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Resumo

Prevé-se que o aumento de novos servigos baseados na inteligéncia artificial contribua
de forma decisiva para uma falta de capacidade de transporte na actual rede otica. As
tecnologias de multiplexagem por divisao espacial (SDM) e multi-banda (MB) tém sido
estudadas como possiveis solugoes para aumentar a capacidade da rede. Esta dissertacao
analisa a granularidade, o custo por bit e o consumo de poténcia por bit de varias ar-
quiteturas de nds para redes oticas baseadas nas tecnologias SDM e MB - normalmente
referidas como MBoSDM.

Analisaram-se duas arquiteturas MB — MB Baseline e MB Common band, duas ar-
quiteturas SDM — SDM Space e SDM Space-wavelength, e trés arquiteturas MBoSDM
— Baseline, MBoSDM com um tnico comutador de cruzamento espacial e MBoSDM
FLEX-SCALE — para dois cenéarios de largura de banda por direcao de no: 16 e 32 THz.
A FLEX-SCALE tem a capacidade de adicionar e retirar bandas de canais, em vez de
canais oOticos individuais, como acontece tipicamente nas estruturas convencionais de in-
sergao/extracgao (A/D), o que serd uma caracteristica importante nas futuras redes de
ntcleo.

De todas as arquiteturas, a FLEX-SCALE é a que apresenta o menor custo por bit
(80% a 94% mais barata), uma vez que utiliza transcetores de banda na sua estrutura de
A /D, ao contrario das outras, que utilizam apenas transcetores de canal. Relativamente
ao consumo de poténcia por bit, a FLEX-SCALE apresenta um consumo de poténcia
semelhante ao das outras arquiteturas. Estas conclusoes mantém-se inalteradas a medida

que o grau da arquitetura ou a capacidade dos n6és aumentam.

PALAVRAS CHAVE: arquiteturas do né 6ptico, consumo de poténcia por bit, custo por

bit, multiplexagem por divisao espacial, multi-banda, redes 6ticas
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Abstract

An optical network capacity crunch is foreseen as new and more demanding services
based on artificial intelligence are appearing. Spatial division multiplexing (SDM) and
multi-band (MB) technologies have been investigated as potential solutions for this ca-
pacity crunch. This dissertation studies the granularity, the cost per bit and the power
consumption per bit of several node architectures for optical networks based on both SDM
and MB technologies - usually called MB over SDM (MBoSDM).

We analyzed two MB architectures - MB Baseline and MB Common Band, two SDM
architectures - SDM Space and SDM Space-wavelength, and three MBoSDM architectures
- Baseline, MBoSDM with a single spatial optical cross-connect and MBoSDM FLEX-
SCALE - for two scenarios: 16 THz and 32 THz bandwidth per node direction. The
FLEX-SCALE architecture has the capability of adding and dropping bands of channels,
instead of individual channels as is performed in conventional add/drop (A /D) structures,
which will be an important feature in future core networks.

Of all architectures, the FLEX-SCALE architecture is the one with the lowest cost per
bit (80% to 94% less expensive), as it uses band transceivers in its A/D structure, unlike
the others that use only wavelength channel transceivers. Regarding power consumption
per bit, the FLEX-SCALE has a similar power consumption in comparison with the other
architectures. Moreover, these conclusions are unaffected as the node degree or the node

capacity increases.

KEYWORDS: Cost per bit, multi-band, optical networks, optical node architectures,

power consumption per bit, spatial-division multiplexing
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CHAPTER 1

Introduction

1.1. Motivation

With the exponential growth of data traffic on optical networks, driven by the Internet
of Things (IoT), augmented reality and artificial intelligence, among other large demand-
ing bandwidth services and technologies, the need for high-capacity optical networks has
become a priority for network and service providers [1|. Nowadays, most single-mode
fiber (SMF) optical networks operate in the C-band, that has available a 4.8 THz band-
width in the extended C-band solution. It is expected that in the upcoming years current
SMF-based optical networks will approach their capacity limits. This calls for new tech-
nological solutions to enable large-scale, high-speed data transmission, with low energy
consumption and low costs [2].

To face these challenges, two important technologies stand out: spatial-division multi-
plexing (SDM) and multi-band (MB). SDM is a technique that expands network capacity
through multiplexing in the space dimension and can be implemented with multicore
fibers (MCFs), multimode fibers (MMFs) or a bundle of parallel fibers [3]. The MB
solution exploits the spectrum available in the SMF beyond the traditional C-band by
resorting to other available bands, O, E, S, C, L and U-bands for optical transmission,
paving the way for more efficient use of existing deployed fibers [4] .

The MB solution is considered a short-term promising solution for quickly expanding
the capacity of optical networks. Google is already using the C+L band on several of
their terrestrial long-haul networks [5]. However, the MB solution must address some
challenges before a massive deployment and use [3|. At the physical layer, some physical
layer impairments (PLIs) are enhanced when bands other than the C-band are added, like
the interaction between the nonlinear interference (NLI) and the inter-channel stimulated
Raman scattering (ISRS) and must be accounted for [6]. Also, the MB nodes become more
complex compared to exclusively C-band nodes, as they need to integrate components
and technologies capable of routing signals in multiple bands efficiently [3]. In addition,
network planning tools must be adapted to deal with these specific problems, and so
routing, modulation format and spectrum assignment (RMSA) algorithms have to be
designed for dealing with this increased number of bands, different PLIs and more complex
routing at the reconfigurable optical add-drop multiplexer (ROADM) nodes [6].

On the other hand, SDM is seen as a long-term solution for increasing network capacity
since new fibers have to be built and installed [3], [7]. There are already some pioneer
experiments and a few commercial systems using MCFs [8], [9]. Once again, specific

challenges must be addressed when the MCF technology is used. One of the main issues

1



at the physical layer when uncoupled MCF are used is the crosstalk between cores, called
inter-core crosstalk (ICXT), which can significantly degrade the signal quality [10]. In
addition, SDM networks require more complex and larger dimension nodes compared
to the ones used in conventional SMF networks, as the former nodes need to handle a
greater number of optical spatial channels simultaneously. These nodes typically require
wavelength selective switches (WSSs) with dimensions greater than the ones commercially
available [11]. Moreover, network planning requires specialized tools to efficiently manage
the routing, modulation format, spectrum, and core assignment (RMSCA) aware of the
SDM networks PLIs and, so, new and efficient RMSCA algorithms have to be designed.
Several works have already proposed several RMSCA algorithms [12].

The integration of MB and SDM (called MB over SDM, or simply MBoSDM) rep-
resents a unique opportunity to create next-generation optical networks, combining the
advantages of both technologies to meet the growing number of traffic demands and ca-
pacity required. This integration can potentially use in a more efficient way, the multiple
bands and the number of cores to expand capacity. For example, to achieve a 40 THz
bandwidth scenario which is tenfold above the current available bandwidth, we can use
the C+L+S bands with a MCF with 2 cores, instead of using only a MB solution with all
the bands (also with 40 THz) or a MCF with ten cores (4 THz per core). Some works have
already tested MBoSDM transmission scenarios, for example, in [13], a low-loss 125 um
cladding diameter four core fiber using the C+L+S band has been tested. However, this
integration brings additional transmission challenges, such as the interaction between the
ICXT and the NLI noise. Also, new node structures have to be designed and new planning
tools must be developed. There is a recent work that started exploring three MBoSDM
node architectures [14], involving different levels of switching granularity. The reference
architecture in [14] has the highest granularity, but uses a M x M WSS per band, whereas
the other proposed architectures in [14] use space switches or fixed connections between
node inputs and outputs and M x M WSS in the add/drop (A/D) structure, leading to
less granularity. However, the node architectures presented in [14] rely in WSSs or space
switches that can potentially lead to larger dimensions, and higher costs. In [15], several
directions to build cost effective node architectures with large dimensions are pointed out,
for example, by using modular structures.

Our work will be focused on node architectures for these future MBoSDM networks
that can be built with modular and hierarchical structures, based on route and select
(R&S) or broadcast and select (B&S) architectures. A comparison study in terms of
granularity, cost per bit and power consumption per bit will be performed for several
MBoSDM architectures.



1.2. Goals

This dissertation focuses on the development and analysis of ROADM architectures for
future high-capacity optical networks, exploring the integration of SDM and MB solutions.
Specific goals of this dissertation are:

i) Study and compare ROADM node architectures for SDM and MB (C+L+S band)
networks in terms of granularity, cost and power consumption.

ii) Study and compare ROADM node architectures for MBoSDM networks in terms
of granularity, cost and power consumption.

iii) Compare MBoSDM node architectures with SDM and MB architectures in terms

of granularity, cost and power consumption.

1.3. Dissertation organization

This section describes the organization of this dissertation.

In Chapter 2, we begin with a general review of the fundamental concepts of ROADMs
and of MB and SDM node architectures already proposed in the literature. We discuss
the number and type of components, and compare MB and SDM architectures in terms
of granularity, cost and power consumption.

In Chapter 3, we discuss various MBoSDM architectures proposed in the literature.
We compare the architectures in terms of granularity, number and type of components,
and again analyse their cost, power consumption and throughput, in order to figure out
the most effective MBoSDM architectures.

In Chapter 4, we select the most effective and promising MB, SDM and MBoSDM
architectures studied in the previous chapters, and compare them, in terms of granularity,
cost per bit and power consumption per bit for two bandwidth application scenarios:
16 THz and 32 THz per node degree. We analyse once again all components of each
architecture, their hardware count and granularity, costs and power consumption per bit,
and conclude which of them are more suitable for the two bandwidth scenarios studied.

In Chapter 5, we present the conclusions of this work and propose possible topics for

future research.

1.4. Main contributions

This work has the following main contributions:

- Comparison and analysis of five C+L+S MB architectures in terms of component
types, granularity, cost and power consumption.

- Comparison and analysis of four SDM architectures in terms of component types,
granularity, cost and power consumption.

- Comparison and analysis of four MBoSDM architectures in terms of component
types, granularity, cost and power consumption.

- A comparison study between the MBoSDM, MB and SDM architectures in terms of

cost and power consumption.
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CHAPTER 2

Literature review on node architectures for MB and SDM

networks

2.1. Introduction

In this chapter, we begin with a general review of the fundamental concepts of ROADMs
in section 2.2. In section 2.3, we present the MB architectures already proposed in the
literature and the respective granularity: baseline architecture [16], architecture with all-
optical wavelength converters (AO-WCs), common band architecture [16]-[19], compact
architecture [20] and SOA-based architecture [21]. A comparison of the number of com-
ponents and their dimensions in the different MB architectures is also performed in this
section. Likewise, in section 2.4, we present the SDM architectures proposed in the lit-
erature with the respective switching granularity. Lastly, in this section, a comparison
of the number of components and their dimensions in the different SDM architectures is
performed. Section 2.5 presents a comparison between MB architectures and SDM archi-
tectures in a transmission scenario with a 16 THz available bandwidth regarding the cost

and power consumption. Lastly, section 2.6 draws the main conclusions of this chapter.

2.2. ROADMs fundamental concepts

ROADMs have a very important role in optical networks, providing connectivity be-
tween network clients. ROADMs allow channels (wavelengths) to be switched from any
input to any output, in the optical domain, and they allow also channels to be added and
dropped to/from the optical network.

A ROADM architecture is generically composed of the express structure and the A /D
structure, as shown in Figure 2.1. The express structure is responsible for routing wave-
lengths that don’t need to be added or dropped in that node. The A/D structure allows
specific wavelengths to be added or dropped. Both structures can use WSSs, which have
the capability for selecting and routing the wavelengths.

Nowadays, a ROADM node has two possible architectures: B&S and R&S. In the
B&S architecture, the input optical signals are broadcasted to every ROADM direction
using splitters (component A in Figure 2.1), and the selection of the wavelengths to be
transmitted is done in the output WSSs (see Figure 2.1).

