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Abstract

Enhancing Elastic Optical Network Efficiency: Advanced Resource
Allocation and Optimization, and Progressive Planning

Thesis Statement: The resource allocation problem for lightpath establish-
ment in multicore fiber based space division multiplexed elastic optical
networks has become an important design problem in high-capacity back-
bone optical networks. This dissertation investigates several problems in
the selection of resources such that the tradeoff between spectrum utiliza-
tion and intercore-crosstalk accumulation is balanced. Further, various
optimizations are built and tested to enhance network performance. The
dissertation also provides an effective strategy to migrate current optical
networks to advanced technologies, promising improved quality of service

and network longevity in the face of growing capacity demands.

The technology of Elastic Optical Networks (EONSs) can be a reliable approach for
meeting the demand of high capacity and flexibility in current backbone optical
networks. Recent advancements in optical network technologies, particularly in space
division multiplexing (SDM) techniques, have opened up new possibilities for
enhancing service provisioning and alleviating the impending capacity crunch. The
multicore fiber (MCF) technology, under the umbrella of SDM technologies, leverages
fine-grained, flexible frequency grids, multiple spatial modes (fiber cores), and various
advanced modulation formats to increase the capacity of optical fiber networks.
However, the deployment of these technologies brings about significant challenges,
primarily driven by intercore crosstalk (XT), which degrades the quality of
transmission (QoT) and resource allocation.

A critical problem in the MCF-based SDM EON is the Routing, Modulation, Core,
and Spectrum Assignment (RMCSA) problem, which must balance several factors to
ensure optimal network performance. Several RMCSA algorithms have been proposed

to tackle this issue, with a notable one being our proposed Tridental Resource
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Assignment algorithm (TRA). TRA employs the tridental coefficient (TC) to strike a
balance between spectrum utilization and XT accumulation. Given the success of
TRA in efficiently assigning the resources, we present translucency aware TRA
(TaTRA) which assigns resources in the translucent MCF-based SDM-EON.
Nevertheless, the computational complexity of TRA is a challenge, as TC calculations
are required for all possible resource choices.

To address these challenges, we explore various techniques to optimize TRA. We first
explore the effect of reduced resource choices on the performance of TRA. We then
combine it with the exhaustive search of the optimal weights in TC with a smaller
increment. Later we explore machine learning-enabled tuning of TC weights, which
turns out to be a promising approach to improve the performance of TRA. By
tailoring TC weights and employing multistage optimization techniques, we
significantly reduce the computational overhead of TRA while maintaining or even
enhancing its performance. These optimizations result in substantial reductions in
bandwidth blocking probability, making TRA more practical for real-world network
scenarios.

In addition to designing RMCSA algorithms, we also focus on improving the balance
between spectrum utilization and XT tolerance in MCF-based SDM EONs. Machine
learning-aided threshold optimization strategy is proposed to enhance the
performance of XT-aware RMCSA algorithms. By imposing limits on the number of
lit cores on the overlapping spectrum, this strategy ensures compliance with XT
constraints while maximizing spectrum efficiency, resulting in significant reductions in
bandwidth blocking probability. Interestingly, the machine learning optimization
works for any RMCSA algorithm as a generic optimization tool. It guarantees the
improvement in the performance of any RMCSA algorithm.

Furthermore, we investigate the migration of existing optical networks, such as
C-band enabled Elastic Optical Networks (EONs), to newer technologies like
multiband elastic optical networks (MB-EONs) and SDM-EONs. We propose an
upgrade strategy called Progressive Optics Deployment and Integration for Growing

Yields (PRODIGY) which ensures a smooth transition while maintaining network

vii



robustness and meeting service level agreements. PRODIGY selects the links for
upgrade carefully and uses a smaller budget while increasing network lifetime.
Overall, these advancements as an outcome of our contribution promise to address
the challenges posed by the growing demand for network capacity effectively. These
advancements are crucial for maintaining the quality of service in optical networks

while accommodating the ever-increasing traffic demands.
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Chapter 1 Introduction

This chapter presents some background on previously used optical network
technology, enhancement with the use of muticore fiber (MCF) technologies based
space division multiplexed elastic optical networks (SDM-EONs) and wideband
optical networks (WONs). We start with the background and introduction to
capacity crunch and older optical network technologies in Section 1.1. We then
introduce SDM-EONSs technology and enhancements it offers as compared to
predecessor technology in Section 1.2. We then present the introduction to the WON
technology in Section 1.3. The network planning problem to address the increasing
traffic demands is discussed in Section 1.4. Finally, we discuss the challenges in these

technologies and how those can be addressed in Section 1.5.

1.1 Addressing Capacity Crunch with Older and Newer Optical Network

Technologies

An overall compound annual growth rate of 15-33% is forecasted by CISCO for
internet traffic in 2018-2023 [7]. Demand for bandwidth continues to grow at an
exponential rate, to the point where, as 100 Gb/s technology matures. A single
wavelength can support higher bit rates. The C-band has a 4THz spectrum ranging
from 1530-1565 nm which is split by the I'TU’s 50 GHz wavelength grid into fixed 50
GHz spectrum slots. This fixed grid technology is used in Wavelength Division
Multiplexed (WDM) optical networks. The loss in spectrum is higher when such a
big fixed frequency grid is used. Even when sufficient spectrum is available, it
becomes increasingly difficult to transmit high-data-rate signals over long distances
with a high spectral efficiency (i.e., how much data rate can be supported with a
limited spectral bandwidth) [8]. Thus, it becomes advantageous for transceivers to
maximize spectral efficiency by adapting to the network’s actual conditions and data
rate for each given traffic demand. Along with the need to improve spectral efficiency,

the growing influence of large content providers, newly constructed data centers, and
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Figure 1.1: Spectral widths of different bit rates relative to the ITU grid (for a given
modulation format) [1].

evolving peering relationships between providers all contribute to the network’s
uncertainty and heterogeneity of demands (the difference between small and large
demands). To effectively address this challenge, one needs flexible and adaptive
networks equipped with adaptable transceivers and network parts. Fortunately, the
same technologies under consideration for delivering very high bit rates of up to 100
Gb/s can also provide this additional flexibility. The comparison between older WDM
networks and EON in terms of spectrum management is shown in Figure 1.1. The
combination of adaptive transceivers, a flexible grid, and intelligent client nodes offers
a new "elastic" networking paradigm [9], which enables service providers to manage
the network’s growing needs without having to remodel it often.

The comparison between link aggregation between WDM and EON technologies is
shown in Figure 1.2. The frequency grid is divided into 12.5 GHz frequency slots
which can be used with the help of the transceivers. The flexible grid provides the
flexibility to utilize the spectrum as per requirement for the connection with lower

spectrum wastage.

1.2 Space Division Multiplexed Elastic Optical Networks

Spatial Division Multiplexing (SDM) is enabled through the usage of multicore fibers

(MCFs) in SDM-EONS, resulting in an increase in available spectrum resources. SDM
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Figure 1.2: Comparison between conventional and elastic optical paths reproduce [2].
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Figure 1.3: Types and properties of SDM optical fibers [3].

technology can also be realized by using different types of fibers as shown in Figure
1.3.

