also evaluate the number of requests that were blocked in the network.
As shown in Fig. 7.3, BB5% blocks about 11% fewer requests compared to Rshort, and MA0.1

blocks 17% fewer requests compared to Rshort. Note that increasing the budget in BB or the
OSNR margin in MA results in higher disruption, which leads to more blocked requests. Also,
we observe that MA0.1 blocks fewer requests compared to BB5%, making it a better strategy.

Figure 7.2: Total lightpath disruption in the network due to di↵erent re-provisioning
strategies.
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Figure 7.3: Total lightpath disruption and number of blocked requests in the network due to
di↵erent re-provisioning strategies.

Table 7.3: Cumulative lightpaths re-provisioned with Rshort, BB, and MA.

Upgrade Batches Rshort BB5% BB10% BB15% MA0.1 MA0.2 MA0.3 MA0.5

First 56 26 52 78 3 8 9 15
Second 124 52 102 151 8 16 20 42
Third 324 84 164 237 35 69 92 144

7.5.4 Evaluation of Di↵erent Factors of Disruption
This section evaluates the potential impact of the proposed OSNR-aware re-provisioning strate-
gies on the di↵erent factors involved in disruption.

7.5.4.1 Impact of Re-provisioning on Disruption

Table 7.3 highlights the e↵ectiveness of BB andMA strategies in terms of cumulative lightpaths
re-provisioned in the network. With BB strategy, we observe that BB5%, compared to Rshort,
significantly reduces the number of re-provisioned lightpaths by approximately 54% after the
first batch upgrade, by 58% after the second batch upgrade, and by 74% after upgrading all links
in the network. In addition, we see that, as the budget increases (e.g., from BB5% to BB15%),
more lightpaths are re-provisioned to L band in the network. Although re-provisioning more
lightpaths is desirable to delay future upgrades and lower the upgrade cost, a network operator
must consider the consequences of disturbing a large number of existing lightpaths as they can
increase disruption. Hence, given a certain network upgrade cost, a network operator must aim
to minimize the total disruption in the network.

With MA strategy, we show that, compared to Rshort, MA0.1 yields significant reduction
of almost 95% and 94% in the number of re-provisioned lightpaths after the first and second
batch, respectively. Furthermore, upgrading all links in the network resulted in 89% decrease
in the number of re-provisioned lightpaths. Increasing the OSNR margin (e.g., from MA0.1

to MA0.5) results in higher number of re-provisioned lightpaths in every batch. Therefore, a
network operator must carefully select the OSNR margin to minimize disruptions when moving
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Table 7.4: Cumulative lightpaths re-adjusted with Rshort, BB, and MA.

Upgrade Batches Rshort BB5% BB10% BB15% MA0.1 MA0.2 MA0.3 MA0.5

First 112 112 107 100 71 96 114 112
Second 170 181 172 160 156 165 180 183
Third 257 301 287 261 297 294 296 299

Table 7.5: Cumulative overflow requests provisioned with Rshort, BB, and MA.

Upgrade Batches Rshort BB5% BB10% BB15% MA0.1 MA0.2 MA0.3 MA0.5

First 75 80 74 70 71 78 82 79
Second 148 164 150 140 171 179 179 169
Third 194 220 199 185 233 240 243 226

a certain volume of lightpaths.
As more lightpaths are added to accommodate tra�c growth, degradation of OSNR in

these lightpaths due to NLI may become increasingly significant. This trend is demonstrated
for MA re-provisioning in Table 7.3. For instance, in MA0.1, only three lightpaths could be
re-provisioned after the first batch upgrade. However, with subsequent batch upgrades, more
lightpaths are a↵ected and need to be re-provisioned (8 in the second and 35 in the third
batch). This could also be attributed to the fact that only a few links are upgraded after the
first batch, resulting in fewer eligible lightpaths for re-provisioning. Note that this trend, which
is consistent with MA with increasing OSNR margin (e.g., from 0.1 dB to 0.5 dB), contributes
to the increasing disruption in the network (as shown in Fig. 7.2).

7.5.4.2 Impact of Re-adjustment and Overflow requests on Disruption

With increasing network tra�c, lightpaths may experience degradation in OSNR, which may
necessitate their re-adjustment or the provisioning of overflow requests on new C-band light-
paths. Tables 7.4 and 7.5 show the number of lightpaths re-adjusted and overflow requests
that were provisioned on new lightpaths after every batch upgrade, respectively. As more light-
paths are re-provisioned (in Rshort and BBx), we see that the number of lightpaths that are
re-adjusted or new lightpaths that were provisioned to support overflow requests are lower.
However, employing MA re-provisioning with low OSNR margins may still result in significant
re-adjustment and overflow, particularly during the first and second batches due to the large
number of lightpaths remaining in the C band. Increasing the OSNR margin, e.g., to 1 dB, 1.5
dB, or higher, follows a pattern which is similar to BB. Although re-provisioning is a major
factor that contributes to disruption, re-adjustment and provisioning of overflow requests are
by-products of OSNR degradation and cannot be ignored.

7.6 Conclusion

We investigated di↵erent re-provisioning strategies to be employed during the upgrade of a
C-band-only optical backbone network to a C+L network. We adopted a multi-batch upgrade
strategy and leveraged Machine Learning techniques for QoT estimation of lightpaths. We pro-
posed two OSNR-aware re-provisioning strategies, namely, Budget-Based and Margin-Aware, to
minimize disruption in the network. In Budget-Based re-provisioning, a network operator sets a
budget on the number of lightpaths to be re-provisioned while in Margin-Aware re-provisioning,
OSNR margin is used as a parameter to re-provision lightpaths. We compared the proposed
strategies with a baseline distance-based strategy to evaluate disruptions inflicted in the net-
work. Numerical results show that disruptions are reduced by almost 22% with Budget-Based
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re-provisioning and by almost 27% with Margin-Aware. Furthermore, the proposed strategies
are capable of accommodating more requests in the network. Results show decrement of about
11% and 17% in the number of blocked requests with Budget-Based and Margin-Aware re-
provisioning, respectively. Hence, we showed how a network operator can reduce disruptions in
the network while keeping the upgrade cost to a minimum.
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Chapter 8
E↵ective Network Upgrade towards
C+L Band Optical Networks

8.1 Introduction

Chapter 3 and 4 illustrates that the network operator needs to upgrade several links in the
network to enable the MB transmission; however, this action is associated with significant
CapEx. Prior works have proposed several link-upgrade strategies for MB expansion while
considering the impact of upgrade costs. For example, authors in [22] showed the significance of
proper link selection by introducing a framework that accounts for the geographical dependence
of fiber-capacity upgrades. Authors in [97] proposed a planning strategy for determining the set
of fibers for an upgrade, which could lower upgrade costs. Similarly, authors in [84] proposed
a multi-period batch-upgrade model from C to C+L using resource utilization as a metric to
select a group of links for the upgrade. Although these studies o↵er various upgrade strategies,
they consider only current resource utilization in the network to assess the need for upgrades
and do not consider a monitoring-based prediction mechanism for timely and e↵ective link
selection for upgrades.

