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Resumo

Nos ultimos anos, o trafego nas redes dticas, tanto submarinas como terrestres, tem crescido
exponencialmente, impulsionado pelas aplicacées que necessitam de uma elevada largura de banda.
Com a capacidade das fibras monomodo a atingir o seu limite, a multiplexagem por divisdao espacial
(SDM) surge como uma solugado promissora, utilizando multiplos canais espaciais, tais como multiplas
fibras, nicleos ou modos, para satisfazer estas exigéncias de capacidade.

Esta dissertacdo analisa arquiteturas de nds multiplexadores 6ticos de inser¢do/extracdo
reconfiguraveis (ROADM) para redes SDM, avaliando diferentes estratégias para reduzir o custo. E
estudada uma arquitetura com granularidade fracionada no espaco e no comprimento de onda, bem
como uma arquitetura modular, e o seu custo é comparado com o custo de uma arquitetura SDM
convencional.

Concluimos que arquiteturas modulares, em particular com comutadores seletivos no
comprimento de onda (WSS), sdo promissoras para reduzir o custo dos ROADMs SDM, especialmente
para um elevado numero de dire¢des. Observa-se uma reduc¢do de custos de cerca de 10% para um
ROADM 16 X 16, em comparacao com a arquitetura SDM convencional com lane changes, utilizando
a estratégia Full colorless, directionless, and contentionless (CDC). No entanto, a arquitetura com
granularidade fracionada no espa¢o e no comprimento de onda é sempre mais dispendiosa que a
arquitetura SDM convencional sem lane changes e apresenta menor flexibilidade de comutagdo. O
custo das arquiteturas modulares reduz-se ainda mais com a estratégia CDC por direcdo na estrutura
deinsercdo/extracdo, em vez de Full CDC, permitindo uma reducdo de 52% nos custos para um ROADM

16 x 16.

Palavras-chave: Arquiteturas modulares e fracionadas; custo do hardware; estrutura de
insercdo/extracdo; multiplexador ético de insercdo/extracdo reconfigurdvel; multiplexagem por

divisdo no espaco; redes oticas.






Abstract

In recent years, optical networks traffic, both submarine and terrestrial, has grown exponentially,
driven by bandwidth-intensive applications. With the capacity of single-mode fibers reaching its limit,
space division multiplexing (SDM) emerges as a promising solution, utilizing multiple spatial channels,
such as multiple fibers, cores, or modes, to meet future capacity demands.

This dissertation analyses reconfigurable optical add/drop multiplexer (ROADM) node
architectures for SDM networks, evaluating strategies to reduce the cost. An architecture that has a
fractional granularity in both space and wavelength dimensions, as well as, a modular architecture, are
studied and its cost is compared with the cost of a common core-wise switching architecture.

We have concluded that modular architectures, in particular with wavelength selective switches
(WSS) modules, offer a promising approach to reduce the cost in SDM ROADMs, in particular when the
number of directions increases. A cost reduction of about 10% is achieved for a 16 X 16 ROADM
comparing to the common core-wise switching architecture with lane changes considering Full
colorless, directionless, and contentionless (CDC) strategy. We show that the fractional space-
wavelength architecture is always more expensive than the core-wise switching architecture without
lane changes and has also less switching flexibility. The cost of modular architectures can be further
reduced by the CDC per direction strategy in the add /drop structure, instead of a Full CDC strategy. A
52% cost reduction is achieved fora 16 X 16 ROADM.

Keywords: Add/Drop structure; hardware cost; modular and fractional architectures; optical

networks; reconfigurable optical add/drop multiplexer; space-division multiplexing.
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CHAPTER 1

Introduction

1.1. Motivation and context

Over the last few decades, the volume of traffic carried over optical networks that span the globe,
whether through undersea cables across the oceans or terrestrial networks embracing continents, has
consistently grown at an exponential rate in the tens of percent range and has been efficiently satisfied
using wavelength division multiplexing (WDM) and other technological solution, like coherent
detection, the flexible grid and the reconfigurable optical add-drop multiplexer (ROADM) that enhance
the efficient utilization of the available C-band in an optical fiber [1].

There is no indication that the trend of network traffic growth will stop any time soon, so we are
approaching the day when the capacity limit of conventional single-mode fiber will be fully exploited
due to new applications and services that need more and more capacity [2].

One of the leading candidates offering a significant capacity enhancement is space division
multiplexing (SDM), leading to the concept of SDM optical networks for high-capacity transmission,
which is a promising solution with scaling potential to meet future transmission capacity demands and
switching efficiency, that is considered a long-term solution for optical networks. SDM consists in using
different spatial channels to transport information, using multicore fiber (MCF), multimode fiber
(MMF) or parallel fibers. Each spatial channel is used to transport a WDM signal [3]. SDM is considered,
nowadays, more suitable for submarine networks, because of the large volume of data traffic these
networks carry [4].

In order to analyse and study signal transmission in these SDM transmission networks, new
ROADM node models need to be developed. The dimension of these ROADMs tends to be considerable
large in comparison with ROADMs working in conventional networks, which brings out cost issues and
implementation problems. In this dissertation, we focus our study on SDM ROADM nodes that present
cost effective solutions, by exploring spatial and wavelength switching dimension schemes and A/D

structures with less hardware [5-7].

1.2. Goals

This work aims to study the cost of two SDM ROADM architectures - the fractional and wavelength
architecture and the modular architecture - and compare it with the common core-wise switching
architecture. Therefore, the following goals are considered relevant:

1. Study conventional architectures of ROADMs nodes for SDM networks in terms of



functionality, number of hardware components and cost;

2. Analyse the functionality and cost of the fractional and wavelength architecture and of the
modular SDM architecture;

3. Make a comparison study between the fractional space and wavelength and the modular SDM
architectures with the common core-wise switching architecture;

4. Study different A/D structures to reduce the cost of the SDM-ROADM nodes.

1.3. Dissertation organization

This section describes how this dissertation is organized.

In Chapter 2, a brief review of the SDM concept and of the ROADM architectures classification is
presented. Different switching strategies (space granularity, wavelength-space granularity,
wavelength granularity, fractional space-full wavelength granularity) and their functionalities are
analysed. For each switching strategy, a possible SDM ROADM architecture, and the required hardware
used in that architecture are presented.

In Chapter 3, we study and analysed the switching strategy with fractional space-wavelength
granularity for further comparison with the conventional core-wise switching without lane changes.
We discuss the required hardware and its functionalities and perform an analysis on the hardware
cost. Then, we address the internal operation and hardware used in the ROADM-subsystems modular
architectures, as well as its advantages/disadvantages. Both modular and fractional architectures are
compared to the conventional core-wise switching assuming different add/drop (A/D) structures and
using different WSS dimensions. Next, we study solutions for further reducing the cost of the A/D
structure of the modular and fractional space-wavelength architectures. Then, a brief overview of the
node switching capacity is done.

In Chapter 4, the final conclusions of this work, and considerations for future work are presented.

1.4. Main contributions

The main contributions of this dissertation are:
e Cost comparison between the fractional SDM ROADM architecture, the modular SDM
ROADM architecture and the conventional core-wise switching SDM ROADM architecture.
e Study and analysis cost effective solutions for A/D structures in SDM ROADMs, such as the

CDC per direction and the CDC per spatial channel solutions.



CHAPTER 2

Literature review on ROADM-based SDM optical networks

2.1. Introduction

In this chapter, we briefly review the concept of SDM multiplexing in section 2.2. In section 2.3 the
ROADMs architectures classification is explained. The different switching strategies (space granularity,
wavelength-space granularity, wavelength granularity, fractional space-full wavelength granularity)
and their functionalities are analysed in section 2.4. For each switching strategy, it is presented a

possible SDM ROADM architecture, and the hardware used in each architecture.

2.2. ROADM-based SDM optical networks

The adoption of new SDM-supporting fibers in the optical network potentially increases the
capacity per fiber by a factor of M, the number of guided spatial modes or cores. Considering that each
fiber mode or core still spectrally spans the optical communication band, WDM can be applied, carrying
N wavelength channels per spatial mode or core [8]. The WDM-SDM fiber capacity can be defined by
a two-dimensional spatial-spectral array, with wavelengths (A1, ..., AN) and spatial modes (o1,..., M)
defining its columns and rows.

Another solution for increasing the capacity of optical networks is the multi-band (MB) solution
that explore other bands than the C-band [9]. This solution is considered a short-term solution since
the fiber installation, mandatory for the SDM solution, is not needed in this scenario. Nevertheless,
the capacity of a multiband solution can be at most 8 to 10 times the capacity of C-band systems
(nowadays only C+L+S systems are being considered so a 3 times increase is achieved), whereas the
capacity of SDM systems has the potential to be must larger [9].

Nowadays it is foreseen that the transmission capacity aspect of SDM transmission can be scaled
to the level of 1 Pbit/s (which is equivalent an equal to 1,000 Terabits by employing uncoupled Multi-
Core Fiber (MCF) directly. Each core of the uncoupled MCF has nearly identical optical properties as a
single-mode fibers (SMF), thereby enabling the immediate utilization of existing digital coherent
transceivers. The number of parallel cores can be increased to 32 within a cladding diameter of 250
pm, while ensuring the mechanical reliability of the MCF [9].

SDM has several applications notably in data centers that aim to improve data transmission
capacity, enhance network performance, and provide more reliable communication, where it is
projected that, by the year 2030, the required transmission capacity and optical node throughput will
exceed 1 and 10 Pbit/s, respectively. data centers can benefit from SDM by using parallel optical links

or waveguide which enables high-speed data transfer between servers and storage devices [9].



Another potential application of SDM networks in the future lies in submarine cables, where these
systems face unique challenges due to the harsh underwater environment, long transmission
distances, and the need for high data rates. SDM is a valuable technology for submarine cables by
allowing multiple data streams to be transmitted simultaneously through different cores which helps
meeting the growing demand for high-bandwidth connections between continents and supports the
expansion of international internet traffic [9].

SDM can also serve as a potential solution for fronthaul networks, to increase capacity and support
the demanding requirements like the high bandwidth and low latency which are essential for the
successful deployment and operation of emerging technologies like 5G and future wireless
communication systems [9].

SDM can also be applied to core networks, allowing them to meet the increasing demands for
capacity, speed, and reliability in modern telecommunications. It supports the efficient and cost-
effective transmission of diverse services and ensures that core networks can adapt to the evolving
needs of the digital age [9].

The use of submarine cables and datacenters is seen as the short-term application of SDM
networks. This technology is currently being used and tested in the real world, such as the successful
test of a 4-core submarine fiber cable. This test, which connects Taiwan, the Philippines, Guam and
California, was carried out in collaboration between Google and NEC. It marks the pioneering
application of MCF technology in the submarine cable sector and has been validated for its ability to
meet the stringent requirements of global telecommunications networks [10,11]. This short-term
application is crucial to meet the growing demands of global connectivity and high data processing
capacity requirements in data center environments. On the other hand, the use of SDM in fronthaul
and core networks is considered a long-term application as the network is characterized by supporting
a multitude of connections scenarios, but the SDM solution will be also crucial in these networks due
to the continuous need to increase capacity, reduce latency, improve reliability, support new
technologies in telecommunications networks [9].

Nowadays optical networks employ WSSs at network nodes to perform the switching and are
exclusively based on SMF interfaces [9]. A conventional WSS accepts a single fiber carrying WDM traffic
and switches each wavelength channel to one of the possible output fiber ports, i.e.,, a 1 X D WSS (D
is the number of fibers or directions) is needed, whereas a WSS for a SDM node must have a much
larger dimension with D X M outputs (M is the number of cores or spatial channels) [9]. Several
solutions have been proposed in the literature for using smaller WSS dimensions, namely exploring
switching architectures with modular structures, and exploring switching architectures that sacrifice
the switching flexibility so that the WSSs dimension is reduced [9]. Besides the dimension issue these

large WSSs, also introduce significant challenges in terms of complexity, resources cost and physical



impairments which are a challenge especially over long distances.

2.3. Classification of ROADM architectures and A/D structures according with their
hardware and functionalities

The most commonly used ROADM architectures today are the broadcast and select (B&S) and the
route and select (R&S) which are represented, respectively, in Figure 2.1 a) and b). In a B&S
architecture, represented in Figure 2.1 a), the input wavelength channels coming in on each degree
are broadcasted to the egress side of every other ROADM degree including the A/D structure. Usually,
optical splitters are used on the ROADM input and WSSs on the output in this type of architecture. In
R&S-type architectures, represented in Figure 2.1 b), wavelength channels are selected on the ingress
WSS and sent to a specific destination. In this case these architectures use WSS both in input and
output stages. The absence of a splitter and the independence of loss from the number of WSS ports
contribute to their increased scalability.

The A/D structures presented in these architectures are classified according with their
functionalities. In Figure 2.1 a) it is shown a colorless and directionless (CD) ROADM A/D structure. This
structure has contention since it is not possible to drop the same nominal wavelength channel from
different directions in the same A/D structure, as there is a common link between the two WSSs in the
drop structure. Presently, there are already commercially available programable M X N WSSs allowing
for greater scalability in exchange for a higher cost [1]. Therefore, the solution presented in Figure 2.1
a) is no longer considered practical in present ROADMs architectures. In Figure 2.1 b), it is shown a
colorless, directionless and contentionless (CDC) ROADM A/D structure. In this architecture, it is
possible to extract any wavelength channel (colorless) from any direction (directionless) without
contention from channels with the same wavelength from different directions that are extracted to
the same A/D structure (contentionless). Usually, this structure is built with multicast switches (MCSs)
or M X N WSSs [9].

Currently, CD and CDC applications encompass the rerouting of wavelengths in response to
failures or proactive avoidance of future service degradation. CDC can offer advantages over CD in
networks with higher loads and at nodes with significant quantities of A/D channels. Despite the fact
that CDC structures, in general, provide greater flexibility in comparison to CD, this implies that the

associated cost increases, as illustrated in the Figure 2.2 [1].
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» Flexibility

Typically, B&S ROADMs exhibit a lower number of directions compared to R&S ROADMs due to

the challenge of managing splitting losses in ROADMs with more than 4 directions (as arule 1 X 9 WSS

are commonly used for B&S ROADMs on the output stage. This means that the difference in

performance between B&S and R&S is insignificant when usinga 1 X 9 or smaller WSS. However, when

using a larger WSS, such as 1 X 20 or larger, R&S exhibits a performance superiority. Additionally, CD

ROADMs are commonly employed in core networks with fewer nodes and a reduced demand for

flexibility. Conversely, CDC ROADMs find typical usage in metro networks characterized by a

substantial number of nodes and a greater requirement for flexibility [1].



2.4. SDM switching strategies

In SDM-based optical networks, characterized by M spatial channels and N wavelength channels
per spatial channel, switching can be done in two dimensions, space and wavelength, leading to four
switching strategies: space granularity, wavelength-space granularity, wavelength granularity,
fractional space- full wavelength granularity [9].

In the space granularity strategy, represented in Figure 2.3 a), the switching is done between
spatial channels. This operation can be classified, as spatial switching and can be performed with or
without lane changes. Spatial switching without lane changes means that the spatial channel in one
direction is switched to another direction, but always to the same spatial channel, e.g., spatial channel
1 on the south direction is switched to spatial channel 1 on the north direction. Spatial switching with
lane changes means that the spatial channel in one direction is switched to another direction but it can
be switched to a different spatial channel, e.g., spatial channel 1 on the south direction is switched to
spatial channel 2 on the north direction.

In the space-wavelength granularity strategy, represented in Figure 2.3 b), the switching is done
between wavelength channels and in any spatial channels, e.g., wavelength A; in spatial channel 1 in
the south direction, is switched to wavelength As in spatial channel 4 on the north direction. This
strategy can also be implemented with or without lane changes. The space-wavelength granularity
strategy will lead to a more flexible switching architecture, but at the cost of more complexity.

In the wavelength granularity strategy, represented in Figure 2.3 c), the switching is done between
groups of the same wavelength channels, i.e., all wavelength channels A;, on the south direction (of all
spatial channels), are switched together to the north direction. A joint switch (JS) WSS is used to
perform this operation [9].

In the fractional space-full wavelength granularity strategy, represented in Figure 2.3 d), the
switching is done between groups of the same wavelength channels, but in this strategy these groups
are previously defined, i.e. wavelength channels A; of group 1 in the south direction, are all switched
together to group 1 of the north direction, and wavelength channels A; of group 2 on the south
direction, are all switched together to group 2 on the east direction.

In the fractional space-wavelength granularity strategy, represented in Figure 2.3 e), the switching
is done between groups of spatial channels and wavelength channels. In this strategy the groups are
previously defined, i.e., 0, and o are grouped together with A; and A; to form a group.

In the following sections we analyse with more detail the spatial, spatial-wavelength, wavelength
granularity, fractional space-full wavelength granularity and fractional space- wavelength granularity

strategies.
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2.4.1. Spatial granularity architecture

In this approach, it is necessary to utilize switches to route the complete communication band of
each separated spatial channel to its intended destination. This routing process can be implemented
with or without the use of lane changes. The spatial ROADM architecture is usually called a fiber- level
switching or independent switching ROADM [13].

In the scenario where spatial lane changes are not utilized, the routing of data from an ingress
spatial channel (core or mode) is accomplished by transmitting the data on the same spatial channel
in the egress fiber [7,9]. Switching without lane changes can be achieved by utilizing a collection of
small optical cross-connects (OXCs), with one OXC assigned to each spatial channel. The input/output
port count of each individual OXC, dedicated to a particular spatial channel, must be no less than the
number of directions, D, which means thatatleast M (D + 1) X (D + 1) OXCs are required. Therefore,
in order to accomplish switching without lane changes, M of such OXCs are required [9].

Lane changes support means that the spatial channel in one direction can be switched to another

direction, and another spatial channel. In this scenario, it is recommended to utilize a single large OXC



to handle all the node traffic. In this scenario, the port count of the OXCis (D - M) X (D - M) [9]. One
significant drawback of an architecture based on a single large OXC is the event of this OXC failure. To
mitigate this risk, a second OXC can be implemented in parallel as a protective measure.

However, this solution increases cost, space requirements, and fiber-routing complexity. In
contrast, when utilizing a bank of smaller OXCs without lane changes, a failure of a single switch would
only impact 1/M of the node traffic [9].

In Figure 2.4, it is represented a SDM ROADM-based architecture with spatial granularity without
lane changes, considering 2 directions (D=2), 4 spatial channels (M=4), 80 wavelengths per spatial
channel (Ny,=80) and an A/D ratio of 20%. The spatial channels are represented in different colours:
blue, red, black and yellow. To build this architecture 4 3 X 3 OXC are used. Each OXC is responsible
for routing the spatial channels of a particular colour, and each OXC has also an input/output stage for
the ROADM A/D structure [9].

The drop structure represented in Figure 2.4 consists of 4 1 X 17 WSSs, where each 1 X 17 WSS
is responsible for extracting 20% of the 80 wavelengths in a particular spatial channel (i.e., core) plus
an additional output, that goes to the switching architecture, with wavelength signals that continue on
the optical domain and were not dropped. In this drop structure, it is possible to extract any
wavelength (colorless) on any of the 17 ports of each 1x17 WSS and to drop one spatial channel of a
given colour of any of the ROADM directions (directionless) however its limitation is that it can only
extract signals from one spatial channel at a time hence the A/D structure is only CD [9]. The add
structure is similar to the drop structure using 4 17 X 1 WSSs instead as can be observed in Figure 2.4.