The intercore crosstalk (XT) among ongoing connections hinders the parallel
transmission. As shown in Figure 1.4, the presence of XT can be observed between
overlapping spectrum on core 1 and core 2, and core 2 and core 3. If the XT levels
increase beyond the threshold, the connections are dropped. Hence it is necessary to
choose the network resources so as to reduce the overall XT levels in the network. It
is, thus, necessary to design an efficient route, modulation, core and spectrum
assignment (RMCSA) algorithm to improve the utilization of the resources [10, 11].
SDM-EON technology comes with its advantages and challenges [3, 4, 12].
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Figure 1.5: Fiber attenuation and dispersion parameters over the multiband SMF
spectrum [5].

1.3 Wideband Optical Networks

As discussed in Section 1.2, SDM-EON technology is enabled with the deployment of
MCFs in-place of the existing single mode fibers (SMFs). However, the success of
optical communication relies on the enabling the whole spectrum of the SMFs
working on C-band only. C-band is widely used as it offers lowest attenuation among
other optical wavelength bands. As traffic continues to grow globally [13], solutions to
meet the massive bandwidth demand are required. One strategy is to use other bands
and improve their usage to balance the attenuation offered as shown in Figure 1.5.
Recent works show that L-band [14], S band [15, 16], and U-band [17] can be realized

and used in practical networks. Recent advancements in optical components have
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Figure 1.6: Multiband system and bandwidth requirements of the key-components [5].

showed increased optical performance in wideband amplifiers [18, 19], and
transceivers [20]. Additionally, the widespread deployment of optical fibers with a
minimal absorption peak at short wavelengths supports MB transmission [21]. The

typical transmission line is shown in Figure 1.6.

1.4 Network Planning

Global internet service providers, such as Google, Facebook, and Amazon, establish
expansive wide-area backbone networks to interconnect several Point-of-Presence
(PoP) locations and hundreds of Data Centers (DCs) across multiple continents. In
order to accommodate the rapid increase in traffic volume, substantial financial
resources and engineering endeavors are consistently allocated towards the expansion
and enhancement of the backbone network. The backbone evolution heavily relies on
network planning, which aims to develop capacity-efficient network build plans that
can withstand unforeseen demand uncertainties resulting from service changes and
traffic dynamics. For example, Meta plans its backbone network design and
deployment by taking into consideration the increase in network traffic [6]. The
planning process includes various steps as shown in Fig. 1.7 where a short term (six

months) and long term (one to five years) are designed.
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Figure 1.7: System architecture for network planning at Meta’s backbone network [6].



The crucial steps in network planning are a) when to upgrade the network?, b) which
portion of the network to upgrade?, and ¢) which hardware technology to select to
upgrade the selection portion of the network?. Network planning needs insights into
the production network design process, specifically within the context of network
configuration, while taking into account practical factors. Various aspects need to be
encompassed such as the division of planning into short-term and long-term phases,
the utilization of abstraction techniques to streamline the interaction between optical
and IP networks, the implementation of resilience policies to mitigate failures, and
the optimization of cross-layer capacity in the optical-IP domain.

Recently transitioning C-band EON to either C+L band network or multicore fiber
newtork with or without fiber bundles has gained more attention by the researchers
[22-24]. The multi-period method for upgrading network links from C to C+L bands
in [24] prioritizes physical-layer awareness, cost effectiveness, and less than 0.1%
blocking. The planning is based on network structure, traffic demands, and growth
estimates. The physical layer impairment aware network upgrade from C band to C +
various optical bands is proposed in [25-29]. The impairments due to Raman
scattering leads to decrease in signal to noise ratio (SNR) which worsens the quality
of transmission of signals. In addition, the degradation in SNR varies with respect to
the spectrum frequency on different bands duw to different noise figures. This results
into lower offered capacity by the WON from its actual raw capacity. Network
planning with the focus on mitigating the impairments by Raman amplification to
flatten the optical performance in all the optical bands, selecting low loss window,
increasing number of reconfigurations, increasing number of lines, etc lead to better

network planning.

1.5 Challenges

The increase in demand for more capacity needs to be satisfied with increasing raw
capacity in the network and optimally using the available capacity. With the
enhancement in the technology from fixed grid WDM networks to flexible grid EON
to flexible grid WON and flexible multicore SDM-EONSs; it is possible to address this



problem. However, the optimal allocation of network resources such as route,
modulation format, band, core and spectrum, i.e. solution to RMCSA problem, for
arriving connections to the network makes sure that the capacity of networks is
utilized to its full extent. In addition, the RMCSA also ensures that the resources are
available for future connections keeping in mind that multiple connections can
coexists in the network at a given time. The physical layer constraints such as
spectrum continuity constraint, spectrum contiguity constraint, no-overlapping
constraint, spatial continuity constraint, quality of service constraint, signal to noise
ration constraint, etc makes the allocation problem even complex.

While the current network works efficiently by exploiting the available capacity to its
high extent, network operator has to plan for the future capacity requirement as the
network traffic increases with time. By upgrading the network links to better
technology leaves the network operator with more usable capacity. However, every
fiber technology offers different capacity and results into different cost of procurement
and deployment. Network traffic is volatile in nature and thus a minimum capacity
must be guaranteed in order to satisfy it. Upgrading to a new technology also incurs
procurement cost and deployment cost. In addition, the network performance is
dependent on the capacity available for utilization which is different from the raw
fiber capacity. The available capacity for network traffic is dependent on physical
layer impairments (PLIs) which impact the quality of transmission.

In next few chapters, we discuss the our work where we provided a solution to the
resource allocation problem and network planning problem. In Chapter 2, we provide
a detailed explanation on the proposed RMCSA to optimally use the available
capacity in SDM-EON. In Chapter 3, we provide details on exhaustive, heuristic and
machine learning enabled techniques to optimize our proposed RMCSA algorithm. In
Chapter 4, we provide details on RMCSA algorithm for translucent networks with two
different hard constraints for resource selection. In Chapter 5, we provide a discussion
over our proposed approach of the use of machine learning as a generalized solution
to optimize any resource allocation scheme for SDM-EON. In Chapter 6, we present a

progressive network planner to increase the network lifetime while minimizing the



expenditure in the network planning. Finally, in Chapter 7, we provide the conclusion

of our research and present the future directions to continue to extend our work.



Chapter 2 TRA: An Efficient Dynamic Resource Assignment Algorithm
for MCF-based SS-FONs

In this Chapter, we discuss our work in [30] and [31], where we proposed resource
assignment algorithm and its approach for optimal selection of network resources to

improve network performance.