Emphasizing the significance of timely upgrades, we note that while early upgrades can
mitigate the occurrence of blocked connections, i.e., reduce blocking probability (BP) in the
network, delaying upgrades can yield cost benefits stemming from equipment depreciation.
Therefore, it is important for network operators to carefully choose times for upgrades to reduce
blocking and reduce upgrade costs in the network. Since dynamics of blocking and cost are
time-dependent, an ML-based model capable of continuously monitoring changes in the network
state would be ideal for predicting suitable links for an upgrade at appropriate times. The long
short-term memory (LSTM) variant of recurrent neural network (RNN), thanks to its capability
of storing/retrieving information over both short and long-time periods and of capturing non-
linear patterns, makes it a strong candidate for tracking changes over time [99]. In this work,
we propose a novel link-upgrade strategy, named C to C+L upgrade (CLU), and develop an
LSTM-based model that leverages information such as resource utilization, fragmentation, etc.,
over time to e�ciently predict the links that will more likely need an upgrade. Our objective
is to reduce BP in the network while increasing cost savings by adhering to a given upgrade
budget.

8.2 System Model

We consider an elastic backbone optical network topology, G(V,E), comprising |V | nodes and
|E| links, where V represents the set of nodes and E represents the set of links. In our study,
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we consider C and L bands, with each band comprising 133 channels (considering 37.5 GHz
frequency spacing [59]), and the network initially operates only in C band. Incoming tra�c
is quasi-static where requests enter and remain in the network (which is a common scenario
for telecom network operators catering to clients requesting high-bandwidth pipes). Source-
destination pairs are generated using a gravity model where tra�c generation probability of each
node is based on its population density. The set of requests is denoted by R; each request i 2 R
is represented by a tuple (Si, Di, Fi) where S, D, and F are source, destination, and required
frequency slots (FSs), respectively. We define an upgrade budget Ĵ , which is decremented after
each link upgrade in the network.

In this work, given an EON operating in the C band, a set of requests, and an upgrade
budget, we employ one ML model to e↵ectively select which links to upgrade at what time,
such that BP and upgrade costs are reduced.

8.2.1 Upgrade Cost Model

Authors in [100] show that the cost of upgrading a link is influenced by two key factors: the
number of EDFAs and the type of switches employed on links. When upgrading from C to
C+L bands, the cost significantly rises due to the necessity of installing separate EDFAs to
support L-band transmission [97], [101]. On the other hand, to support both C and L-band
transmission, wavelength-selective, band-switchable, multi-band optical cross-connect switches
(MB-OXCs) must be installed at all nodes.

We denote de and d⇤ as the length of link e and the maximum amplifier span for C and L
bands, respectively. Taking into account one pre-amplifier and one post-amplifier on each link,
the total number of L-band EDFAs required for upgrade on link e is given by (dde/d⇤e + 2)
[101]. We denote JEDFA as the cost of each EDFA on link e and JWSS as the cost of a WSS at
each end of link e. Considering an equipment depreciation factor of � 2 [0, 1] for EDFA over
a span of y years [84] (impact of cost depreciation for WSS is considered negligible due to its
lower cost), the cost of upgrade for link e is given by:

Je =

✓lde
d⇤

m
+ 2

◆
· JEDFA · (1� �)y + 2 · JWSS (8.1)

Eq. (8.1) implies that the upgrade cost exponentially decreases with respect to the upgrade
time so that delaying an upgrade can lead to significant cost savings. However, it can increase
BP; hence, determining the appropriate upgrade time is crucial.

8.2.2 Cumulative Blocking Probability per Link

Total BP in a network depends on the spectrum utilization (SU) and fragmentation ratio (FR)
of the links. SU is defined as the ratio of FSs occupied on a link to the total bandwidth of the
link [102]. Considering Re(t) as the set of requests provisioned over link e at time t and Be as
the total capacity of link e, SU (denoted by µe) is given as:

µe(t) =

P
i2Re(t)

Fi

Be
, (8.2)

where Fi denotes the total number of occupied FSs by the ith request 2 Re(t) over link e. On
the other hand, FR of a link depends on sets of available continuous FSs, known as slot blocks
(SBs). Considering Ge(t) as the set of available SBs on link e at time t and Hj as the size of
the j-th available SB on link e, FR (denoted by ⌘e) is expressed as [103]:

⌘e(t) = 1�
maxj2Ge(t) HjP

j2Ge(t)
Hj

(8.3)
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Figure 8.1: Proposed RNN-based model incorporating link features.

To alleviate total BP in the network, links over which more requests are likely to be blocked
need to be upgraded sooner. In this regard, we define cumulative blocking probability per link
(CBPL) as the ratio of the number of blocked requests to the total number of requests over a
link. Since requests are provisioned using a routing and spectrum allocation (RSA) strategy,
which influences the SU and FR of a link, exact mathematical representation of CBPL is
challenging. Hence, we develop a LSTM (variant of RNN)-based model to predict CBPL of the
links as a function of SU and FR; details of the model are described in Section 8.3.1.

8.3 CLU: C to C+L Upgrade Strategy

During MB upgrades, it is crucial to reduce both blocking and upgrade cost in the network.
We propose a novel upgrade strategy, namely CLU, to reduce BP and avoid untimely upgrades
leading to high cost. To achieve this goal, we design an algorithm to identify the most suitable
link(s), based on CBPL threshold (i.e., the maximum allowable CBPL as set by the operator)
and budget constraint, for upgrade at appropriate times. The upgrade budget (Ĵ) is derived
by calculating the cost of upgrading all links in the network at the beginning, which results
in the maximum cost as it does not consider any link selection criteria and equipment cost
depreciation.