In the R&S architecture, we use input and output WSSs (i.e. the component A in
Figure 2.1 is a WSS). The input WSSs identify the incoming wavelengths and route them
in the right direction, represented by D in Figure 2.1, while the output WSSs select the

specific wavelengths that should be routed to the corresponding output ports.



Add/Drop Structure

Rx/Tx Rx/Tx Rx/Tx

[ Add/Drop ] [ Add/Drop ] [ Add/Drop ]

WSSDxl p—— 1
WSSDx1
WSSDx1

WsSDxl1 —> D

Component A

2 —> Component A

Component A

Express
Structure

D—— 5 Component A

FIGURE 2.1. Generic D-degree ROADM structure.

Both architectures have advantages and disadvantages. The R&S architecture is de-
signed to eliminate the insertion losses of the splitter in the B&S architecture, in particular
for large ROADM dimensions (typically higher than 8 x 8 [22]). The R&S architecture
also offers more flexibility [23]. The B&S architecture has typically a lower cost and less
power consumption [23].

ROADMs have three properties that describe their flexibility: colorless, directionless
and contentionless. A colorless ROADM allows any wavelength to be added /dropped from
any ROADM port. The directionless property allows that an add signal can be routed
to any direction of the ROADM. In a contentionless ROADM, multiple signals with the
same wavelength are allowed to exist in the same A/D structure [24], [25].

A colorless A /D structure can be implemented with a 1 x W WSS on the drop side
and an W x 1 coupler on the add side, where W represents the number of wavelengths to
be added or dropped by the node, typically obtained from a pre-defined A/D ratio (W =
Nw X A/D 40, where Ny, is the number of wavelength channels considered in each core
or spatial channel) [23].

WSS Dx1
1T TD

FIGURE 2.2. Drop structure with CD capability.



A CD ROADM can be implemented with a cascade of two WSSs, a WSS D x 1
followed by, a WSS 1 x W, as shown in figure 2.2 [26]. In this case, wavelength contention
may occur when, for example, two signals with the same wavelength (from two different
node directions) are dropped in the same drop structure. A CD ROADM can also be
implemented by replacing the WSS 1 x W with a splitter of the same dimension, where
the optical receiver must select the corresponding wavelength through the use of coherent
detection [26].

To avoid wavelength contention, a CDC A/D structure must be used. This structure
can be implemented in three different ways, as shown in Figure 2.3 [27|. These strategies

offer different options between flexibility, cost and complexity [27].

[ A B R 0 I T R
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4 | 0w | : ol A A T

(A) A/D structure with (B) A/D structure with CDC ca- (c) A/D structure with CDC ca-
Full CDC capability. pability per spatial channel. pability per direction.

FIGURE 2.3. Three possible implementations of CDC A /D structures.

The first strategy, Figure 2.3 a), uses a single WSS for all directions and spatial
channels, ensuring full CDC capacity. However, due to its size and complexity, it requires
a large port count WSS, which can significantly increase cost and energy consumption
[27]. This large port count WSS has D x M inputs, with M representing the number of
cores, and D x M x W outputs that depend on the A/D ratio considered, and for large
ROADM size, may lead to unfeasible WSS dimensions. Internally, a generic D x N WSS
is composed of two stages. A set of 1 x D WSSs, in the first stage, interconnected with
a set of N x 1 optical switches in the second stage, as shown in figure 2.4. This strategy

with full CDC capability can also be implemented with a multicast switch [24].

Rx Rx Rx o Rx
Optical switch 1 2 3 N
Nx1 .
DxN
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3 1 1
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FIGURE 2.4. Internal structure of a Dx N WSS.



In the second strategy, Figure 2.3 b), each spatial channel has its own dedicated
WSS, which reduces the complexity of the individual WSSs, but it does not allow the
switching between spatial channel in the A/D structure [27|. Although this strategy
reduces flexibility, it uses smaller, commercially available WSSs. In this strategy, we have
one D x (D x W) WSS per spatial channel with D inputs and (D x W) outputs with a
total of M WSSs per A/D structure, so we have CDC capacity for each specific spatial
channel [27].

The third strategy, Figure 2.3 ¢), uses one WSS for each direction of the architecture,
allowing independent switching of the spatial channels within each direction. This im-
proves the manageability of the network, but limits the CDC capacity to only exist within
each specific direction. Here, we consider one M x (M x W) WSS per direction with a
total of D WSSs per A/D structure with M inputs and (M x W) outputs. This strategy
is less flexible than the full CDC, but uses smaller, commercially available WSSs [27].

TABLE 2.1. Dimensions of the WSSs associated with each strategy consid-
ering for various values of D and M for the drop structure.

Strategy Full CDC CDC per spatial channel | CDC per direction
M=4 | 8x128 WSS 42‘7:33525 24V§S6is
D=2 | M=7 | 14 x 224 WSS 72‘:33525 27?191528
M=12 | 24 x 384 WSS 1; ZV;SS 122vas1%;
M—4 | 12 x 192 WSS 43‘7:%1585 34\7:5518
D=3 | M=7 | 21x 336 WSS 73‘75385 ?; ZVflsQS
M=12 | 36 x 576 WSS 12 :’(Vi’gs fQVXSng;
M=4 |16 x 256 WSS 44‘1756?15 44V>\<]Séis
D=4 | M=T |28 x 448 WSS 74‘1756?15 ‘;ZVISEQS
M—=12 | 48 x 768 WSS 13 ngfs 142V>\<’Si5982
M=4 | 32x512 WSS ‘ézvlsgg 84\2’86?18
D-8 | M=7 | 56x 894 WSS ;ZVISSSS iz\’lslss
M=12 | 96 x 1536 WSS 182 :VIS;; 182\178122
M=4 | 64 x 1024 WSS 146‘52552 13 ‘X’ngs
D=16 | M=7 | 112 x 1792 WSS 176‘532352 176 :Vliis
M=12 | 192 x 3072 WSS ﬁ ?3556% 112 \XN15§;




Table 2.1 shows the dimensions of the WSSs in the drop structure associated with
each strategy mentioned in Figure 2.3, with different values of D and M and assuming
an A /D ratio of 20% and Ny =80 wavelengths per spatial channel.

From Table 2.1, we can conclude that the dimensions of the WSSs in all the strategies
increase when the values of M and D increase. Despite the greater flexibility of the full
CDC strategy, WSSs with very large dimensions are required in this strategy, which can
not be implemented commercially. For example, for D=2 and M=4, a 8 x 128 WSS
is needed (note that the maximum WSS dimension is 1 x 64) [28]. CDC per spatial
channel and CDC per direction strategies, have less flexibility, but require WSSs with
lower dimensions, e.g., for D=2 and M =4, respectively, 4 WSSs 2 x 32 and 2 WSSs 4 x 64
are required. In the CDC per spatial channel strategy, we can see that the dimension
of the WSSs is constant for the same D and different M, and as M increases, a higher
number of WSSs is needed. In the CDC per direction strategy, we conclude that the
dimension of a WSS is the same for a particular value of M, independently of D.

These strategies used for CDC to reduce the dimension of the components can also
be used for the CD strategy, but in this case, we must use a cascade of two WSS as
mentioned above. In the case of a full CD A/D structure, with D=2 and M =4, we have
an 8 x 1 WSS followed by a 1 x 128 WSS instead of an 8 x 128 WSS as found in the full
CDC A/D structure.

2.3. MB node architectures

In MB networks, several bands, besides the common C-band, are used for transmission
and switching. In Figure 2.5, the spectrum considered in this work for the L, C and S
bands is represented for a total bandwidth of approximately 16 THz [29]. A band guard is
used between bands, with a 600 GHz band gap between the L and C bands and between
the C and S bands. The number of channels is calculated considering a channel spacing
of 50 GHz [29], so that the total number of channels is 320, comprising a bandwidth of
about 16 THz. The L-band has capacity for 130 channels, the C-band can accommodate
87 channels and the S-band 103 channels as indicated in Figure 2.5.

Band Gap: 1569.6-1564.3 nm Band Gap: 1529.9-1524.8 nm
Wavelength [nm] /_L\
1624 nm 1569.6 nm 1564.3 nm 1529.9 nm 1524.8 nm 1486.3 nm
L-band C-band S-band
130 Channels 87 Channels 103 Channels
184.55 THz 187.7 THz 191.00 THz 191.65 THz 193.75 THz 195.95 THz 196.60 THz  199.15 THz  201.7 THz
Center Channel \—[—/ Center Channel \—|—/ Center Channel Freq [THz]
Band Gap: 600 GHz Band Gap: 600 GHz

FIGURE 2.5. Spectrum of the C-, L.- and S-bands and corresponding I'TU-
T grid frequencies.



In MB ROADM node architectures, switching can be done in space, in wavelength
or between bands (e.g. C, L, S). Hence, these architectures can be classified based
on their granularity, resulting in six types of granularities: space granularity, space-
wavelength granularity, full space-fractional wavelength granularity, space and band gran-
ularity, space-wavelength and band granularity and full space and band-fractional wave-
length granularity. Three of these granularities are shown in Figure 2.6. Note that if
the new waveband selective switches (WBSS) proposed in [30] were used, we can have
fractional band granularity, which means that we can select the bands, in the same way

as we can select wavelengths in a WSS.

(c) Full space- fractional wavelength granularity strategy.

FIGURE 2.6. Switching strategies for MB switching.

In the context of MB, some architectures have already been proposed in the literature:
baseline architecture [16], architecture with AO-WCs, common band architecture [16]-
[19], compact architecture [20] and SOA-based architecture [21]. These architectures will
be explained in the following sub-sections.

2.3.1. Baseline architecture

The baseline architecture is shown in Figure 2.7 considering a R&S architecture, for
the C+L+S band scenario [16]. It consists of a MB multiplexer (MUX), optical amplifiers
(OAs), WSSs and a MB demultiplexer (DEMUX). The DEMUXs separate the three
bands, and the MUXs join them together. There are also multiple single-band WSSs, at
10



the input (ingress) and at the node output (egress). Regarding routing flexibility, this

architecture allows wavelengths to be switched in any direction within each band. The

problem with this architecture is that it is not possible to switch between bands [16].
This architecture has spatial-wavelength granularity, as described in Figure 2.6 (b).

No switching between bands is allowed so there is no band granularity.
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FIGURE 2.7. Baseline D-degree R&S MB ROADM architecture.

2.3.2. Architecture with AO-WCs

To solve the problem of not switching wavelengths between bands, two node architec-
tures have been proposed: the architecture with AO-WCs and the common band archi-
tecture [16]-[18]. A R&S MB ROADM architecture with AO-WCs is shown in Figure 2.8,
considering the C+L+S band scenario (not all the bands are represented due to simplify
the connections representation). In this architecture, AO-WCs have been used after the
ingress WSSs, which allow multiple wavelengths to be converted from one band to an-
other, thus increasing the node flexibility. The problem is that the number of AO-WCs
required is very high when all the bands are in use, which increases significantly the node
cost. Furthermore, as another disadvantage, the AO-WC is also an optical device that is
not technologically mature and is far from the commercial phase [18].

In terms of granularity, this architecture has granularity in all the three dimensions,

space, wavelength and band.
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FIGURE 2.8. D-Degree R&S MB ROADM architecture with AO-WCs.

2.3.3. Common band architecture

To improve the previous architecture, a R&S MB ROADM architecture that works
only on the C-band is proposed, that is called common band architecture [16]-[19]. In
this architecture, the incoming signals from other bands are all converted to the C-band
at the architecture input. Figure 2.9 shows a R&S common band architecture for the
C+L+S band scenario. In this architecture, the optical signal is routed through the MB-
DEMUX that separate the bands. The wavelengths in the L and S bands are converted
to the C-band by the AO-WCs and then routed to the input C-band WSSs. At the
architecture output, they are converted back to the original band by the output AO-
WC and, then combined by the MB-MUX at the ROADM output. This architecture
has cost advantages over previous ones since C-band WSSs and C-band transponders are
the equipments commercially used and technologically mature as opposed to WSSs and
transponders for the L. and S bands.

This architecture has also granularity in all three dimensions, space, wavelength and
band.
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FIGURE 2.9. D-degree R&S MB ROADM common band architecture.