2.1 Introduction

Recent increase in Internet usage for online gaming, video streaming, cloud services,
5G and 6G communications, etc., has put pressure on the backbone optical network
and has led to imminent capacity exhaustion. Elastic Optical Networks (EONs)
divide and break down the flexible spectrum into small frequency slices (FSs), which
can be concatenated to fulfill the requested capacity of lightpath requests if spectrum
continuity is maintained [1]. Spatial-division multiplexing (SDM), which can be
implemented using multicore, multimode, or multiparallel fibers is another viable
solution to scale fiber capacity. We consider spectrally spatially flexible optical
networks (SS-FONs) employing multicore fibers (MCFs) in this work which enable
parallel transmission of optical signals in multiple fiber cores. We use the terms space
division multiplexed elastic optical networks (SDM-EONs) and SS-FONs
interchangeably. SS-FONs allow flexible spectrum choices on multiple spatial
dimensions in the same fiber and are expected to be the future of optical transport
networks [3]. In MCF-based SS-FONS, lighpaths are routed through cores on the links
on the route with a set of contiguous and continuous frequency slices (FSs). SS-FONs
with MCFs can offer the desired resources to mitigate the capacity crunch. However,
the parallel transmission of signals through MCFs degrades the quality of transmission
(QoT) because of intercore crosstalk (XT) between coupled cores, which makes the
reception of signals difficult [3, 32]. The routing, modulation, core, and spectrum
assignment (RMCSA) problem in SS-FONs is a very challenging problem, and it is

necessary to design efficient RMCSA algorithms to assign the available resources to



dynamically arriving lightpath requests while maintaining the desired QoT levels.
Service provisioning can be eased with translucent networks. In translucent networks,
3R regenerators located at intermediate nodes of a lightpath that perform re-timing,
re-shaping, and re-amplification of optical signals, improve the QoT. Regenerators
enable the use of higher modulation formats (MFs) by mitigating the effect of limited
transmission reach (TR), defined as the maximum distance a signal can be
transmitted without regeneration. The change in the network dynamics in the
presence of regenerators poses an additional challenge for RMCSA [33]. Proper
spectrum selection ensures that the X'T' levels in the network are low and resources
are available for future connections. Multipath routing (with shortest paths preferred)
is another suggested approach to reduce the accumulation of XT [34]; but it poses a
problem of uneven load distribution which creates a scarcity of resources for future
connections. Spectrum assignment becomes even more challenging with the selection
of multi-XT-sensitive modulation formats (MFs). Higher modulation formats are
more spectrum-efficient and therefore require less spectrum to satisfy a demand; on
the other hand, they are more sensitive to X'T'. Higher sensitivity to X'T' results in
smaller TRs. In an MCF link, due to weakly coupled cores, when a highly sensitive
MF is selected on a particular core for a lightpath, it blocks the overlapping spectrum
(OS) on adjacent cores (OsaC) from being occupied as long as this lightpath remains
in the network so that the QoT requirement can be met. Selecting a core with more
adjacent cores leads to blocking of more spectrum in the case of highly sensitive MFs.
Thus, each spectrum choice causes different amounts of XT due to ongoing
connections on the overlapping spectrum. On the other hand, higher MFs require less
spectrum for the same lightpath bit rate. A well-designed algorithm that handles the
tradeoff between spectrum usage and XT levels with the selection of MF, core, and
spectrum is therefore needed.

In this work, we propose an efficient RMCSA algorithm called as Tridental Resource
Assignment algorithm (TRA) for transparent networks and Translucency-aware TRA
(TaTRA) for translucent networks. The word Tridental refers to the fact that the

algorithm considers three factors of spectrum assignment — the available (XT-limited)
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capacity in the network, spectrum requirement, and spectrum fragmentation — that
affect performance. TRA includes both an offline component and an online/dynamic
component. The offline component is to balance the load distribution in the network
and involves the use of a mixed integer linear program (MILP) to obtain path
priorities for a lightpath’s route. The online component selects the route, core, MF,
and spectrum for the arriving lightpath in an efficient manner. The work makes the
following contributions: (a) Two RMCSA algorithms TRA and TaTRA are designed
for transparent and translucent networks, respectively. These algorithms are different
from prior algorithms in that they explicitly consider the network’s capacity to
accommodate future connections in the resource assignment process. (b) Extensive
numerical results demonstrate the superior performance of TRA and TaTRA over
other algorithms. (c¢) A detailed analysis of the bandwidth blocking probability in
terms of the utilization of modulation formats and shortest paths and types of
blocking is conducted.

An early version of the TRA algorithm was first proposed in our recent work in [30].
This work extends and improves upon that work in several ways. First, we propose
an enhanced version of TRA which chooses MFs even more efficiently. Second, we
extend the algorithm to translucent networks and develop TaTRA. Third, we present
an approach for computing the path priorities for translucent networks. Fourth, we
investigate the effect of relaxing the core continuity constraint and of the effects of
modulation and spectrum conversion offered by regenerators. Finally, we present a
more extensive set of numerical results to demonstrate the effectiveness of TRA and
TaTRA over other algorithms.

The work is organized as follows. A brief survey of related work is presented in
Section 5.2. The network model and problem statement are introduced in Section 4.2.
The path priority computation using MILP is presented in Section 2.4. Formal
definitions and an example to understand the calculations are presented in Section
2.5. The TRA and TaTRA algorithms are introduced in Section 2.6. Section 6.5

presents simulation results, and the last section concludes the work.
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2.2 Related Work

Recently, there has been an emphasis on the development of algorithms and
technologies to exploit SDM functionalities [3, 4]. In [35], the routing, spectrum, and
core assignment (RSCA) problem is studied for MCF-based SDM EON and the
performance is improved with the consideration of core priority [36] and spectrum
partitioning [37]. The sequence of searching for core, mode and spectrum for
assignment affects the network performance [37]. A joint approach to reduce XT and
fragmentation for on-demand assignment of core and spectrum is studied in [38]. The
approach to account for XT is selected based on the tradeoff between computational
time and accuracy in the utilization of resource assignment. These approaches are
worst-case XT estimation [39-41], best-case XT avoidance [37, 38], and exact
evaluation [37, 42]. Enhanced searching criteria are also proposed to improve the first
fit algorithm. A core selection-based enhanced first fit algorithm is proposed in [43].
Priority-based enhanced XT-avoidance approach is presented in [44] for multi-mode
MCFs. A XT-aware first fit approach with exhaustive search of lower index of
spectrum over K shortest paths (SPs) is studied in [40].

In [42], three approaches, node-arc-based integer linear programming (ILP) along
with its faster variant as mixed integer linear programming (MILP), and XT-aware
heuristic algorithm are proposed to solve the RSCA problem in SDM-EON. In [45],
the authors propose routing, modulation, spectrum and transceiver assignment
(RMSTA) problem in EON and study the effect of transceiver placement on network
performance. An ILP solution with tuned weighting coefficients to balance the
spectrum and transceiver usage is proposed. A virtual network based heuristic
algorithm to reduce computation complexity while reducing the resource consumption
is proposed. In [46, 47], the improvement in performance with signal regeneration and
modulation conversion is studied. They consider static traffic unlike the study in
[45, 48], and use the known traffic and its pattern to increase the transceiver and
spectrum utilization in long-haul networks.

Back-to-back regeneration (B2B) is used to adaptively choose the path and
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regeneration points to optimize the transponder placement and spectrum utilization
in [48]. The worst case XT estimation in SS-FONSs is studied in [49] and the effect of
XT when B2B regeneration is allowed is studied in [50]. The transponder placement
problem with B2B regeneration in the presence of XT is studied in [51]. Similarly, a
data analytics approach along with B2B, in which the algorithm uses network
information and a dynamic routing algorithm to gain extra knowledge, is proposed for
transponder placement decisions in [52]. Route, modulation, core, mode and
spectrum allocation scheme for few-mode multicore fibers with fractional joint
switching is proposed in [53, 54]. The better performing conservative resource
allocation scheme offers lower blocking and better QoT but with higher computation
time and number of required lasers. XT-aware and fragmentation-aware algorithms,
with the use of splitting technique, are proposed to improve spectrum utilization in
[55]. An RMCSA algorithm based on programmable nodes and static re-configurable
optical add drop multiplexers (ROADMSs) is proposed in [10]. The enhanced and
flexible switching architecture is used for better spectrum utilization.