In Figure, 2.5 it is represented a SDM ROADM-based architecture with spatial granularity with lane
changes, considering 2 directions (D=2) and four spatial channels (M=4), 80 wavelengths per spatial
channel (Ny,=80) and an A/D ratio of 20%. The spatial channels are represented in different colours:
red, blue, black and yellow. This architecture has a single 12 X 12 OXC. This OXC is responsible for
routing any spatial channel to any of the ROADM directions and also has 4 input/output for assessing
the ROADM A/D structure, which has the same structure of the one used in Figure 2.4, for the
architecture without lane changes.

This type of switching architecture could be potentially used in core networks where spatial
granularity is sufficient to obtain the required routing flexibility [1].

In this approach, the utilization of space-wavelength granularity provides the finest level of
switching granularity. However, the implementation complexity associated with this approach is
considerably higher compared to the spatial granularity architecture [9].

Access to space-wavelength granularity is attained by initially demultiplexing the signal spatially.

This is then followed by a WSS dedicated on each spatial channel, which facilitates the routing of the



signal to other output ROADM directions [9].
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2.4.2. Spatial-wavelength granularity architecture

This architecture can be also implemented with or without lane changes as the spatial architecture
in subsection 2.4.1. In Figure 2.6 it is represented, a SDM R&S ROADM-based architecture with spatial-
wavelength granularity without lane changes, considering 2 directions (D=2) and 4 spatial channels
(M=4), with the spatial channels differentiated by colours: blue, red, yellow, black. This architecture
can be called core-wise switching architecture [13]. In this approach, the elimination of inter-core
switching within an MCF aims to prevent a rise in WSS port count. This architecture is composed by
16 1 X 2 WSSs. For a generic spatial-wavelength granularity architecture without lane changes with D
directions and M spatial channels 2- M -D 1 X (D — 1) + 1 WSSs are needed, assuming one output
to the drop structure (+1). In Figure 2.7, a SDM R&S ROADM-based architecture with spatial-
wavelength granularity with lane changes, considering 2 directions (D=2) and 4 spatial channels (M=4)
is represented. This architecture is composed by 16 1 X 5 WSSs. For a generic spatial-wavelength
granularity architecture with lane changes with D directions and M spatial channels2-M -D 1 X (D —

1) -M + 1 WSSs are needed, assuming one output to the drop structure (+1) [8].

ADD
STRUCTURE
- WSS
Uncoupled SDM WSS I I e — S Uncoupled SDVI
fibers fibers
1x2 le
WSS T ® WSS
12 2xd
WSS WSS
2 [ont]
{WSS ‘ixsjé South
North -
Uncoupled 5DM 1x2 - 2l Uncoupled SDM
fibers WSS 4 _— WSS fibers
1x2 2x1
WSS 4 ywss
75[:(2 ’7 in,.
WSS ‘ WSS
12 | %L
WSS i WSS
B v v v

DROP
STRUCTURE

Figure 2.6 - Spatial wavelength granularity architecture without lane changes
with two directions (D=2) and four spatial channels (M=4)

11



‘ ADD

STRUCTURE
15 — N » 5Sx1
Uncoupled SDM Wss ] WSS Uncoupled SDM
fibers B v \ > - fibers
hs v - e
JWly vy -~
IxS —nd, P VNP > ox1
WSS :& e WSS
1l A s s
1x5 } | - V- » ox1
WSS | wss
—] NI W W A S |
1X5 e e e SX]'
WSS
‘:‘VSS‘ ~ South
North
o | S~ = 5;<1
UHCGL{D|E‘d SoOM 2L wss Uncoupled SDM
fibers r.n_n.n_n_f' ~ fibers
PP W W W W _— - 5x1
CF WSS
P NI PN N W A 1
e 1
’\_’\_n_n.l h le
WS
P Sx1
P N N WS
Yy vy
DROP
STRUCTURE

Figure 2.7 - Spatial wavelength granularity architecture with lane changes with
two directions (D=2) and four spatial channels (M=4)

The A/D structure for the ROADM architectures presented in Figures 2.6 and 2.7 can be
implemented with four different strategies [7].

The first strategy, represented in Figure 2.8 a), considers a single WSS that serves all directions
and spatial channels. This WSS has D X M inputs, where D is the number of directions and M the
number of spatial channels in each direction, and D X M X W outputs that depend on the A/D ratio
considered (with W = Ny, X A/D,4ti0, Where Ny, is the number of wavelength channels considered
in each core or spatial channel) . This A/D structure provides the ROADM with CDC capability but has
the disadvantage of using WSSs with large dimensions [7].

The second strategy is represented in Figure 2.8 b) and considers D X (D - W) WSS per spatial
channel with D inputs and D - W outputs with a total of M WSSs per A/D structure, so it only has CDC
capability per spatial channel. This strategy has less flexibility than the previously referred, but it has
the potential of using WSSs with a smaller dimension and commercially available. Moreover, such
strategy is advantageous in gradual SDM deployment over existing networks since the network
operator can add one spatial channel at a time when it needs more capacity [7].

The third strategy is represented in Figure 2.8 c) and considersa M X (M - W) WSS per direction,
with a total of D WSSs per A/D structure with M inputs and M X W outputs, so it only has CDC
capability per direction. This A/D structure is CDC only within in each direction. Once again, this

strategy has a lower flexibility than the first one previously referred but has the potential of using WSSs

12



with a smaller dimension and commercially available. This strategy may be used for a greenfield SDM
network deployment, where more nodes can be added to the network topology as the network grows
[7].

The fourth strategy considers a CDC A/D structure for one specific direction. In this strategy, the
transmitter-receivers are directly connected to the input/output WSSs and are thus bound to a given

spatial degree and nodal direction, being this strategy known as pure directional SDM-ROADM [7].

l

Mx W Mx W

Figure 2.8 - a) A/D structure with Full CDC capability with a single MxN WSS with DxM inputs
and N outputs, b) A/D structure with CDC capability per spatial channel, c) A/D structure with
CDC capability per direction.

Table 2.1 - Dimensions of the WSSs associated with each strategy considering for various values of D
and M for the drop structure

D=2 D=4 D=16
Strategy
M=4 M=7 M=12 M=4 M=7 M=12 M=4 M=7 M=12
Full CDC 8x128 | 14x224 | 24x384 | 16x256 | 28x448 | 48x 768 |64 x 1024|112 x1792| 192 x 3072

WSS WSS WSS WSS WSS WSS WSS WSS WSS

CDC per spatial| 4 WSSs 7 WSSs | 12 WSSs | 4 WSSs 7 WSSs | 12 WSSs | 4 WSSs 7 WSSs 12 WSSs
Channel 2x32 2x32 2x32 4x 64 4x 64 4x 64 16 x 256 | 16 x 256 16 x 256

CDC per 2 WSSs 2 WSSs 2 WSSs 4 \WSSs 4 WSSs 4 WSSs | 16 WSSs | 16 WSSs 16 WSSs
Direction 4 x 64 7x112 12 x 192 4 x 64 7x112 12 x 192 4 x 64 7x112 12 x 192

Table 2.1 shows the dimensions of the WSSs in the drop structure associated with each strategy

mentioned above, considering various values of D and M and assuming an A/D ratio of 20% and Ny;,=80

wavelengths per spatial channel .

From Table 2.1 it is possible to notice that for each strategy the dimension associated with each
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WSS increases with D and M. In particular, in the first strategy, the dimensions of the WSS increase
with D and M, where a higher value of these parameters leads to a larger WSS dimension. However, in
the second and third strategies WSSs have smaller dimensions. Specifically, for the second strategy,
the dimension of the WSSs is kept constant regardless of the value of M for a given D, while the number
of WSSs in parallel increases with M. For the third strategy, it can be observed that the dimension of
the WSSs remains the same for a fixed M regardless of D. Considering a maximum WSS dimension of
35, and a future increase to 60 in the next years [12] it can be easily concluded that the majority of the
WSSs presented in Table 2.1 are not commercially available at this moment and it will be very hard to
become available in the next years.

Assuming the reference case of D=2 and M-=4, the first strategy considered above for
implementing the A/D structure should be built using a single 8 x 128 WSS where the number of
outputs is calculated with the expression D X M X W (2 X 4 X 80 X 0.2 = 128). For the second
strategy presented, we need 4 2 X 32 WSS in parallel where the number of outputs of each WSS
D x W (2 %80 x 0.2 = 32). For the third strategy we need to use 2 4 X 64 WSS in parallel where
the number of outputs of each WSSis M X W (4 X 80 x 0.2 = 64).

From this reference case (D=2 and M=4) it is observed that in all strategies, except the second
strategy, the WSSs are not commercially available. A possible solution to address this situation for the
first strategy is to use smaller WSSs in parallel, e.g., 8 (8 X 16) WSS in parallel. The 8 X 16 WSS can be
replaced by 8 X 16 MCS for a more cost-effective solution. In both these solutions the ROADM input
WSS should have 8 more outputs intended to the drop structure. On the other side the ROADM output
WSS should have 8 more inputs. For example, considering the ROADM of Figure 2.6 the value of
outputs should be 9, since 8 are for the A/D structure and one to the other direction.

Architectures based on spatial and wavelength switching granularity could be potentially used in

metro networks since these networks require greater routing flexibility [12].

2.4.3. Wavelength granularity architecture

In this scenario, all spatial channels are routed as a whole per wavelength channel. This
functionality can be provided by a single WSS modified to support joint switching over all SDM channels
on a wavelength basis by employing spatial diversity [1]. This ROADM architecture is usually named a
spatially jointed switching ROADM [13].

Contrary to space granularity, which forfeited access to the spectral domain, wavelength
granularity sacrifices the spatial domain to simplify the switching hardware. Implementations rely on
modified WSSs in support of joint switching of all M spatial channels on a wavelength basis [8,14].

Unlike conventional WSS designs, where fiber ports are dispersed and imaged to the same

positions at the switching plane, as shown in Figure 2.9 a), the joint-switching WSS allows for
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simultaneous redirection of multiple incident beams, resulting in the same beam-steering shift for all
beams. If the input/output fibers of the WSS are arranged in a regularly spaced array, the steering of
a set of inputs is reimaged onto different sets of outputs [8]. Figure 2.9 b) illustrates a JS WSS, which
accommodates 3 spatial channels and 2 wavelength channels per spatial channel. The spatial channels
are depicted in black, while the wavelength channels are represented in blue and red. The steering
mirror is divided into sections [8,15], and each spatial channel is directed to a distinct section. As a
result, each section of the steering mirror introduces a unique steering angle, causing wavelength
channels with the same index (e.g., A1) from all spatial channels to align in the same direction. This
alignment forms a spatial channel group in that specific direction.

In Figure 2.10 it is represented a R&S SDM ROADM-based architecture with wavelength
granularity, considering 2 directions (D=2), 4 spatial channels (M=4), 80 wavelength channels (Ny,=80),
A/D ratio of 20% and with each spatial channel group (with channels with the same wavelength)
represented by a single colour at the input/output of the JS WSSs. This architecture has two,
4 X (1 X 2) input JS WSSs, and two, 4 X (2 X 1) output JS WSSs. The JS WSSs are responsible for
directing a spatial channel group which combines multiple individual wavelengths or subcarriers into
a single high-capacity transmission channel with a specific wavelength to either an output direction or
to the drop structure. The output JS WSS receives the spatial channel group from other directions or

from the add structure.
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Figure 2.9 - a) Conventional 1x2 WSS with 2 wavelength channels b) Joint switch 1x2 WSS with 3 spatial

channels [1]

In Figure 2.11, it is represented a CDC A/D structure for a SDM ROADM-based architecture with

wavelength granularity. This A/D structure is responsible to extract/add a spatial channel group, using
JS WSSs. The drop structure is comprised of a single 4 X (1 X 16) JS WSS, featuring 64 output links
directed towards receivers, as well as 4 input links originating from an input JS WSS. Similarly, the add
structure consists of a single 4 X (16 X 1) JS WSS, with 64 input links coming from transmitters and 4

output links directed towards an output JS WSS.
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While Figures 2.10 and 2.11 depict a wavelength granularity solution for uncoupled fibers, this
approach is also applicable to coupled SDM fibers [1]. Regarding Figure 2.10, it is necessary to replace

each group of 4 conventional receivers units dedicated to a spatial channel group with a SDM receiver

that can decouple the 4 spatial channels forming the spatial channel group [8].
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Figure 2.10 - Wavelength granularity ROADM architecture
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Figure 2.11 - CDC A/D structure for the wavelength granularity architecture

2.4.4.

Fractional space-full wavelength granularity architecture

In this scenario, instead of existing only one spatial group per wavelength as in the wavelength

granularity scenario, several spatial groups of the same wavelength can be formed. This is useful in

high-capacity optical networks, such as those used in data centers or communication backbones,

where flexibility and efficiency in the use of resources are essential [8,14]

Figure 2.12 illustrates a routing scenario involving an SDM ROADM-based architecture operating
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at fractional space-full wavelength granularity and with no lane changes. It considers two directions
(D=2), four spatial channels (M=4), and two spatial groups (G=2). The spatial channels groups are
differentiated by colour, namely blue, red, yellow, and green. The first spatial group comprises the
spatial channels represented by the red and blue colours, while the second spatial group consists of
the spatial channels represented by the yellow and black colours. This architectural configuration
includes two 2 (1 X 2) input JS WSSs and two 2 (2 X 1) output JS WSSs. On one hand, the input WSS
serves the dual purpose of routing all wavelength channels within a common spatial group to an output
WSS in the opposite direction, which is also part of the same spatial group. Additionally, the input WSS
must have two output links connected to the drop structure. On the other hand, the output WSS is
tasked with receiving and grouping wavelength channels originating from the input WSS that belong
to the same spatial group or from the add structure.

Figure 2.13 illustrates an SDM ROADM-based architecture featuring fractional space-full
wavelength granularity with lane changes. This configuration assumes values of D=2, M=4, and G=2.
Within this architecture, there are two sets of 2 (1 X 3) input JS WSSs and two sets of 2 (3 X 1) output
JS WSSs. To accommodate a CDC A/D structure for fractional space-full wavelength granularity, it must
be capable of independently extracting or adding each spatial channel group. Since there are two

spatial channel groups in this scenario, two JS WSSs are necessary per A/D structure [8].
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Figure 2.12 - Architecture with fraction space-full wavelength granularity without
lane changes, considering 2 directions, 4 spatial channels and two groups.
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Figure 2.13 - Architecture with fractional space-full wavelength granularity with lane
changes, considering 2 directions, 4 spatial channels and two groups.

The drop structure, represented in Figure 2.14 a), comprises two 2 (1 X 16) JS WSSs equipped
with 32 output links leading to conventional optical receivers, and it has 2 input links connected to an
input JS WSS. Likewise, the add structure, represented in Figure 2.14 b), consists of two 2 (16 X 1) JS

WSSs with 32 input links from transmitters and 2 output links directed towards an output JS WSS.
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Figure 2.14 - CDC A/D structures for fraction space-full wavelength granularity architecture.
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2.5. Conclusions

In this chapter, a comprehensive review of SDM-based ROADM architectures is performed, their
switching strategies are analysed, and practical applications are presented.

ROADM architectures have been categorised into two main ones: B&S and R&S noting that the
main difference between them lies in the way the optical signals are routed and processed.

The A/D structures in ROADMs were also discussed, focusing on their functionalities (colorless,
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directionless and contentionless).

The potential applications of SDM were discussed, including data centres, submarine cables,
fronthaul networks for 5G and core networks.

Different switching architectures were discussed as space granularity, wavelength-space
granularity, wavelength granularity, fractional space- full wavelength granularity, as well as their
limitations. In summary, the spatial granularity architecture where the switching is done between
spatial channels provides significant flexibility and resilience benefits, particularly with lane changes,
it also introduces complexities and higher costs, especially when ensuring redundancy. Additionally,
without lane changes, the architecture offers simpler, more localized failure management but at the
cost of reduced routing flexibility. In the space-wavelength granularity where, the switching is done
between wavelength channels and in any spatial channels approach offers the finest level of switching
granularity, providing greater routing flexibility which is particularly beneficial for metro networks.
However, this advantage comes at the cost of significantly increased implementation complexity
compared to simpler spatial granularity architectures. The wavelength granularity architecture where,
all spatial channels are routed as a whole per wavelength channel presents advantages, such as
simplified hardware and the ability to redirect multiple incident beams simultaneously, which
enhances efficiency and flexibility in managing high-capacity transmission channels. However, this
comes with disadvantages, including the sacrifice of spatial domain granularity and the need for
complex SDM receivers to handle decoupling of spatial channels, which could complicate the system
design and implementation. Finally, the fractional space-full wavelength granularity architecture
where, several spatial groups of the same wavelength can be formed allows for more dynamic and
granular routing options, potentially improving overall network performance and adaptability.
However, the routing mechanisms required to manage the multiple spatial groups can lead to potential

challenges in ensuring consistent performance and reliability across the network.
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CHAPTER 3

Strategies for cost reduction in SDM ROADM nodes

3.1. Introduction

In this chapter, we begin by studying the fractional space-wavelength granularity switching
strategy, which will later be compared to core-wise switching without lane changes, as explained in
section 3.2. Additionally, we discuss the hardware used and its functionalities. Finally, an analysis is
conducted on the hardware cost and switching capacity of the SDM ROADM architecture.

Next we address the advantages/disadvantages as well and the internal operation/hardware used
for B&S or R&S in the ROADM-subsystems modular architectures presented in [16] in section 3.3. Next
a study will be carried out considering the modular architectures with Dg X Dg R&S as modules which
will be compared to core-wise switching with lane changes explained in chapter 3.3.1 assuming
different A/D structures using either 1 X 9 WSSs or 1 X 4 WSS whereas in chapter 3.3.2, N X N WSSs
directly in the subsystems are considered where an initial cost comparison is made with a modular
architecture with Dg X Dg R&S as modules.

In section 3.4 we study solutions for further reducing the cost of modular and fractional space-
wavelength architectures, such as using alternative A/D structures (CDC per spatial channel or CDC per
direction).

Section 3.5 provides a brief overview of how SPOC technology can address the challenges of
reducing space inside the large dimension SDM optical nodes by integrating multiple optical
components into compact modules.

Additionally, an analysis of the switching capacity of the node is conducted in section 3.6.

3.2 Fractional space-wavelength granularity architecture

In this scenario, groups involving spatial channels with more than one wavelength are possible,
as represented in Figure 2.3 e). For example, spatial channel 1 involving A1 can be joined with spatial
channel 2 involving A; resulting in a spatial channel group involving A; and A,.