8.3.1 RNN-Based CBPL Estimation Model

To e�ciently predict CBPL of the links, we develop an RNN-based model employing a LSTM
architecture. In Fig. 8.1, we show the structure of the proposed model, which comprises an
input layer, a hidden layer, and an output layer. Each link e 2 E has a set of five features,
indicated by xe(t) = {µe(t), ⌘e(t), re(t), r̄e(t), qe(t)}, where µe(t), ⌘e(t), re(t), r̄e(t), and qe(t)
represent SU, FR, total number of served requests, total number of blocked requests, and
number of remaining FSs on link e, respectively. The input layer is composed of the features of
all links for ⌧ time steps, e.g., in Fig. 8.1, we show the features of link 1 (x1) at time t = 0. On
the other hand, the output layer consists of |E| nodes, each corresponding to CBPL (denoted
by ↵e) of a link e 2 E; the model observes previous time steps to predict CBPL at t+ 1.

8.3.2 Algorithm

Algorithm 9 summarizes the steps of CLU which takes network topology, set of requests (R),
CBPL threshold (↵̃), and upgrade budget (Ĵ) as inputs. Total BP (ATotal) is initially set to 0.
Then, it employs the k-Shortest Path algorithm to identify candidate paths for the incoming
requests and allocates FSs to each request using the first-fit (FF) mechanism. Requests unable
to secure FSs are classified as blocked. Following this, ATotal is updated based on the number
of blocked requests and the number of served requests in the network. In the next step, CLU
estimates the CBPL of all un-upgraded links for the next time instance (t+1) using the proposed
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Algorithm 9 CLU Algorithm

Input: G(V,E), R, ↵̃, Ĵ ;
Output: Total upgrade cost, upgraded links, ATotal;

1: Initialize: ATotal = 0;

2: for each time t do
3: for all incoming requests do

4: Perform corresponding RSA;

5: end for

6: Update ATotal accordingly;

7: for each e 2 E do

8: Estimate ↵e(t+ 1) using the RNN-based model;

9: Calculate Je using Eq. (8.1);

10: end for

11: E0  Sorted links in descending order of ↵e(t+ 1);

12: for each e 2 E0
do

13: if ↵e(t+ 1) � ↵̃ && Je  Ĵ then

14: Upgrade e and remove it from E;

15: Ĵ � = Je;
16: end if

17: end for

18: end for

RNN-based model and sorts them in descending order of CBPL. In addition, upgrade cost of
each link at time t is calculated using Eq. (8.1). Finally, it chooses the links that satisfy both
↵̃ and Ĵ for upgrade, removes them from the set of candidate links, and updates Ĵ .

8.4 Numerical Evaluation

8.4.1 Modeling and Simulation Setup

An event-driven, custom-built Python simulator is used to emulate a C to C+L upgrade envi-
ronment. Simulations are performed on the Indian RailTel network (see Appendix B) consisting
of 19 nodes and 28 bi-directional links. We repeat and average the simulations for 15 di↵erent
seeds, each with about 1800 quasi-static demands. We assume equipment cost to upgrade one
link from C to C+L as JEDFA = 1 unit, with yearly depreciation of � = 5%, and JWSS = 0.5
unit. Using Eq. (8.1), we derive Ĵ = 512 units. To train/test the CBPL model, dataset is
obtained by simulating over numerous seeds and extracting necessary link features. The data
is split in chunks of ⌧ time steps (for our simulation, ⌧ is set to 10).

8.4.2 Preliminary Evaluation of Baseline Approaches

To demonstrate the e�ciency of CLU, we consider two intuitive baseline approaches: basic
spectrum utilization (BSU) and cost-aware spectrum utilization (CSU). In BSU, links that
exceed a predefined SU threshold (µ̃) are candidates for upgrade. Since it does not consider
budget constraint, we introduce, as an extension of BSU, a cost-aware approach, CSU, which not
only checks µ̃, but also checks if the candidate links can accommodate one or more requests (over
a single hop) so as to delay upgrades and reduce cost. We model CSU to postpone upgrades
for up to n iterations (e.g., if n = 3, we check upto three times if a link can accommodate one
more request and hence delay the upgrade).

Since performance of CSU varies over n, we evaluate its performance w.r.t. n. As shown in
Fig. 8.3, we compare BP of CSU for di↵erent values of n with BSU. Since BSU relies only on µ̃
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Figure 8.2: Indian RailTel network with link lengths in km. Gradual link upgrades by CLU
(for ↵̃ = 0.05) are shown by solid and dashed lines.

to initiate an upgrade and does not wait to accommodate additional requests, BSU exhibits the
lowest BP compared to CSU. Results also show that, with every increment of n, BP continues
to rise in CSU as postponing the upgrade leads to higher BP. However, it also leads to lower
cost as shown in Fig. 8.4 which compares the total upgrade cost of CSU for di↵erent values of
n with BSU. Here, the cost of BSU is almost comparable to CSU when n = 1 and n = 3 for
µ̃ = 0.4. However, when n = 8, the upgrade cost is lower for all values of µ̃. Since CSU aims to
delay upgrade, higher values of n will lead to lower cost. Considering both blocking and cost
evaluation, CSU (n = 3) is selected for comparison with CLU as it gives reasonable trade-o↵
between BP and upgrade cost compared to BSU and other variations of CSU.

8.4.3 CLU vs. Baseline Approaches

In Fig. 8.5, we evaluate the performance of CLU and analyze the trade-o↵ between BP (blue
solid line) and upgrade cost (red dashed line). In addition to comparing with CSU (n = 3)
(as discussed in Section 8.4.2), we also consider two extreme cases: early upgrade (EU) and no
upgrade (NU). EU initiates network operation by upgrading all links without considering any
selection criteria which leads to highest cost (512 units) with lowest blocking. In NU, the entire
network operates only in C band without any upgrade, which leads to highest BP (about 16%)
and lowest upgrade cost.

In Fig. 8.5, our strategy CLU outperforms CSU (n = 3) for di↵erent values of µ̃. With
↵̃ = 0.05, CLU leads to lower BP of about 4% compared to about 7% and 9% BP by CSU for
µ̃ = 0.5 and 0.6, respectively. CLU also significantly curtails upgrade cost by about 32% and
15% compared to CSU for µ̃ = 0.5 and 0.6, respectively. As CBPL threshold is increased, i.e.,
↵̃ = 0.1, CLU delays the upgrade lowering the cost slightly but it leads to higher BP of about
6% (which is still lower than BP of CSU). In terms of cost savings, CLU reduces upgrade cost
by about 41% and 26% compared to CSU for µ̃ = 0.5 and 0.6, respectively. It is evident that
increasing SU threshold reduces upgrade cost at the expense of increased BP. Hence, a network
operator could benefit from using CLU, which reduces both BP and upgrade cost compared to
CSU.
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Figure 8.3: Blocking probability comparison of CSU and BSU.