In [56], the authors propose a proactive approach to mitigate the effect of XT by
sorting route-core pairs on the basis of spectrum utilization. The sorting helps avoid
the XT-sensitive resource choices. Similarly static planning before dynamic
provisioning is studied in [57] to tackle the issue in the variation in security levels due
to change in XT levels. A weighted ILP and a heuristic are designed to increase
spectrum utilization and reduce average inter-core X'T. The network is treated as a
graph with secure nodes and links, and normal provisioning is done only when the
trust-level thresholds are met.

In this work, we combine offline planning and dynamic network provisioning to
balance the tradeoff between spectrum utilization and the XT levels in the network.
We will show that our algorithm outperforms several algorithms from the literature.
Regenerators in translucent networks allow the use of higher MFs (i.e., increased
spectral efficiency) as compared to transparent networks, which in turn improve
spectrum utilization and change the pattern of XT accumulation in the network. In

this work, we propose a network capacity-aware RMCSA algorithm, TRA, for a
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transparent network and TaTRA for two scenarios of translucent network with the
aim of balancing the tradeoff and lowering the bandwidth blocking probability (BBP)

with strategic selection of resources.

2.3 Network Model and Problem Statement

We assume optical links with weakly-coupled multicore fibers (MCF) in SS-FON [58].
The cores next to each other (called as adjacent/neighbor cores) impose XT on each
other, and the XT from other cores is not significant [32, 40, 42, 44, 45, 48, 49, 59].
Each link has a single MCF in both the directions; however, the proposed work can
easily be generalized for multiple fibers per link. The SS-FON operates with a flexible
grid of 12.5 GHz granularity. The nodes are equipped with coherent transceivers
(TRXs) that support compatible reconfigurable bit-rates and various MFs. The TRXs
operate at a fixed baud rate of 28 GBaud, and each TRX transmits/receives an
optical carrier allocated on 3 frequency slices (FSs) (i.e., 37.5 GHz) [40, 44, 48, 59].
The selected candidate MFs and their spectral efficiency determine the supported
bit-rates by each TRX. If the requested bit-rate exceeds the maximum capacity of a
single TRX using a particular MF, the request is carried by several optical carriers
within one superchannel (SCh). Each SCh is separated from neighbor SChs by 12.5
GHz guard-bands. The glgrzll%ral equation to calculate the number of FSs on the k' SP

] 1

on a route r is given as X Nt + gy ; notations given in Tab. 4.1. The

spectrum occupied by a TRX is given as ngd GHz. The supported bitrate by each MF
is given as NNk Gbps. Two challenging and widely accepted core geometries, 3-core
and 7-core [40], are studied. Furthermore, we study the network performance when

spatial continuity is imposed as well as when it is relaxed. Imposed spatial continuity
(iSC) means that the same core is assigned to a lightpath on all MCF links on a route
eliminating SDM lane change operation, while relaxed spatial continuity (rSC) means
that the core indices can be different on different links on the route [60]. A limited

number of nodes are assumed to be equipped with 3R regeneration capability. If one

or more intermediate node(s) on a route possesses regeneration capabilities, then the

route is divided into multiple lighpath segments (LSs) which are separated by
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regenerators. The connection is only established if the resources are available on all
the segments. 3R regenerators may allow for spectrum conversion (SC) and
modulation conversion (MC). In order to understand the impact of these, we consider
the case when a regenerator allows both SC and MC (the spectrum and modulation
conversion (SMC) case) and when SC and MC are not used and the regenerators are
used only to mitigate the QoT (i.e., each LS should be shorter than the transmission
reach). We call this latter case nSMC (short for “no spectrum or modulation
conversion”).

The total XT experienced by a core is the sum of individual average XT contributions
from each neighbor. The coupled-power theory-based analytical model for
determining mean XT levels (XT) in MCF links in [32] is often utilized in SS-FON
studies. Using that model, the mean XT, denoted as XT|,, can be calculated using
(5.1). Here, L is the path length, h is the power-coupling coefficient and Nac is the
number of adjacent cores that are the source of XT in a given core and in a given
spectrum band.

In [59], the authors obtain the transmission reaches (see Table I and II in [59]) for
each MF and different values of adjacent lit cores (litcores, for short) by using the
modified Gaussian noise (GN) model of [61]. The GN model estimates the XT of
weakly coupled MCFs. The authors in [59] assumed two values for average XT
between two adjacent cores after a single span of propagation, namely, -25 dB and -40
dB. On the other hand, all MFs in [59], which are PM-QPSK, PM-8QAM,
PM-16QAM, PM-32QAM, PM-64QAM, can be applied without needing MIMO DSP
only with XT = -40 dB for bit error rate (BER) equal to 3.8 x 1073 [62].
Additionally, the XT thresholds for MIMO DSP-free transmission at BER = 3.8 %
1073 were reported in [62]. For instance, the XT thresholds for PM-QPSK and
PM-64QAM are -15.6 and -28.1 dB, respectively [62]. Thus, by considering average
XT of -40 dB between two adjacent cores after a single span of propagation, we can

ensure that the transmission is MIMO DSP-free for all MFs and number of litcores.

Nac — Nacexp(—(Nac + 1)hL)
1 + NAceXp(—<NAC + 1)h|_> '

XT, = (2.1)
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In this work, we consider average XT value of-40 dB between two adjacent cores after
a single span of propagation [59]. Let yq denote the number of allowable litcores for a
candidate d® MF. yq for an existing connection using MF d on a core determines the
allowable occupancy of adjacent cores on the overlapping spectrum (OS). On the
other hand, for an incoming connection request, yq of a candidate MF d decides
whether the spectrum can be occupied with this MF based on the occupancy of OS

on adjacent cores (OsaCs). Thus a high value of yq is desired.
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Figure 2.1: Effect of choice of MF based on its XT tolerance for assignment on
spectrum utilization in spacial domain and in frequency domain.

Examples to show the effect of choice of MF and core in a 7-core MCF link are shown
in Fig. 2.1. In this work, we assume five choices of polarization multiplexed (PM)
MFs, viz., PM-QPSK (d = 1), PM-8QAM (d = 2), PM-16QAM (d = 3), PM-32QAM
(d = 4) and PM-64QAM (d = 5). Suppose an arriving connection request has two
MF choices: (a) PM-64QAM (d = 5) with ys = 0 and requirement of 3 FSs, and (b)
PM-8QAM (d = 2) with Y, = 4 and requirement of 6 FSs. As shown in Fig. 2.1a,
when PM-64QAM on core 7 is chosen for assignment, OsaCs on all the adjacent cores
will not be allowed to be occupied as long as this connection exists in the network.
Thus, a total of 21 F'Ss (=3%7) need to be reserved. Similarly, for PM-8QAM on core
7, a total of 18 F'Ss (=6%3 FSs) will have to be reserved, as shown in Fig. 2.1b. Thus,
although PM-8QAM is less spectrally efficient, it is a better choice than PM-64QAM
in this case. However, if core 1 is selected instead of core 7, then only 12 FSs (=3%4)

are needed for PM-64QAM as shown in Fig. 2.1c, and this is the better choice now.
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Clearly, there is a tradeo [ Between spectrum utilization and corresponding XT levels

with the selection of MF-core pair.