A switching architecture with fractional space and wavelength granularity is proposed in [5] and
is represented in Figure 3.1, considering four directions (D =4), with one fiber per direction with four
spatial channels or cores (M= 4), two fibers per group (n=2), two groups of fibers (N,=2), so that D =
n X Np, two bands (B=2) and 80 wavelengths per fiber (Ny,=80). The two bands (B) are differentiated
by the blue and red coloured arrows. Generally, this architecture configuration includes N, - n sets of
1 X M fan-outs, N, - M -n 1 X 2WSSs, N, - nM-array 1 X BISWSSs, B+ M -n Nj X Nj delivery-and-
coupling (DC) space switches, N, *M -n (B + 1) X1 WSSs, and N, *n sets of M X 1 fan-ins. The
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Ny, X Np, DC space switch consists of N, 1 X N, optical switches and N, N, X 1 optical couplers [5].
So, the total dimension of the ROADM architecture is given by N, - M -n X N, - M - n.. In particular
when M =4,n =2, N, = 2,a 16x16 ROADM is obtained.

The ROADM operation, represented in Figure 3.1, consists of four steps. Initially, the fan-out
component present at the input stage of the architecture separates the optical signals from the various
cores of the MCF for switching. The optical paths coming from the fan-out are sent into two paths:
either towards the drop section or the express section using a 1 X 2 WSS. Subsequently, optical paths
originating from MCFs are grouped together into B flexible bands using M — array 1 X B JSWSS. The
operation ofa 1 X B JS, with B=2, is exemplified in Figure 3.2 a) with an 8 array 1 X 2 WSS and in Figure
3.2 b) with an equivalent two by 4 — array 1 X 2 JS WSS configuration. As can be observed in Figure
3.2 one of the bands is composed by the yellow, green, light blue and dark blue wavelengths, whereas
the other band is composed by the red, brown, dark green and black wavelengths. Following this, each
flexible band is directed to a (B + 1) X 1 WSS that is connected to the target core via an N, X N, DC
space switch. Afterward, the outputs of the DC space switch and add-ports are fedintoa (B + 1) X 1
WSS. The fan-in component present at the output stage allows optical signals arriving at the output

stage of the architecture to be coupled in the MCF.
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Figure 3.1 - Architecture with fractional space-wavelength granularity with four input fibers D=4,
n=2, M=4, N,=2 and B=2 and an A/D structure with 16 inputs and (16xW) outputs.

The components cost of the fractional space-wavelength granularity architecture is shown in Table
3.1. For comparison purpose, the components cost of a spatial wavelength granularity with and
without lane changes (see section 2.4.2), or core-wise switching architecture with and without lane

changes is also shown. Several assumptions and considerations have been made, in particular: 1) the
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per-port cost of the JS WSS is considered similar to conventional WSSs deployed in current single-core
fiber (SCF)-based networks [5], so we have assumed in Table 3.1 that the costofa 1 X (4-M — 1)
WSS, used in the core-wise switching architecture, that has 4 - M ports has the same cost of a M —
array 1 X 3 JS WSS, used in the proposed architecture, that has also 4 - M ports, and the cost is
defined by «; 2) the cost of the DC space switch is relatively small compared to the WSS cost, since it
can be manufactured cost-effectively using planar lightwave circuit technologies or silicon photonics
technologies [5], so its cost can be neglected (6 = 0) and 3) the cost of the fan-in and fan-out is not

considered in this work [5].

4-array

222 2 2R B 22 2 [y

B BEEm s
- e -l e

152 s

WSS -
[ s JES) 6 6 5 o A PEEEa ey
SR — X,
7 N 7 7|7 7§ 7 BOIE 77| 7 7 R
B COoDm
e — L%

a) b)

Figure 3.2 - Two alternatives for implementing the 8-array 1x2 JS WSS a) with an 8-array 1x2 JS
WSS and b) with two by 4-array 1x2 JS WSS.

Analysing Table 3.1, we can conclude that the express structure cost of the fractional space-

wavelength granularity architecture proposed in [5], Cost_new, is given by:
Cost new= a-N, n+f-M-N,-n+y-M-N, n+6-B-M-n (3.1)

Equation (3.1) is obtained through the sum of the components present in the fractional space-
wavelength granularity architecture, with a representing the JS WSS cost , which is equivalent to the

costofal X (M + M- -B — 1) WSS.
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Table 3.1 - Hardware cost for the fractional space-wavelength granularity architecture proposed in [5]
and for the core-wise switching architecture.

Fractional space-
Core-wise switching architecture
wavelength granularity
Hardware

architecture proposed

Without lane changes With lane changes
in [5]

Express structure components and
Express structure cost components

unitary cost

1x[(D—-1)+1] WSS
Cost: ay,p 1c

IxX[(D—1x M+1)]WSS
Cost: ay, ¢

1x2WSS
Cost:

M — array (1 X B) JS WSS
Cost:

1% (B +1) WSS
Cost:y
N, X N,,
DC Space Switch 0'B-M-n
Cost: &

“M-D-2 | al,-M-D-2

!
awa_lc

B-M-Ny-n

a-Np-n

Yy M:-Ny-n

a-Np-n+
B-M:-Ny -n+
Yy M:-Ny-n+

6:B-M-n

Total cost of the express structure a(/vo,lc “M-D-2 “\;z,lc “M-D -2

A/D structure components A/D structure cost components

(D-M)x([D-M-W)WSS
Figure 2.8 a) Cost: 6

D x (D-W) WSS
Figure 2.8 b) Cost: ¢

M X (M-W)WSS
Figure 2.8 c) Cost: w

Transponder

p-(D-M-W)

Cost:

Furthermore, it can also be concluded that the cost of express structure of the core-wise switching

architecture without and with lane changes, Cost_cw, is given by:
Costey = a;*M-D -2 (3.2)

where i = wo_Ic refers to the core-wise without lane changes and i = w_Ic refers to the core-wise
with lane changes. Equation (3.2) is obtained by multiplying the number of 1 XD or 1 x (D — 1) X
M + 1 WSSsin both the input and output stages of the ROADM by its cost, @, ;- OF @y, ;. respectively.
The numberof 1 X Dor1 X (D —1) X M + 1 WSSs in each stage is equal to M X D (or M X Nj, X n).

The multiplication by two in eq. (3.2) is due to the R&S architecture type, which means that it has WSSs
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at the input and output stages.

A SDM ROADM architecture switching capacity is defined in space (spatial) and in frequency
(wavelength). A ROADM architecture with full switching capacity in space means that any specific core
inany of the input fibers can be routed to any core in any of the output fibers. Meanwhile, full switching
capacity in frequency means that any specific wavelength (or channel) in any of the input core fibers
can be directed to any corresponding core in any of the output fibers. For instance, A1 on channel o; of
input fiber 1 can be routed to channel o; of any of the output fibers. The core-wise switching
architecture without lane changes has total switching capacity in the frequency, but in space it doesn't
allow core switching, whereas the core-wise switching architecture with lane changes has total
switching capacity in frequency and in space. The fractional space- wavelength granularity architecture
is more flexible when the number of fibers per group, n, is lower, while when n is higher the switching
capacity of the architecture decreases. For example , for n=1 (N, =D) the fractional space-wavelength
granularity architecture allows the same switching capacity in space than the core-wise switching
architecture with or without lane changes, but in the frequency, it depends on the value of B. If B=Ny,,
and n=1, the fractional space-wavelength granularity architecture has the switching capacity of the
core wise without lane changes, however if B=Ny, and n=D the switching capacity in space is reduced
to just 1 fiber at the output. Note that in this scenario the dimension of the space switchesis 1 X 1
because Np=1.

For example, for a 16 X 16 architecture with D=4 and M=4 (and B=2), if you use one fiber per
group, n=1, and four fiber groups, N,=4, you can place the signal from the input core 1 (i.e. the 2 bands)
in core 1 on the 4 output fibers. However, if we assume n=2 (N, =2), the core 1 signal is only routed to
the core 1 of 2 of the output fibers and for the case of n=4 (N,,=1), the signal from core 1 is only routed
to core 1 of just one of the output fibers. We can therefore conclude that the fractional space-
wavelength granularity architecture will never have the switching capacity of the core-wise switching
architecture with lane changes, so the comparison of the fractional space-wavelength granularity
architecture must be made with the core-wise switching architecture without lane changes.

The relative cost between the express structure of the fractional space-wavelength granularity
architecture proposed in [5] and the express structure of the core-wise switching ROADM without lane

changes is given by:

a + B-6
Cost_rel_al,, ., = L Pry L (3.3)
h 2-M- Oywo ic 2- Ao ic Pwolc’ Ny -2

In the following analysis, we have considered that the last term in eq. (3.3) can be neglected, as §
is negligible [5]. So, by analysing eq. (3.3), it can be concluded that the fractional space-wavelength

granularity architecture proposed in [5] is more cost effective when the number of cores is large and
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when the 1 X 2 WSSs and 1 X (B 4+ 1) WSSs have a lower cost than the 1 X D WSS (i.e. f+y <
2a,,, 1c), as will be analysed next in Figures 3.5 and 3.6.

The architectures cost presented in Table 3.1 can be quantified having in mind the relative cost of
C-band components, using the EDFA cost as a reference, presented in Table 3.2. It is assumed also that
the M-array 1 X B JS WSS has a cost equivalent to the cost of a 1 X M (1+ B) —1 WSS both
represented by a for the fractional space-wavelength granularity architecture. The 1 X 9 WSS cost and
1 X 20 WSS cost were taken from [17] and the other WSS costs referred in Table 3.2 are calculated in

a proportional way having in mind the 1 X 9 WSS and 1 X 20 WSS cost.

Table 3.2 - Relative cost of C band components using the EDFA cost as a reference.

Component Relative cost
EDFA 1
WSS 1x2 1.25
WSS 1x4 2.5
WSS 1x9 5
WSS 1x20 7.5
WSS 1x40 12
WSS 1x80 25.25
WSS 9x18 20
WSS 16x24 30
WSS 9x9 14
WSS 4x4 6
100 Gbit/s transponder 36

It should be noted that for WSSs with more than 40 ports cascading is used. For example, to build
alx80WSS, weusealXx2WSSincascade with two 1 X 40 WSSs in parallel as it is represented in

Figure 3.3 [18].

_’ 1
1x40 :
7 WSS :
input | iy
fiber
1x2
WSS
—’ 41
1x40
WSS
—» 80

Figure 3.3 - Example of a 1 x 80 WSS using two WSSs stages in cascade.
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Another issue that was considered in this cost analysis is related with the dimension of the M X N
WSSs in the A/D structures. As the WSSs in the A/D structures considered (Figure 2.8 a) are larger than
the commercially available WSSs, e.g. 9 X 18 WSS presented in Table 3.2 (the 9 X 18 WSS cost was
taken from [17]), these larger WSSs have to be built with these smaller dimensions WSSs, as shown in
[19]. For example, to build a 16 X 256 WSS, to be used in the drop structure of Figure 3.1, with
16 X 24 WSSs (note that the 16 X 24 WSS cost is derived from the cost of the 9 X 18 WSS in a
proportional way regarding the number of ports), we need 11 (16 X 24) WSSs. As a consequence, the
ROADM input WSSs will have to provide more 12 outputs, 11 for the drop structure and one for the
express structure, and the ROADM output WSSs will have to 11 + B inputs, 11 coming from the add
structure and B inputs from the express structure. For the particular case of the architecture proposed
in [5] and represented in Figure 3.1 with D=4, M=4 and B=2, we have considered an A/D structure
composed by 11 (16 X 24) WSSs (drop structure) and 11 (24 X 16) (add structure) plus an express
structure composed by 16 (1 X 12) WSSs at the ROADM inputs and 16 (13 X 1) WSSs at the ROADM
output as shown in Figure 3.4. It is important to note that the cost of the transponders was not taken
into account in the analysis carried out because the cost associated with the transponders is quite high
in comparison with the cost of the express and A/D structure of the architectures in question and all
the architectures studied require the same number of transponders.
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Figure 3.4 - A/D structure example and its connections to the express structure considering D=4, M=4
and B=2.

In Figure 3.5, the relative cost, given by eq. (3.3), between the express structure of the fractional

space-wavelength granularity architecture proposed in [5] and the express structure of the core-wise
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switching ROADM is represented as a function of the number of cores (M) considering D=4, B=1,3,4,6
and 10 and $=1.25. The ¥, a and a,,,, ;. values (assuming a single M x N WSS in the A/D structure) are

presented in Table 3.3.

Table 3.3 -y, a and a,,, . values considered for B=1,3,4,6,10 as a function of M considering a single
MxN WSS in the A/D structure.

1 1.25 1.25 2.5 2.5 5 2.5 5 5 7.5 7.5 5
2 1.25 2.5 2.5 5 5 5 5 7.5 7.5 12 5
3 1.25 5 2.5 7.5 5 7.5 5 7.5 7.5 12 5
4 1.25 5 2.5 7.5 5 7.5 5 12 7.5 25.25 5
5 1.25 5 2.5 7.5 5 12 5 12 7.5 25.25 5
6 1.25 7.5 2.5 12 5 12 5 25.25 7.5 25.25 5
7 1.25 7.5 2.5 12 5 12 5 25.25 7.5 25.25 5
8 1.25 7.5 2.5 12 5 12 5 25.25 7.5 38.5 5
9 1.25 7.5 2.5 12 5 25.25 5 25.25 7.5 38.5 5
10 1.25 7.5 2.5 12 5 25.25 5 25.25 7.5 38.5 5
1.8
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Figure 3.5 - Relative cost between the express structure of the fractional-space wavelength
granularity architecture proposed in [5] and the express structure of the core-wise switching ROADM
as a function of the number of cores M considering D=4, B=1,3,4 and f=1.25

From Figure 3.5, it can be seen that as the number of cores ,M, increases, the relative cost stays
practically constant for all values of B considered. Nevertheless, it is observed that as B increases, the
relative cost becomes less constant. Figure 3.5 shows that the fractional space-wavelength granularity
architecture is less expensive than the core-wise switching architecture, for B<6. For B greater than 6,
there is no significant cost advantage in using the fractional space-wavelength granularity architecture.

For B=10 (light blue line), the relative cost is the highest with a =7.5 and y=7.5 (see Table 3.3) since
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the term B + y is higher than the term 2-a’ and it is more advantageous to use the core-wise
switching architecture. The most significant differences in the relative cost for B=6 and B=10 are found
between: 1) M=1 and M=3 as the parameter «a increases from 5 to 7.5 and from 7.5 to 12 for B=6 and
B=10, respectively (as shown in Table 3.3); 2) M=3 and M=4 as « increases for B=10 from 12 to 25.25
for B=10 due to the cost of a 1 X 80 WSS (Table 3.3) and 3) M=4 and M=7. For B=1, B=3 and B=4, the
parameter a does not increase in a significant way, and as a consequence the slope of the curves is
almost constant and independent of M. Although for B=1, it can be observed that the express structure
of the fractional space-wavelength granularity architecture has the lower relative cost, it is the solution
with the lower switching capacity, while for B=10 it has the higher relative cost with the highest
switching capacity. In this case, it is more advantageous to use the core-wise switching architecture.

In Figure 3.6, the relative cost given by eq. (3.3) is represented as a function of the number of
cores M , for the particular case of @ = a'. This scenario is the one considered in [5] and represents
the situation where the cost of the input and output WSSs of the core-wise switching architecture is
dependent of the JS WSS cost that depends on the number of bands B. It can be observed that different
results are obtained in comparison with the results obtained in Figure 3.5.
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Figure 3.6 - Relative cost between the express structure of the fractional-space wavelength
granularity architecture proposed in [5] and the express structure of the core-wise switching
ROADM considering a=a' as a function of the number of cores M considering D=4, B=1,3,4,6,10 and
£=1.25

From Figure 3.6, it can be seen that as the number of cores ,M, increases, the relative cost rapidly
decreases, until M=5, and for a number of cores higher than 5 ,the relative cost stays practically the
same for all the values of B considered and below 0.4. It can be observed that the fractional space-
wavelength granularity architecture can be about 5 times less expensive than the core-wise switching
architecture, for M > 8 and B=1,3,6 and 10. However, Figure 3.5, that shows a more general case (a +*
a'), contradicts this conclusion, by showing that the increase of the number of cores does not

contribute to the reduction of the relative cost between the two architectures. The relative cost is
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constant as a function of M and depends on the value of B considered with the core-wise switching
architecture being more expensive for B<5 and less expensive for B>5 which shows that the situation
in [5] is a very particular situation, and as shown in Table 3.3, there are only six cases with @ = a', e.g.
M=2 and B=3 and M=1 and B=6.

Next, a cost analysis of the fractional space-wavelength granularity architecture proposed in [5]
as a function of the number of bands B, and the number of cores is done. The following results were
normalized in relation to the fractional space-wavelength granularity architecture with D=4, M=4 and
B=3 (because in [5] it is concluded that using three wave bands results in good routing performance)
with the A/D structure presented in Figure 2.8 a). For this particular case, we have considered a=7.5
since the 4-array (1 X 3) JS WSS has 16 ports , the same number of portsasa 1 X 15 WSS and its cost
is considered 7.5 (Table 3.2), the cost of a 1 X 20 WSS is y=2.5 , since the cost of a 1 X 4 WSS is
considered to be half the cost of a 1 X 9 WSS, = 1.25 (the cost of a 1 X 2 WSS) following the same
reasoning as before, and the space switch cost is considered negligible, i.e. §=0. The express structure
and the A/D structure cost of the fractional space-wavelength granularity architecture is, respectively,
90 and 660 giving a total cost of 750.

In Figure 3.7, the normalized cost of the fractional space-wavelength granularity architecture

proposed in [5] is represented as a function of the number of bands B considering D=4, and M=4, 7.

10
7

Figure 3.7 - Normalized cost of the fractional-space wavelength granularity architecture proposed in
[5] as a function of the number of bands B considering D=4, and M=4,7.

The A/D structure considered is represented in Figure 2.8 a).
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From Figure 3.7, it can be seen that as the number of bands (B) increases, the normalized cost also
increases, from 0.96 for B=1 to 1.20 for B=10 for M=4 represented by the blue bar. For the case M=7
represented by the orange bar the normalized cost also increases, in this scenario, from 1.65 for B=1
to 1.98 for B=10. The increase in the normalized cost values for both scenarios between B=1 and B=2
is due to the y value ,associated with the output WSS, being doubled in this case to 2.5 and due to a

increase from 5 to 7.5, between B=4 and B=5, is due to « increases from 7.5 to 12 with M=4 and from
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12 to 25.25 with M=7, between B=8 and B=9, is due to y increase from 5 to 7.5 and between B=9 and
B=10 with M=4 is due to a increase from 12 to 25.25 (see Table 3.3).

In Figure 3.8, the normalized cost of the fractional space-wavelength granularity architecture
proposed in [5] is again represented as a function of the number of bands B, but considering D=8, and

M=4, 7.
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Figure 3.8 - Normalized cost of the fractional space-wavelength granularity architecture proposed in
[5] as a function of the number of bands B considering D=8, and M=4,7.

From Figure 3.8, it can be seen that as the number of bands (B) increases, the normalized cost also
increases, as in Figure 3.7, from 1.92 (B=1) to 2.40 (B=10) for M=4 (blue bar). For the case M=7
represented by the orange bar the normalized cost also increases, in this scenario, from 3.30 from B=1
to0 3.92 for B=10. It can be concluded after analysing the scenarios with D=4 and D=8 that as the number
of directions increases and also the number of cores, greater will be the cost associated with the
architecture - the scenario with 8 directions (D=8) almost doubles (1.8 times) the cost in comparison
with the 4 directions scenario (D=4) for all values of B.