Figure 8.4: Upgrade cost comparison of CSU and BSU.

To analyze the impact of upgrades at appropriate times, Table 8.1 compares the number of
links upgraded in a year by each strategy. We see that BSU and CLU start upgrading at year 1
and 2, respectively, while CSU starts at year 3. For CSU, since upgrades are delayed by n = 3
times, most link upgrades occur much later, e.g., at year 6 and beyond. As shown in Table 8.1,
with increasing µ̃, fewer links are upgraded by the baseline strategies (since not all links in the
network reach the SU threshold). For example, for µ̃ = 0.5, 18 and 16 links are upgraded by
BSU and CSU, respectively, whereas 13 links are upgraded for µ̃ = 0.6. On the other hand,
we show that CLU significantly outperforms both BSU and CSU as it upgrades only 10 links
in appropriate years for ↵̃ = 0.05 and 0.1. In Fig. 8.2, we show which 10 links in the topology
are upgraded by CLU for ↵̃ = 0.05 in years 2, 3, 4, and 8.
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Figure 8.5: Comparison of CLU with baseline strategies.

Table 8.1: Number of Links Upgraded per Year

Method

Year
1 2 3 4 5 6 7 8 9 10 Total

BSU

µ̃ = 0.5 2 1 1 2 3 2 2 3 2 0 18

µ̃ = 0.6 1 1 1 1 2 1 2 2 2 0 13

CSU (n = 3)

µ̃ = 0.5 0 0 1 1 1 2 3 4 4 0 16

µ̃ = 0.6 0 0 0 1 1 1 2 3 5 0 13

CLU
↵̃ = 0.05 0 2 4 3 0 0 0 1 0 0 10

↵̃ = 0.1 0 0 2 4 2 1 1 0 0 0 10

8.5 Conclusion

We proposed a novel upgrade strategy, named CLU, utilizing an RNN-based model that e↵ec-
tively identifies links for upgrade in the network. Numerical results show that our proposed
strategy outperforms the baseline strategies in terms of both BP and upgrade cost. These
findings highlight the potential for significant cost savings and reduced BP when a network
operator employs a trained ML model for upgrade decisions.
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Chapter 9
E↵ect of Adaptive Margin Allocation
on Network Upgrade

9.1 Introduction

Chapter 7 and 8 indicates that the availability of adequate spectrum resources by upgrading
the current C-band-based network infrastructure is crucial for the network operator to support
enormous future tra�c growth [11]. Recently, numerous studies [1], [15], [20], [26] compare
the possible solutions for network upgrades, and it is reported that usage of parallel C-band
fiber solution will be beneficial for those network operators who have their own available dark-
fibers. However, before the enlightenment of additional dark fibers in the duct, the maximum
achievable capacity of the active fibers needs to be explored to postpone the requirement of
upgrade and minimization of the additional CapEx and cost-per-bit in the long run.

This chapter focuses on extracting the true capacity of the deployed infrastructure and
investigates the e↵ect of adaptive margin allocation on network upgrades. Our proposed ap-
proach considers periodic feedback from the network to gain domain knowledge and prioritizes
adequate margin allocation before network upgrade initiation. Figure 9.1 depicts the considered
simplified architecture of the core optical network while reflecting the important components
of the data plane and network management plane. The deployed optical devices (optical fibers,
amplifiers (EDFA), optical performance monitoring (OPM) equipment) are shown in the data
plane, whereas network controllers are considered in the management plane. The lightpaths in
the underlying physical layer between di↵erent sources and destinations are routed over multi-
ple links while considering several linear and non-linear impairments, as discussed in Chapter
2. The QoT is evaluated in terms of the received OSNR [20] at the coherent receivers while
considering the cumulative noises from in-line devices.

9.2 Domain Knowledge-Assisted Adaptive Margin Allo-
cation Framework

The true capacity of the network not only depends on these accumulative noises but also
depends on the considered link margin [104], [105], which operators incorporate to safeguard
against service interruption caused by link degradation. Traditionally, at the beginning of life
(BoL) of the network, operators do not rely on the performance of the deployed equipment and
network performance, thereby allocating a high link margin [104] in the network. However,
as the network is operated towards the end of life (EoL), the operator can get more insights
from OPM data and would expect greater certainty about its actual state of performance and
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Figure 9.1: Physical and Network Layer Model.

variability. This knowledge can be beneficial for the operator to reduce margins later in the
network’s life, and that could be useful to support the required additional spectrum resources
for future connections.

This section proposes an adaptive margin allocation framework by considering feedback
from the deployed network, and its steps are briefly summarised as follows. First, the perfor-
mance of the network for di↵erent time horizons needs to be predicted in advance by analytical
modeling while considering the worst case (highest margin) and ideal scenarios (no margin).
This analytical data can be compared with the available real-field data at the network controller
level. This real-field data is generally collected from the OPMs and forwarded to the network
controller. After statistical analysis at the network controller, the average deviation on the QoT
is predicted, and that can be adapted as a margin for the subsequent connection. To emulate
and collect data from a real network scenario (termed as ‘Field’), we have done simulations
by varying the NF of the in-line amplifiers and attenuation of optical fibers. The maximum
period of periodic data collection from OPMs is considered as an operator’s choice. We have
considered field data of four consecutive half-years (termed as HY1, HY2, HY3 and HY4) and
assumed a maximum period of periodic data collection as two years. In the statistical toolbox
of the network controller, these field data are compared with the predicted data, and di↵erent
values of adaptive margin are suggested for the respective time horizons.

9.3 Network Upgrade Strategy

Figure 9.2 captures the flow of network update strategy in the presence of domain knowledge-
assisted adaptive margin scenario. At first, the RMSA has been solved for every incoming
request by considering the worst-case hard margin. Later on, the availability of monitoring
data from OPM has been used to choose the adaptive margin for the subsequent connections in
the network. The network is upgraded by adding additional optical fibers in the specific links
and additional optical amplifiers to minimize the blocking ratio (BR).
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Figure 9.2: Flowchart of network upgrade strategy.