2.4 Path Priorities

The RMCSA problem is a complex one, particularly when impairments such as XT
are considered; we therefore decompose it into two separate sub-problems — an offline
planning part that selects path priorities, and a dynamic MCSA provisioning
algorithm. Traffic forecasting can be used to predict the long-term average traffic
intensities for different node-pairs, and we therefore assume that we are given the
dynamic traffic loads on all the routes (i.e., s-d pairs). The path priorities for a route
are selected so as to balance the loads among the multiple paths. We note that these
path priorities simply determine the search order of the paths for an arriving
connection request. The actual availability of a path is dependent on the network
state when a connection request arrives, and cannot be known in advance. We explain
how path priorities are used to select the path for an arriving connection request in
online resource assignment in the following sections. Path priorities are based on path
probabilities that optimize the link load. Notations and symbols are defined in
Table 4.1. K shortest paths (SPs) for each s-d pair are pre-computed, and an MILP is
solved offline to determine the path probabilities, similar to our previous work in [63].
The SPs are then prioritized from higher to lower path probabilities for assignment in
what we call as priority-based path selection (PPS). The objective (z¢s) of the MILP
is to minimize the sum of average link load and maximum link load as shown in (3.6).
The loads are averaged over the total spectrum on a link e which is F¢C. The
probability of selecting the k™ shortest path of route r is denoted as p¥ as shown in
(2.3a) and (2.4a). U is defined as the spectrum requirement on link e by route r as
shown in (2.3b) and (2.4b). We assume in this offline calculation that the highest
possible MF for the length of the path is used to calculate the number of required FSs.
The supporting equations for translucent network and transparent network are given
in (2.6) and (2.8), and (2.5) and (2.7), respectively. The load distribution on each link

varies in translucent (based on the presence of regenerator) and transparent networks,
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and the corresponding equations are given in (2.4b). The calculation of uUf includes
the calculation of spectrum requirement by (each segment of) each SP of each route
in a transparent (translucent) network. First the effective spectrum requirement on a
(given segment of) given SP on a given route, denoted as NX (NKSi), is as shown in
(2.5) ((2.6)). Based on traffic distribution, p;j is obtained and used to weight the
contribution in spectrum utilization by each datarate. Finally, the fraction of utilized
spectrum is calculated for each link as shown in (2.7) ((2.8)). The calculation is done

for the SPs which transverse the given link with the help of A, (Afys,)-

1 E RO e v
Minimize z¢s = — L + max L (2.2)
Le=l r=1 FeC € r=1 FeC
Variables:
I% 1
w
0=pk=<1, o=su< <5 (2.3a-b)
Constraints:
RYkPY, transparent network
S— k=1
p — 11 ue — (2.4a_b)
k=1 r ' € I:II<
rks Pr.» translucent network.
k=1 s=1

We explain the difference between K-SP routing and PPS with an example. Suppose
for a route r, there are three available SPs, viz. sp;, Sp, and Sps, in increasing order
of path length. In K-SP routing, the SPs are considered in increasing order of path
length for spectrum assignment, i.e., in the order Spy, Sp2, Sp3. Suppose the path
probabilities obtained by solving the MILP are pt, p?, and p? for spy, sp, and sps. If,
for example, p2 > pt > p3, then in PPS, the order of SPs considered for spectrum

assignment will be sp,, Sp1, Sps.
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Table 2.1: Symbols and notations.

Symbol Definition
N Number of nodes in the network
L Number of links in the network
e Arbitrary network link
Fe Number of fibers on link e
R Number of routes in the network
r Arbitrary route
Wy Load for route r; depends on the tra Lc_dattern;
W, = 1, [dfor uniform tra 1
M Set of connection datarates {mi, mo, ..., m|M|}
mj it datarate in Gbps
Pi Probability that arbitrary request has rate m;; Iﬁpi = 1. For an uniformly
distributed tra [c @ = ﬁ Ok M|
C Number of cores per fiber
K Number of shortest paths considered for a route
GX Number of lightpath segments on the k™ shortest path of route r
k Arbitrary shortest path
Bw Total spectrum available in GHz
0 Slice width in GHz
Ay = 1 if link e is on the k'™ shortest path of route r; = 0, otherwise
Aﬁ,k,s. = 1if link e is on i™" LS s; on the k" shortest path of route r; = 0, otherwise
nK Spectral e [ciehcy of selected modulation format for the k™" shortest path of
route r
ksi Spectral e [ciehcy of selected modulation format for ith LS s; on the k™" shortest
path of route r
dh Number of FSs used as guard band
N¢ Number of FSs required for a TRX/carrier
NK Number of FSs required on the k™" shortest path of route r,
N I éﬁ 1 1
Nrk=| B gy (2.5)
i=1 (ned)nk
NSk Number of FSs required on it" LS s; on the k™ shortest path of route r,
It _ 1 1
NS = LB (2.6)
=1 ()N
K Fraction of FSs utilized on link e on the k" shortest path of route r,
REx = ALNE 2.7
REks; Fraction of FSs utilized on link e on it" LS of the k™ shortest path of route r,

Rle’,k,si = A?,k,si NI!<YSi (28)

19



2.5 Network Capacity, Capacity Loss, and Tridental Coefficient

In this section, we define several concepts used in TRA for the iSC (imposed spatial
continuity) case, and then extend them for the rSC (relaxed spatial continuity) case.
We also present an illustrative example to explain the calculations involved. Finally,
we explain the changes to be made to TRA for translucent networks to get TaTRA.
We call a candidate set of F'Ss that needs to be assigned to a connection as a slice
window (SW). The aim of TRA is to choose the best SW along with the MF and core
to yield the best blocking performance. On shortest path k of route r, namely r¥,
there are a number of SWs, with the first one having starting FS of 1, the second SW
with starting FS of 2, and so on. The capacity, capacity loss (CL), and tridental

coe [cieht (TC) of a candidate SW are defined as follows.

2.5.1 Capacity of a Slice Window

The capacity of the nt" SW on rK for a given MF fy, denoted by 0K, is the number
of cores on the whole path on which the SW can be assigned in the current network
state (i.e., before resource assignment for the incoming request). Here, the current
network state includes the litcore restriction of the already established connections on
OsaCs (overlapping spectrum on adjacent cores). When an SW is assigned to the
incoming request on a core with MF Ty, the capacity would decrease by an amount

that depends on fy and its corresponding yq for the length of the lightpath. Thus, the
. d

remaining capacity of the n™ SW on the ¢ core on rK using fy, denoted as v nco 1S
the capacity of the SW if this SW were to be assigned to the incoming request, with
the actual value of yq of selected MF fy4 and the actual network state at the time the

request arrives.