In Figure 3.9, the normalized cost of the fractional space-wavelength granularity architecture
proposed in [5] is represented as a function of the number of cores M architecture considering D=4,8
and B=3. The A/D structure considered is represented in Figure 2.8 a). considering D=4,8 and B=3. The
A/D structure considered is represented in Figure 2.8 a).

From Figure 3.9, it can be seen that as the number of cores (M) increases, the normalized cost also
increases, from 0.27 for M=1 to 2.93 for M=12 for D=4 represented by the blue bar. For D=8
represented by the orange bar the normalized cost also increases, in this scenario, from 0.54 for M=1
to 5.86 for M=12. The cost increase between M=1 and M=2 is due to the a parameter, associated with
the output WSS, being doubled in this case to 5, between M=2 and M=3, is due to the a parameter
increase from 5 to 7.5, between M=5 and M=6, due to the y value has increased from 7.5 to 12 and
between M=10 and M=11, is due to the a parameter increase from 12 to 25.25 (see Table 3.3). It can

be concluded that, for both D=4 and D=8 as the number of cores increases, greater will be the
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normalized cost associated with the fractional space-wavelength architecture noting that the scenario

with 8 directions (D=8) almost doubles the cost in comparison with the 4 directions scenario (D=4) for

all values of M.

Normalized Cost
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Number of cores (M) EmD=4 mD=8

Figure 3.9 - Normalized cost of the fractional space-wavelength granularity architecture proposed in
[5] as a function of the number of cores M considering D=4,8 and B=3

In Figure 3.10, the normalized cost of the fractional space-wavelength architecture proposed in
[5] is represented again as a function of the number of bands B considering D=4, and M=4, 7, but the
normalization is to the core-wise switching architecture with D= 4 and M=4 instead. The express
structure cost is 240, whereas the A/D structure cost is 660, giving a total cost of 900. The A/D structure

considered is represented in Figure 2.8 a).
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Figure 3.10 - Normalized cost of the fractional space-wavelength granularity architecture proposed
in [5] as a function of the number of bands B considering D=4, and M=4, 7

From Figure 3.10, it can be seen that as the number of bands, B, increases, the normalized cost

also increases, from 0.8 for B=1 to 1 for B=10 for the particular case of M=4 represented by the blue

bar. For the case M=7 represented by the orange bar the normalized cost also increases, in this
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scenario, from 1.37 B=1 to 1.65 for B=10.
In Figure 3.11, likewise Figure 2.22, the normalized cost of the fractional space-wavelength
architecture proposed in [5] is again represented as a function of the number of bands B, but

considering D=8, and M=4, 7.
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Figure 3.11 - Normalized cost of the fractional space-wavelength granularity architecture proposed
in [5] as a function of the number of bands B considering D=8, and M=4, 7

From Figure 3.11, it can be seen that as the number of bands, B, increases, the normalized cost
also increases, as in Figure 3.9, from 1.6 (B=1) to 2 (B=10) for M=4 (blue bar). For the case M=7
represented by the orange bar the normalized cost also increases, in this scenario, from 2.75 for B=1
to 3.30 for B=10. Table 3.4 shows the number of hardware components required by the fractional-
space wavelength and core-wise switching without lane changes (see Figure 2.6) architectures, for
several ROADM dimensions, from 4 X 4 to 64 X 64 (the ROADM dimension is given by (N, - M -
n X Ny - M -n) assuming a single M X N WSS for the A/D structure with an A/D ratio of 20% and B=3.
Note that the DC space switches, fan-in and fan-out components costs have been neglected in this
analysis. For example, the 8x8 ROADM based on the fractional space-wavelength architecture with
D=4 and M=2 needs 8WSS (1 X2)+4 2—array1 X3 ]JSWSS + 8WSS (4 X 1) in the express
structure and a 8 X 128 WSS in the A/D structure (Figure 2.8a). For the core-wise switching
architecture 8 X 8 scenario, 8 WSS (1 X 5) and 8 WSS (5 X 1) are needed (4 outputs/inputs for the
express structure and 1 for the A/D structure), respectively, for the R&S stage of the ROADM, whereas
the A/D structure used is the same as for the fractional space-wavelength architecture assuming a

single M X N WSS.
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Table 3.4 - Number and dimension of the components used for the fractional-space wavelength [5] and
core-wise switching architecture without lane changes for a given ROADM as a function of the number
of cores M considering D=4, B=3 and single MxN WSS in the A/D structure with an A/D ratio of 20%

ROADM Fractional space-wavelength Core-wise
Dimension Architecture B=3 switching architecture
Express components A/D components Express components
8x8 8x128 WSS + 128x1 WSS
8 WSS 1x2+4 2-array 1x3
D=4; M=2; N,=2; 8 1x5 WSS + 8 5x1 WSS
( n=2) 2 JS WSS+ 8 WSS 4x1 Transponders: 128 X X
i 4_$fi§ Noop. | 16WSS1+4d-array 16x256 W55 + 256xI6WSS | 16 1x5 WS + 16 5x1
’ n-2)l == 1x3 JS WSS+ 16 WSS 4x1 Transponders: 256 WSS
o= 4_21\3’_(? Noog. | 24WSS 1+ 6-array 238 WSS+ 3BAA WSS | 24 1x5 WSS + 24 5x1
o n-_2)l b= 1 1x3 JS WSS+ 24 WSS 4x1 Transponders: 384 WSS
2x32 2x512 W. 12x32 W
(D= e | 32wWsstawasaray |S2ORRWSEIIBEINES | 35 1,5 wss 4 32501
o n—_2). == 1x3 JS WSS+ 32 WSS 4x1 Transponders: 512 WSS
s /‘:40_)(143 Ny | AOWSS 1x2+410-array [ OCAOWSS X OAMAOWSS |40 5,5 wss 4 40 51
- n:Z)' P 1 1x3 JS WSS+ 40 WSS 4x1 Transponders: 640 Wss
s :48_)(142% Nicg: | 48 WSS 1x2+4 12-array AB7OBWSS + 768xABWSS | 48 1x5 Wss + 48 5x1
v n:2) oA 1x3 JS WSS+ 48 WSS 4x1 Transponders: 768 WSS
(o ,;6_"15 46_ Ny, | 56WSS 1x2+4 14-array 26x896 WSS + 890x50 WSS | 56 1x5 WSS + 56 51
v n:2) b 1x3 JS WSS+ 56 WSS 4x1 Transponders: 896 WSS
(D=s; e . | 64WsS s t6array | ICZAWSSTIOZOANES | 64 155 wss + 64 5x1
e P | 1x3)S WSS+ 64 WSS 4x1 Transponders: 1024 WSS

The cost of the fractional-space wavelength architecture and core-wise switching without
lanechanges architectures is represented in Figure 3.12 as a function of the ROADM dimension (the
number of cores (M) is increased, considering that the number of directions, is kept constant, D=4)
assuming a single M X N WSS for the A/D structure. The costs in Figure 3.12 are obtained considering

the hardware equipment shown in Table 3.4 and the corresponding costs shown in Table 3.2.
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Figure 3.12 - Cost of the fractional space-wavelength granularity architecture proposed in
[5] and the core-wise switching ROADM without lane changes as a function of the ROADM
dimension considering D=4 and B=1,3,4,6,10 assuming a single MxN WSS in the A/D
structure and an A/D ratio of 20%
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From Figure 3.12, it can be seen that as the size of the ROADM increases, the cost associated with
the architectures also increase for any number of bands considered. Figure 3.12 also shows that the
core-wise switching architecture has a higher cost than fractional space-wavelength architecture for
every value of B considered except for B=10. This behaviour happens due to input and output WSS
dimension in the core-wise switching architecture increase with D and M, whereas the fractional space-
wavelength architecture always considers a 1 X 2 WSS at the input stage and a (B + 1) X 1 WSS at
the output, since the A/D structure has no influence as it is the same in both architectures.

Table 3.5 shows the number of hardware components required by the fractional-space
wavelength and core-wise switching without lane changes architectures, for several ROADM
dimensions, from 4 X 4 to 64 X 64, for B=3, but assuming a bank of WSSs in parallel in the A/D
structure with an A/D ratio of 20%. Again, the DC space switches, fan-in and fan-out components costs
have been neglected in this analysis. To increase the ROADM dimensions, the number of cores is kept

constant, M=4, and the number of directions is increased.

Table 3.5 - Number and dimension of the components used for the fractional-space wavelength [5] and
core-wise switching without lane changes architectures for a given ROADM dimension as a function of
the number of directions D considering M=4, B=3 and assuming a bank of WSSs in parallel in the A/D
structure with an A/D ratio of 20%

Fractional space- Core-wise
H{OLIEL AR switching architecture
Dimension Architecture B=3 g
Express components A/D components Express components
WSS 16x24 + 6 W.
8x8 WSS 1x7+2 d-array 1x3 | © Vo0 16x24 +6 WSS
24x16 8 1x8 WSS + 8 8x1 WSS
( D=2; M=4; Np=2; n=1) JS WSS+ 8 WSS 9x1
Transponders: 128
16x16 16 WSS 1x12+4 4-array 11 WSS 16x24 + 11 WSS 16 1x15 WSS + 16 15x1
( D=t M=4 ;N =2; n=2) 1x3 JS WSS+ 16 WSS 24x16 WSS
i W U 14x1 Transponders: 256
24524 24 WSS 1x17+6 4-array 16 WSS 16x24 + 16 WSS
( D=6; M=4; Ny=3; n=2) 1x3 JS WSS+ 24 WSS 24x16 24 1x22 WSS + 22x1 WSS
—eb M STEH U 19x1 Transponders: 384
39x32 32 WSS 1x23+8 4-array 22 WSS 16x24 + 22 WSS 32 1x30 WSS + 32 30x1
( D=8; Mod: Nymti; 2] 1x3 JS WSS+ 32 WSS 24x16 Wss
—ep MR A e 25x1 Transponders: 512
- 27 WSS 16x24 +27 W
40%40 40 WSS 1x28+10 4-array SS 16x24 + SS 40 1x37 WSS + 40 371
(D=10; Mi=4; Ny=5;neg) | X3 IS WSS+40Wss 24x16 WSS
T W NEmRh U= 30x1 Transponders: 640
48x48 48 WSS 1x33+12 4-array 32 WSS 16x24 + 32 WSS 48 1x44 WSS + 48 44x1
( D=12; Mot N,=6; n=2] 1x3 JS WSS+ 48 WSS 24x16 Wss
T PR e T 35x1 Transponders: 768
56x56 56 WSS 1x39+14 4-array 32 WSS 16x24 + 32 WSS 56 1x46 WSS + 56 46x1.
( D=14; M=4; N,=7; n=2) 1x3 JS WSS+ 56 WSS 24x16 WSS
T PR A I 41x1 Transponders: 896
64x64 64 WSS 1x44+16 4-array | 32 WSS 16x24 + 32 WSS 64 1x48 WSS + 64 48x1.
(D=3 M 87328 riz2) 1x3 JS WSS+ 64 WSS 24x16 WSS
e A AT U 46x1 Transponders: 1024

For example, the 8 X 8 ROADM based on the fractional space-wavelength architecture with D=4
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and M=2 needs 8WSSs (1 X7) + 2 4—array1x3JSWSSs + 8WSSs (9 X 1) in the express
structure and 6 WSSs (16 x 24) for the drop structure and 6 WSSs (24 X 16) for the add structure.
The A/D structure of Figure 2.8 a) is assumed with 20% A/D ratio like in Table 3.4. For the core-wise
architecture scenario, 8 WSSs (1 X 8) and 8 WSSs (8 X 1) are needed (2 for the directions and 6 for
the A/D structure), respectively, for the R&S stage of the ROADM whereas the A/D structure used is
the same as the one used by the fractional space-wavelength architecture. Finally, it can be concluded
that the biggest difference between Table 3.5 and Table 3.4 is the size of the input and output WSSs in
the express structure for both architectures, since the scenario in Table 3.5 requires more outputs for
the drop structure and more inputs from the add structure, which makes the size of the WSS of the
express structure larger than the scenario with a single WSS in A/D structure.

In Figure 3.13, the cost of the fractional-space wavelength architecture and core-wise switching
without lane changes architectures is represented as a function of the ROADM dimension (the number
of cores (M) is increased and considering that the number of directions, is kept constant, D=4)
considering in the A/D structure WSSs in parallel with an A/D ratio of 20% . The hardware components
required are the same as Table 3.5 except the size of the D M-array 1 X B JS WSSs in the express
structure of the fractional-space wavelength architecture, where we exchange the value of D for M

and vice versa.
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Figure 3.13 - Cost of the fractional space-wavelength granularity architecture proposed in [5] and the
core-wise switching ROADM without lane changes as a function of the ROADM dimension considering
D=4 and B=1,3,4,6,10 and assuming a bank of WSSs in parallel in the A/D structure and an A/D ratio
of 20%

From Figure 3.13 , when considering the same number of cores, the cost of the fractional space
wavelength architecture increases only slightly with B. It is possible to observe that only for M=12,
there is a significant cost difference for the fractional space-wavelength architecture when changing
B=6 to B=10. This is because, in the scenario with M=12 and B=10, the size of the JS WSS increases
from 1 x 80 with M=10to a 1 X 160 JS WSS costing @=50.5 and also the output WSS increases its size

from a 1 X 40 WSS to a 1 X80 WSS costing a=25.25, for the express structure, resulting in a
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considerable cost increase. From Figure 3.13, it is also possible to observe that the only scenario in
which the core-wise switching architecture without lane changes is more expensive is for M=14. This
is due to the fact that in the express structure of the core-wise switching architecture, is considered a
1 x 80 WSS (a=25.25) for the input and output WSSs. In the fractional space wavelength architecture,
the express structure considers a 1 X 40 WSS (a =12) at the input, a 1 X 160 JS WSS (a =50.5), and
finally, a 1 X 80 WSS (a =25.25) at the output. In summary, the cost comparison between considering
a single WSS (Figure 3.12) or a bank of WSSs in parallel (Figure 3.13) in the A/D structure is quite
different for all given ROADM dimensions. As an example, for B=10 and 64 X 64 ROADM dimension
the scenario with a single WSS costs 1636 whereas the scenario with a bank of WSSs costs 6072.

In Figure 3.14, the costs of the fractional-space wavelength and core-wise switching without lane
changes architectures are represented as a function of the ROADM dimension (the number of fibers
(D) is increased, considering that the number of cores is kept constant, M=4), considering WSSs in
parallel in the A/D structure with an A/D ratio of 20% and the hardware components presented in
Table 3.5.
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M Fractional space-wavelength switching architecture B=1
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Figure 3.14 - Cost of the fractional space-wavelength architecture proposed in [5] and the core-wise
switching ROADM without lane changes as a function of the ROADM dimension considering M=4 and
B=1,3,4,6,10 and assuming a bank of WSSs in parallel in the A/D structure and an A/D ratio of 20%

From Figure 3.14, it is possible to analyse that for the same number of directions, the fractional
space wavelength architecture cost slightly increases with B, noting that increases less than in Figure
2.26. Only for D=12, there is a significant cost difference for the fractional space-wavelength
architecture between B=6 and B=10. For D=12 and B=10, the JS WSS and the output WSS in the express
structure are both costing a=25.25, leading to a considerable cost increase. The core-wise switching
architecture becomes only more costly for D=12 and D=14. This happens because, in these cases, the
input and output WSSs in the express structure of the core-wise switching architecture costs @=25.25.

This difference in cost of the express structures of each architecture leads to the higher cost of the
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core-wise switching architecture. Otherwise, the fractional space-wavelength architecture is always
more expensive than the core-wise switching architecture. Comparing Figures 3.14 and 3.13, it can be
concluded that for both D (Figure 3.14) and M (Figure 3.13), the associated relative cost is very similar
for all ROADM dimensions considered due to the fact that the values that are always changing for each
scenario are the number of JS WSS components, which depends on D, or the size of the JS WSS M-
array, which depends on M. This means that when D increases, M decreases and vice versa, so the cost
remains approximately the same.

It can also be observed that for D=12 and D=14 the fractional space wavelength architecture with
B=10 is less expensive than the core-wise switching architecture, which contradicts the scenario in
Figure 3.13 for M=12. This happens because in the variation of M, the input and output WSSs in the
express structure of the core-wise switching architecture costs @=12 and for the variation of D
a=25.25. Furthermore, in the fractional space wavelength architecture with B=10 in the variation of
M, fewer WSSs are considered at the input and output stages even though they have the same
dimensions as in the variation of D. However, is considered 1 X 160 JS WSS costing @=50.5 for the
variation of M and a 1 X 80 WSS (a =25.25) for the variation of D. Finally, it can be concluded from
Figures 3.14 and 3.13 that when varying M or D, the relative cost is practically the same for both
scenarios. The most advantageous architecture for a given value of B compared to core-wise switching
architecture in general is the fractional space-wavelength architecture with B=3 conclusion since the
solution with B=10 could not be considered due to having a higher relative cost compared to the core-
wise switching architecture. The solution with B=6 was discarded since its relative cost is quite similar
to that of the core wise in several scenarios, which also led to the dismissal of the solution with B=4.
Finally, the solution with B=1 was disregarded because despite having the lowest relative cost it is the
solution that presents the least switching capacity.

In Figure 3.15, the cost of the fractional-space wavelength and core-wise switching without lane
changes architectures is represented as a function of the ROADM dimension (the number of fibers, D,
is increased, considering that the number of cores is kept constant, M=4) neglecting the cost of the
A/D structure (the respective HW components are indicated in Table 3.5).

When comparing Figures 3.15 and 3.14, it is possible to conclude that regardless of whether the
A/D structure is considered or not, the architecture cost behaviour is very similar since the WSS
dimensions are the same for both scenarios. The only difference is that the relative cost is higher when
the A/D structure is included (Figure 3.14). For example, in the case of a 64 X 64 ROADM for the

fractional space-wavelength architecture for B=10, we have 6216 versus 3636.
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Figure 3.15 - Cost of the fractional space-wavelength granularity architecture proposed in [5] and
the core-wise switching ROADM without lane changes as a function of the ROADM dimension
considering M=4 and B=1,3,4,6,10 neglecting the cost of the A/D structure

After analysing the core-wise switching architecture without lane changes and the fractional
space-wavelength architecture with and without a bank of WSSs in parallel in the A/D structure, it is
possible to conclude that the value of B=3 is the value that ensures a more cost-effective scenario, and
at the same time keeping a reasonable switching capacity in comparison with the core-wise switching
architecture.

It is also possible to conclude that, the fractional space-wavelength architecture employing a
single WSS in the A/D structure shows limited cost advantages and lacks the switching capacity
compared to the core-wise switching architecture without lane changes. It also turns out that the
fractional space-wavelength architecture with a bank of WSSs in the A/D (Figure 3.13) is almost always
more expensive than the core-wise switching architecture without lane changes, which means the

short cost advantage seen with a single WSS in the A/D disappears (Figure 3.12).