9.4 Simulation Framework and Assumptions

In this work, a custom-built event-driven in-house Python simulator is developed for adaptive
margin allocation. Network simulations are focused on the BT-UK network (22 nodes, 35 links,
average link length 147 km) with a uniform launch power of 0 dBm/channel. We consider
the symbol rate of 28 GBaud with a channel spacing of 37.5 GHz while incorporating six
modulation formats (PM-BPSK, PM-QPSK, PM-8QAM, PM-16QAM, PM-32QAM, and PM-
64QAM) with corresponding supportable data rates (50, 100, 150, 200, 250 and 300 Gb/s) and
required OSNR thresholds (9, 12, 16, 18.6, 21.6 and 24.6 dB)[14].

The subsequent section presents the average outcomes derived from multiple seeds, ensuring
a margin of error of less than 5% within a 95% confidence interval. During simulation, the tra�c
growth rate of 35% with the baseline tra�c of 20 Tbps is assumed while considering a biased
tra�c metrics generator [20]. Each link within the network is presumed to utilize the C-band of
ITU-T G.652.D fibers, along with the standard system parameters tuple (attenuation coe�cient
= 0.2 dB/ km, dispersion = 17 ps/nm/km, dispersion slope = 0.067 ps/nm2/km, non-linear
coe�cient = 1.2 /W/km, Raman gain slope = 0.028 /W/km/THz). Furthermore, the k–
shortest path (k = 3) routing algorithm is considered for the selection of shortest routes between
source-destination pair and the last-fit allocation policy (i.e., choice of shortest wavelength first)
is considered for the spectrum selection of individual lightpaths. Moreover, it is assumed that
the BT-UK network has its own dark fibers throughout the network, which have been used
for network upgrades; therefore, only the amplifier upgrade cost is taken into consideration for
techno-economic comparison. Furthermore, the cost of individual C-band EDFAs (⇠ 4000$) is
taken as x unit for reference [20].

9.5 Results and Discussion

The performance of the proposed adaptive margin allocation algorithm is evaluated in terms
of the percentage of margin reduction (PMR), the cumulative number of additional required
fibers and amplifiers for network upgrade, QoT in terms of lower order modulation (LoM), and
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Figure 9.3: OSNR Distribution with Time Horizon.

higher order modulation (HoM) based lightpaths, normalized upgrade cost-per-bit (NUCpB),
and operational expenditure (OpEx).

Figure 9.3 captures the OSNR distribution of active lightpaths in the network under di↵erent
time horizons. Predicted OSNR of lightpaths at BoL is captured using blue and orange bars
for ideal (no margin) and hard margins (6 dB), respectively. Whereas the emulated results of
the real field scenario are shown by green bars, which is analogous to the collected data from
field OPM.

The amount of PMR by considering di↵erent stages of monitoring data is captured in 9.4.
Reported results show that, on average, a maximum of 50% PMR can be achieved using the
monitoring data compared to hard margin scenarios.

The instances of additional fiber additions under various margin scenarios are depicted in
Fig. 9.5 for achieving a targeted capacity of 150 Tbps (which resembles seven years of network
tra�c). Numerical results show that the addition of a hard margin of 6 dB prepones the need
for network upgrade and reduces the achievable capacity of the non-upgraded network by 50.4
Tbps compared to the ideal scenario (no margin). In the case of adaptive margin, lightpath
allocation started with a high margin of 6 dB due to the absence of domain knowledge at the
BoL of the network. However, as the margin gets updated with domain knowledge using the
monitoring data from di↵erent quarters, a significant advantage is observed in terms of tra�c
admissibility. Results indicate that adaptive margin allocation can show a maximum of 57.3%
less upgrade compared to the hard margin of 6 dB.

Table 9.1 summarizes the benefits of the proposed margin allocation framework compared
to the baseline solutions. Reported results show that the allocation of a hard margin of 6 dB
degrades the quality of transmission and enhances the LoM, such as PM-BPSK and PM-QPSK,
by 22.4% compared to the ideal scenario (i.e., no margin). As the total length of additional
fibers (TLAF), the percentage of upgraded links (#Links), and the total number of additional
amplifiers (TNAA) increase in the case of hard margin, it reflects the requirement of the high-
est OpEx and NUCpB. The proposed domain-knowledge-assisted adaptive margin allocation
algorithms show the maximum reduction of upgrade cost and NUCpB by 58% compared to the
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Figure 9.4: Margin Reduction from BoL to EoL.

Figure 9.5: Additional fiber requirement with tra�c loading.
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Table 9.1: E↵ectiveness of proposed adaptive margin allocation strategies for targeted capacity
of 150 Tbps.

Margin LoM HoM TLAF (km) TNAA #Links NUCpB (x/Tbps)
No Margin 7.3% 92.7% 1,238 26 28.6% 0.17

Hard Margin (6 dB) 84.7% 15.3% 4,923 103 68.6 % 0.69
Adaptive Margin (HY1) 55.3% 44.7% 2,261 49 42.8 % 0.33
Adaptive Margin (HY2) 59.0% 41.0% 2,028 45 42.8 % 0.30
Adaptive Margin (HY3) 62.4% 37.6% 2,224 49 42.8 % 0.33
Adaptive Margin (HY4) 58.2% 41.8% 1,978 44 40.0 % 0.29
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Figure 9.6: Upgraded BT-UK network with adaptive margin (HY4) (numbers in # red repre-
sents additional upgraded fibers in specific locations).

worst hard margin scenario. The e↵ect of monitoring period variation during adaptive margin
allocation is also captured in the last four rows of Table 9.1. Numerical results indicate that the
collected monitoring data from HY4 outperforms in terms of NUCpB and OpEx minimization,
whereas it falls behind in terms of QoT compared to the remaining adaptive strategies.

Figure 9.6 shows the location of the additional fibers in the network for the targeted capacity
of 150 Tbps under the best adaptive margin (HY4) scenario.

9.6 Conclusion

This work shows the benefits of adaptive margin allocation compared to hard margin by leverag-
ing input from network health monitoring equipment. Enhancement of the collected monitoring
data can provide certainty and variability around the actual state of network performance, and
that can be helpful in adjusting the margin from BoL to EoL. However, trade-o↵s exist between
the duration of the monitoring period and the net profit from the adaptive margin allocation.
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Chapter 10
Network Survivability for C+L Band
Optical networks

10.1 Introduction

Upgrading the core optical network beyond the existing C-band-based infrastructure becomes
necessary for the network operator to support the exponential growth of global IP tra�c. As
discussed in Chapters 3 and 4, operations over the C+L band can be a short-term, cost-e↵ective
solution for minimizing network upgrade cost and the cost-per-bit in the long run. However,
to assess the overall potential of the multiband solution, network reliability due to component
failures needs to be studied.