2.5.2 Capacity Loss of a Slice Window

The remaining capacity of a SW after the resource assignment of a connection varies
based on the selected core and XT tolerance of the selected MF f4. Thus, each

core-MF pair would result in a different value for the remaining capacity, Urqf;:d. In this
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work, we calculate the capacity loss (CL) for every SW based on the hypothetical
assignment of the core, MF, and SW for the incoming request. The decrease in
capacity after the hypothetical provisioning from the capacity before provisioning
gives the total CL. If the XT constraints are removed, CL for any selection of SW for
a core on a route is always one, since the spectrum on adjacent cores would not be
blocked. However in SS-FON, the XT tolerance of the selected MF on a core
determines the future occupancy on adjacent cores, thus the CL can be more than
one. Finally, the CL for the N SW on ¢ core on r* using fy, denoted as ﬁ;‘g, is
calculated using (4.1):

kd _ pkd — (2.9)

n,c n n,c*

The optimal choice of spectrum is when shared resources in the network are still
available for future demands. When an SW on a path is assigned to a request, there
is a CL for the SW on all the overlapping (shared) paths as well. Thus, we consider
the network occupancy by calculating the CL of the same SW on all the shared paths.
The CL for the incoming request’s path and the shared paths are weighted with the
corresponding path probabilities (PP) (computed in Section 2.4) to get the total CL.
Let ZK be the set of all the shared paths of r; ZK =iy, iy,...,i,. The PP of rK is
denoted as pK and of i, as p,, obtained in Section 2.4. Suppose that the incoming
request has datarate m and arrived on route r; it is denoted by A(r, m). The number
of F'Ss required to accommodate datarate m using MF fy is denoted as B{". We
assume a lightpath tuple, Iagmy(K,c,n, B"), which represents the n™™ SW of size B’
on ¢™ core on rk for request A(r,m). The total CL of Iag,my(K,c,n, BT is shown in
(3.8), where L|Jr'r(,’,cc]I is the CL (P5d) on r* and L|Jii,’l(i is the CL (Prd) on the z™ shared
path i, (i, CZK):

Wil =P+ P 210)

7=

In the rSC case, the core selection on each link is independent. Thus, the CL

calculation is performed for each link separately. The final CL of an SW on a route is
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the maximum (over all links on the path) of the minimum CL (over all cores on a
link) on a route. Let us say that the set of cores is denoted as © and set of links as E.
The CL of n™" SW on ¢™ core on e™ link on r¥ using fy, denoted as Pre9,

contributes to the final CL, which is independent of the core index and is denoted as

PKd; this is shown in (2.11). The final CL of a SW is given in (2.12).

k,d _ : k,ed
n' = maxmin Pn¢ (2.11)
o —
d
Wlaem) = PRt +  pb'y" (2.12)

2.5.3 Tridental Coefficient

The capacity loss is a measure of how much future capacity is lost because of
assigning a candidate SW with a particular core-MF pair to the incoming request.
Apart from loss in capacity, the selection of MF, core and SW also affects the amount
of required spectrum and fragmentation levels. We could penalize the MFs that
demand higher spectrum and use the first fit policy of lower-indexed SWs which can
reduce fragmentation. In order to capture these effects, we consider two more factors
besides CL in the definition of Tridental Coefficient (TC).

The TC of Iag,m) is defined as the sum of normalized values of CL, size of required
SW in terms of number of FSs, and the starting index of SW. It is denoted as
U(laqr,my) and is given in (2.14). The normalization is done using the respective
maximum values, viz., maximum possible CL denoted by max L|JE(| A(rm)) as shown in
(2.13), largest possible demandsize of datarate m denoted as B", and highest possible
index of a SW, equal to S — B§' + 1. max l]JEtIA(r,m)) is obtained using PPs and
assuming maximum CL, which is equal to C, on main route and shared paths. The
consideration of normalized CL ensures that the least lossy SW is selected. The
normalized demandsize ensures that low spectrum utilization is favored. Finally, the
normalized index of SW encourages the first-fit behavior which decreases

fragmentation. Experiments suggest that normalization over maximum value yields
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Figure 2.2: lllustartion of e ect of presence of regenerator on CL for iSC and rSC
cases.

better results than normalizing over maximum and minimum values [30].

j%kj :
max Y ¢em))= P+ Pz C; (2.13)
z=0
U rm)) d n
L¢ emy) = ' TR A L 2.14

2.5.4 An lllustrative Example

In this section, we present an example to explain the calculation of CL for iSC and
rSC cases for a transparent network. We also discuss the changes in the
computational approach for a translucent network.

We illustrate the calculations of CL and TC for the rst SW (n = 1) on core 1 of a
7-core ber for two di erent candidate MFs for iISC and rSC cases with the help of an
example shown in Fig. 2.2 and Table | (from [59]). Let us consider a portion of a
network with six nodes as shown in Fig. 2.2a. Here; denotesi™ node/vertex, I;
denotesj ™ link, and the corresponding occupancy of cores is shown on each link. In
the transparent network scenario, suppose that the rst SPK = 1) betweenv; and
vz has the highest PP, and is shown as' (v;1-V,-v3). The corresponding shared paths
in Z1 = {i,i,} are shown asi; (Vi-V»-V3-V4) and is (Vs-Vo-V3-Vg). D is the set of MFs
{f1,f2,::1,fp;}. In this example, we assume thajDj=5 and use PM-32QAM (4) and
PM-8QAM (f,) for the explanation. We use Table | (from $9]) to get 4 of both the
MFs. Table | (from [59]) reports the TRs calculated for the combination of MF and

number of adjacent litcores () for the TRX baudrate of 28 GBaud and average XT
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between two adjacent cores after a single span of propagatioNT *P) of -25 dB. The
number of litcores varies from 0 to 6 in a 7-core ber, thus TRs are given for each MF
for 4=0,:::6. The corresponding value of 4 for which the TR of the d" MF is

greater than or equal to the path length is chosen for a given MF on this path.
Assume thatr?, i; andi, have PPs of 0.6, i.e.pt=p;=p,=0.6. Assume that out of
S=320 FSs, the rst 7 FSs are occupied by a connection that uses PM-QPSK,|

with =6 on cores 3 and 5 on link,, and on core 4 on linkl,; and the rst 4 FSs are
occupied by a connection that uses PM-32QAMf ) with  4=0 on core 4 on linkls.
The FSs on the rest of the cores on all the links are free. Suppose a connection
request of 200 Gb/s arrives om, and the length ofr! is 150 km which requires ' =