2.3.4. Compact architecture

Figure 2.10 shows a generic D-degree R&S C+L+S MB ROADM architecture that uses
WSSs that work simultaneously in the three bands. This architecture is commonly known
as compact architecture [20]. As this architecture requires all the MB components at the
start of network operation, it is an architecture that leads to high costs in comparison with
the previous architectures, where the components can be acquired over time as network
traffic demands increase. Its flexibility is similar to the architecture with AO-WCs and
to the compact architecture.

This architecture has also granularity in all three dimensions.
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FIGURE 2.10. D-degree MB ROADM compact architecture.
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2.3.5. SOA-based architecture

Figure 2.11 shows a C+L+S ROADM SOA-based architecture. This architecture
consists of a MB DEMUX and MUX and can support the S, C and L-bands [21]. The
input signal is separated into different bands and directed to the respective optical add-
drop multiplexer (OADM) that can operate in parallel for the S, C, and L bands. The
OADM includes a WDM demultiplexer and an array of semiconductor optical ampli-
fiers (SOAs) that operate as gates and amplifiers for each WDM channel, and a WDM
multiplexer, with the opposite functions. The add-drop function is performed with split-
ters/combiners. When a channel needs to be blocked (dropped), the SOA is switched off
to block the transmission of signals within each specific wavelength, otherwise the SOA
is switched on allowing the signal to pass and compensating for the losses caused by the
MUX/DEMUX and splitters. After processing in the SOAs, the signals pass through the
WDM multiplexer and are sent to the MB MUX which gathers the signals together before
exiting the node. The main application of this architecture is in MB optical metro-access
network to support the 6G era, being a node designed for low cost. In this architecture,
wavelengths are not reconfigurable (are fixed wavelengths) and this architecture leads to
lower costs due to the SOAs reduced cost, which also consume less energy [21].

In this architecture it is not possible to switch between bands, so it only has spatial

and wavelength granularity, as shown in Figure 2.6 (b).
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14



2.3.6. MB node architecture comparison

Table 2.2 shows the number and type of components and their dimension (number of
inputs and outputs) for the MB architectures described in the previous sub-sections. From
Table 2.2, we can conclude that the architecture that uses AO-WCs (Figure 2.8) should
have the highest cost, because the number of AO-WCs required is very high when all the
bands are in use [21]-[23|. The compact architecture (Figure 2.10) may lead also to a
high cost, because it requires that all MB components are acquired at the start of network
operation [25]. The lowest cost architectures should be the architecture with SOAs (SOAs
are cheaper components [31], [32]) and the common band architecture (Figure 2.9), since
C-band WSSs and C-band transponders are commercially used and technological mature
as opposed to WSSs and transponders for the L and S bands [21]-[24], [31]. In terms
of granularity, the SOA-based architecture (Figure 2.11) should be the least flexible,
since the wavelengths are fixed, followed by the baseline, which does not allow switching
between bands. The architectures with AO-WCs should be the most flexible, as they
allow switching between bands [21]-[23], [31]. Finally, in terms of energy consumption,
the best option should be the architecture with SOAs, while the architectures that use
AO-WCs consume the most energy [31]. Note that to obtain the expressions for the
different architectures, it was assumed that we only have one output for the drop and one
input for the add per spatial channel, and that each direction does not switch information
back to the same direction, for example, incoming information from the north direction

is not sent back to the north direction.

TABLE 2.2. Number and type of components and their size in the express
structure for each of the studied MB architectures considering D directions

and B bands.
Type and Dimensions Dimensions f)f Dimensions of
Architectures Number of components of WSS MB MUX/ splitters/
) i DEMUX combiners
D MB DEMUX, D MB MUX,
Baseline Architecture 2 x D x B Optical Amplifier, 1xD 1xD
2x D x B WSS
D MB DEMUX, D MB MUX,
Architecture with AO-WCs 2 x D x B Optical Amplifier, 1x[(Bx(D—=1))+1] 1xD

2 x D x BWSS, D x (B—1)AO-WCs
D MB DEMUX, D MB MUX,
Common band 2 x D x B Optical Amplifier, 1x[(Bx(D-1))+1] 1xD
2% D x BWSS, 2x D x (B—1) AO-WCs
2 x D Optical Amplifier,

2 x D Multi-band WSS
D MB DEMUX, D MB MUX,
SOA-based architecture 2 x D x B Fixed WDM DEMUX, 2 x D x B Fixed WDM MUX, - 1xD 1xD
D x B x N, splitters, D x B x N,, combiners, D x B x N,, SOAs

Compact 1 x(B+D-1)

2.4. SDM node architectures

SDM is a promising solution for increasing the capacity of optical networks. With
the exponential growth of data traffic and the imminent data capacity saturation of con-
ventional single-mode fibers, SDM has emerged as an essential approach to ensure the
scalability of future telecommunication networks [3], [7].

SDM operates by exploiting different spatial channels within the C-band transmission
scenario to increase transmission capacity. These spatial channels can be implemented

15



with a bundle of parallel fibers that use several fibers in parallel to carry independent
signals, with MCFs, which have several cores within the same fiber, where each core can
function as an independent channel, and MMFs, which use different propagation modes
within a single fiber to transmit simultaneous signals [3].

In SDM ROADM node architectures, switching can be done in two dimensions, space
and wavelength, and can be classified based on their granularity, resulting in eight types
of switching strategies: space granularity, fractional space granularity, wavelength-space
granularity, wavelength granularity, fractional wavelength granularity, fractional space-full
wavelength granularity, fractional space-fractional wavelength granularity and full space-
fractional wavelength granularity [7]. These types of switching strategies are shown in
figure 2.7, considering a MCF with 6 cores (o7 to 0g) and 8 wavelengths per core (A; to
As) as represented in Figure 2.12 a).

In the space granularity strategy, shown in Figure 2.12 (b), each spatial channel o,
(with n=1, ....,6) is switched as a whole inside the ROADM node without the possibility
of switching wavelengths.

In the fractional space granularity, shown in Figure 2.12 (c), spatial channels are
grouped and switched as a whole, like in the space granularity strategy presented in
Figure 2.12 b).

In the space-wavelength granularity strategy, shown in Figure 2.12 (d), spatial and
wavelength switching coexist, being this strategy, from the ones shown in Fig. 2.7, the
one that leads to the highest granularity, i.e., the highest network flexibility.

In the wavelength granularity strategy, as shown in Figure 2.12 (e), switching is done
with groups of channels of the same wavelength (which are known as wavelength channels).
These groups of channels are switched independently of the spatial channel. A joint
switch (JS) WSS is typically used to perform this operation |7].

In the fractional wavelength granularity, shown in Figure 2.12 (f), wavelength channels
are grouped together and switched as a whole, as in Fig 2.12 e), for a single wavelength
channel.

In the fractional space-full wavelength granularity, the switching is done with previ-
ously defined groups of the same wavelength channels, as shown in Figure 2.12 (g). In
this strategy, unlike in the wavelength granularity strategy where there is only one group
with the same wavelength, several groups can be formed within the same wavelength.

In the full space-fractional wavelength granularity, the switching is done with previ-
ously defined groups of the same spatial channel, as shown in Figure 2.12 (h). In this
strategy, unlike in the space granularity strategy where there is only one group per spatial
channel, several groups per spatial channel can be formed.

In the fractional space-fractional wavelength granularity architecture, spatial channels
and wavelengths are grouped together as shown in Figure 2.12 (i). Switching is done with

groups that have several spatial channels and several wavelengths.
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In the following, several examples of implementation of the ROADM architectures

with the granularities shown in Figure 2.12 are presented and discussed.
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FIGURE 2.12. Switching strategies for SDM switching.

2.4.1. Space granularity architecture

The main feature of the spatial granularity strategy in SDM networks, shown in Figure
2.12 (b), is the use of optical switches to route the full band of each spatial channel to the
intended destination. This approach can be implemented with node architectures with or
without lane changes.

In the implementation without lane changes, the input spatial channel (fibers, core or
mode) transmits the data on the same spatial channel to one of the output fibers. This can
be achieved using several low-port count optical cross-connects (OXCs), with one OXC
dedicated to each spatial channel. Internally, an OXC is implemented with an optical
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switching matrix that can use micro-electro-mechanical systems (MEMS) technology [33].
Each OXC must have at least a number of input and output ports equal to the number
of ROADM directions (D). This means that a total of M OXCs with ((D+1) x (D+1))
dimension, where M corresponds to the number of spatial channels, is required to ensure
a proper switching operation |7].

Figure 2.13 shows a SDM ROADM-based architecture with spatial granularity with-
out lane changes, using three directions (D=3) and four spatial channels (M =4), which
are represented by different colors. The fan-ins, fan-outs and optical amplifiers are also
represented in Figure 2.13 [34]. Routing is done with four 4 x 4 OXCs, each responsible
for forwarding a particular spatial channel. In this case without lane changes, one spatial
channel from one direction cannot be changed to another spatial channel in other node
direction.

On the other hand, implementation with lane changes allows spatial channels to be
redirected to different spatial channels in other directions. In this case, a single large
OXC can be used to manage all traffic on the node, with a port count of ((D+ 1) x M) x
((D+1) x M) [7]. Figure 2.14 shows an SDM ROADM-based architecture with spatial
granularity with lane changes with 3 directions and 4 spatial channels per direction, using
a single 16 x 16 OXC, which allows for more flexible routing.

This architecture can be used in core networks, where spatial granularity is sufficient
to guarantee the necessary routing flexibility. In addition, spatial granularity switching
reduces implementation complexity compared to architectures that involve spatial and
wavelength granularity. However, the need for a large OXC in the architecture with lane
changes can increase the cost and complexity of the architecture, especially for ROADMs
with many directions and spatial channels. In addition, failures in this OXC can impact
the entire network performance, requiring additional redundancy and protection measures
[7]. The possibility of using several smaller OXCs, as in the architecture without lane
changes, can avoid critical failures in a single large switch [7].

In the fractional space granularity, shown in Figure 2.12 (c), the switching is done with
previously defined groups of spatial channels. For this granularity, the same architecture
used for the space granularity can be used, but the control signals for the space channels

that form a group must be the same.
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2.4.2. Space-wavelength granularity architecture

The space-wavelength granularity strategy, shown in Figure 2.12 (d), allows the wave-
lengths within each spatial channel to be routed individually. This strategy can be also
implemented with or without lane changes.

Figure 2.15 shows an SDM R&S ROADM-based architecture with spatial wavelength
granularity without lane changes, where three directions (D=3) and four spatial channels
(M=4) are used, being the spatial channels distinguished by four different colors. This
configuration, called also core-wise switching [35], does not allow switching between cores
within an MCF| hence, reducing the WSSs port count in comparison with the lane changes
architecture. This architecture consists of 24 1 x 3 WSSs. For a generic architecture with
space-wavelength granularity without lane changes, 2 x M x D WSSs with 1 x [(D—1)+1]
dimension are required, assuming one additional connection to the A/D structure.

Figure 2.15 only shows the connections in the North direction in order to simplify
the connections representation, but all directions follow the same logic. The input WSSs
of each direction connect to the output WSSs of the other directions and to the drop
structure. The output WSSs are also connected to the add structure.

Figure 2.16 shows an SDM R&S ROADM-based architecture with spatial wavelength
granularity with lane changes, where individual wavelengths can be routed to any of the
spatial channels and directions of the ROADM. This approach requires 24 1x9 WSSs,
which increases the complexity of the ROADM. For a generic ROADM with space-
wavelength granularity and lane changes, 2 x M x D WSSs with 1 x [(D— 1) x M) + 1]
dimension are required, assuming one connection per spatial channel to the A /D structure.

Despite the greater flexibility of space-wavelength granularity architectures, they re-
quire many components, hence leading to a higher cost. A possible solution to build cost
effective space-wavelength architectures is to use a modular architecture, as pointed in
[15] and analyzed in [36].