This chapter considered the inline amplifier failure scenario and showed the benefits of C+L
band systems compared to conventional C-band systems. Our approach measures the overall
protection space of the network and the quality of the allocated lightpaths in two geographically
diverse networks. As a final step, we show the e↵ect of the required OSNR cushion variation for
absorbing adjacent channel impairments (called Fill Margin (FM) [13], [106]) on the achievable
protection space and reliability of the network. We have considered the same physical layer
model for C+L band transmission as discussed in Chapter 2. The remaining parts of this work
are arranged as follows. Section 10.2 captures the details of the proposed protection strategy.
The e↵ect of FM on network protection is illustrated in Section 10.3. The simulation setup
and simulated results are reported in Sections 10.4 and 10.5, respectively. Finally, Section 10.6
concludes the work.

10.2 Protection Strategy

This section discusses the proposed methodology that has been considered for ensuring 1+1
protection in the network. In this work, we consider only single-band (either C or L band) inline
amplifier failure scenarios for the C+L band system, and hence, the provisioning of the backup
lightpaths is prioritized over the same route as primary lightpaths using the alternate band.
If the spectrum is unavailable in the primary route then alternate routes are explored (like
conventional C-band system) for backup path provisioning in the C+L band system. Figure
10.1 shows the flow of the protection strategy where the possibility of provisioning one dedicated
backup lightpath and one primary lightpath is explored for every requested connection in the
network. If a backup lightpath is not feasible in the network for certain connections, only
primary lightpaths are allocated for them. When the network reaches its targeted capacity, the
process of resource allocation ends.
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Figure 10.1: Flowchart of 1+1 protection strategy.

10.3 E↵ect of Fill Margin on Network Protection

FM is a well-studied metric for link designing in optical networks, and it is defined as the
required OSNR cushion that is needed to absorb the e↵ect of channel loading on the existing
connections in the network. Mainly, FM is employed to protect against the NLI from the nearby
channels and allows the network operators to maintain the quality of the lightpath. However,
the FM can severely impact the network survivability in the multiband scenario. The additional
spectrum resources of the multiband system can be used to provide protection in the network.
Figure 10.2 shows such a scenario, where the C-band system is used for provisioning primary
connections (denoted by: C1(P), C2(P)) and their dedicated backup connections (denoted
by: C1(B), C2(B)) are provisioned over L-bands on the same route. If any new connections
(say, C3(P) and C3 (B)) appear, then depending on the choice of FM, the situation may arise
to allocate a backup lightpath in an alternate route. Considering an FM of 0 dB, upon the
addition of a new request, an operator may allow the OSNR of existing lightpaths to degrade
up to the threshold; however, for FM 2 dB, the new threshold for tolerable degradation will
be 2 dB higher than the original threshold. Therefore, as any new connection arrives under
high FM, the likelihood of the OSNR dropping beyond the new threshold will be higher. This
may prevent the allocation of backup lightpath over the same route, and consequently, spectral
space over an alternative route shall be utilized, leading to higher spectrum occupancy.

10.4 Simulation Setup

In this work, two diverse network topologies, namely, BT-UK network (22 nodes, 35 links,
average link length 147 km) and USA24 network (24 nodes, 43 links, average link length 991
km) [16] have been considered for simulation. The details of these topologies are discussed in
Appendix B. As discussed in Chapter 2, GFF placement is considered at each EDFA module for
the longer USA24 network, whereas GFF is considered at each ROADM block for the smaller
BT-UK network. Lightpaths are allocated into the network with individual launch power of 0
dBm while considering three available modulation formats (PM-QPSK, PM-8QAM, and PM-
16QAM) at 64 GBuad, with channel spacing of 75 GHz [26]. A tra�c growth rate of 35%
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Figure 10.2: Concept of Fill Margin. (a): Tolerable degradation up to 16 dB threshold for the
existing connections C1(P) and C2(P), FM = 0 dB, (b): Due to FM of 2 dB, the addition of
C3(B) degrades the C2(P) beyond 18 dB, thereby triggering the backup lightpath route R2.

with baseline tra�c of 20 Tbps is considered in the network while using a biased tra�c matrix
generator [20]. Average results of multiple seeds with less than 5% margin of error at a 95%
confidence interval are reported in the following section.

10.5 Results and Discussion

We evaluate the performance of the proposed protection strategy in terms of the overall pro-
tection space of the network, and the quality of the allocated lightpaths under di↵erent FM
conditions. Protection space is an indicator of how many requests in the network have a backup
lightpath over which it can be routed in an event of single C-band or L-band equipment failure.
The quality of lightpaths and associated capacity is decided while comparing the OSNR of a
lightpath against OSNR thresholds of PM-QPSK, PM-8QAM, and PM-16QAM.

The e↵ect of FM variation on the protection space in the BT-UK network is captured in
Fig. 10.3. For a targeted capacity of 80 Tbps with 0 dB FM, the C+L band system allocates
55.6% more demands than the C-band system in the network with 1+1 protection. As the FM
of the network enhances, the flexibility of backup lightpath establishment in the same route as
of primary is reduced in the C+L band system. Hence, backup lightpaths for the C+L band
system start routing over longer link disjoint paths leading to the reduction of the quality of
backup lightpaths and overall protection of the network. Figure 10.3 shows that increment of
FM from 0 to 2 dB, reduces the protection space by 9.6% for C+L band system as multiple
backup paths are allocated over lower order modulation formats (as shown in Fig. 10.4).
Moreover, if the targeted capacity of the network is increased along with FM enhancement,
the probability of spectrum availability in alternate band/route is reduced and as a result,
the protection space reduction (PSR) for the C+L band system can also further enhanced as
indicated in Table 10.1.

As the C+L band protection strategy first explores the availability of spectral resources
in an alternate band for protection in the same route of the primary lightpath, the average

127



Figure 10.3: E↵ect of FM on protection space of BT-UK network.

Table 10.1: E↵ect FM enhancement (0 to 2 dB) on the protection space of C+L band system
in BT-UK network.