3.3. Ring and linear type ROADM-subsystems modular architectures

A modular architecture is built by interconnecting several ROADM-subsystems employing cost-
effective low-degree WSSs. These WSSs are connected using a restricted number of fibers within each
node called intranode fibers. The subsystems may be interconnected either in a ring configuration
(Figure 3.16(a)) or in a linear configuration (Figure 3.16(b)) [1,6,16,20]. These ROADM-subsystems
modular architectures, also called interconnected ROADM-subsystems have been proposed in [6] with
the aim of reducing the number and size requirements of WSSs for the deployment of larger-scale
ROADMs. However, if a wavelength must travel across multiple subsystems within the interconnected

architecture, the number of WSSs it encounters increases. This increase can result in enhanced Physical
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Layer Impairments (PLIs), such as in-band crosstalk and distortion caused by optical filtering, in contrast

to traditional ROADM architectures [20] where at most two WSSs are crossed as in a R&S architecture.
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Figure 3.16 - Interconnected ROADM-subsystems node architecture [6] with a) Ring Type modular
architecture and b) Linear Type Modular Architecture

3.3.1. Ring/linear type modular architectures with Dg X D¢ R&S modules

The ROADM subsystems can be built with a traditional ROADM architecture, either it is a B&S or
a R&S, the scenario analysed in this sub-section, or they can also be built using Dg X Dg WSSs as
represented in Figure 3.16. A modular architecture has D input multicore fibers with M cores in each
fiber, with a number of modules or subsystems (Ngyg) with dimension Ds X Dg. Each module is
equipped with 2 fi,+rq pairs of intra-node fibers, linking adjacent modules where fi;;¢r4 is the number
of fibers connected to an adjacent module. In the context of a linear-type architecture (as depicted in
Figure 3.16(b)), there is an advantageous feature since at least one end subsystem has available
intranode fibers. These fibers can be utilized to connect an extra subsystem, facilitating the node
expansion process significantly, as it involves adding a subsystem and linking it to the pre-reserved
intranode fibers. The difference with the ring architecture is that there is no connection between the
last subsystem and the first subsystem enabling hitless expansion of the system without causing
service disruption. Alternatively, introducing additional subsystems into the ring connection
unavoidably leads to service disruption. There is another modular architecture proposed in [6] called
the M/J type, where subsystems that accommodate incoming fibers are bridged using a junction (J)
subsystem as represented in Figure 3.17. The subsystems connected with input fibers are called the
main subsystems and the rest are named the junction subsystems. A limited number of input/output

ports of each main subsystem is used for connection to the junction subsystems, noting that the
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junction subsystem size depends on the number of main subsystems and on the number of fibers used
for M—J interconnection per main subsystem (represented by #s).

So, junction subsystems may have a larger dimension than main subsystems. One of the
advantages of this M/J architecture is that a wavelength does only need to pass through three
subsystems to get to its desired output, i.e. the signal enters in the initial subsystem, goes to the
junction subsystem and is then redirected to the output module, which means less signal loss, whereas
in modular ring or linear architectures the signal could cross much more than three subsystems to get
to its output. However, the main disadvantage of the M/J architecture is that this architecture needs
more hardware due to the existence of a junction subsystem especially when the main subsystems

have a large port count .
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Figure 3.17 - Interconnected ROADM-subsystems node architecture [6] with M/J
modular architecture
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A 16 X 16 interconnected ring ROADM subsystem architecture is represented in Figure 3.18 with
four directions (D=4), four spatial channels or cores (M=4), Ds=9, Ngyy5=3 and fi¢rq¢=1. Each subsystem
has Dg 1 X Dg input WSSs and Ds Ds X 1 output WSSs so, there is a total of Ny X Dg 1 X Dg WSSs at
the input stage and Ngyp X Dg Dg X 1 WSSs at the output stage, with 4 WSSs in each module being
responsible for the connections between adjacent ROADM subsystems. Additionally, this architecture
alsoincludes D 1 X M fan-outs, D - M 1 X 2 WSSs that either connect to the drop structure or to the
express structure, D - M 2 X 1 WSSs which either connect to the add structure or to the express
structure, and D M X 1 fan-ins. The A/D structure considered consists of a single D X M WSS. The
ROADM represented in Figure 3.18 works as follows. The fan-out component has the same function as
in Figure 3.1. The optical paths coming from the fan-out are sent into two paths: either towards the
drop section or towards the express section usinga 1 X 2 WSS. Subsequently, optical paths originating

from MCFs are directed into input WSSs in the Ng;;5 ROADM subsystems. Following this, each output
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WSS from a Nsyp ROADM subsystem is directed to a 2 X 1 WSS that is connected to the fan-in
component present at the output stage which allows optical signals arriving at the output of the
architecture to be coupled into the MCF. In the Appendix A (Figure A.1), an 8 X 8 (D=4 and M=2) R&S
interconnected ROADM ring and linear architectures can be found using 1 X 9 WSSs and 1 X 4 WSSs

assuming a single M X N WSS in the A/D structure and an A/D ratio of 20%.
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Figure 3.18 - 16x16 R&S interconnected ring modular architecture ROADM with 3
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A/D structure and an A/D ratio of 20%
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Generically, the total number of subsystems, Ngyg, in an interconnected architecture node with

dimension D - M X D - M is given by [20]:

DxM ] (3.4)

Nsyp = [~—o—
SUB Ds—2fintra

To build a D-M XD -M B&S ROADM, the number of WSSs needed to interconnect the

subsystems together, Ny, s , is given by:

3.5
Nyss = 2fintra " Nsus (3:3)
Therefore, the total number of WSSs required to build the subsystems in an interconnected

architecture is given by:
Nrotaisas = D X M + Ny, for a B&S architecture (3.6)
Nrotairas = 2 (D X M + Nyss), for a R&S architecture (3.7)

It should be noted that these equations do not consider the WSSs for the input and output stages,
i,e.DXM1XxX2WSSsand D X M 2 X 1 WSSs respectively.

The number of WSSs in a conventional architecture (like the core-wise switching architecture
studied in section 3.1), N,,,, required to build a cascaded WSS, can be calculated using the following

expression, where D X M is the ROADM size and D; is the size of each WSS:

D X Ml (3.8)

NCW:[ D,

Note that this equation will lead to the same number of WSSs as the one considered in eq. (3.2),
when considering a single M X N WSS in the A/D structure.
The total number of WSS required to build all the cascaded WSSs for the two conventional

architectures, is given by:

Ngew = D X M X N,,,, for a B&S architecture (3.9)
Npew = 2(D X M) X N,,,, for a R&S architecture (3.10)

In the following the modular architectures will be compared with the core-wise switching

43



architecture with lane changes, because they have the same switching capacity, in both space and
frequency.

As an example, suppose that we have a 64 X 64 ROADM with four directions (D =4), with one
fiber per direction with sixteen spatial channels or cores (M=16). Consider a maximum WSS dimension
of D;=40, 1 X 9 WSSs in the subsystems, i.e., Dg=9 and fi;:rq= 1. Using Egs. (3.4)-(3.6),(3.8) and (3.9)
for a B&S architecture, the conventional node (core-wise switching architecture with lane changes)
requires 64 1 X 49 WSSs (so N,,,=2 since the size of the 1 X 49 WSS exceeds the 1 X 40 dimension,
so cascading is necessary with 128 1 X 40 WSSs), while the ring/linear modular architecture, needs
84 1 X 9 WSSs (with Nsy5=10). Likewise, in a R&S architecture, with the conventional architectures,
64 1 X 49 WSSs and 64 49 X 1 (so N.,=2 and is necessary 128 1 X 40 and 128 40 x 1 WSSs) are
required, while the ring/linear modular architecture requires 84 1 X 9 WSSs and 84 9 X 1 WSSs, giving
a total of 168 WSSs. If we consider a 64 X 64 ROADM with 64 directions (D =64), with one fiber per
direction with one channel or spatial core (M=1), the size of the WSSs in the conventional architectures
will increase to 1 X 64, however, the number of WSSs compared to D=4 is the same for the
conventional architecture for either B&S or R&S because the number of components and the WSS
dimension depend on both D and M.

It can be concluded that for B&S or R&S architectures with a large or low number of directions,
the conventional architecture’s express structure is more expensive than modular architectures due
to the increased size and cost of its WSS. For example, in the last case analysed we have
168 1 X 9 WSSs for ring/linearand 128 1 X 49 WSSs or 256 1 x 40 WSSs for core-wise switching with
lane changes, which shows that the conventional architecture is more expensive since it has more
WSSs and larger WSSs. However, the cost of modular architectures is further increased with the cost
of the input and output stages WSSs represented in Figure 3.18.

Next, a study will be carried out considering the modular architectures with Dg X Ds R&S as
modules (the following Tables only show the number and dimensions of the components of the ring
architecture as the linear architecture has the same number of components) and the core-wise
switching architecture for an A/D structure with a single M X N WSS or a bank of WSSs in parallel in
order to assess the relative cost using either 1 X 9 WSSs or 1 X 4 WSSs inside the modules of the
modular architectures.

Table 3.6 shows the minimum number of hardware components required obtained using eq. (3.8)
(highlighted in red) and the actually used by the ring modular architecture (highlighted in black), for
the ROADM dimensions from 4 X 4 to 128 X 128. It also shows the percentage of hardware used
comparing the number of hardware components actually used with the number of components
required assuming a single M X N WSSs in the A/D structure with an A/D ratio of 20% with Full CDC

compatibility (see Figure 2.8 a)). To increase the ROADM dimensions, the number of directions is kept
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constant, D=4, and the number of cores is increased. For example, an 8 X 8 ROADM with D=4 and M=2
needs Ngyp=2and 18 WSSs 1 X 9+ 18 WSSs 9 X 1in each subsystem plus 8 WSSs 1 X 2 attheinput
stage and 8 WSSs 2 X 1 in the input/output stage. From Table 3.6, for the 16 X 16 ROADM scenario,
the number of WSSs required is 16, in the input and output stages and is the same compared to the
equivalent scenario for the fractional space-wavelength architecture and core-wise switching

architecture in Table 3.4. However, the dimensions of the WSSs considered in each architecture are

different as shown in Table 3.7.

Table 3.6 - Number and dimension of the components used for the Ring modular architecture for a
given ROADM dimension considering 1x9 WSSs in the express structure ROADM as a function of the
ROADM dimension considering D=4 and assuming a single MxN WSS in the A/D structure

Number of
ROADM ROADM %
E A/D
Dimension subsystems Xpress components Used /D components
Nsyp
8x8 2 8 WSS 1x2+ 18 WSS 1x9+ 18 WSS 9x1 + 8 WSS 2x1 67 1 szssi(zl;f; 1
( D=4; M=2) 8 WSS 1x2+ 12 WSS 1x9+ 12 WSS 9x1 + 8 WSS 2x1
Transponders: 128
+
16x16 3 16 WSS 1x2 + 27 WSS 1x9+ 27 WSS 9x1+ 16 WSS 2x1 82 1 Vx:slzsgéffs 1
( D=4; M=4) 16 WSS 1x2 + 22 WSS 1x9+ 22 WSS 9x1+ 16 WSS 2x1
Transponders: 256
24x24 4 24 WSS 1x2 + 36 WSS 1x9+ 36 WSS 9x1+ 24 WSS 2x1 39 1 sz:;;;if;; 1
( D=4; M=6) 24 WSS 1x2 + 32 WSS 1x9+ 32 WSS 9x1+ 24 WSS 2x1
Transponders: 384
1w 2x512 +1
32x32 5 32 WSS 1x2+ 45 WSS 1x9+ 45 WSS 9x1+ 32 WSS 2x1 93 \;;351(;(32
( D=4; M=8) 32 WSS 1x2+ 42 WSS 1x9+ 42 WSS 9x1+ 32 WSS 2x1
Transponders: 512
40x40 6 40 WSS 1x2+ 54 WSS 1x9+ 54 WSS 9x1+ 40 WSS 2x1 97 1 WV?/SS;‘%);%?&-F 1
( D=4; M=10) 40 WSS 1x2+ 52 WSS 1x9+ 52 WSS 9x1+ 40 WSS 2x1
Transponders: 640
+
48x48 7 48 WSS 1x2+ 63 WSS 1x9+ 63 WSS 9x1+ 48 WSS 2x1 99 1 VV\\//SSSS £;86X87)(38 !
( D=4; M=12) 48 WSS 1x2+ 62 WSS 1x9+ 62 WSS 9x1+ 48 WSS 2x1
Transponders: 768
56x56 3 56 WSS 1x2+ 72 WSS 1x9+ 72 WSS 9x1+ 56 WSS 2x1 100 1 mx;::;gfg; 1
( D=4; M=14) 56 WSS 1x2+ 72 WSS 1x9+ 72 WSS 9x1+ 56 WSS 2x1
Transponders: 896
64x64 10 64 WSS 1x2+ 90 WSS 1x9+ 90 WSS 9x1+ 64 WSS 2x1 9 1 szjfg;gfg; 1
( D=4; M=16) 64 WSS 1x2+ 84 WSS 1x9+ 84 WSS 9x1+ 64 WSS 2x1
Transponders: 1024
128x128 128 WSS 1x2+ 171 WSS 1x9+ 171 WSS 9x1+ 128 WSS 1 WSS 128x2048 +1
( D=4; M=32) 19 2x1 97 WSS 2048x128
T 64 WSS 1x2+ 166 WSS 1x9+ 166 WSS 9x1+ 64 WSS 2x1 Transponders: 2048

The cost of the JS WSS considered in the fractional-space wavelength architecture for B=3 (4 4 —
array 1 X 3 JS WSS) is less expensive than the total cost of the WSSs present in the 3 subsystems of
the modulars architecture (27 WSS 1 X9 + 27 WSS 9 X 1) and also less expensive than the express
structure (16 WSS 1 X5+ 16 WSS 5 X 1) of the core-wise switching architecture as presented in
Table 3.7. Finally, it is possible to conclude from Table 3.6 that only above a 24 X 24 ROADM the

percentage of utilisation is higher than 90% because as the number of cores increases, increases the
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number of 1 X 2 input WSSs available to connect to the 1 X 9 WSSs of each subsystem.

Table 3.7 - Number and dimension of the components used for the fractional-space wavelength [5],
core-wise switching architectures and Ring modular architecture for a 16x16 ROADM dimension
considering D=4 and M=4

ROADM Ring modular architecture Fractional space-wavelength Core-wise switching
Dimension architecture B=3 architecture
16x16 16 WSS 1x2 + 27 WSS 1x9+ 27 16 WSS 1x2+4 4-array 1x3 JS 16 1x5 WSS + 16 5x1 WSS
( D=4; M=4) WSS 9x1+ 16 WSS 2x1 WSS+
16 WSS 4x1

In Figure 3.19, the cost of both modular architectures, the fractional-space wavelength
architecture for B=3 (which was concluded in Section 3.2 as the best solution) and core-wise switching
architectures is represented as a function of the ROADM dimension (the number of cores, M, is
increased and the number of directions is kept constant, D=4) considering a single WSS in the A/D
structure with an A/D ratio of 20% . The hardware components required are the same as in Table 3.6.

The cost of the A/D structure is separated from the express structure cost.
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Figure 3.19 - Cost of the fractional space-wavelength granularity architecture for B=3 and the core-
wise switching ROADM and both modular architectures as a function of the ROADM dimension
considering D=4 assuming a single MixN WSS in the A/D structure and an A/D ratio of 20%

From Figure 3.19, it is possible to conclude that the behaviour of the architecture cost is practically
independent of M except for core-wise switching with lane changes and the ring/linear modular
architectures are always more expensive for all values of M considered than the two other
architectures except also for the core-wise switching with lane changes because increasing the number
of cores increases the size of the WSSs, leading to a much higher cost than without lane changes. For
the ROADM 64 X 64, the core-wise switching architecture with lane changes and ring/linear modular
architectures have both 64 WSSs in the input and output stage of the node, although with different
dimensions: 1 X 49 (core-wise switching) and 1 X 2 (ring/linear). Although in ring/linear more

hardware is still considered, in this case a total of 180 WSSs 1 X 9 and 1 X 9 that are not considered
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in the core-wise switching architecture with lane changes, the large size of the WSSs present in core-

wise makes their total relative cost much higher as is shown in the Table 3.8. The fractional space-

wavelength architecture is less expensive than the core-wise switching architecture without lane

changes, because although the number of components considered is the same at the input and output

stage of the node, their size is smaller (1 X 2 WSSs and 4 X 1 WSSs) with core-wise considering 1 X 5

WSS. The cost of the JSS WSS is not high enough to exceed the cost of the core-wise switching

architecture without lane change’s express structure because there is a slight reduction in switching

capacity when choosing B=3. It is important to note that the cost of the A/D structure makes the total

relative cost between modular and core-wise switching with lane changes architectures closer, since

the cost of A/D for all the M cases considered represents more than 70% of the total cost of the

architecture.

Table 3.8 - Number and dimension of the components used for the core-wise switching architecture and
Ring modular architecture for a 64x64 ROADM dimension considering D=4 and M=16

ROADM i sl Core-wlse swﬁchmg Fractional space- Core'-W|se SW|t.ch|ng
. . . architecture with wavelength architecture without
Dimension architecture .
lane changes architecture B=3 lane changes
64x64 64 WSS 1x2+ 90 WSS 64 1x49 WSS + 64 64 WSS 1x2+4 16- 64 1x5 WSS + 64 5x1
( D=4; M=16) 1x9+ 90 WSS 9x1+ 49x1 WSS array 1x3 JS WSS+ 64 WSS
64 WSS 2x1 WSS 4x1

In Figure 3.20 a)-d), the cost of modular architectures, fractional-space wavelength architecture

and core-wise switching architectures is represented as a function of the ROADM dimension for a

higher number of directions, from D=8 to D=64. The number of cores, M, is varied between 2 and 16

for each direction and a single WSS in the A/D structure with 20% A/D ratio is considered.
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Figure 3.20 - Cost of the core-wise switching ROADM, fractional-space wavelength granularity
architecture for B=3 and both modular architectures as a function of the ROADM dimension
considering a) D=8 ,b) D=16, c) D=32 and d) D=64 assuming a single MxN WSS in the A/D structure and
an A/D ratio of 20%

From Figure 3.20, it is possible to conclude that as the number of directions increases, the relative
cost of the core-wise switching architecture with lane changes in relation to the ring/linear
architectures increases, achieving a significant difference for D=64 (Figure 3.20 d)), where the core-
wise switching architecture with lane changes is more expensive independently of M. It is also possible
to conclude that only above D=8 onwards, assuming an M=4, the core-wise switching architecture with
lane changes becomes more expensive than the modular architectures noting that the core-wise

becomes more expensive for higher values of M and for higher values of D. For the core-wise switching
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architecture without lane changes, it is possible to conclude that only above D=32 onwards, with M=2,
this architecture becomes more expensive than the fractional-space wavelength architecture.

For the 1024 X 1024 ROADM scenario (where D=64 and M=16), both ring/linear and core-wise
switching architectures with lane changes consider 1024 WSSs at the input and output stages, with
different dimensions: in ring/linear, 1 X 2 WSSs are used (a@=1.25) and in core-wise 1 X 1009 WSS
(11x2WSSand 21 x40 WSS) (a=324). The high value of D and M demands high size WSSs for the
core-wise switching architecture with lane changes, making the architecture cost 42 times more than
the modular architectures, as can be seen in the Table 3.9.