4 FSs, 7'=7 FSs and "=7 FSs when PM-32QAM { 4), PM-8QAM (f,) and
PM-QPSK (f,) are chosen. The rst SW fi=1) for PM-32QAM is of size ;' FSs

and for PM-8QAM is of size 3'. For iSC case, an SW is considered to be free if it is
available on the same core on all the links. The OS of respective sizes is free on cores
1,2,4,6 and 7, i.e., the capacity before any assignment for both the selections is 5,
i.e., 1*= }?=5. The hypothetical assignment is done to see the remaining capacity
after a selection of the MF. Starting from the highest MF, i.e., PM-32QAM{(4), the
hypothetical assignment is done on core 1 as shown in Fig. 2.2b. From Table I (from
[59]) for PM-32QAM, as the rst TR, searched from the bottom to the top, at ,=0
(550 Km) is higher than path length (150 Km), 4 is set to 0. It means that based on
XT tolerance of PM-32QAM, if assigned for the current connection on core 1, the
connection will not allow adjacent cores 2, 6, and 7 to be assigned to future requests
on the OS as long as it exists in the network. Thus, OS on only core 4 will be
available for future connections, which means that the capacity after hypothetical
assignment with PM-32QAM is 1, i.e., %{=1. Thus using (4.1), CL "3 in this case

is 1% %4=5-1=4. Similarly, CL on i, is 4, i.e,, '[3=4as 1*=5and Ul4—1 In the
case ofi,, the existing connection at core 4 on links blocks the OS of size 4 (=)

on cores 3, 5 and 7. Thus, SW on only cores 1, 2 and 6 are allowed to be occupied on
i,. Thus, capacity before is 3, i.e., ‘13‘1‘23 and capacity after becomes 0, i.e. ,O}‘l‘—o

thus CLis 1:1=3. Using (3.8), the total CL ( °(I( rm))) with PM-32QAM is
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0.6 4+0.6 4+0.6 3=6.6. The maximum value of total CL (max 0(I( rm))) 1S 12.6
using (2.13). Hence, the TC of the rst SW with PM-32QAM (( | ( .m))), by
substituting the values in (2.14), IS%+ 2+ m =1.0984. Similarly, we can
calculate the CL for hypothetical assignment of PM-8QAM on core 1 as shown in Fig.
2.2c. For the rst SW of size 7' with PM-8QAM, from Table I (from [59]), we get

2=3, i.e., if assigned, it will allow the OS to occupy on the adjacent cores 2, 6 and 7
by future requests as long as it remains in the network. So, the OS on cores 2, 4, 6,
and 7 onr? will be available for future connections. The capacity after hypothetical
assignment with PM-8QAM is 4, i.e., 4:7=4. The CL "% in this case is

12 02=5.4=1. Similarly, CL at iy is 1, i.e., '13=1(=5-4) and CL at i is

'12—1( 3-2, after considering the e ect of PM-32QAM onls). The total CL
( (I( rm))) With PM-8QAM is 0.6 1+0.6 1+0.6 1=1.8. Using (2.14), the TC of
the rst SW with PM-8QAM ( ( I ( rm))) is se+ 2+ o-1—=1.1460.

For rSC case, the scenario changes, as CL is computed for each link separately. The

CL of the rst SW on |; for PM-32QAM values for all the outer cores is 1i¢*=4 and

on central core is 17*=7. On link |, only core 1 can accommodate PM-32QAM as
5=0; thus, the CL values, 13, of core 1 is 4 and for rest of the cores Is . Thus,

for a given SW, core 1 onl; and core 1 onl, are selected as they o er the smallest CL

as compared to other cores on the corresponding links. The nal CL of a SW oh,

14 is 4 as per (2.11). Similarly, shared path; has CL, 7%, of 4 (=max{4,4,4})
andi, has CL, '24 , 4(=max{4,4,2}). Using (2.12), the total CL,

A rm))=0.6 4+0.6 4+0.6 4=7.2. The TC becomes 1.1460 (FZ+ 3+ 1)
using (2.14). Similarly TC for given SW when PM-8QAM is chosen is also 1.1460
(= 42+ I+ z1-7). In the case of a tie, the rst choice is selected.

Now suppose node, has regeneration capability.r! gets broken down into two
lightpath segments (LSs)s; and s,, denoted asry, (vi  Vz) and rl (vo  va).
Similarly, i, is divided into i1.s, (vi  Vz) andips, (V2 Vs Vg), and i, is divided
into izs, (Vs Vo) andizs, (V2 Va3 Ve). Thus, Z1 = fiy;i,gin the case of
transparent network gets divided asZg, = fiys g forry and Z2, = fiys,;izs, g forrg)

in the case of translucent network. Whereas CL is calculated fot for transparent
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network, CL is calculated separately for bothr{ andrg, for translucent network.

2.6 Tridental Resource Assignment and Translucency-aware Tridental

Resource Assignment

We rst describe our proposed algorithm, TaTRA, for SMC (the case with spectrum
and modulation conversion at regenerator nodes) and then show how it is modi ed
for nSMC and as TRA for transparent networks. First, we de ne aravailable SW

(which is a candidate SW for assignment).

De nition 1 (Available Slice Window (iSC case)) An SW of size [' starting
at FS n is called available SW for assignment to a connection request with datarate

on route r, denoted as( r;m), using MF f4 on a corec on all the linkson a given

SP of router ) all the FSs from indexn to n+ ['-1, on core c on all the links of

given SP of router, a) are free, i.e., not assigned to any other connection, b) can
accommodate( r;m) without a ecting ongoing connections on OsaCs afore c on all

the links, and c) can accommodatg r; m) based on XT sensitivity of MFf 4.

In the iISC case, a FS on a core is considered as free/available only if it is free on the
same core index on all the links on the path. The second condition is satis ed by
checking the maximum value of allowabley over all the overlapping FSs in an SW on
each of the adjacent cores on all the links. In other words, the ongoing connections on
the adjacent cores should allow the new connection to be placed on the current core.
In the third condition, the maximum value of occupied cores over all the FSs in an
SW over all the links should be less than or equal to the obtaineq,. For rSC case,

the above de nition holds true by replacing the underlined statement with 'given core
on each link.

An SP is broken down into one or more LSs based on the presence of regenerator on
intermediate nodes as explained in Section 2.52.5.4. Based on the regenerator's
capability of modulation and spectrum conversion, network performance changes.
Spectrum conversion allows us to avoid spectrum continuity constraints. In SMC case

of translucent network, spectrum and modulation conversions are allowed. On the
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other hand, in nSMC case of translucent network, spectrum and modulation
conversions are prohibited, meaning that the same MF and spectrum have to be
selected on all the LSs. In this section, we explain the working principle of TaTRA
algorithm for SMC. We then explain the changes to be made in the algorithm of
TaTRA for SMC to get TRA and TaTRA for nSMC as these are special cases.
All the possible SWs for dataratem using MF f4 on all the cores are stored in seB .
The SWs are stored starting from the lowest index of SW on all the cores in the
increasing order of core index before moving to the next SW. For datarate, H™ is
the set of allB§' sets for all MFs. The SW of indexn on corecin B is denoted by
bd. For the datarate m, V™ is the set of T for all MFs. Based on the ' value, if
two or more MFs have the same {' then only the lowest among them is considered
for assignment. Such sorted MFs are stored ID™. This assures the selection of
higher 4 with the same spectrum utilization.
The selection of a path, MF, core, and SW by TaTRA-SMC for a lightpath is
explained in Algorithm 1. For simplicity, we assume that the SPs are sorted and
renumbered as per the corresponding value of R#¥ from highest ( = 1) to lowest
(k= K)insetP(r). The TR of MF f4 for the corresponding value of 4 is denoted
asTy. The best lightpath | ..., ,(k ;c;n; ), its corresponding TC, SP with
highest PP and the number of processed LSs, denoted as PLS, are initialized in Line
1. Assume that thek™ SP is broken down into one or more LSs which are stored in
k where thei" LS is denoted ass;. Here, the desired path index, set of core
indexes, set of indexes of SW and set of demandsizes are denoteé by , n , and
on the whole route. These sets store the data for each link as for rSC case and
SMC case, each link can have di erent values af, [' and c if all the intermediate
nodes have regenerators. In Line 2, the algorithm continues until either the best
lightpath is obtained or the search over all the SPs is completed. In Line 3, the search
is done for all the LSs on &™ SP in K. In Line 4, the search is initiated for MFs in
D™ whose maximum TR, i.e., TR without the consideration of XT at 4=0 (TQ), is
higher than length ofs;, denoted asw®. In Line 5, the 4 for which the TR value T

is greater thanw® is obtained. In Line 6, the actual and largest size of SW are
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obtained. In Line 7, a loop iterates over all the choices of SWs By'. The candidate