Targeted Capacity (Tbps) PSR (%)
80 9.6
100 12.3
125 15.5
150 18.8

Figure 10.4: Quality of backup lightpath for BT-UK network (Targeted Capacity: 80 Tbps).
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Figure 10.5: E↵ect of FM on protection space of USA24 network.

quality of the backup lightpath is higher compared to the C-band system (protection over a
separate link disjoint path). Figure 10.4 shows that 31% of backup lightpaths can be placed
with PM-8QAM for the C+L band with 0 dB FM, whereas it becomes only 11.5% for the
C-band system. As all the backup lightpaths are placed using link disjoint alternate routes in
the C-band system, the longer link length of the backup lightpath majorly supports low-quality
modulations such as PM-QPSK.

Nevertheless, the impact of FM enhancement provides lower protection in C-band since the
average quality of the backup lightpath is further reduced from the lowest available modulation
format PM-QPSK. Figure 10.3 shows that the protection space of the C-band system reduces
by 42.8% due to the 2 dB FM increment in the BT-UK network. The numerical result indicates
that the availability of high-quality based backup lightpaths in the C+L band system provides
a gain of ⇠146% protection space compared to the C-band even in the presence of 2 dB FM.

In the case of longer geography such as the USA24 network, the presence of long link length
degrades the average quality of lightpath. In addition, the increment of FM further reduces
the achievable protection space in the network. Figure 10.5 shows the impact of FM variation
on the survivability of the USA24 network. Results indicate that a variation of only 1 dB FM
can reduce the protection gain by 74.4% and 28.2% in C and C+L band systems, respectively.
Nevertheless, the C+L band system still outperforms compared to the C-band system even in
the high FM scenario due to its inherent protection space.

10.6 Conclusion

This study shows that the C+L band system can ensure more reliability compared to the C-
band system for ensuring connection survivability in smaller (BT-UK) and as well as larger
networks (USA24). Increasing the FM allows the operators to maintain the signal quality,
however, the trade-o↵ would be in terms of achievable protection space. Hence an individual
allocation of FM for every lightpath may be required to find the right balance between signal
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quality and protection space in C+L band networks.
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Chapter 11
Conclusions and Future Work

The research in this thesis is entirely focused on the multiband (C+L) optical networks while
considering the inter-dependency between the network layer and the underlying physical layer.
Numerous significant aspects, such as techno-economic comparisons, cost-per-bit minimization,
e�cient spectrum resource management, periodic network upgrades, reliability issues, etc.,
have been explored in various parts of this thesis. The research output on these perspectives
will be truly essential for network operators and vendors for practically enabling C+L band
transmission in the core optical network.

11.1 Summary of Contributions

The main contributions of this dissertation can be summarized as follows:

• The research in this thesis first considered the C+L band physical layer model and sum-
marized the presence of significant challenges from several non-linear PLIs, such as ISRS,
and band-dependent transmission impairments, such as attenuation, dispersion, etc. In
order to enhance the QoT and the overall capacity of the network while mitigating the
e↵ect of PLIs, the use of GFFs in di↵erent parts of the network has been explored.

• The next part of this thesis is focused on the techno-economic comparisons between the
C+L band optical network with the multifiber C band scenario, which have appeared as
the alternative immediate solutions to solve the fiber capacity problem. In this context,
we have taken the CapEx of di↵erent in-line components and considered geographically
diverse networks. A domain-knowledge-assisted, cost-e↵ective network upgrade algorithm
is proposed to enhance the overall capacity of the network while minimizing CapEx.
The performance of the proposed algorithm is assessed in terms of network upgrade
cost, overall CapEx, and cost-per-bit while considering EON with incremental tra�c.
In addition, the comparison between optical cable deployment and fiber leasing is also
captured to upgrade the capacity of the optical core network with minimum cost-per-bit.

• After showcasing the benefits of C+L band transmission on cost-per-bit minimization, the
next part of this thesis is focused on the designing of e�cient spectrum management poli-
cies for the C+L band network to enhance the overall network capacity. Hitless spectrum
defragmentation is mainly considered for the e�cient utilization of spectral resources. The
proposed work provides in sights for network operators to develop the QoS maintenance
strategy while doing spectrum defragmentation in the C + L bands. The proposed scheme
prioritizes the minimization of the fragmentation index while maintaining the QoT for
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two di↵erent defragmentation algorithms, namely, nonlinear-impairment (NLI)-aware de-
fragmentation (NAD) and NLI-unaware defragmentation (NUD). We also leveraged ML
techniques for QoT estimation of ongoing lightpaths during spectrum reprovisioning. The
OSNR of a lightpath is predicted for each choice of spectrum reprovisioning, which helps
to monitor the e↵ect of defragmentation on the quality of active lightpaths (in terms of
assigned modulation format).

• As the C+L band network is highly vulnerable to NLI, appropriate channel allocation
during lightpath provisioning also becomes crucial for boosting the achievable capacity
of the overall network. As a consequence, the next part of this thesis is focused on the
development of e�cient spectrum allocation strategies for C+L band networks. First,
the performance of the existing spectrum allocation policies is investigated for C+L band
systems while considering geographically diverse networks and di↵erent channel launch
powers. Hence, a novel quality-aware resource provisioning scheme is proposed to enhance
the overall network capacity. Unlike conventional schemes, the proposed scheme takes the
e↵ect of PLI before the choice of the spectrum during resource allocation to reduce the
likelihood of blocking. An algorithm under this scheme, named OA-FLF, is proposed
while leveraging the heterogeneity of the C+L band EON.

• As the existing C-band-based network can’t adopt these above-mentioned emerging tech-
nologies instantaneously, strategic planning needs to be done to upgrade the existing
network infrastructure. Hence, the later part of this thesis focuses on e�cient network
upgrade strategies. First, the advantage of resource re-provisioning via selective move-
ment of lightpaths from C-band to L-band is explored before upgrading the C-band net-
work to C+L-bands. Later on, a novel strategy, named CLU, is proposed to upgrade
links from C to C+L bands gradually. Moreover, as the parallel multifiber C-band-based
solution is beneficial for the network operators in the presence of their own dark-fibers
availability, the later section of this thesis also explored the strategic network upgrade
methodologies in this context. Later on, the advantage of adaptive margin allocation on
network upgrades while e↵ectively utilizing the monitoring data from optical performance
monitoring equipment is shown for multifiber-based upgrade scenarios.

• Although operations over the C+L band can be an immediate and cost-e↵ective solution
for minimizing network upgrade costs, the impact on overall network reliability due to
component failures needs to be considered for comprehensively assessing the true potential
of the C+L band solution. Hence, the last part of this thesis is focused on the network
survivability for C+L band networks while considering geographically diverse networks.
In this context, we consider only single-band (either C or L band) inline amplifier failure
scenarios. Our approach measures the overall protection space of the network and the
quality of the allocated lightpaths in geographically diverse networks. As a final step, we
show the e↵ect of the required FM on the achievable protection space and reliability of
the network.