Comparing Table 3.9 for D=64 and M=16 with Table 3.8 for D=4 and M=16, it can be seen that in
the modular architectures, the main difference is the number of components in the express structure,
which is higher in Table 3.9. In the core-wise switching architecture without lane changes, both the
number of components and their respective size increases with D, with a higher cost in Table 3.9 and,
in the core-wise switching architecture with lane changes, the same happens, noting that the size of

the WSSs of this architecture besides depending on D, it also depends on M.

Table 3.9 - Number and dimension of the components used for the core-wise switching architecture and
Ring modular architecture for a given ROADM dimension considering D= 64 and M=16

Core-wise switching

Fractional space-

Core-wise switching

9x1 + 1024 WSS 2x1

ROADM Ring modular . . . .
. . . architecture with wavelength architecture without
Dimension architecture .
lane changes architecture B=3 lane changes
1024x1024 1024 WSS 1x2+ 1323 1024 1x1009 WSS + 1024 WSS 1x2+64 1024 1x65 WSS +
( D=64; M=16) WSS 1x9+ 1323 WSS 1024 1009x1 WSS 16-array 1x3 JS 1024 65x1 WSS

WSS+ 1024 WSS 4x1

Table 3.10 shows the number of hardware components required by the ring modular architecture,

for several ROADM dimensions, from 4 X 4 to 64 X 64, assuming a bank of WSSs in parallel with an
A/D ratio of 20%. It should be noted that, the only difference between Table 3.6 and Table 3.10, is the
dimension of the WSSs required at the input and output stages, being higher in Table 3.10 due to the

number of WSS in parallel considered in the A/D structure.
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Table 3.10 - Number and dimension of the components used for the Ring modular architecture for a
given ROADM dimension considering 1x9 WSSs in the express structure ROADM as a function of the
ROADM dimension considering D=4 and assuming a bank of WSSs in parallel in the A/D structure and

an A/D ratio of 20%
Number of
0,
D?n?:rzli\(/l)n Sui?@?xqs Express components U.;oed A/D components
Nsyp
8 WSS 1x7+ 18 WSS 1x9+ 18 WSS 9x1 + 8 WSS 6 WSS 16x24 + 6 WSS
8x8 ) 7x1 67 24x16
( D=4; M=2) 8 WSS 1x7+ 12 WSS 1x9+ 12 WSS 9x1 + 8 WSS
7x1 Transponders: 128
16 WSS 1x12+ 27 WSS 1x9+ 27 WSS 9x1+ 16 11 WSS 16x24 + 11 WSS
16x16 3 WSS 12x1 82 24x16
( D=4; M=4) 16 WSS 1x12+ 22 WSS 1x9+ 22 WSS 9x1+ 16 Transponders: 256
WSS 12x1 '
24 WSS 1x17+ 36 WSS 1x9+ 36 WSS 9x1+ 24 16 WSS 16x24 + 16 WSS
24x24 4 WSS 17x1 89 24x16
( D=4; M=6) 24 WSS 1x17+ 32 WSS 1x9+ 32 WSS 9x1+ 24 Transponders: 384
WSS 17x1 '
32 WSS 1x23+ 45 WSS 1x9+ 45 WSS 9x1+ 32 22 WSS 16x24+ 22 WSS
32x32 5 WSS 23x1 94 24x16
( D=4; M=8) 32 WSS 1x23+ 42 WSS 1x9+ 42 WSS 9x1+ 32 Transponders: 512
WSS 23x1 '
40 WSS 1x28+ 54 WSS 1x9+ 54 WSS 9x1+ 40 27 WSS 16x24 + 27 WSS
40x40 6 WSS 28x1 97 24x16
( D=4; M=10) 40 WSS 1x28+ 52 WSS 1x9+ 52 WSS 9x1+ 40 Transponders: 640
WSS 28x1 '
48 WSS 1x33+ 63 WSS 1x9+ 63 WSS 9x1+ 48 32 WSS 16x24 + 32 WSS
48x48 7 WSS 33x1 99 24x16
( D=4; M=12) 48 WSS 1x33+ 62 WSS 1x9+ 62 WSS 9x1+ 48 Transponders: 768
WSS 33x1 ’
56 WSS 1x39+ 72 WSS 1x9+ 72 WSS 9x1+ 56 38 WSS 16x24+ 38 WSS
56x56 3 WSS 39x1 100 24x16
( D=4; M=14) 56 WSS 1x39+ 72 WSS 1x9+ 72 WSS 9x1+ 56 Transponders: 896
WSS 39x1 ’
64 WSS 1x44+ 90 WSS 1x9+ 90 WSS 9x1+ 64 43 WSS 16x24 + 43 WSS
64x64 10 WSS 44x1 94 24x16
( D=4; M=16) 64 WSS 1x44+ 84 WSS 1x9+ 84 WSS 9x1+ 64 Transponders: 1024
WSS 44x1 ’

ROADM dimension, but considering in the A/D structure a bank of WSSs in parallel with an A/D ratio

Figure 3.21 shows the cost of the same architectures considered in Figure 3.20 as a function of the

of 20% . The hardware components required are the same as Table 3.10.
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Figure 3.21 - Cost of the core-wise switching ROADM, fractional-space wavelength granularity
architecture for B=3 and both modular architectures as a function of the ROADM dimension considering
a) D=8 ,b) D=16, c) D=32 and d) D=64 assuming a bank of WSSs in parallel in the A/D structure and an
A/D ratio of 20%

From Figure 3.21, it is possible to observe that the core-wise switching architecture with lane
changes is more expensive in terms of ROADM dimension compared to the modular architectures only
when D=8 and M=4 onwards, as shown in Figure 3.21 a). Note that the cost associated with the
architectures for a scenario with a bank of WSSs in the A/D structure is much higher than in the
scenario with a single WSS, as shown in Figure 3.20. It should be noted that with a bank of WSSs, the
core-wise switching with lane changes is only 2 times more expensive than modular architectures and
in a scenario with a single WSS, the core-wise switching architecture is 17 times more expensive
compared to modular architectures for D=64. For the 1024 X 1024 ROADM scenario where D=64 and

M=16, both ring/linear and the other three architectures consider 1024 WSSs in the input and output
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stages. However, considering WSSs with different dimensions as shown in Table 3.11, leads to different

relative cost of the architectures.

Table 3.11 - Number and dimension of the components used for the core-wise switching architecture
and Ring modular architecture for a given ROADM dimension considering D= 64 and M=16 assuming a
bank of WSSs in parallel in the A/D structure

ROADM Core-wise Fractional space- Core-wise switching
Dimension switching wavelength architecture without
Ring modular architecture architecture architecture B=3 lane changes
without lane
changes
1024x1024 1024 WSS 1x684+ 1323 WSS 1024 1x1691 WSS + 1024 WSS 1x684+64 1024 1x747 WSS +
( D=64; 1x9+ 1323 WSS 9x1 + 1024 1024 1691x1 WSS 16-array 1x3 JS WSS+ 1024 747x1 WSS
M=16) WSS 684x1 1024 WSS 686x1

Table 3.12 shows the number of hardware components required by the ring modular architecture,
for several ROADM dimensions, from 4 X 4 to 64 X 64 , assuming a single M X N WSSs in the A/D
structure with an A/D ratio of 20% and 1 X 4 WSSs inside each subsystem. To increase the ROADM
dimensions, the number of directions is kept constant, D=4, and the number of cores is increased.

It should be noted that, the highest difference from Table 3.6 is the number of subsystems
required to build each ROADM dimension, which is much higherin the 1 X 4 WSSs scenario due to the
smaller WSS dimension. It is also possible to conclude that the utilisation rate of the WSSs in the
subsystems is 100%, which means, there are not unused WSSs in the subsystems. For an 8 X 8 ROADM,
4 subsystems are required, each one with 4 1 X 4 WSSs in the input stage, i.e., a total of 16 WSSs in
the node. Since 2 WSSs in each subsystem are used for intra-system connections, only 2 WSSs remain
in each subsystem that will connect to one of the 8 1 X 2 input WSSs. Since only 8 WSSs are available
in total on the input stage and there are 8 1 X 2 WSSs, there are no unused WSSs.

In Figure 3.22, the cost of both modular architectures, is represented as a function of the ROADM
dimension (the number of cores (M) is increased and the number of directions is kept constant, D=64,
because it was concluded that modular architectures are more advantageous for high values of D)
considering in the A/D structure, a single WSSs with an A/D ratio of 20% and two different WSSs
dimensions considered in the express structure, 1 X 4 WSS and 1 X 9 WSS.

From Figure 3.22, it is possible to conclude that the solution of using 1 X 4 WSS in the subsystems
is more advantageous in terms of cost for all values of M considered. This is because, when the WSS
size is smaller, although a greater number of components are used in each subsystem due to the need
of more subsystems, the cost of each 1 X 4 WSS is only 2.5, while the cost of the 1 X 9 WSS is 5. Itis
important to note that the only difference between both solutions is the size of the WSS and the
number of components considered in each subsystem, since the number of WSS of the input and

output stages are the same for all scenarios.
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Table 3.12 - Number and dimension of the components used for the Ring modular architecture for a
given ROADM dimension considering 1x4 WSSs in the express structure ROADM as a function of the
ROADM dimension considering D=4 and assuming a single MxN WSS in the A/D structure

Number of
BOADM Ol Express components A/D components
Dimension subsystems
Nsup
8x8 4 8 WSS 1x2+ 16 WSS 1x4+ 16 WSS 4x1 + 8 WSS 2x1 1 WSS 8x128 + 1 WSS 128x8
( D=4; M=2) 8 WSS 1x2+ 16 WSS 1x4+ 16 WSS 4x1 + 8 WSS 2x1 Transponders: 128
16 WSS 1x2 + 32 WSS 1x4+ 32 WSS 4x1+ 16 WSS 1 WSS 16x256 + 1 WSS
16x16 8 2x1 256x16
( D=4; M=4) 16 WSS 1x2 + 32 WSS 1x4+ 32 WSS 4x1+ 16 WSS
%1 Transponders: 256
24 WSS 1x2 + 48 WSS 1x4+ 48 WSS 4x1+ 24 WSS 1 WSS 24x384 + 1 WSS
24x24 1 2x1 384x24
( D=4; M=6) 24 WSS 1x2 + 48 WSS 1x4+ 48 WSS 4x1+ 24 WSS
%1 Transponders: 384
32 WSS 1x2+ 64 WSS 1x4+ 64 WSS 4x1+ 32 WSS 1 WSS 32x512+ 1 WSS
32x32 16 2x1 512x32
( D=4; M=8) 32 WSS 1x2+ 64 WSS 1x4+ 64 WSS 4x1+ 32 WSS
2l Transponders: 512
40 WSS 1x2+ 80 WSS 1x4+ 80 WSS 4x1+ 40 WSS 1 WSS 40x640 + 1 WSS
40x40 20 2x1 640x40
( D=4; M=10) 40 WSS 1x2+ 80 WSS 1x4+ 80 WSS 4x1+ 40 WSS
2l Transponders: 640
48 WSS 1x2+ 96 WSS 1x4+ 96 WSS 4x1+ 48 WSS 1 WSS 48x768 + 1 WSS
48x48 24 2x1 768x48
( D=4; M=12) 48 WSS 1x2+ 96 WSS 1x4+ 96 WSS 4x1+ 48 WSS
2l Transponders: 768
56 WSS 1x2+ 112 WSS 1x4+ 112 WSS 4x1+ 56 1 WSS 56x896 + 1 WSS
56x56 78 WSS 2x1 896x56
( D=4; M=14) 56 WSS 1x2+ 112 WSS 1x4+ 112 WSS 4x1+ 56 Transponders: 896
WSS 2x1 ’
64 WSS 1x2+ 128 WSS 1x4+ 128 WSS 4x1+ 64 1 WSS 64x1024 + 1 WSS
64x64 32 WSS 2x1 1024x64
( D=4; M=16) 64 WSS 1x2+ 128 WSS 1x4+ 128 WSS 4x1+ 64
Transponders: 1024
WSS 2x1
35000
30000 M Ring/linear type modular architectures 1x9 WSS

[ Ring/linear type modular architectures 1x4 WSS

Architecture cost

o A/D cost

e . ] . .
| ]

128x128 256 x 256 384x384 512x512 640 x 640 768 x 768 896 x 896 1024 x1024

2 4 6 8 10 12 14 16
Number of cores (M)

Figure 3.22 - Cost of the Ring Type and Linear Type modular architectures as a function of the ROADM
dimension considering D=64 assuming a single MxN WSS in the A/D structure and an A/D ratio of 20%
and two different WSS dimensions inside the subsystems
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In summary, it is possible to conclude that modular architectures constructed by interconnecting
multiple ROADM subsystems with cost-effective low-degree WSSs offer a promising approach to
reducing the number and size requirements of WSSs in large-scale ROADMs noting that each
architecture can be arranged in ring or linear configurations. Considering the comparison between
architectures with the same switching capacity for architectures with a large number of directions,
conventional core-wise switching architectures are more expensive than modular architectures due to
the increased size and cost of WSSs. However, the cost advantage of modular architectures diminishes
when considering the additional costs of input and output stages WSSs. For a small number of
directions, the number of WSSs required for ring/linear modular architectures and conventional
architectures is not significantly different. The modular architectures generally offer better cost
advantages as the number of directions increases, as the core-wise switching architectures, particularly
those with lane changes, become substantially more expensive due to the need for larger WSSs.
However, for a scenario with a bank of WSSs, the modular architectures lose a large part of their cost
advantage compared to a single WSS scenario. The fractional-space wavelength architecture remains
a cost-effective alternative under these conditions, demonstrating lower relative costs compared to
core-wise switching architectures without lane changes. Finally, while the use of smaller WSS
dimensions (e.g., 1 X 4) increases the number of required subsystems and components, it results in a
more cost-effective solution. The 1 X 4 WSSs, despite necessitating a greater number of components,
prove to be less expensive overall compared to the 1 X 9 WSSs. These analysis highlights the
importance of considering both the size and cost of WSS components when designing and scaling

ROADM architectures.

3.3.2. Ring/linear type modular architectures with Dg X D¢ WSS modules

In the following, we are going to use D¢ X Dg WSSs as subsystems modules (see Figure 3.16 b)),
instead of R&S architectures, with the goal of reducing the architectures cost [21].

Figure 3.23 shows a comparison between the total cost of using as subsystem modules, a
Dg X Dg R&S architecture with Dg 1 X D¢ WSSs and Dg Dg X 1 WSSs and a Dg X Dg WSS with Dg=4 as
subsystems modules as a function of the ROADM dimension. The cost assigned to the 4 X 4 WSS is
a=6. This cost is calculated in a proportional way having in mind the 9 X 18 WSS cost, shown in Table

3.2
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Figure 3.23 - Cost of the modular architecture using a 4x4 R&S architecture and a 4x4 WSS as
subsystems modules as a function of the ROADM dimension considering D=8 , D=16, D=32 and D=64
assuming a single WSS in the A/D structure, and an A/D ratio of 20%

From Figure 3.23, in general, the cost of the R&S architecture using 1 X 4 WSS is higher than the
cost of using 4 X 4 WSSs as modules for larger values of M and D. When M is small, the costs between
the two architectures are comparable, with a slight advantage for the architecture using 4 X 4 WSS as
modules. As M increases, especially for D=64, the cost difference between the two architectures
becomes more significant, with the 4 X 4 R&S architecture being more expensive. It is also important
to note that the express cost of the architecture using 4 X 4 WSSs as subsystems modules is less than
half (about 2.27 times less) the express structure cost of the 4 X 4 R&S architecture and is independent
of the ROADM dimension. The additional cost of the A/D becomes a significant part of the node total
cost for higher values of D, however, it is important to note that the cost of the A/D structure is the
same for both architectures.

Figures 3.24 and 3.25 show the cost of the modular architectures using 4 X 4 WSSs as subsystem
modules and the cost of the core-wise switching architecture with lane changes represented as a
function of the ROADM dimension, considering in the A/D structure a single and a bank of WSSs in
parallel, respectively, with an A/D ratio of 20%. The value at the top of each bar shows the architecture

express structure cost, and the value below each grey column represents the cost of the A/D structure.
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Figure 3.24 - Cost of the core-wise switching ROADM and both modular architectures as a function of
the ROADM dimension considering a) D=8 and D=16 and b) D=32 and D=64 assuming a single WSS in
the A/D structure, 4x4 WSSs in the subsystems and an A/D ratio of 20%

From Figure 3.24, it is possible to conclude that for a greater number of directions and the same
A/D structure, the core-wise switching architecture with lane changes is much more expensive than
the modular architectures. Although both have the same switching capacity, the total relative cost of
the architectures is significantly cheaper for a scenario using 4 X 4 WSSs compared to Figure 3.22 using
4 X 4 R&S as modules, for a single WSS in the A/D structure. For a 16 X 16 ROADM dimension, in
Figure 3.22, we have a total cost of 6464 for the modular architecture using 4x4 R&S as module, while
in Figure 3.24, we have a total cost of 292 using 4 X 4 WSSs as modules.

In Figure 3.25, it is shown the cost of the modular architectures using 4 X 4 WSS and the core-
wise switching architecture with lane changes, represented as a function of the ROADM dimension,
from D=8 to D=64, (the number of cores, M, is varied between 2 and 16 for each direction) considering

in the A/D structure, a bank of WSSs with an A/D ratio of 20%.
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Figure 3.25 - Cost of the core-wise switching ROADM and both modular architectures as a function of
the ROADM dimension considering a) D=8 and D=16 and b) D=32 and D=64 assuming a bank of WSSs
in parallel in the A/D structure, WSSs 4x4 in the subsystems and an A/D ratio of 20%

From Figure 3.25, it is possible to conclude that the cost associated with the modular architectures
is lower for all the ROADM dimension scenarios considered, due to the fact that 4 X 4 WSSs are
considered in each subsystem. Although the cost is much lower when using for example a 8 4 X 4 WSSs
with a cost of 48 instead of a R&S architecture with 32 1 X 4 and 32 4 X 1 WSSs in the subsystems
with a cost of 160 (assuming D=8 and M=2), the total relative cost between the two architectures in
both cases is very similar. This is due to the fact that the node's input and output WSSs have several
outputs/inputs for the A/D due to the bank of WSSs in parallel considered which leads to a higher total
cost. Comparing Figure 3.24 with Figure 3.25, it can be seen that the total cost is much higher in the
scenario with a bank of WSSs. For example, for modular architectures assuming a ROADM dimension
of 1024 x 1024, the cost increases by around 10 times compared to the scenario with a single WSS.

In Figure 3.26, the relative cost between the A/D structure and the express structure costs for the
scenario in Figure 3.25 (Full CDC with a bank of WSSs) as a function of M and D is represented,
considering the modular architectures with Full CDC in the A/D structure, the core-wise switching

architectures and the fractional-space wavelength architecture with B=3. The relative cost is defined
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as the ratio between the A/D structure cost and the express structure cost.