In the full space-fractional wavelength granularity, shown in Figure 2.12 (h), the same
architecture used for the space-wavelength granularity can be used. In this scenario,
the dimension of the WSSs is smaller than in the space-wavelength granularity scenario.
Moreover, instead of a single wavelength, we have groups of wavelengths where the in-
puts WSSs routes those groups. In [37], an alternative architecture with space-fractional
wavelength granularity is proposed. This architecture is based on JSs WSS and optical

space switches and a comparative cost analysis is done in [36].
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FIGURE 2.15. Spatial wavelength granularity R&S architecture without
lane changes with three directions (D=3) and four spatial channels (M=4).
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FIGURE 2.16. Spatial wavelength granularity R&S architecture with lane
changes with three directions (D=3) and four spatial channels (M =4).

2.4.3. Wavelength granularity architecture

In the wavelength granularity strategy, shown in Figure 2.12 (e), which sacrifices spa-
tial granularity to simplify the switching hardware, instead of routing signals individually
per spatial channel and per wavelength, all spatial channels are routed together for each
wavelength. This is achieved with a single WSS modified to support joint switching of
all the spatial channels that share the same wavelength [15]. The architecture associated
with this strategy is known as spatially jointed switching ROADM |[35].

Unlike a conventional WSS, which treats each wavelength individually, the JS WSS
is a device used for SDM ROADMSs, where a specific wavelength from all the spatial
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channels is routed as a group [11]. Figure 2.17 a) shows a 1 x 2 conventional WSS,
considering that the input fiber transports two wavelengths, which are represented by
green dashed and dotted lines. The diffraction grating demultiplex the two wavelengths,
the lens directs the two wavelengths to the respective mirror that forwards the wavelengths
to the respective output fiber. Figure 2.17 b) shows a 3 x (1 x 2) JS WSS, where each
input core transports two wavelengths. Each core is represented by a different color,
red, blue and green and each one of the two wavelengths by the dashed and dotted lines.
Likewise, the diffraction grating separates the two wavelengths from the three cores, while
the lens focuses these wavelengths at different spatial positions on the steering mirrors.
These mirrors are divided into sections, where each section is responsible for a specific
spatial channel, simultaneously deflecting all the beams to the desired output with the
same deflection angle. In this way, spatial channels that share the same wavelength are
grouped and routed together, reducing the complexity of switching and optimizing the

use of the optical spectrum [11].
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(A) Conventional 1 x 2 WSS with 2 wavelength channels.
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(B) JS 1 x2 WSS with 3 spatial channels with 2 wavelengths each.

FIGURE 2.17. Example of a 1 x 2 conventional WSS and JS WSS.

Figure 2.18 shows an R&S SDM ROADM-based architecture with wavelength granu-
larity, with three directions (D=3) and four spatial channels (M =4). In this architecture,
each group of spatial channels (with channels of the same wavelength) is represented by
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a group of colors in the input and output JS WSSs. This architecture consists of three
4 x (1 x 3) input JS WSSs and three 4 x (3 x 1) output JS WSSs. The input JS WSSs
allow a group of spatial channels with the same wavelength to be switched to a specific
direction or to the drop structure. The output JS WSSs of a specific direction receive
a group of spatial channels from the other directions or from the add structure. For
a generic ROADM with wavelength granularity, D M x (1 x D) input JS WSSs and D
M x (D x 1) output JS WSSs are required.

In the fractional wavelength granularity, shown in Figure 2.12 (f), the same architec-
ture used for the wavelength granularity can be used, since the JS WSSs can select for
the same output a group of wavelengths, instead of a single wavelength similarly to what

is used in the wavelength granularity scenario.
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FIGURE 2.18. Wavelength granularity architecture with three directions
(D=3) and four spatial channels (M=4).
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2.4.4. Fractional space-full wavelength granularity architecture

In the fractional space-full wavelength granularity strategy, shown in Figure 2.12 (g),
unlike the wavelength granularity strategy where there is only one spatial group with
the same wavelength, several spatial groups can be formed within the same wavelength.
This allows for greater flexibility in routing, optimizing the use of optical resources in
high-capacity networks [11],[38].

Figure 2.19 shows an SDM R&S ROADM-based architecture with fractional space-
full wavelength granularity without lane changes, with three directions (D=3), four space
channels (M=4) and two space groups (G=2). The spatial groups are differentiated by
color: blue, red, yellow and green. The first spatial group includes the spatial channels
represented by the colors red and yellow, while the second group contains the green and
blue channels. This architecture consists of 6 input JS WSSs 2x(1x3) and 6 output JS
WSSs 2x(3x1). The input JS WSS routes all the wavelengths of a spatial group to the
corresponding output JS WSS, ensuring that the signals remain correctly grouped, and
to the drop structure. The output JS WSS receives and groups wavelength channels from
the input JS WSS that belong to the same space group or add structure. For a generic
ROADM with fractional space-full wavelength granularity without lane changes, G xD
Gx(1xD) input JS WSSs and GxD Gx(Dx1) output JS WSSs are required.

Likewise, an SDM R&S ROADM-based architecture with fractional space-full wave-
length granularity with lane changes, with D=3, M =4 and G=2 consists of 6 input JS
WSSs 2 x (1 x 5) and 6 output JS WSSs 2x(5x1). In this architecture, spatial channels
can be redirected to different directions within the network, increasing routing flexibility.
To allow for the extraction and addition of channels, the architectures A/D structure
must be able to manage spatial groups independently. For a generic ROADM with frac-
tional space-full wavelength granularity with lane changes, GxD Gx[1x(D+ G)| input
JS WSSs and GxD Gx|(D+G)x1| output JS WSSs are required.

In the fractional space-fractional wavelength granularity, shown in Figure 2.12 (i), the
same architecture used for the fractional space-full wavelength granularity can be used
since, as in the wavelength granularity scenario, the JS WSSs can select for the same

output a group of wavelengths, instead of a single wavelength.
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FIGURE 2.19. Fractional space-full wavelength granularity architecture
without lane changes with three directions (D=3) and four spatial chan-
nels (M=4).

2.4.5. SDM node architecture comparison

Table 2.3 shows the number and type of components (OXCs, WSSs or JS WSSs) and
their dimension (number of inputs and outputs) for each one of SDM node architectures
studied in the previous sub-sections, with and without lane changes considering only the
express structure. Note that to obtain the expressions for the different architectures, it
was assumed, as for the MB nodes, that we only have one output for the drop structure
and one input for the add structure per spatial channel, and that each direction does not
switch information back to the same direction.

From Table 2.3, we can conclude that the architectures that have the higher number of
components are the space-wavelength granularity and the full space-fractional wavelength
granularity, which are the studied architectures with the highest granularities. Space
granularity architectures have less components. We can also conclude that the components
with the largest dimensions are the OXCs used in the space granularity architecture with
lane changes, and the JS WSSs used in the wavelength granularity. The number of cores,
M, does not influence the dimension of the components in the space and space/wavelength
architectures without lane changes, whereas for the other architectures both the number
of cores and directions impact the components dimension.
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TABLE 2.3. Number and type of components and their size in the express
structure for each of the SDM architectures.

Type and Dimensions Dimensions Dimensions of
Number of components of OXC of WSS WSS JSs
Space/ . M OXCs,
Fractional Space without 2 x D x M OAs D+ x(D+1)
. 1 OXC, o T
with 9% D x M OAs (Dx M+ M)x(Dx M+ M)

Space-wavelength / ithout 2 x D x M WSSs,
Fractional Wavelength withou 2 x D x M OAs
. 2 x D x M WSSs, N
with 9% D x M OAs - 1x[((D=1)x M)+1]

Wavelength/ ¢ anolicable 2 x D WSS JSs,
Fractional Wavelength not applicable 2x D x M OAs
Fractional space- B
JSs M
full wagevelgth / Fractional space- without 2 éfgg %SSA]SS% - - I x (D x

fractional wavelength : o
. 2x G x D WSS JSs, MM 3}
with 9% D x M OAs - - EX[EX[(D—l)XGJrlH

Granularity Lane Changes

1xD

(M x 1) x (M x D)

M
o)

2.5. Comparison between MB and SDM node architectures

In this section, we compare the number and type of components, as well as the respec-
tive cost for some of the MB and SDM node architectures previously analyzed, considering
that each node has the same bandwidth per direction available. We have considered in
our study an available bandwidth of 16 THz (which can accomodate 320 channels with
50 GHz spacing). For the SDM node scenario, it means that, for each direction, we must
have a MCF fiber with 4 cores, M =4, (assuming that each core uses the C-band with a 4
THz bandwidth), whereas for the MB node scenario, we consider that the C+L+S bands
have a total bandwidth of 16 THz, as shown in Fig. 2.5, corresponding to B=3, for each
node direction. We also compare those nodes regarding their switching granularity and
power consumption. We consider in this comparison study the MB baseline, MB common
band and MB SOA-based node architectures, and the SDM space and space-wavelength
node architectures, as these are the architectures more readily available, with the high-
est/lowest granularity and highest /lowest number of components of those analyzed in the
previous sections.

Table 2.4 shows the type and number of components and their dimensions for the ex-
press structure of the two SDM nodes considered with D=3 and M =4 and the type and
number of components and their dimensions for the express structure of the MB nodes
considered with D=3 and B=3, according to Tables 2.2 and 2.3. The dimension of the
DEMUX and MUX is not shown in the Table 2.4, but a 1 x 3 dimension is considered.
In the case of SOA-based architecture, we consider 80 channels instead of 24 (a 200 GHz
channel bandwidth is assumed in [21]) so that the comparison with the other architec-
tures is more fair, even though these values of channels are not practical in a SOA-based
architecture.

Table 2.5 shows the cost of each component normalized to the OA cost in band C
based on the data provided in [18], [32] and [39]-[41]. The cost of AO-WC depends of the
cost of the C-band transponder, with a parameter § that varies between 0.5 and 2. In our
case, we chose the worst case, with § = 2 [41]. The cost of the N x N OXC is given by
c32 X (N/32), where c39 is the cost of a 32 x 32 OXC, whose cost is 3.75 times the cost of a
1 x9 WSS that supports 96 wavelengths in the C band (3.75 x5 = 18.75) [40]. From Table
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TABLE 2.4. Number and type of components in the express structure and
their size for each of the SDM architectures with D=3, M=4 and the MB
architectures with D=3, B=3.

Granularity Lane Chanees Type and Dimensions | Dimensions Dimensions of
© K o o Number of components of OXC of WSS | splitters/combiners
Space without 4 OXCs, 24 OAs 4x4 -
SDM with 1 OXC, 24 OAs 16 x 16 -
Space-wavelength without 24WSSs, 24 OAs - 1x3
with 24WSSs, 24 OAs - 1x9
Space-wavelength not applicable 3 MB DEMUX, 3 MB MUX, B 1x3

(Baseline)
Space-wavelength and band
(Common band)

18 OAs, 18 WSS
3 MB DEMUX,3 MB MUX,
18 OAs, 18 WSS, 12 AO-WCs
3 MB DEMUX, 3 MB MUX,
18 Fixed WDM DEMUX, 720 splitters, - - 1x3
720 combiners, 720 SOAs

MB not applicable 1x7

Space-wavelength .
(SOA-based architecture) not applicable

2.5, we conclude that the cost of MB MUX/DEMUX and splitters/combiners is very low,
unlike transponders and AO-WCs, which are very expensive components. Using these

costs, we can calculate the express struture cost of the studied architectures.

TABLE 2.5. Cost of components.

Component Cost
C-band [ L-band [ S-band
MB MUX,/DEMUX [39] 0.04
Splitter/Combiner, with N > 4 [41] 0.0167 x N/4
OA [39] 1 [ 12 [ 15
AO-WC [18] 7
SOA [32] 0.2
N x N OXC [40] 18.75 x N/32
1 x4 WSS [18 2.5 3 3.75
1x9 WSS [18 5 6 7.5
1% 80 WSS [18] 30 36 15
Transponder [39] 36 43.2 54

For the A/D structure, we consider an A/D structure with CD per spatial channel,
as discussed in section 2.2. Accordingly with Table 2.1, where N,,=80 wavelengths per
direction and an A /D ratio of 20% have been considered (W =16), for the SDM architec-
tures (with D=3, M=4) and for the MB architectures (with D=3 and B=3), we can use
the A/D structure in Figure 2.20 and Figure 2.21, respectively.