11.2 Future Work

There are many relevant research directions in which the reported work of this dissertation can
be extended. Some of the selected future research verticals in this context are described as
follows:

• Development of S+C+L band optical network: The next step for MB optical trans-
mission beyond the C+L band wavelength window relies on the expansion of the overall
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transmission bandwidth to 20 THz wide while enabling the use of the short wavelength
band (S-band) which covers the wavelength range of 1460 to 1530 nm. Research in re-
cent years [107]–[110] have already started to look into this aspect; however, commercial
deployment of S+C+L band requires more time since there exist several open questions
and challenges in terms of S-band amplifier choice and QoT estimation [7]. In this dis-
sertation, we have designed the network upgrade methodologies for hybrid C/C+L band
scenarios. However, it will be interesting to investigate the optimum strategy for network
upgrades toward the S+C+L band scenario for geographically diverse networks, and we
will explore this in future research.

• Multiband Network Survivability in the Presence of Fiber Cuts: This disserta-
tion has explored the survivability aspects in the C+L band systems while considering
only single-band (either C or L band) inline amplifier failure scenarios. It will be interest-
ing to re-investigate this problem in the presence of the fiber cuts scenario as well. As the
frequency of network disruptions due to optical fiber cuts is common in longer geogra-
phies like India, the applicability of multiband networks can also be explored for resiliency
maintenance in this context. An interesting open question is whether the deployment of
the multiband optical network at specific parts of the network could be helpful for the
minimization of network disruption and maintenance of service level agreements (SLA).
We have kept this objective for our future research work.

• Application of AI for Soft-Failure Detection and Management in Multiband
Optical Network: Detection of soft-failures in the in-line equipment (such as EDFA
[111]–[113], wavelength selective switch (WSS) [111], [112], [114]) plays a crucial role in
order to avoid hard-failures and service disruptions. Literature suggests that machine
learning methods can be helpful in this context for predicting the soft failures in the
network while monitoring BER [111]–[113] and optical spectral shape [114], [115]. As
the number of inline components becomes almost double in the case of the multiband
scenario, the likelihood of component failure and their associated consequences needs a
separate investigation. One of our future objectives is to develop AI-assisted method-
ologies for proactively identifying the presence of any soft failures in band-specific inline
network equipment (such as amplifiers and WSSes) and demonstrate its utilization for
the designing of intelligent network control strategies in order to minimize the network
downtime in the commercial C+L band optical network.

• Techno-Economic Comparison in the Presence of Space Division Multiplexing:
In this dissertation, we have shown the techno-economic comparison between the C+L
band system and parallel C-band solutions. However, it will be interesting to revisit this
problem in the presence of space division multiplexing. Mainly, as the usage of multicore
fiber emerges as a long-term solution [116]–[118] for the network operator, a separate study
needs to be done in this context. One of our future research objectives is to explore the
requirement of MCF upgrades with the growth of network tra�c, followed by capturing
the impact of multicore upgrades on the cost-per-bit. However, the key challenge in this
context of the hybrid SMF/MCF scenario will come from the estimation of QoT while
considering the impact of all linear and non-linear impairments.
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Appendix A
Inter-channel Stimulated Raman
Scattering (ISRS)

Nonlinear power transfer among the adjacent active channels in the network due to the ISRS
e↵ect becomes significant in the scenario of multiband transmission. In general, the power
spectral density (PSD) of the nonlinear interference (NLI) power due to optical Kerr non-
linearity for a single span can be written as follows [19]:
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where GTx(.) denotes the PSD of di↵erent input signals, � indicates the non-linearity coe�cient,
� is related to group velocity dispersion (GVD) parameter, and ⇢(z, f) denotes normalized
signal power profile. Moreover, in the presence of ISRS, the signal power profile evolution of
every active WDM channel (say M) can be found by solving the following coupled di↵erential
equation [119]:
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where ↵(.) denotes the attenuation coe�cient, Pk and Pi indicates the launch power of kth and
ith channels, gr(.) captures the e↵ect of normalized Raman gain spectrum corresponds to the
frequency separation of �f . If the triangular assumption [120] is considered for the Raman
gain spectrum, Eq. A.2 can be solved analytically, and the normalized signal power profile or
ISRS gain for frequency f can be written as follows :

⇢(z, f) =
Ptote�↵z�PtotCrLefff

R
GTx(⌫)e�PtotCrLeff⌫d⌫

(A.3)

where Cr denotes Raman gain slope, Ptot is the total optical launch power. Furthermore, if the
Eq. A.3 is combined with Eq. A.1, the gaussian noise (GN) model with ISRS consideration
can be written as follows, which have been widely used in the literature as a baseline for QoT
estimation in ultra-wideband transmission [12] system:

G(f) =
16

27
�2

Z
df1

Z
df2GTx(f1)GTx(f2)GTx(f1 + f2 � f)

.

����
Z L

0

d⇣
Ptote�↵⇣�PtotCrLeff (f1+f2�f)

R
GTx(⌫)e�PtotCrLeff⌫d⌫

ej�(f1,f2,f,⇣)
����
2 (A.4)
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Appendix B
Network Topologies

Geographically diverse networks are considered in di↵erent chapters of this thesis, and their
details are summarized below:

• Smaller Network:

– BT-UK Network (22 nodes, 35 links, average link length of 147 km)

• Larger Network:

– Pan-Europe Network (16 nodes, 23 links, average link length of 486 km)

– Indian RailTel Network (19 nodes, 28 links, average link length 531 km)

– USA-24 Network (24 nodes, 43 links, average link length 991 km)
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Figure B.1: BT-UK network with link lengths in km.

Table B.1 captures di↵erent metrics of individual nodes in the BT-UK network.
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Table B.1: Node Metric in BT-UK Network.

Node Index Population Dropped Wavelength
1 2700 508
2 13900 192
3 20200 266
4 12100 121
5 30200 97
6 49200 186
7 43400 69
8 12400 124
9 12900 468
10 9000 189
11 10400 223
12 17300 117
13 50800 189
14 27800 238
15 4500 153
16 27400 57
17 59600 224
18 47200 294
19 15400 442
20 2700 137
21 45100 100
22 7800 9
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Figure B.2: Indian RailTel network with link lengths in km.
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