5
——Full CDC Ring/linear type modular architectures with 4x4 WSS as modules

4 Full CDC Core-wise switching architecture without lane changes
Full CDC Core-wise switching architecture lane changes

Full CDC Fractional space-wavelength granularity architecture

w

Relative cost
N

Number of cores (M)

Figure 3.26 - Relative cost between the A/D structure and the express structure for the modulars
architecture, core-wise architectures and fractional-space wavelength granularity architecture as a
function of the ROADM dimension, assuming Full CDC in the A/D structure (bank of WSSs) and an A/D
ratio of 20%

From Figure 3.26, it is possible to conclude that the core-wise switching architecture with lane
changes (orange line), has the lowest relative cost in particular for smaller ROADM dimensions, but
has the ROADM dimension increases the relative cost of all the architectures analysed in Figure 3.26
tend to zero, since the cost of the express structure is much higher than the cost of the A/D structure,

due to the increasing number of inputs and outputs required in the node's input and output WSSs.

3.4. Strategies for using WSSs with smaller dimensions in the A/D structure

Since the main goal of this dissertation is to study solutions for reducing the cost of large SDM
ROADM architectures, in addition to using a bank of WSSs in parallel to reduce the WSSs size in the
A/D structure, there are other possible solutions that could reduce the cost of the node architecture
by reducing the size of the WSSs in the A/D structure, such as the A/D structures presented in Figure
2.8 b) corresponding to a CDC per spatial channel solution and c) corresponding to a CDC per direction
solution. Nevertheless, these strategies reduce the switching capacity of the node in comparison with

the Full CDC A/D structure (shown in Figure 2.8 a)).

3.4.1. CDC per direction

In order to reduce the WSSs dimension in the A/D structure, the A/D structure considered can be
CDC per direction or CDC per spatial channel instead of Full CDC [7]. These strategies have less
switching capacity than the A/D structure with the bank of WSSs in parallel, but require WSSs with

smaller dimension, and potentially lowering the node cost.
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An example of these A/D structures is represented in Figure 3.27, considering D=4 and M=2. For
this case, an 8 X 8 ROADM scenario, with D=4 and M=2, as indicated in Table 3.13, a drop structure
with 1 WSS 8 X 128 (Full CDC with a single WSSs) or 6 WSSs 16 X 24 (Full CDC with a bank of WSSs)
is considered, as represented in Figure 3.27 a) and b), respectively. Note that the input and output
WSSs in the architectures using Full CDC with a single WSS have one output to the express structure
and one to the drop structure, whereas using Full CDC with a bank of WSSs have one output to the
express structure and six to the drop structure. In Figure 3.27 c), the drop structure has 4 WSSs 2 X 32
(CDC per direction) and in Figure 3.27 d), the drop structure has 2 WSS 4 X 64 (CDC per spatial
channel). The input and output WSSs of both architectures using CDC per direction and CDC per spatial

channel have one output to the express structure and one to the drop structure.

Express structure Express structure

-

4 ¥ A4
16x24) [16x2 16x2: 16x24) [16x24| [16x24
8x128 WSS WSS WSS Wss WSS WSS WSS

a) Full CDC b) Full CDC (bank of WSSs)

Express structure Express structure

k2| i
WSS

>

4
I

LA A LA 4 Yy VY
2x32| [2x32] [2x32| [2x32 4x64 4x64
wss | | wss| | wss| |wss Wss Wss

c¢) CDC per direction d) CDC per spatial channel

Figure 3.27 - Different drop structures considering a) Full CDC with a single WSS b) Full CDC
with a bank of WSSs in parallel, c) CDC per direction and d) CDC per spatial channel
assuming an 8x8 (D=4 and M=2) ROADM and an A/D ratio of 20%
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Table 3.13 shows the number of WSSs and its dimension for three different A/D strategies, Full
CDC (single WSS), Full CDC (bank of WSSs in parallel) and CDC per direction, for several ROADM
dimensions, from 8 X 8 to 64 X 64, assuming an A/D ratio of 20%. For the 16 X 16 ROADM scenario
where D=4 and M=4, an A/D structure with Full CDC (single WSS) has a 16 x 256 WSS, with Full CDC
(bank of WSSs in parallel), the A/D structure has 11 WSSs 16 X 24, and the CDC per direction strategy
requires 4 WSSs 4 X 64. The cost of the latter A/D structure is 204, considering a cost of 51 per 4 X 64
WSS, calculated by having in mind the port count and cost of the 16 X 24 WSS presented in Table 3.2.
Although the CDC per direction strategy requires a greater number of components in the A/D structure
compared to the Full CDC with a single WSS in the A/D (4 WSS 4 X 64 vs 1 WSS 16 X 256), the
dimension of the WSSs required in the express structure for both strategies is the same, as shown in
Figure 3.27.

It is possible to conclude that, although a Full CDC architecture with a single WSS in the A/D
structure has the same port count that the CDC per direction strategy, the CDC per direction
architecture has less switching capacity due to the impossibility of extracting or adding all the signals
from any direction. It is also important to emphasize that a Full CDC architecture with a bank of WSSs

in the A/D structure has a larger port count and therefore, is the most expensive architecture.

Table 3.13 - Number and dimension of the WSSs for the three different A/D structure strategies for
various ROADM dimensions with D=4.

A/D components
D?n?jr?s'i\gn Full CDC CDC per direction
Single WSS Bank of WSSs in parallel Bank of WSSs

( D=2;(7”=2) 1 WSS 8:;;;38+ 1 WSS 6 WSS 126:)3;1; 6 WSS 4WSS 2x32 + 4 WSS 32x2

( Dii;(/::jﬂl) 1 WSS 126;(2)?;3; 1 WSS 11 WSS 126‘)1()3;1; 11 WSS 4WSS 4x64+ 4 WSS 64x4

( Dii:(i;is) 1 WSS 2:;23;; 1 WSS 16 WSS lzﬁszg 16 WSS 4 WSS 6x96+ 4 WSS 96x6

( Dii;(ijzg) 1 WSS 352:)1(3)21.5; 1 WSS 22 WSS 1;:53; 22 WSS 4WSS 8x128 + 4 WSS 128x8
( D:L(:xl\j(ilo) 1 WSS 43:3;12; 1 WSS 27 WSS 126;(5;1; 27 WSS 4'WSS 10x160 + 4 WSS 160x10
( Dis;x/c/ilz) 1 WSS 4782;)6(35; 1 WSS 32 WSS 1;3:5;: 32 WSS 4 WSS 12x192 + 4 WSS 192x12
( D=54€jxlalil4) 1 WSS 586;(2356; 1 WSS 38 WSS 1262(5;1; 38 WSS 4WSS 14x224 + 4 WSS 224x14
( D=64£:XI3116) 1 WSS 6;13;[2)32; 1 WSS 43 WSS 1;)1(5;1; 43 WSS 4'WSS 16x256 + 4 WSS 256x16
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In Figure 3.28, the cost of the modular architectures considering the A/D structure with CDC per

direction and Full CDC and the core-wise switching architectures with CDC per direction in the A/D

structure (with and without lane changes) is represented as a function of the ROADM dimension

considering an A/D ratio of 20%. For the modular architecture, a 4 X 4 WSS is considered in each

subsystem noting that the express structure is the same considering the Full CDC (single WSS) and CDC

per direction strategy. It is important to note that, the Full CDC strategy used in the modular

architectures is compared to the core-wise switching with lane changes, whereas the CDC per direction

used in the modular architectures is compared to the core-wise switching without lane changes.
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Figure 3.28 - Cost of the core-wise switching and modular architectures as a function of the ROADM
dimension considering a) D=8 ,b) D=16, c) D=32 and d) D=64 assuming CDC per direction and Full CDC
(bank of WSSs) in the A/D structure for modular architectures, assuming WSSs 4x4 in the subsystems,
and only CDC per direction for the core-wise switching architecture for an A/D ratio of 20%

From Figure 3.28, it is possible to conclude that: 1) as expected the cost of the modular
architecture with Full CDC is much higher than the cost of the modular architecture with CDC per
direction (almost 4 times for D=8 and almost 16 times for D=64), although the Full CDC has a much
higher switching capacity; 2) the cost of the core-wise architecture with lane changes with CDC per
direction is much higher than the cost of the modular architecture with CDC per direction (around 3
times for D=8 and almost 22 times for D=64); 3) the cost of the core-wise architecture without lane
changes with CDC per direction is still a bit higher than the cost of the modular architecture with CDC
per direction despite this last architecture have a higher switching capability (around 1.14 times for
D=8 and 2.5 times for D=64); 4) the cost differences just referred are mostly related to the express
structure cost, since the A/D structure cost is practically the same for the studied architectures.

In Figure 3.29, the relative cost between the cost of the A/D structure and the cost of the express
structure for the scenario in Figure 3.27 (CDC per direction) as a function of M and D is represented
considering the modular architectures with CDC per direction in the A/D structure, the core-wise
switching architectures and the fractional-space wavelength architecture.

From Figure 3.29, it is possible to conclude that the core-wise switching architectures have the
lowest relative cost, mainly the architecture with lane changes (orange line), because the express
structure cost is much higher than the A/D structure cost. It is also possible to conclude that the
ring/linear type modular architectures with 4 X 4 WSS as modules (blue line) and fractional space-
wavelength granularity architecture (yellow line) have higher relative costs, since the express structure
is between 4 and 5 times less expensive than the A/D structure cost. It is also important to note that
the relative costs of the modular architecture and the fractional space-wavelength granularity

architecture are practically constant for all ROADM dimensions considered, because the cost of the
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express structure and the cost of the A/D structure increase at the same rate, with the ROADM
dimension increase. For the 16 X 16 ROADM, we have a cost of 88 for the express structure and 408
for the A/D structure while, for the 32 X 32 ROADM, we have a cost of 176 for the express structure
and 816 for the A/D structure, revealing that the cost of both structures doubles as the ROADM

dimension increases.

8

CDC per direction Ring/linear type modular architectures with 4x4 WSS as modules
7 CDC per direction Core-wise switching architecture without lane changes
6 CDC per direction Core-wise switching architecture with lane changes

CDC per direction Fractional space-wavelength granularity architecture
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Figure 3.29 - Relative cost between the A/D structure and the express structure for the modular
architecture, core-wise switching architectures and fractional space wavelength granularity

architecture as a function of the ROADM dimension, assuming CDC per direction in the A/D structure
(bank of WSSs) and an A/D ratio of 20%

Comparing Figure 3.29 with Figure 3.26, it is possible to conclude that the core-wise switching
architecture with lane changes (orange line), continues to have the lowest relative cost due to the huge
cost of its express structure, independently of being Full CDC or CDC per direction. It also can be
concluded that, in Figure 3.29, the relative cost tends to zero only for the core-wise architectures, while
in Figure 3.26, with CDC per direction, for all architectures, the relative cost tends to zero as the
ROADM dimension increases due to the use of the Full CDC strategy in the A/D structure. In this case,
the increase of the ROADM dimension leads to a significant in increase of the size of the input/output
WSSs of the express structure and, therefore, the cost of the express structure becomes much higher

than the cost of the A/D structure as the ROADM dimension increases.

3.4.2. CDC per spatial channel

The CDC per spatial channel strategy allows the use of fewer WSSs than the CDC per direction,
although their dimensions are larger, as can be seen in Figure 3.27 for the scenario with D=4 and M=2.
Note that if D and M are equal, both strategies lead to the same WSS dimensions, as for the 16 X 16
ROADM shown in Table 3.14. In Appendix B (Figure B.1), a cost comparison between modular
architectures considering different A/D structures, Full CDC, CDC per direction and CDC per spatial

channel, can be found using 4 X 4 WSSs and assuming an A/D ratio of 20%.
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Table 3.14 shows the number of components and their dimension for the two different A/D
strategies, CDC per direction and CDC per spatial channel, considering ROADM dimensions, from 8 X 8
to 64 X 64, assuming an A/D ratio of 20%. For the 8 X 8 ROADM scenario, where D=4 and M=2, a drop
structure with 4 WSSs 2 X 32 WSSs must be considered in the CDC per direction solution with a total
drop cost of 102, whereas the CDC per spatial channel solution requires 2 WSSs 4 X 64, leading also
to the same cost. So, it is possible to note that, although the CDC per direction strategy requires a
greater number of components in the drop structure compared to the CDC per spatial channel
(4 WSSs 2 x 32 vs 2 WSSs 4 X 64), the dimension of the WSSs required in the drop structure by the
CDC per spatial channel strategy is the double, which means that the architecture cost is the same.
Hence, the results shown in Figure 3.28 correspond to both CDC per direction and CDC per spatial

channel strategies.

Table 3.14 - Number and dimension of the components for the CDC per direction and CDC per spatial
channel strategies at the A/D structure for a given ROADM dimension considering D=4 and assuming a

bank of WSSs in parallel
ROADM A/D components
Dimension CDC per direction CDC per spatial channel
( D=j;(§/l=2) 4 WSS 2x32 + 4 WSS 32x2 2 WSS 4x64 + 2 WSS 64x4
16x16 4 WSS 4x64+ 4 WSS 64x4 4 WSS 4x64+ 4 WSS 64x4
( D=4; M=4)
24x24 4 WSS 6x96+ 4 WSS 96x6 6 WSS 4x64+ 6 WSS 64x4
( D=4; M=6)
32x32 4 WSS 8x128 + 4 WSS 128x8 8 WSS 4x64 + 8 WSS 64x4
( D=4; M=8)
40x40 4 WSS 10x160 + 4 WSS 160x10 10 WSS 4x64 + 10 WSS 4x64
( D=4; M=10)
48x48 4 WSS 12x192 + 4 WSS 192x12 12 WSS 4x64 + 12 WSS 64x4
( D=4; M=12)
>6x56 4 WSS 14x224 + 4 WSS 224x14 14 WSS 4x64 + 14 WSS 64x4
( D=4; M=14)
64x64 4 WSS 16x256 + 4 WSS 256x16 16 WSS 4x64 + 16 WSS 64x4
( D=4; M=16)

3.5. SDM architectures based on SPOC technology

The spatial and planar optical circuit (SPOC) technology has been developed with the aim to
address the challenge related to the increased number of input/output ports in optical nodes, enabling
the integration of multiple WSSs and filters into a single module by combining waveguide and free-
space optics into a single system. Therefore, the SPOC technology enables compact devices and
reduces the physical space required for network equipment. This integration helps overcoming the
challenges faced by the large number of input/output ports in SDM systems [22].

In traditional SDM-based OXC nodes, the R&S architecture is typically used, requiring multiple

high-port-count WSSs and many complex interconnections with a high number of fibres, as shown in
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Figure 3.30 a) for a 6 X 6 WSS. This configuration takes up a lot of space as the number of SDM
channels grows [1,22,23]. By adopting SPOC technology, the architecture eliminates the need for full
mesh interconnections, by integrating multiple WSSs into a single module through a compact design,
allowing for straight optical wiring and leads to a significant decrease in the physical space.
Additionally, the SPOC technology minimizes the overlap between different WSSs, which can reduce
the PLIs, namely, in this case, the crosstalk (XT) levels and improve signal quality [22]. Figure 3.30 b)
represents a 6 X 6 WSS based on the SPOC technology that uses 2-f and 4-f optical systems [22]. It can
be noted that the number of WSSs is the same in both solutions, so the cost should be similar.

In summary, SPOC technology enhances the scalability of SDM-based OXC nodes by integrating
multiple WSSs into a compact module, reducing space requirements, and mitigating crosstalk. This

makes it a promising solution for future high-capacity optical networks.
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Figure 3.30 - Large-scale wavelength switching for SDM network nodes with (a) conventional 6x6 WSS
and b) 6x6 WSS with subsystems using 2-f/4-f integrated SPOC systems as modular modules.

3.6. Node switching capacity overview

Switching capacity refers to the total number of possible connection states that a SDM-ROADM
node can handle in an optical network including the routing of wavelengths for each spatial channel
and the ability to add or drop channels in a R&S architecture. It is important to highlight that the
description presented in this section is focused on the performance of a single SDM ROADM node
rather than the performance of interconnected SDM ROADMs within an optical network.

The node maximum switching capacity, which is the product of the permutations across all
directions and spatial channels combined, is (D!)MTotal, where My,.q; represents the total number of
spatial configurations across all wavelengths and spatial channels (M7 = M X Nyy,) [24]. Each
permutation represents a unique routing configuration for wavelengths between D directions. For
example, for M=1, Ny;,=1 and D=4 (i.e. 4 directions labelled West (W), South (S), North (N), and East
(E)) and corresponding number of A/D assignments, we would have 4!=24 possible permutations as

shown in Table 3.15.
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In Table 3.15, the WSNE initial permutation is considered fixed, and all the 4 directions are being
added or dropped. This is indicated in the row Drop/Route as DDDD and on the A/D row, that tells the
number of A/Ds as 4. Permutations may have no drops (where all input directions of the wavelength
channel are routed) or up to D drops. The other permutations in Table 3.15 are always referring to the
initial permutation WSNE, so if a direction remains unchanged in the other permutations that direction
is either added or dropped (D, drop), whereas if a direction changes, it means that direction is set to
be routed (R, routing). For example, in the second permutation WSEN, directions W and S remain
unchanged and directions E and N change relatively to the initial permutation WSNE, where North is

being routed to East and East to North, so there are 2 A/D (DDRR).

Table 3.15 - All 24 permutations of WSNE nodal directions (D=4), for a single spatial channel and single
wavelength node and corresponding number of A/D and routing assignments. Only 10 of the
permutations with bidirectional traffic constraints (no circular routing), remain valid (white entries)

Directions WSNE | WSEN | WNSE | WNES | WESN | WENS | SWNE | SWEN
Drop/Route DDDD DDRR DRRD DRRR DRRR DRDR RRDD RRRR
A/D 4 2 2 1 1 2 2 0
Directions SNWE | SNEW | SEWN | SENW | NWSE | NWES | NSWE | NSEW
Drop/Route RRRD RRRR RRRR RRDR RRRD RRRR RDRD RDRR
A/D 1 0 0 1 1 0 2 1
Directions NEWS | NESW | EWSN | EWNS | ESWN | ESNW | ENWS | ENSW
Drop/Route RRRR RRRR RRRR RRDR RDRR RDDR RRRR RRRR
A/D 0 0 0 1 1 2 0 0

Now, we consider some realistic traffic constraints from real optical networks, such as, (1) all
wavelength routing on spatial channels is bidirectional ensuring that connections between two nodes
follow the same path in both directions, meaning circular routing of spatial channels is prohibited (e.g.,
assigning routes like 'East' - 'West' - 'North' - 'East' is not allowed), and (2) spatial channels in one
or more nodal directions can remain idle, denoting the potential for unused wavelengths on any spatial
channel or in any direction.

When considering bidirectional traffic constraints, cases of circular routing (shown as grey entries
in Table 3.15) are excluded, resulting in 10 (out of 4!= 24) distinct permutation options, shown in white
entries in Table 3.15. For example, in permutation WESN, position of W is unchanged (‘West’ direction
is dropped) and position S, N, and E are circularly changed with respect to WSNE, i.e. ‘South’ is routed
to ‘East’, ‘North’ is routed to ‘South’, ‘East’ is routed to ‘North’. Such case is not a valid permutation
for bidirectional traffic, because it corresponds to circular routing. In permutation WNSE, position of
W and E are unchanged (‘West’and ‘East’ directions are dropped) and ‘South’ is routed to ‘North’ and
‘North’ is routed to ‘South’ with respect to WSNE. Such case is a valid permutation for bidirectional

traffic, because this connection follows the same path in both directions, as is also valid the
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permutation ENSW, where ‘West’ is routed to ‘East’, ‘East’ is routed to ‘West’, ‘North’ is routed to
‘South’ and ‘South’ is routed to ‘North’.