The SDM drop structure, shown in Figure 2.20, has 4 parallel WSSs 3 x 1 in cascade
with 4 parallel WSSs 1 x 48. Each parallel drop structure corresponds to one spatial
channel. In this A/D structure, a total of 192 C-band transponders is required.

Rx Rx Rx Rx Rx Rx Rx Rx

F Y A A A A A A
1‘[ e |48 1] ... |48 1| ... |48 1] ... |48
WSS 1x48 WSS 1x48 WSS 1x48/ WSS 1x48

| | T |

WSS 3x1 \ WSS 3x1 / WSS 3x1 / \ WSS 3x1 /

FIGURE 2.20. Drop structure considered for the SDM architectures.
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The MB drop structure, shown in Figure 2.21, has 3 parallel WSS 3 x 1, each working
in its own band. For the C-band, we have one WSS 3 x 1 in cascade with one WSS
1 x 52. For the S-band, we have one WSS 3 x 1 cascaded with one WSS 1 x 62 and for
the L-band, we have one WSS 3 x 1 in cascade with one WSS 1 x 78 (giving a total of
52+ 62 + 78 = 192 transponders, the same as for the SDM solution). This A/D structure
only works for the Baseline and SOA-based architectures, because in the Common band
architecture, we must have 192 transponders, all in the C band. For the Common band
architecture, we use an A /D structure similar to the structure shown in Figure 2.21, but

all transponders refer to the C band, since the S and L band channels are converted to
the C band.

C-band S-band TL-band
Rx Rx Rx Rx Rx Rx
A A A A A
1 I - 78

= (92 1| === [B2 1] e
\WSS 1x52 / \WSS 1x62 / \WSS 1x78 /
A A

A

\ WSS 3x1 / \ WSS 3x1 / \ WSS 3x1 /

FIGURE 2.21. Drop structure considered for the MB architectures.

Table 2.6 shows the total cost (express cost plus A/D cost) of the SDM (space and
space-wavelength) and MB (Baseline, common band and SOA-based) architectures pre-
sented in this case study, as well as the express and A/D costs. As for the cost of the
express structure, from Table 2.6, we conclude that the Common Band is the most ex-
pensive architecture due to the cost of AO-WCs, and SDM Space is the least expensive
architecture. In terms of the cost of the A/D structure, it is higher in MB than in SDM
since the transponders for other bands than C-band are more expensive. So we conclude
that MB architectures have a higher cost than SDM architectures, with the SDM space
granularity architecture being the least expensive architecture (total cost of 7075) and MB
SOA-based architecture being the most expensive (total cost of 8880). Another interest-
ing conclusion comes from the fact that the transponder cost represents approximately
96% of the total cost for all architectures considered.

Table 2.7 shows the power consumption of each component based in [42]-[46]. The
power consumption of the AO-WC was calculated having in mind that each channel (a
total of 96 channels is considered) consumes 0.5 W [45]. The power consumption of an
OXC is typically three times lower than that of a ROADM. For example, a 4 x4 ROADM
has 8 WSSs 1 x 3, so the consumption is 15 W x8 = 120 W. The consumption of a 4 x 4
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TABLE 2.6. Cost of the studied SDM architectures with D=3 and M =4
and the MB architectures with D—3 and B—3.

Type and Cost Express A/D
Granularity | Lane Changes ype @ structure | structure | Total cost
Number of components of components
cost cost
4 0OXCs 4 x 4 18.75
without 24 OAs 24 42.75 7042 7085
8 WSSs 130
Space 192 Transponders 6912
1 OXC 16 x 16 9.38
with 24 OAs 24 33.38 7042 7075
8 WSSs 130
SDM 192 Transponders 6912
32 WSSs 190
without 24 OAs 24 84 7042 7126
Space- 192 Transponders 6912
wavelength 32 WSSs 250
with 24 OAs 24 144 7042 7186
192 Transponders 6912
3 MB DEMUX, 3 MB MUX 0.24
Baseline | not applicable 24 WSSs 175.75 77.94 8710 8788
18 OAs 22.2
192 Transponders 8589.6
3 MB DEMUX, 3 MB MUX 0.24
Common 24 WSSs 208.5
MB band not applicable 18 OAs 22.2 997.44 7010 8007
12 AO-WCs 864
192 Transponders 6912
3 MB DEMUX, 3 MB MUX 0.24
18 Fixed WDM DEMUX and MUX 1.44
SOA-based | not applicable 720 splitters, 720 combiners 24.05 169.73 8710 8880
architecture 720 SOAs 144
6 WSSs 120.25
192 Transponders 8589.6

OXC will be 120/3 = 40 W [43]. To calculate the power consumption of the architectures,
we consider a 1 x 9 WSS [42], [46].

TABLE 2.7. Power consumption of components.

Component Power Consumption
C-band | L-band | S-band
Optical Amplifier [42] | 15 W | 15 W | 20 W
AO-WC [44] 48 W
Transponder [46] I6W | 20W | 24 W
1 x 9 WSS [46] 15 W 20 W 25 W
SOA [45] 10 W
4 x 4 OXC [43] 40 W
32 x 32 OXC [43] 320 W

Table 2.8 shows the total power consumptions of the studied architectures. From Ta-
ble 2.8, we can conclude that, in general, transponders are the components that consume
the highest power, contributing significantly to the total power of each architecture. The
architecture that consumes the most power is the MB SOA-based architecture (power
consumption of 11180 W), due to the high number of SOAs used and their power con-
sumption (7200 W), followed by the MB baseline, due to the higher power consumption
of the transceivers in L and S-bands in comparison with the C-band. We also concluded
that the other architectures have a similar power consumption, with SDM space without
30




lane changes and SDM space with lane changes having the lowest power consumption
(3712 W and 3872 W, respectively).

TABLE 2.8. Power consumption of the studied SDM architectures with
D=3 and M =4 and the MB architectures with D=3 and B=3.

. Type and Power Consumption | Power Consumption
Granularity | Lane Changes Number };IE components of Componenrzs of architcctufcs

4 OXCs 4 x 4 160 W

without 24 OAs 360 W 3712 W
192 Transponders 3072 W
Space 8 WSSs 120 W
1 OXC 16 x 16 320 W

with 24 OAs 360 W 3872 W
192 Transponders 3072 W
SDM 8 WSSs 120 W
32 WSSs 480 W

without 24 OAs 360 W 3912 W
Space- 192 Transponders 3072 W
wavelength 32 WSSs 480 W

with 24 OAs 360 W 3912 W
192 Transponders 3072 W
24 WSSs 412 W

Baseline | not applicable 18 OAs 270 W 4562 W
192 Transponders 3880 W
18 OAs 270 W

MB Common | not applicable 24 WSSs 360 W 4278 W
band 12 AO-WCs 576 W
192 Transponders 3072 W
720 SOAs 7200 W

SOA-based | not applicable 192 Transponders 3880 W 11180 W
architecture 6 WSSs 100 W

The cost and power consumption studied previously are two important factors, but
the switching granularity of the architectures is also important. We concluded that SDM
Space architecture is the architecture with the lowest cost and lowest power consumption,
but it is also the architecture with the lowest switching granularity (space), unlike MB
Common band architecture, which is the architecture with one of the highest costs and
highest power consumption, but with a higher granularity- switching is possible in all

three dimensions, space, wavelength and band.

2.6. Conclusions

In this chapter, we reviewed the fundamental concepts of ROADMSs, where we also
discussed different possible A /D structures implementations. We studied several MB and
SDM architectures, presented their granularities and analysed all their components, the
dimension of the components and their power consumption.

In terms of architecture costs, we analysed the cost of the express structure, the
A /D structure and the total cost of the ROADM architectures. Regarding the express
structure cost, we concluded that the most expensive architecture is the MB Common
band architecture due to the cost of AO-WCs, while the least expensive is the SDM Space
architecture. As for the A /D structure, we concluded that MB architectures have a higher
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cost than SDM due to the use of transponders not only in the C band, but also in the S
and L bands, which have a higher cost. In terms of total cost (express and A/D), we have
concluded that the most expensive architecture is the MB SOA-based architecture (with
space and wavelength granularity) and the lowest cost is the SDM space architecture
(only with spacial granularity), with MB SOA-based architecture being approximately
25% more expensive than SDM space architecture.

We also studied the ROADM architectures in terms of their power consumption. We
concluded that the components that consume the most power in all architectures are
the transponders, representing approximately 73% of the total power consumption for all
architectures. In terms of total power consumption, we concluded that the architecture
that consumes the most is the MB SOA-based architecture due to the number of SOAs
used and their consumption. The other architectures all have similar power consumption,
with the MB common band architecture (with space, wavelength and band granularity)
also being one of the most power consuming and the SDM space architecture being the

architecture with the lowest power consumption, at the expense of reduced granularity.
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CHAPTER 3

Node architectures for MBoSDM networks

3.1. Introduction

In this chapter, we discuss the functionalities of several MBoSDM ROADM node ar-
chitectures presented in the literature [14], [30], [47], and analyse their cost and power
consumption. In section 3.2, we begin by discussing the granularity type of MBoSDM
ROADM node architectures. In section 3.3, we present the MBoSDM architectures al-
ready proposed in the literature: Baseline architecture for MBoSDM [14], MBoSDM
architecture with one S-OXC per band [14], MBoSDM architecture with a single S-OXC
[14], MBoSDM architecture without a S-OXC [14] and the FLEX-SCALE architecture
[30], [47]. In section 3.4, we compare the number of components and their dimensions, as
well as the power consumption of the different MBoSDM architectures. Finally, in section

3.5, we present the conclusions of this chapter.

3.2. Switching granularity

In MBoSDM ROADM node architectures, switching can be done in three dimensions,
space, wavelength and between bands (e.g, C, L, S). Figure 3.1 shows the spatial granu-
larity strategy considering a MBoSDM scenario with 6 spatial channels, 3 bands in each
spatial channel and 8 wavelengths in each band. This is a combination of the MB and
SDM switching strategies shown previously, respectively, in Figures 2.6(a) and 2.12(b).
All the other granularities mentioned in the previous sections (see Figure 2.12) follow
the same reasoning in combining granularities to achieve MBoSDM switching as the one

shown in Figure 3.1.

FIGURE 3.1. Space switching strategy in MBoSDM networks.
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3.3. MBoSDM node architectures

In [14], four different node architectures for MB and SDM-based optical networks are
presented, known as MBoSDM ROADM nodes. Three of the four architectures follow a
hierarchical approach, where the switching functionalities are distributed over different
levels: spatial, band and wavelength. This hierarchical structure makes it possible to
adapt the complexity of the switching to the type of traffic, favoring scalable solutions
for core networks with high capacity and flexibility requirements. Moreover in [30], [47]
another hierarchical MBoSDM node architecture is proposed, which uses a new component
that adds flexibility to the band switching - the waveband selective switch (WBSS). In
the following sub-sections these node architectures are presented and their functionalities

explained.

3.3.1. Baseline architecture for MBoSDM
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Single-Band g
wXxc
Fp—>
Fiber ‘J' ] \‘ Fiber
(Direction D) | sl | (Direction D)
we
DEMUX

Drop ‘
Structure | | |

FIGURE 3.2. Baseline architecture for MBoSDM [14].

The baseline architecture in [14] and shown in Figure 3.2, uses a modular structure
with several single-band wavelength cross-connects (WXCs). In this architecture, the
bands from each core are separated with a MB DEMUXs and amplified with dedicated-
band OAs. The single-band WXCs route the input signals to the output cores or to the
drop structures. The signals routed to the output are again amplified and the bands are
coupled using a MB MUX. In this architecture, one WXC is needed for each band (in
our case, as we are considering 3 bands, 3 single-band WXCs will be needed), and each
A /D structure works for a specific band. Although this approach is functional, it quickly
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becomes complex and difficult to scale as the number of bands and cores increases. To

overcome these limitations, three alternative architectures were proposed in [14].