LS [KSi

( rm)

iSC/rSC constraint in Line 9, the TC is calculated for the current SWH'? on LS in

is initiated in Line 8. If the SW is available as per de nition 1 and

Line 10. The corresponding cores that are obtained while calculating TC for iSC/rSC
constraint are stored inc® in Lines 11-16 as explained in Section 2.52.5.4. In Lines
17-19, the information of SW which o ers the least value of TC is stored as the
desired LSI (k;rs;im). In Line 24, the algorithm checks whether the SW is available on
all the LSs onk™ SP. If available, the information of selected resources of all the LSs
and index ofk™ SP are stored in desired optimal lightpatd ( ..., and k in Line 25
and then the algorithm stops the search. Otherwise, the algorithm continues with the
next SP in Lines 27-29. Finally, after all the SWs on all the cores on the whole path
are processed, the optimal lightpatH . ..., is selected for a given connection, and the
network resources are assigned to the connection request accordingly. If an SW is not
found on all the SPs (i.e.| ..,y = ;), the request is rejected.

In the case of NSMC, the value ofvs, is set to the length of the longest LS on thé™
SP as MC is not allowed. Thus, the same MF andy' are selected for all the LSs on
the SP in Line 4. In addition, as no SC is allowed, the index of SW must be the same
on all the LSs on the SP. To achieve that, the information in Line 3 comes after the
information in Line 7. In the case of transparent network, the MF is chosen based on
the path length of the SP. Thus, there is no change in the algorithm as the number of
LSs will always be 1, i.e., the complete SP.

The use of CL for the selection of MF, core, and spectrum varies for iISC and rSC
cases. In the iSC case, the CL for each core is distinct from the CLs of other cores
but is constant on the whole path for the selected MF-SW pair. The CL is calculated
for those cores on which the SW is available on the main route and shared paths.
Thus, the selection of SW on a particular core on the main route actually contributes
to the CL of shared routes. However, in the rSC case, the core on each link can be
di erent, and the selection of a core on a particular link is independent of core
selection on any other link. Thus, shared paths cannot directly impact core selection,

but only the selection of SW. Thus, the CL of an SW on a particular core only on the
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main route contributes towards selection of the core. The CL introduced by shared
paths contributes towards SW selection and thus indirectly selects the core.

We analyze the computational time complexity of Algorithm 1. For an incoming
connection request between two nodes in the network, there ate SPs with maximum

of L possible links per path. The TC is calculated for all the SWs iB ' for each MF.
The size of an SW can vary from 1 t&®. Due to continuity and contiguity constraints

all the links are searched for each SW. The time complexity of checking if a candidate
SW is availableinvolves satisfying the three conditions in Def. 1. In SDM-EON, the
combined complexity of satisfying the three conditions i©(LSC). The time

complexity of the entire algorithm can then be shown to b©(KjDjjB{'jLSC).

2.7 Simulation Results

We now present simulation results comparing TRA and TaTRA with several other
algorithms for a variety of scenarios. We use two practical topologies: generic
German (DT) and European (EURO) shown in Fig. 4.2 and Fig. 4.3, respectively
[30]. The spectrum of 4 THz Bw = 4000) is considered on each link with each slice
of 12.5 GHz ( = 12.5) i.e., 320 FSs § = 320). Poisson connection arrival process
with exponentially distributed holding time of 1 (arbitrary time unit) is assumed.

The Erlang loads were chosen so that the BBP values generally range betw&én®
and 10 1. The load is kept the same for SMC and nSMC cases of translucent
networks for direct comparison. A total of 100,000 requests are generated per trial
(excluding 10,000 warm up requests to bring the network to steady-state). 95%

con dence intervals are obtained for 10 trials in each experiment. The data rates are
uniformly distributed between 40-400 Gbps with the granularity of 40 Gbps. We use
3 SPs between every s-d pai( = 3). A total of ve MFs ( jDj =5), i.e., f; to fs,

are used, viz., PM-QPSK (k=2.96), PM-8QAM ( k=4.44), PM-16QAM ( k=5.92),
PM-32QAM ( ¥=7.4) and PM-64QAM ( k=8.88) [44, 59. The supported bitrates for
each MF by a TRX carrier are 111 Gbps, 166.5 Gbps, 222 Gbps, 277.5 Gbps, and 333
Gbps, respectively. The TR model for each MF with the average XT between two
adjacent cores after a single span of propagation of -40dB with 28 GBaud TRX with
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the span length of 50 km is used fronbp]. We assume that in translucent networks,
20-30% of the nodes have regeneration capabilities (3 nodes in DT and 5 in EURO)
and these nodes are selected in descending order of nodal degree. We note that the
focus in this work is the evaluation of RMCSA algorithms; evaluation of regenerator

placement policies is out of the scope of this work.

Figure 2.3: DT network topology (12 Figure 2.4: EURO network topology
Nodes). (16 Nodes).

We compare the performance of the proposed algorithms with a baseline XT-Avoid
approach (XA) [42], Worst Case XT approach (WC) [38, 40, 42], XT-aware rst t
algorithm (xtFF) [ 42], and two algorithms from the literature, KCAP [56] and P-XT
[40]. We also compare the performance of previous version of TRA, published 80|
and called as predecessor TRA (pTRA), for transparent networks. K SP routing is
used with these algorithms, while priority path selection (PPS) is used with TRA and
TaTRA. XA chooses the spectrum such that there is no occupancy on OsaCs. In WC
algorithm, the MFs are selected considering the worst-case XT scenario and thus the
XT levels automatically remain below the maximum allowable XT. xtFF chooses the
highest MF and the rst available SW for assignment. KCAP is a path-core
priority-based core and spectrum assignment algorithm. The cores are divided into
groups and path-core pairs are searched in increasing order of required number of FSs

on the pair based on TR model usingvorst-caseXT scenario, i.e.,all adjacent cores
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Figure 2.5: Variation in BBP wrt traf-
¢ for XT P =-40dB, C =7 for SMC-
TIN.

Figure 2.7: Variation in BBP wrt traf-
¢ for XT P =-40dB, C =7 for SMC-
TIN.

Figure 2.9: Variation in BBP wrt traf-
c for XT P =-40dB, C =7 for nSMC-
TIN.
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Figure 2.6: Variation in BBP wrt traf-
¢ for XT*P =-40dB, C = 3 for SMC-
TIN.

Figure 2.8: Variation in BBP wrt traf-
¢ for XT P =-40dB, C = 3 for SMC-
TIN.

Figure 2.10: Variation in BBP wrt traf-
c for XT P =-40dB, C = 7 for TpN.