When there are idle statesin L €{0, 1, 2, .. ., D} directions, meaning that traffic is limitedto D — L
directions, the number of distinct permutation options is 65 for D=4, as indicated in Table 3.16. The
first 24 permutations match those shown in Table 3.15. Additionally, there are 24 permutations with
one idle channel, 12 with two idle channels, 4 with three idle channels, and 1 with four idle channels.

An idle state in a specific direction is denoted by 'U’, representing an unused direction. For
instance, in the permutation UNSE, the drop/route state is URRD, where 'U' indicates an idle state in
the 'West' direction, 'D' represents a drop in the 'East’ direction, and the exchange between 'N'and 'S’
(relative to WSNE) representing a valid permutation for bidirectional traffic and idle channel. In the
permutation UESN, the drop/route state is URRR, so W remains unused and position S, N and E are
circularly changed with respect to WSNE, i.e. ‘South’ is routed to ‘East’, ‘North’ is routed to ‘South’,
‘East’ is routed to ‘North’. So, this permutation is not valid for bidirectional traffic and idle channel. To
account for all switching states, including idle channels and bidirectional routing constraints among
nodal directions, permutations that result in circular routing (grey entries) are excluded, leaving 43
valid distinct permutation options, highlighted in white in Table 3.16.

To calculate the switching capacity of SDM-ROADM nodes, initially we calculate the capacity of
SDM-ROADM nodes without applying any network node constraints from the optical network.
Afterwards, we introduce these constraints, such as bidirectional traffic and idle channels, to assess
their effect on the capacity of the SDM-ROADM nodes. To assess the performance of ROADM nodes in

terms of switching capacity under different possible scenarios, we define two metrics:

R
n= (3.11)
Rtotal
R
- (3.12)
nlp] Rl

where R represents the switching capacity of a SDM-ROADM node with specific features (such as
bidirectional trafficand idle channels), while R;,;4; refers to the switching capacity of an unconstrained
SDM-ROADM node (when all possible routing and A/D states are supported) and R[p] denotes the
switching capacity of a CDC SDM-ROADM for a given number p of A/D transceivers. The first metric, n,
identifies the relative routing capacity of the SDM-ROADM, ranging between 0 and 1. A higher value
of n means that the SDM-ROADM node has better routing or A/D capabilities, which leads to a lower
chance of channels being blocked. The second metric, n[p], reflects the relative routing capacity of an

SDM-ROADM node with specific features and a limited number of A/D transceivers compared to an
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unconstrained node.

Table 3.16 - All 65 permutations of WSNE nodal directions (D=4), for a single spatial channel and single
wavelength and corresponding number of A/D and routing assignments. Only 43 of the permutations
with bidirectional traffic constraints (no circular routing) and allowing idle states, remain valid (white

entries)
Directions WSNE WSEN WNSE WNES WESN WENS SWNE SWEN SNWE
Drop/Route DDDD DDRR DRRD DRRR DRRR DRDR RRDD RRRR RRRD
A/D 4 20 2 1 1 2 2 0 1
Directions SNEW SEWN SENW NWSE NWES NSWE NSEW NEWS NESW
Drop/Route RRRR RRRR RRDR RRRD RRRR RDRD RDRR RRRR RRRR
A/D 0 0 1 1 0 2 1 0 0
Directions EWSN EWNS ESWN ESNW ENWS ENSW USNE USEN UNSE
Drop/Route RRRR RRDR RDRR RDDR RRRR RRRR ubbD UDRR URRD
A/D 0 1 1 2 0 0 3 1 1
Directions UNES UESN UENS WUNE | WUEN | NUWE | NUEW | EUNW | EUNW
Drop/Route URRR URRR URDR DUDD DURR RURD RURR RURR RUDR
A/D 0 0 1 3 1 1 0 0 1
Directions WSUE | SWUE | SEUW ESUW | WEUS | EWUS | WSNU | WNSU | SWNU
Drop/Route DDUD RRUD RRUR RDUR DRUR RRUR DDDU DRRU RRDU
A/D 3 1 0 1 1 0 3 1 1
Directions SNWU | NWSU | NSWU | UUNE UUEN USUE UEUS USNU UNSU
Drop/Route RRRU RRRU RDRU uubD UURR ubuUD URUR UbDDU URRU
A/D 0 0 1 2 0 2 0 2 0
Directions WUUE | EUUW | WUNU | NUWU | WSUU | SWUU UUUE UUNU usuu
Drop/Route DUUD RUUR DUDU RURU DDUU RRUU uuubD uUubuU UbuUU
A/D 2 0 2 0 2 0 1 1 1
Directions | WUUU | UUUU
Drop/Route DUUU uuuu
A/D 1 0

Next, we will consider all possible switching states for the Full CDC SDM-ROADM architecture
shown in Figure 3.27 a), taking into account all permutations of Ny, wavelengths across M spatial
channels. To compute the switching capacity of the Full CDC SDM-ROADM, we have consider that the
total number of adds/drops, Q, from D directions with M spatial channels for a single wavelength is
betweenOand D X M.

The SDM-ROADM node A/D scenario can be expressed as an integer partition problem, where

each partition represents the number of A/Ds for a specific number of spatial channel [24]. So, the
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partition size is limited by D, the number of partitions is limited by M and the sum of the elements in
each partition is equal to Q - the number of A/Ds. For the scenario presented in Figure 3.27 with D=4
and M=2 and considering Q=4 (noting that 0 < Q < 8) the potential integer partitions are: {4}, {3, 1},

{2, 2}. The possible partitions for each of the Q values from 0 to 8 are shown in Table 3.17.

Table 3.17 - All possible permutations for Q from 0 to 8 considering M=2 and D=4

Partitions
{0,0}

{1}
{2},{1,1}
{31,{2,1}

{4},{3,1},{2,2}
{4,1},{3,2}
{4,2},{3,3}

{4,3}
{4,4}

®|(N|jo|u[r|lw|ivik|o|O

For a better understanding, in the case of Q=4 the partition {3, 1} means that three A/Ds occur on
one spatial channel from 3 directions and one A/D occurs on another spatial channel from a single
direction. Here you can choose which channel will have three A/Ds and which will have one A/D,
whether channel 1 or channel 2, so there are 2 ways to do this. Partition {4} means that a specific
spatial channel has four A/Ds (one from each direction), whereas the other spatial channel does not
have any A/Ds. Partition {2, 2} means that the four A/Ds are distributed evenly between two spatial
channels, with two A/Ds in each. The total number of permutations of four adds/drops, Q= 4, is

computed by accounting for all possible spatial channel selections from a finite subset of M:

Yo=4= C(M,1) X Xp_4 X (Xp=o)" ™"+ C(M,1) X Xp_3 X C(M — 1,1) X Xp—; X (3.13)
(Xp=0)""% + C(M,2) X (Xp=2)* X (Xp=0)"?

where the term C(M, n)= (17\/11) defines the number of n-combinations from a set of M elements. The
first term of eq. (3.13) corresponds to partition {4}, the second term corresponds to partition {3,1},
and the last term corresponds to partition {2,2}. The variable Xp_p represents the number of possible
permutations with P A/Ds operations for a single spatial channel per wavelength and can be extracted
from Tables 3.15 and 3.16, respectively, for the scenarios without and with idle channels. For example,
for Xp—4 with full traffic, there are 8 valid permutations out of 24 and, for bidirectional routing, there
are no valid configurations out of 10. In the idle traffic scenario without bidirectional routing, there are
24 valid configurations out of 65, whereas with idle traffic and bidirectional routing, the number is

reduced to 16 out of 43 possible configurations. Note also that X —, corresponds to zero A/Ds, which
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means that all channels are routed and to calculate Y,—, we only consider the term (Xp=o)?. Table
3.18 shows the number of permutations associated with each Xp_p depending on the scenario

considered.

Table 3.18 - Number of permutations associated with each X,_p depending on the traffic scenario
considered where 0 < P <4

Number of permutations

XD=0 XD=1 XD=2 XD=3 XD=4

Traffic scenarios

Full Traffic 9 8 6 0 1
Bidirectional
traffic 3 0 6 0 1
Idle channel 24 24 12 4 1
Idle channel and
Bidirectional 10 16 12 4 1
traffic

According to this reasoning, the value of eq. (3.13) representing Y,_, is 54 for full traffic, 42 for
bidirectional traffic, 384 for idle channel and 292 for idle channel and bidirectional traffic as shown in
Table 3.19 that shows the possible number of permutations for four different scenarios considering
D=4, M=2 and P values from 0 to 8. It can be noted that the total number of permutations for the full

traffic case is given by (4!)2. Each value of Yy=4 is obtained in a similar way as described in eq. (3.13).

Table 3.19- All possible number of permutations per wavelength Y, (Q=0...8), for M= 2 and D= 4 for full
traffic and traffic constraints

Traffl‘c 0 1 ) 3 4 5 6 7 3 Total
constraints
Full Traffic 81 144 172 96 54 16 12 0 1 576
Aty 9 0 36 0 42 0 12 0 1 100
traffic
Idle channel 576 1152 1152 768 384 144 40 8 1 4225
Idle channel and
Bidirectional 100 320 496 464 292 128 40 8 1 1849
traffic

Table 3.19 shows that the scenario with bidirectional traffic allows the lowest number of
permutations, while the scenario with idle channels allows the highest number. If we consider Q=8, all
scenarios allow the same number of permutations, because only the {4,4} partition is considered and
the value of X,_, is 1 for all scenarios (see Table 3.17). It should also be noted that for Q=7, both full
traffic and bidirectional traffic scenarios do not allow any permutations, while the idle channel and idle

channel and bidirectional traffic scenarios both allow 8 permutations.
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Now considering the CDC per direction scenario, we are limited to one A/D per direction, so the
partitions can only be {0,0}, {0,1}, {1,0} and {1,1} as shown in Table 3.20 for M=2 and D=4. Since M=2

the maximum A/Ds per direction is 2, so 0<Q<2.

Table 3.20 - All possible permutations for Q from 0 to 2 considering M=2 and D=4 for CDC per
direction

Partitions
{0,0}
{1,0}
{1,0},{1,0},{1,0},{0,1}

N[~ (OO

Table 3.21 shows the number of permutations associated with each X,_p depending on the
scenario considered for a CDC per direction strategy. For example, if we choose the West (W) direction
for Xp-1, we can only choose cases where the West direction is dropped and the other directions are

routed.

Table 3.21 - Number of permutations associated with each X,_p depending on the traffic scenario
considered for CDC per direction where 0<P<4

Number of permutations
Traffic scenarios
Xp=o Xp=1
Full Traffic 9 2
Bidirectional traffic 3 0
Idle channel 24 6
Idle channel and
Bidirectional traffic 10 4

Table 3.22 shows the possible number of permutations for the four different traffic scenarios
considering D=4, M=2 and P values from 0 to 2 for CDC per direction.

Table 3.22 shows that the scenario with bidirectional traffic continues to allow the lowest number
of permutations, while the scenario with idle channels allows the highest number as in Table 3.19. It
can also be seen that for the X _(, the number of permutations are the same in Tables 3.19 and 3.22
for all the scenarios considered, since the values of X,_, do not change between strategies. Overall, it
is possible to conclude that the CDC per direction scenario has a lower number of permutations

compared to the Full CDC scenario, thus revealing a lower switching capacity.
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Table 3.22 - All possible number of permutations per wavelength Y, (Q=0...2), for M= 2 among D=4
for full traffic and traffic constraints considering CDC per direction scenario

Traffic 0 1 2 Total
constraints
Full Traffic 81 36 144 261
Bidirectional
traffic ? 0 0 ?
Idle channel 576 288 1152 2016
Idle channel and
Bidirectional 100 80 320 500
traffic

3.7. Conclusions

In this chapter, we have analysed the cost of two architectures for SDM nodes, the fractional
space-wavelength and the modular architectures, and compared it with the conventional core wise
switching architecture cost. We have also analysed two A/D structures, the CDC per direction and CDC
per spatial channel, which require fewer WSSs than the Full CDC A/D structure. Finally, a brief
description of the SPOC architecture and an overview of the node switching capacity is done.

We have analysed and concluded that a value of B=3 for the fractional space-wavelength
architecture offers a good trade-off between cost and switching capacity when compared to the core-
wise switching architecture without lane changes. Nevertheless, the fractional space-wavelength
architecture employing a single WSS in the A/D structure shows limited cost advantages and lacks the
switching capacity compared to the core-wise switching architecture without lane changes. The
scenario worsens with a bank of WSSs in the A/D structure since this architecture is always more
expensive than the core-wise switching architecture without lane changes, which means the short cost
advantage seen with a single WSS in the A/D disappears.

Furthermore, we have concluded that the modular architectures build by interconnecting multiple
ROADM subsystems with cost-effective low-degree WSSs offer a promising approach to reducing the
number and size requirements of WSSs in large-scale ROADMs. The core-wise switching architecture
with lane changes is more expensive than modular architectures due to the increased size and cost of
the input/output WSSs. The modular architectures generally offer better cost advantages as the
number of directions increases, as the core-wise switching architectures, particularly those with lane
changes, become substantially more expensive due to the need for larger WSSs. However, for a
scenario with a bank of WSSs, the modular architectures lose a large part of their cost advantage
compared to a single WSS scenario. It is also possible to conclude that in general, the cost of the

modular architectures with Dg X D¢ R&S modules is higher than the cost of using modular
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architectures with Dg X Dg WSS modules for larger values of M and D.

It can also be concluded that, when comparing different A/D structures, it is more beneficial to
use either CDC per direction or CDC per spatial channel, instead of Full CDC. We have concluded that
the cost of the modular architecture with Full CDC is much higher than the cost of the modular
architecture with CDC per direction (almost 16 times for D=64). Also, it was concluded that the cost of
the core-wise architecture with lane changes with CDC per direction is much higher than the cost of
the modular architecture with CDC per direction, which shows the advantage in using this A/D strategy.

The chapter ends by describing the SPOC technology and giving a brief overview of the node
switching capacity where is possible to conclude that only for Q values lower than two, the CDC per
direction scenario has a lower number of permutations compared to the Full CDC scenario, thus

revealing a lower switching capacity for a lower number of A/Ds.
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CHAPTER 4

Conclusions and future work

4.1. Final conclusions

In this dissertation, we have studied and analysed two architectures for SDM-ROADM nodes that
have the potential to be more cost effective than the traditional core-wise switching architecture. We
have evaluated the cost of the fractional space and wavelength architecture, as well as the cost of
modular architecture considering several A/D structures.

In Chapter 2, an analysis of SDM-based ROADM architectures is conducted, analysing four
different switching by granularity: space, space-wavelength, wavelength, and fractional space-full
wavelength, each with specific benefits, practical applications and limitations. Spatial granularity
switching provides the most cost-effective solution, but with a reduced flexibility. In space-wavelength
granularity, switching across wavelength channels and spatial channels offers the finest switching
granularity, ideal for metro networks, but with added implementation complexity (i.e. WSSs with
greater dimensions). Wavelength granularity routes all spatial channels per wavelength, simplifying
hardware, but limiting spatial flexibility. The fractional space-full wavelength granularity architecture
enables routing with spatial groups, giving a compromise solution in terms of cost and flexibility
between spatial granularity and spatial-wavelength granularity solutions.

Chapter 3 has provided a comprehensive analysis of cost implications across two SDM node
architectures—fractional space-wavelength and modular—and compared these to the traditional
core-wise switching architecture. We have concluded that in a practical scenario, where the A/D
structure uses a bank of WSSs, the fractional space-wavelength architecture is always more expensive
than the core-wise switching architecture without lane changes and has also less switching flexibility.
Nevertheless, we have concluded that modular architectures, in particular with Dg X Dg WSSs
modules, offer a promising approach to reduce the cost in SDM ROADMIs, since they are more cost
effective than the core-wise switching architecture with lane changes, in particular as the number of
directions increases, and they have the same switching flexibility. We have also evaluated two different
A/D structures, CDC per direction and CDC per spatial channel, both requiring fewer WSSs than the Full
CDC structure. It was possible to achieve a cost reduction of about 50% for a 16 X 16 ROADM
comparing modular architectures with CDC per direction structure with Dg X Dg WSSs with the core-
wise switching architecture with lane changes with Full CDC structure. Additionally, an overview of the
node switching capacity was presented where it was possible to conclude that the CDC per direction
strategy offers a more practical and scalable configuration for deployment, because it reduces the

complexity and hardware requirements compared to the Full CDC, however, it has a lower switching
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capacity, while the Full CDC has full switching capacity but with an increase in cost when the complexity

increases.

4.2. Future work

In this section, some suggestions for future work are presented:

e Study the network cost of several topologies considering fractional and modular node
architectures.

e Study the cost effectiveness of other A/D structures, like CD per direction and CD per
spatial channel.

e Study the node switching capacity for the two node architectures analysed in this work
(fractional and modular architectures), following the procedure given in [24].

e Calculate the cost savings provided by the SPOC technology in comparison with standard

SDM and modular ROADM architectures.
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APPENDIX A.

Ring and linear type ROADM-subsystems modular architectures
using different WSSs dimensions inside the subsystems

In Figure A.1, a ring and linear ROADM-subsystems modular architectures are represented
considering an 8 X 8 ROADM dimension and D=4 e M=2, using 1 X 9 WSSs and assuming a single
M X N WSS in the A/D structure and an A/D ratio of 20%.

8x8 M=2 D=4 8x8 M=2 D=4

Bl
STRUCTURE

Figure A.1 - 8x8 R&S interconnected Ring and Linear modular architecture ROADM with 2 modules
using 1x9 WSS considering D=4, M=2 and assuming a single MxN WSS in the A/D structure and an
A/D ratio of 20%

In Figure A.2, aring ROADM-subsystems modular architecture is represented consideringan 8 X 8
ROADM dimension and D=4 e M=2, but this time using 1 X 4 WSSs and assuming a single M X N WSS

in the A/D structure and an A/D ratio of 20%.
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Figure A.2 - 8x8 R&S interconnected ring modular architecture ROADM
with 4 modules using 1x4 WSS considering D=4, M=2 and assuming a
single MxN WSS in the A/D structure and an A/D ratio of 20%



APPENDIX B.

Cost comparison of the modular architectures using different A/D
structures

In Figure B.1, the modular architectures are represented considering different A/D structures ( Full
CDC, CDC per direction and CDC per spatial channel) for different ROADM dimensions, using 4 X 4 WSS

in the subsystem and assuming an A/D ratio of 20%.
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Figure B.1 - Cost of the modular architectures as a function of the ROADM dimension considering a) D=8
,b) D=16, c) D=32 and d) D=64 assuming Full CDC (bank of WSSs), CDC per direction and CDC per spatial
channel in the A/D structure, 4x4 WSS in the subsystem and an A/D ratio of 20%