3.3.2. MBoSDM architecture with one S-OXC per band
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- Single-Band | | | -
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s L S

c

FI1GURE 3.3. MBoSDM architecture with S-OXC per band.

The architecture represented in Figure 3.3, also mentioned in [39], uses a spatial optical
cross-connect (S-OXC), one for each fiber band, which allows switching between cores
without the need to process all signals individually through the express structure. The
only difference to the baseline architecture is that we have an S-OXC, which routes each
amplification band to an output MB-MUX or to a single-band WXC. These connections
depend on N¢, which represents the connections that should pass or do not pass through
the single-band WXC (black lines). When a channel needs to be dropped or new channels
are added, the single-band WXC is responsible for the processing at the wavelength level.

3.3.3. MBoSDM architecture with a single S-OXC

The architecture represented in Figure 3.4 uses a multi-band WXC to implement the
processing at the band and wavelength level, which means that in this architecture only
one S-OXC is required for all bands, without the need of using several S-OXCs in parallel,
as in the previous architecture. To perform the amplification, the bands must be separated
at the output of the S-OXC for each node direction. This architecture has less flexibility
than the previous architecture because core switching is simultaneously performed in all
bands by the S-OXC [14].
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FIGURE 3.4. MBoSDM architecture with a single S-OXC.

3.3.4. MBoSDM architecture without a S-OXC

The two previous architectures shown in Figures 3.3 and 3.4 can be affected by failures
in the S-OXC, leading to a complete failure of the node. So, to avoid a single point of
failure, a new architecture has been proposed in [14]. Figure 3.5 is a simplified version
of Figure 3.3, using fixed connections between cores instead of an S-OXC, which reduces
costs and losses, but leading to a architecture that is much less flexible than the previous
architectures.
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FIGURE 3.5. MBoSDM architecture without a S-OXC.
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3.3.5. FLEX-SCALE architecture
In [30] and [47], another MBoSDM node architecture is proposed, named FLEX-

SCALE architecture. Before presenting this architecture with detail, three previous ar-
chitectures were analysed in [47]. In the first one, depicted in Figure 3 of [47], the express
structure has the same functionality as the architecture of Figure 3.3, having the capacity
of band and wavelength switching. Nevertheless, the architecture of Figure 3 of [47] has
the capacity of band A/D alongside wavelength A /D, whereas the architecture of Figure
3.3 has only wavelength A /D capacity. The second architecture, depicted in Figure 4
of [47], can be compared to the architecture of Figure 3.4, with some differences. Both
architectures have only one S-OXC for core switching, but the architecture in Figure 4 of
[47] has the capacity of switching both bands and wavelenghts, whereas in the architec-
ture of Figure 3.4 only wavelength switching is allowed. The third architecture, depicted
in Figure 5 of [47], has more flexibility regarding band switching, since a WBSS is used,
which allows to select and build a band with an arbitrary group of wavelengths. Never-
theless, this architecture has a single S-OXC that is viewed as a single point of failure.
This shortcoming is resolved with the FLEX-SCALE architecture.

The FLEX-SCALE architecture is presented in Figure 3.6 in which a hierarchical
structure with three layers (core, band, and wavelength) represented by the three different
colors is shown. The first layer (in grey color in Figure 3.6) responsible for switching fibers
and bands uses WBSSs, which are used to select the bands, and can select an entire core
or just some bands of a particular core. The WBSS can switch individual bands, in the
same way a WSS can switch individual wavelenghts, and can also switch groups of bands,
also in the same way a WSS can switch groups of wavelenghts, adapting to network real-
time needs and providing better spectral flexibility [47]. The WBSS is developed using
silicon photonic technology, allowing fast and flexible switching of spectral bands through
tunable network filters integrated into a photonic integrated circuit (PIC) [47]. In Figure
3.6, fibers with 4 cores are used in all directions, but this architecture can be used also
with fibers with different number of cores per direction [30], [47].

At the WBSS output, the grey lines can switch the entire core or only some bands of
that core. On the other side, the red lines transport only one band and are directed to the
second layer (in blue color in Figure 3.6), which has an inter-band OXC, that can extract
an entire band through the band receiver or insert a band with the band transmitter, or
switch the bands that has received from the first layer. Also, stages of OAs (i.e. composed
of one OA for each band) are placed at the input of the input WBSSs and at the output of
the output WBSSs. In [48] it is referred that when the WBSSs are used for core switching,
the insertion losses are negligible, whereas when the WBSSs are used to switch bands, the
insertion losses depend on the adaptive finite-impulse response (FIR) and on the number
of junctions of the crossbar matrix and cannot be neglected (assuming 56 taps per filter
with a 0.1 dB IL per tap and 4 x 13 = 52 junctions in the crossbar switch with a 0.05 dB
IL per junction, the ILs can be computed as in [48], 2 x 56 x 0.1 +4 x 13 x 0.05 = 13.8
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dB). The third layer (dark gray color in Figure 3.6) uses a conventional intra-band OXC
per band and WSSs for switching at the wavelength level. Figure 3.6 shows three intra-
band OXCs, one for C-band, one for S-band and one for L-band. In this architecture for
the A/D structure, we do not have a structure with WSSs like the other architectures,
since Add and Drop are directly connected to the Intra-band OXCs. In [47], to avoid
any points of failure in the intra-band OXCs, the authors consider that there are two
intra-band OXCs per band for redundancy purposes. In the following calculations, we
will consider only one intra-band OXC per band, as shown in Figure 3.6. The OXCs are
based on piezoelectrical actuators, and OXCs dimensions of 384 x 384 are, nowadays, in
a commercial status (576 x 576 are foreseen in a near future). Note also that, currently,
these OXCs only work in the C and L bands [47].
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3.4. MBoSDM node architectures comparison

In this section, we compare the number and type of components for the MBoSDM
architectures presented in section 3.3, analysing their cost and power consumption.

The dimension of the S-OXCs and WSSs presented in the architectures represented
in Figures 3.3, 3.4 and 3.5 depends on the number of cores that are directly connected
between the input and output of the S-OXC, a variable that is defined by N¢. Note
that in the scenario with No = 0, there are no cores communicating directly to each
other (this architecture is functionally equivalent to the baseline architecture), and with
Ne = MD, all the cores communicate directly between them [14]. Figure 3.7 shows the
number of WSSs and OAs, considering a single band (i.e. B=1), as a function of Ng
for three different network cases: 1) a small network node with M = 4 and D=3; 2) a
medium network node with M = 4 and D = 5; 3) a large network node with M = 4 and
D = 7and D = 8. A similar study has been made in [14] and similar results for M = 4
and D = 8 have been obtained in Figure 3.7. From Figure 3.7, we can conclude that as
N¢ increases, the number of WSSs and OAs decreases. In particular, for M = 4, D = 3
and Neo=10, 4 WSSs 1 x 20 (2 x 2 WSS considering Na/p = 0) and 14 OAs (10 OAs for
the direct links and 4 for the links that cross the WSSs) are needed.
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FIGURE 3.7. Number of components (WSSs and OAs) as a function of N¢
for several network dimensions.

Table 3.1 shows the number and type of components and their port count (number of
inputs and outputs) for the express structure of the MBoSDM architectures described in
the previous sub-sections. As observed in Table 3.1, the port count of the WXC, Py xc,
depends on M and D and also on N,4,p, which represents the number of ports of the
WSSs connected to the A/D structure [14]. For the scenario with No = M D, the port
count of each WXC in Figures 3.3 to 3.5 is given by Py xc, = 2 X Na/p,, with b=C, L, S.
For Ne =0, Pyxc, =2 % (M x D—l—NA/Db), with b=C, L, S. For Figures 3.3 and 3.4, the
port count of the S-OXCs with No = M D is given by Poxc = 2 X M x D + 2, whereas
with No = 0, Poxc = 4 x M x D (the expression shown in Table 3.1 is generic, except
in the case of No = M D that includes two A /D ports).
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TABLE 3.1. Number and type of components and their port count in the
express structure for each of the studied MBoSDM architectures considering
the C, L, and S bands.

Architectures Type and Number of Components WXC/WSS port count OXC port count WBSS port count
M x D MB DEMUXs Puxo, =
Baseline architecture M x D MB MUXs L
(Figure 3.2) 2% M x D x B OAs 2 X(Mx D+ Nap,),
B single-band WXCs with b =G, L or 8
M x D MB DEMUX
MBoSDM architecture M x D MB MUX
Pwxc, = Poxc =

with an S-OXC per band

2x M x D x B — N. OAs

2 x(M x D = Ng+ Najn,)

4 xM x D —2x N¢g

(Figure 3.3) B single-band WXCs
B S-OXCs
2x M x D x B— N, MB DEMUX
MBoSDM architecture 2x M x D x B— N, MB MUXs P _ P _
with a single S-OXC 2x M x D x B— N. OAs ; “ wxe N L oxe ™ .
(Figure 3.4) 1 MB WXC 2 x(M x D — N¢+ Najp) 4 xM x D —2x N¢

1 S-OXC

MBoSDM architecture
without a S-OXC

M x D MB DEMUXs
M x D MB MUXs
2x M x D x B— N, OAs

Pwxc, =
2 x(M x D — Ne + Nayp,)

(Figure 3.5) B single-band WXCs
Poxciyren =
2x M x D x B OAs ; INTER .
AT BY_QOAT R Y - . [(M x D x WBSSa/p) + Na,, + Kwss)
FLEX-SCALE 2 M x D WBSSs ) CUM % D X WESSap) + Now + Knves) Punss =
architecture 1 Inter-Band OXC Pyss, =14+ WSS, ’ M x(D - 1)+ WBSS i1
(Figure 3.6) B Intra-Band OXCs A/D

2x Ky x M x D xWBSS4p WSSs

Poxcinrra, =
2 %X[(1+ Kpypor,) X Nwss, X Pivss,]

For the FLEX-SCALE architecture, based on [30] and [47], we define several variables
in order to obtain general expressions for the number and port count of the components
presented in Table 3.1. Starting at the first layer, the number of WBSS, Ny pss, is given
by 2 x M x D and the port count of the WBSSs, Py gss, depends on M and D and also on
the number of output ports of each WBSS connected to the inter-band OXC, WBSSy,p,
a number that is between 1 and 4 (red lines in Fig. 3.6), and should be most likely 1 or
2 [47].

In the second layer, the number of band receivers, Np, , and band transmitters,
Ng,,, also depends on WBSS,/p. If WBSS,/p =1 (i.e. one dropped band per WBSS),
Np,, = Np,, = 1/4x M x D, meaning that 25% of the bands per WBSS go for add/drop
at the node [47|, whereas if WBSS4,p = 2, it means that there are two dropped bands
per WBSS, so, Ng,, = Np,, = 1/2 x M x D [47]. Also in the second layer, the port
count of the inter-band OXC, Poxc,yrprs depends on WBSS,/p, on the number of
band receivers and band transmitters, and on the number of links routed to the Intra-
band OXCs (black lines connecting the third layer in Figure 3.6). The number of links
routed to the Intra-band OXCs, which is equal to the number of WSSs of the third layer,
is denoted as Ky ss. As the third layer includes the number of C, L and S-band WSSs,
Kwss = Nwss. + Nwss, + Nwssg, where Ny gg,, is the number of C-band WSSs, Nygs,
the number of L-band WSSs and Ny gg, the number of S-band WSSs.

In the third layer, the number of C-band WSSs (Nwgs.) depends on K¢, which
represents the percentage of Inter-band OXC ports connected to the WBSS that operate
in the C band. K and Kg represent the same, but for the L and S bands, respectively.
The port count of these WSSs, Py gs, with 0=C, L or S, is given by Pygss, = 1 + WSS,
where WSS, represents the number of output ports of the WSSs [47]. In this layer, as
already referred, we have one intra OXC per band. The percentage of Intra-band OXC
ports for the A/D in the C-band is given by K¢, ,.,, which is between 20% and 25% of
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the number of wavelengths in C-band (Ky,,,., and K, have the same meaning for

the L and S bands) [47].

TABLE 3.2. Number and type of components in the express structure and
their port count for each of the studied MBoSDM architectures considering
D=3, M=4 and B=3.

3 single-band WXCs

Architectures Type and Number of Components WXC/WSS port count OXC WBSS
port count port count
12 MB DEMUXs P 4
Baseline architecture 12 MB MUXs PWXth - 18
(Figure 3.2) 72 OAs Pwixcf - 18 - -
3 single-band WXCs WxCs =
with No = 0,
Pyxc. =48
PW'XCL =48 )
12 MB DEMUXSs Pixes =48 with Ne = 0.
12 MB MUXs ith New — 6 0XC =
MBoSDM architecture 72 OAs (with Ng = 0) with Vg = 0, )
i ‘ i Pyxco =24 with No = 6,
with an S-OXC per band 66 OAs (with N¢ = 6) P c o4 P — 36 -
(Figure 3.3) 60 OAs (with No = 12) wXCr = oxc =
Pyxcs =24

with No = 12,

6 WSSs for L band
4 WSSs for S band

3 S_OXC VVith ]\‘7(] = 12, P()X(j = 26
Pyxc. =0
Pyxc, =0
Pyxcs =0
72 MB DEMUXs, 72 MB MUXs (with N = 0) with Ng = 0, with Ng = 0,
66 MB DEMUXs, 66 MB MUXs (with N = 6) Py xc =48 Poxc =48
MBOoSDM architecture 60 MB DEMUXs, 60 MB MUX (with No = 12) . .
with a single S-OXC 72 OAs (W}th ch =0) with No = 6, with Ng = 6, )
(Figurc 3 4) 66 OAb (Wlth ]\C = 6) PVVXC =24 P()XC =36
’ 60 OAs (with Ne = 12)
1 MB WXC with No = 12, with Ng = 12,
1 S-OXC PW’XC =0 POXC =26
with Ng = 0,
Pwxc, =48
Pyxc, =48
Pyxcs =48
12 MB DEMUXs
MBoSDM architecture 12 MB MUXs with No = 6,
without a S-OXC 72 OAs <W.lth ]\,C =0 Pwxoe =24 - -
(Flgure‘ 35> 66 OAS (VVITh ]\C = 6) PI/VXCL =24
60 OAs (with Ne- — 12) Pwxc. = 24
3 single-band WXCs
with No = 12,
Pyxce =0
Pyxc, =0
Pyxcs =0
72 OAs
24 WBSSs Poxcyrer = 68,
FLEX-SCALE 1 Inter-Band OXC Pyss, = 11
architecture 3 Intra-Band OXCs Pyss, = 11 P OXCinTrAG = 238 10
(Figure 3.6) 9 WSSs for C band Pysss = 11 Poxciyrra, =159

POXCINTRAS =106

Table 3.2 shows the type and number of components and their port count for the
express structure of the studied MBoSDM architectures considering D=3, M =4 and B=3,

calculated using the formulas shown in Table 3.1.

We have considered the following

assumptions: 1) to calculate the number of A /D ports per band, N4,p, we considered an
A /D ratio of 20% for all architectures; 2) the port count of the MB MUX and MB DEMUX

of the architectures in Figures 3.2 to 3.5 is not shown in Table 3.2, but a port count of

4 is considered; 3) for the architectures in Figures 3.2 to 3.5, we studied three scenarios,
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Ne =0, No = 6, and No = 12 and considered the following number of A/Ds per band
for the architectures in Figures 3.2, 3.3 and 3.5 (as shown in Figure 3.8), 209 channels for
the C band (Na/p, = 87 x 4 x 3 x 0.2), 248 for the S band (N4/py = 103 x 4 x 3 x 0.2)
and 312 for the L band (Na/p, = 130 x 4 x 3 x 0.2) (note that for the architecture in
Figure 3.4, we only have 1 WSS for all bands, so Na/p = Na/p, + Na/p, + Na/pg); 4)
for the FLEX-SCALE architecture (Figure 3.6), we have assumed that: i) WBSS4,p =1
[47], so Np,, = Np,, =3 and Pypss = 10; ii) K¢ = 0.35, K = 0.25 and K¢ = 0.15 so
that Ko + K + Ks = 0.75 and Ky gs = 19 [47]; iii) the port count of the WSSs of the
different bands is 11 [47].

From Table 3.2, we can conclude that the higher the parameter N¢, the lower the port
count of the WSSs and OXCs. The number of OAs also becomes lower. This is due to
the fact that, when N¢ increases, there are more connections that are directly linked, and
consequently less connections are directed to the single-band WXCs. It was also observed
that the results obtained in Table 3.2 for all architectures are consistent with the results
obtained in [14], Figure 3, and in [47], Figure 9. In Figure 9 of [47|, for the FLEX-SCALE
architecture considering D=3 and M =4, the port count of the WBSSs is 14 (note that in
[47], the WBSS port count is given by (D x M +1+1) = 14, and in our work we consider
(D—=1)x M +141) =10 as in [48]) and the port count of the inter-OXC is 68, as shown
in Table 3.2. In Figure 3 of [14], for D=4, M=4 and Nz=10, we have confirmed that the
port count of the OAs is 22 (there are 10 directed connections and 6 connections that go
through the WSSs, so 6 x 2+ 10 = 22) and the port count of the WSSs is 12, considering
1 x 20 WSS, confirming the accuracy of our analysis.

An example of a drop structure for the MBoSDM Baseline architecture studied (Figure
3.2) is shown in Figure 3.8. This drop structure is composed of three WSSs, each one
operating in its own band: for the C-band, we have a 12 x 209 WSS, for the S-band, a
12 x 248 WSS, and for the L-band, a 12 x 312 WSS. These WSSs can be implemented,
as shown in Figure 3.8, by cascading two WSSs. For example, for the C-band, we can
obtain a 12 x 209 WSS by cascading a 12 x 1 and 1 x 209 WSSs. As the drop structure of
these architectures is composed of large WSSs, a way to build a 1 x 209 WSS for C-band,
1 x 248 WSS for S-band and 1 x 312 WSS for L-band with smaller WSSs is shown in
Figure 3.9 [49]. In this A/D structure, 769 transponders are required (209 for the C-band,
248 for the S-band and 312 for the L-band).

For the other MBoSDM architectures (Figures 3.3 to 3.5), the drop structure is influ-
enced by N¢, and so the drop structures have different dimensions from the one presented
in Figure 3.8. For Figures 3.3 and 3.5, considering No = 6, the drop structure, shown
in Figure 3.10 a), is composed of three WSSs, each operating in its own band: for the
C-band, we have a 6 x 105 WSS (87 x 6 x 0.2 = 105), for the S-band, a 6 x 124 WSS
(103 x 6 x 0.2 = 124) and for the L-band, a 6 x 156 WSS (130 x 6 x 0.2 = 156). In this
drop structure a total of 385 transponders is required (105 for the C-band, 124 for the
S-band and 156 for the L-band). Figure 3.10 b) shows the drop structure considered for
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FIGURE 3.8. Drop structure considered for MBoSDM Baseline architec-
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FIGURE 3.9. Example of large dimension WSSs built with smaller ones for
the drop structure.

the MBoSDM architecture with a single S-OXC (Figure 3.4). This drop structure consists
of a 6 x 385 WSS MB. In this case, we have a MB WSS, i.e., that operates in the three
bands, with 385 transponders.

Table 3.3 shows the total cost (cost of the express structure plus A/D structure)
of the studied MBoSDM architectures considering D=3, M =4, and B=3 based on the
components cost shown in Table 2.5, in [36] and in [18]. Note that Table 2.5 shows the unit
cost of each component, while Table 3.3 shows the total cost of the various components
and the total cost of each architecture.

The following assumptions were used to compute the costs in Table 3.3: 1) for the
architectures in Figures 3.3, 3.4 and 3.5, we consider Ngo = 6, since an architecture with
this value can represent an architecture with a reasonable cost and flexibility. Note that
an architecture with No = 0 has full flexibility (i.e., it has no core switching, and only
wavelength switching is used) and the highest cost; 2) we consider the A/D structure
shown in Figure 3.8 to compute the cost of the A/D structure of the Baseline architecture
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FIGURE 3.10. Drop structure considered for the MBoSDM architectures in
Figures 3.3 to 3.5 considering N¢ = 6.

shown in Figures 3.2, the A/D structure shown in Figure 3.10 a) for the architectures
in Figures 3.3 and 3.5 and the A/D structure shown in Figure 3.10 b) for the MBoSDM
architecture in Figure 3.4; 3) we consider that the number of transponders, to calculate the
cost of the A/D structure of the FLEX-SCALE architecture, is Nrys = Npgs = K,y X
(Nwss, /2 x Pysgs,) [47], so we have 10 transponders for the C-band, 7 transponders for
the L-band, and 5 transponders for the S-band; 4) we consider that the cost of band
transmitters and receivers, Br,, and Bp,s, is similar to that of transponders, as these
components are based on a comb-based laser /receiver [48]. The cost of Br,s and Bprgs is
calculated by 5 x Costprr.s, with § between 1 (best case) and 1.5 (worst case); 5) we
consider that the cost of WBSSs is calculated by v x Costygg, with v between 0.5 (best
case) and 1 (worst case); 6) to calculate the cost of the single-band and MB WXCs, we
consider a R&S architecture [14]. In Figure 3.2, each single-band WXC needs 12 1 x 12
WSSs and 12 12 x 1 WSSs, where one output of the input WSSs is going to the drop
structure and one input of the output WSSs comes from the add structure. Figure 3.11
shows an example of a 12 x 12 WXC; 7) to calculate the cost of the MBoSDM architecture
shown in Figure 3.4, we considered that the cost of MB WSS is higher than the cost of a
single band WSS. Therefore, the cost of MB WSS is, respectively, approximately 2, 1.7,
and 1.3 times higher than the WSSs of the C, L, and S bands [18], [50]. So, we consider
a cost of 10.5 for a 1 x 9 MB WSS, 15 for a 1 x 20 MB WSS and 30 for a 1 x 40 MB WSS
[18], [50].

As observed in Table 3.3, we conclude that the MBoSDM Baseline architecture (Figure
3.2) is the most expensive architecture and the FLEX-SCALE is the least expensive
architecture. The Baseline architecture has a higher cost due to the cost of A/D structure,
which has a higher number of transponders than the other architectures, and consequently,
a higher cost. The FLEX-SCALE architecture is the least expensive - about twenty times
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TABLE 3.3. Cost of the studied MBoSDM architectures with D=3, M =4

and B=3.
Type and Number Total Express A/D Total
Architectures of components structure | structure
cost
components cost cost cost
12 MB MUX, 12 MB DEMUX 0.96
Baseline 72 OAs 88.8
architecture 3 WXCs (Express structure) 666 756 34808 35564
(Figure 3.2) 17 WSSs (A/D structure) 413.5
769 Transponders 34394.4
12 MB MUX, 12 MB DEMUX 0.96
MBoSDM architecture 66 OAs 81.4
with an S-OXC 3 WXCs (Express structure) 222 338 17429 17767
per band 3 S-OXCs 33.4
(Figure 3.3) 14 WSSs (A/D structure) 213.5
385 Transponders 17215
66 MB MUX, 66 MB DEMUX 5.28
MBoSDM architecture 66 OAs 81.4
with a single S-OXC 1 WXC (Express structure) 126 224 17517 17741
(Figure 3.4) 1 S-OXC 11.13
9 WSSs (A/D structure) 301.5
385 Transponders 17215
12 MB MUX, 12 MB DEMUX 0.96
MBoSDM architecture 66 OAs 81.4
without a S-OXC 3 WXCs (Express structure) 222 304 17429 17733
(Figure 3.5) 14 WSSs (A/D structure) 213.5
385 Transponders 17215
72 OAs 88.8
(y=1) 144
24 WBSSs (v=05)72 | v=1, | B=15, |y=1,8=15,
FLEX-SCALE (8 =1.5)201.15 517 1134 1651
. 3 Bry, 3 Bg:
architecture (B=1)1341 | v=05,| =1, |v=055=1,
(Figure 3.6) 19 WSSs (Express structure) 117 445 1067 1512
1 OXCinTER 19.92
3 OXCINTRA 147.66
22 Transponders 932.4

less expensive than the Baseline architecture. This is because the A/D structure cost of
the FLEX-SCALE architecture is much lower, since it has less A/D capacity, although
providing A/D capacity both at the band and wavelength levels, and the cost of the
band transmitters/receivers is similar to the transponders cost. In particular, the FLEX-
SCALE architecture has 3 Br,, and Bpg,s in the second layer that correspond to 320
transponders (87 + 103 + 130 = 320) and 22 transponders in the third layer, giving a
total of 342 transponders, which represents less than half of the transponders used in the
Baseline architecture (a total of 769 transponders are used, as can be seen in Table 3.3).
From Table 3.3, we conclude that the cost of the A/D structure in all architectures
is more significant than the cost of the express structure, with transponders being the
component with the largest contribution to the total cost. Therefore, the cost of the
A /D structure is approximately 46 times higher than the express structure cost for the
Baseline architecture (Figure 3.2), about 58 times higher for the architectures shown in
Figures 3.3 to 3.5, and for the FLEX-SCALE architecture, the cost of the A/D structure
is approximately the double of the express structure cost.
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FIGURE 3.11. Example of implementation of a 12 x 12 WXC.

In [51], a more simplified cost analysis was performed, considering that the cost of the
FLEX-SCALE architecture is only the sum of the cost of the WBSSs and the inter-band
OXC, i.e., only the first and second layers are considered. From [51], in Figure 3 a), for
M=4 and D=3, it is possible to conclude that the relative cost between the WBSSs and
the inter-band OXC is 3.6 (18/5), which is in agreement with our assumption for v = 0.5,
as can be confirmed in Table 3.3 (the cost of the WBSSs varies between 144 and 72 and
the cost of the inter-band OXC is 20, which gives a relative cost between 7.2 and 3.6).
Also, from Figure 3 a) of [51], it is possible to compute the relative cost between the By,
and Bpr,s and the WBSSs, 18/30=0.6, which is in agreement with the values presented
in Table 3.3 (the cost of the Br,s and Bpg,s is 134, giving a relative cost between 1.07
and 0.54). Moreover, in [51], Figure 3 b), for M=4 and D=3, it is observed that the
cost of the express structure in a conventional architecture is approximately the double
of the FLEX-SCALE architecture cost, which is in agreement with the results presented
in Table 3.3 (between 1.33 and 1.7).

In [52], Table 2, slightly different values for component costs are considered. In par-
ticular, the cost of a conventional 1 x 9 WSS is considered four times more expensive than
an OA, whereas in our case, we consider that a WSS is five times more expensive than
an OA. Also, in [52], the cost of the transponder is considered four times more expensive
than a conventional 1 x 9 WSS, whereas in our case, we consider that the cost of the
WSS is seven times more expensive. The reason for these differences is attributed to the
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fact that in [52] PIC-based components are considered, which are more cost effective than
non-PIC based components, considered in our work.

Table 3.4 shows the power consumption of the studied MBoSDM architectures with
D=3, M=4 and B=3. The power consumption of each component is taken from Table
2.7. The following assumptions were made to compute the power consumption of the
architectures in Table 3.4: 1) for the architectures in Figures 3.3 to 3.5, No = 6 is
considered; 2) the WSSs power consumption corresponds to the power consumption of
a 1 x 9 WSS; 3) the power consumption of the Br,s and Bg,s is calculated with o X
Pipg,, X Nw, where a is between 0.5 (best case) and 1 (worst case), Py, represents
the power consumption of a transponder and Ny, represents the number of channels per
band b; 4) the power consumption of the WBSS is assumed to be the same as the one of
the WSS [51].

Observing Table 3.4, we can conclude that the Baseline architecture has an higher
power consumption, since this architecture has a higher number of transponders than
the other architectures. We also observe that the other architectures lead to similar
power consumption (about 10000 W). Analysing all components, we can conclude that
the components with the highest power consumption are the transponders, followed by
Br.s and Bpr,s, which are based on integrated comb sources/receivers [48].

In [52], different power consumption values have been considered. In particular, for
a small-scale node (D=3, M=2), 12 WBSSs are required with a consumption of 18 W,
whereas in our case, for D=3 and M =2, and for the same number of WBSSs a power
consumption of 180 W is required, which is ten times than the one reported in [52].
Regarding band transceivers, in [52], for D=3 and M =4, 6 Brg,s are required, leading to
a total power consumption of 824 W, whereas in our case, for the same conditions, 120 W
are required. Also in [52]|, with D=3 and M =4, a 112 x 112 inter-band OXC is required
with an power consumption of 60.5 W, whereas in our case, a 112 x 112 inter-band OXC
consumes 597 W. The justification for these power consumption differences, regarding the
WBSSs and inter-band OXC, relies on the fact that, in [52], PIC-based technology is used,
which results in lower power consumption. One possible reason for the difference in power
consumption between Brpg, . is that, in [52], the Brg,, have fewer channels (15 channels
with a 150 GHz bandwidth) and 13.81 W per channel is required. In our case, we use
many more channels per band (87 channels for the C-band, 130 channels for L-band and
103 channels for the S-band) with a 50 GHz channel bandwidth and with about 20 W per
channel.

Figure 3.12 shows the express structure cost for all studied MBoSDM architectures
considering three different scenarios: small network node (M =4 and D=3); medium net-
work node (M=4 and D=5); and large network node (M =4 and D=7). From Figure
3.12, we conclude that the express structure cost of the Baseline architecture (Figure 3.2)
is higher than the other architectures for the three scenarios considered, as already seen
in Table 3.3 for the M =4 and D=3 scenario with No = 6 (a more detailed study of how
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TABLE 3.4. Power consumption of the studied MBoSDM architectures with
D=3, M=4 and B=3.

Type and Number Total Total
Architectures of components power power
components consumption consumption
72 OAs 1200 W
Baseline 3 WXCs (Express structure) 1440 W 18521 W
architecture 17 WSSs (A /D structure) 345 W
(Figure 3.2) 769 Transponders 15536 W
66 OAs 1100 W
MBoSDM architecture | 3 WXCs (Express structure) 720 W
with an S-OXC 3 S-OXCs 540 W 10416 W
per band 14 WSSs (A/D structure) 280 W
(Figure 3.3) 385 Transponders 7776 W
66 OAs 1100 W
MBoSDM architecture | 1 WXC (Express structure) 300 W
with a single S-OXC 1 S-OXC 180 W 9581 W
(Figure 3.4) 9 WSSs (A/D structure) 225 W
385 Transponders 7776 W
66 OAs 1100 W
MBoSDM architecture | 3 WXCs (Express structure) 720 W 9876 W
without a S-OXC 14 WSSs (A /D structure) 280 W
(Figure 3.5) 385 Transponders 7776 W
72 OAs 1200 W
24 WBSSs 360 W
FLEX-SCALE 5B 3D (@=1) 6464 W a=1,
architecture Ty o Phe (=0.5) 3232 W | 11604 W
(Figure 3.6) 19 WSSs (Express structure) 305 W a=0.5,
1 OXCinTER 340 W 8372 W
3O0OXCINTRA 2515 W
22 Transponders 420 W

the value of N¢ influences the architectures costs is provided in Appendix C). We can
also observe that the cost of the architectures shown in Figures 3.3 and 3.5 is similar,
and that the cost of the MBoSDM architecture with a single S-OXC (Figure 3.4) is lower.
This is because this architecture has a single MB WSS instead of three single-band WSSs
(one for each band) like the other architectures, which reduces its cost, as shown in Table
3.3. We also see that as D increases, the cost of FLEX-SCALE becomes lower compared
to the other architectures. This is because the WSSs cost for the MBoSDM architectures
shown in Figures 3.2 to 3.5 become much higher than for the FLEX-SCALE architecture,
due to their higher port count.

Figure 3.13 shows the A/D structure cost (in logarithmic scale) for the same scenarios
as in Figure 3.12. From Figure 3.13, we conclude that the cost of the FLEX-SCALE
A/D structure is much lower than that of the other architectures in all scenarios, due
to the same reason explained for the M =4 and D=3 scenario presented in Table 3.3.
Furthermore, we see that the cost of the other architectures is similar, as already concluded
from Table 3.3, for the M =4 and D=3 scenario.

Figure 3.14 shows the power consumption for all studied architectures in the three sce-
narios considered previously. Looking at Figure 3.14, we see that the power consumption
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FIGURE 3.12. Express structure cost for all studied MBoSDM architectures
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FIGURE 3.13. A/D structure cost for all studied MBoSDM architectures
with D=3, D=5 and D=7, considering M=4.

of the MBoSDM Baseline architecture (Figure 3.2), when D=3, is much higher com-
pared to the other MBoSDM architectures, but as the number of directions increases, we
see that the power consumption of the other MBoSDM architectures becomes similar to
the Baseline architecture power consumption, except for the FLEX-SCALE architecture,
which has the lowest power consumption for any number of directions. This happens,
once again, because the WSSs of the other architectures have a higher port count as D
increases, increasing their power consumption and also because of the higher number of
transponders. Furthermore, since the power consumption considered for all WSSs is equal
to the power consumption of a 1 x 9 WSS, the total power consumption of all MBoSDM
architectures, except for FLEX-SCALE, tends to be similar - although it is expected that

larger WSSs consume more, this is not considered in this work.
After analysing all architectures, we conclude that the FLEX-SCALE is the archi-
tecture with the lowest cost and power consumption, which makes this architecture a
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potential candidate for future high capacity MBoSDM nodes. As disadvantage, this ar-
chitecture has more layers, leading to a potentially more complex node management and
control.

Next, we will analyze the throughput of the studied node architectures. The node
throughput, or node capacity, Thryoqe, for FLEX-SCALE is defined as [47], [48|:

Thryeie = M x D x BW x SE (3.1)

where BW represents the C+L+S bandwidth (16 THz, as mentioned in Chapter 2) and
SE is the spectral efficiency. The SE, calculated by SE = p x Rg x logy M/BWg¢y,
is computed assuming 32 quadrature amplitude modulation (QAM) signals, a channel
bandwidth (BWechanne) of 50 GHz, two polarizations (p) and a symbol rate (Rg) of 32
GBaud, so that the SE = 2 x 32 x 5/50 = 6.4b/s/Hz without a band guard (a higher
SE scenario is analyzed in Appendix B). Considering band guards of 600 GHz between
the C and L bands and between the C and S bands, as in Figure 2.5, and considering
320 channels (87 in C band, 130 in the L band and 103 in the S band) the SE with band
guard is 320 x (2 x 32GBaud x 5)/17.2THz = 5.95 b/s/Hz.

Figure 3.15 shows the throughput of FLEX-SCALE for different values of D consider-
ing SE'=5.95b/s/Hz, BW = 16 THz and M =2, 4, and 8. When analysing Figure 3.15,
we conclude that the throughput of FLEX-SCALE increases with M and D, as expected.
For example, for M = 2 and D = 2, we see that Thry.q = 0.38 Pb/s and, for M = 2
and D = 8, we obtain Thry.q. = 1.56 Pb/s, a fourfold increase. When M increases, for
example M = 8, for D = 2, we obtain Thry,e. = 1.52 Pb/s, and for D = 8, we obtain
Thryose = 6.08 Pb/s, which is again a fourfold increase. For the remaining MBoSDM
architectures studied in this chapter, we conclude that the node throughput is the same
and equal to the FLEX-SCALE throughput. The comparison with the architectures
throughput given in [48] is studied in Appendix B.
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The A/D capacity, Capa,/p,, of Layer 2 of the FLEX-SCALE architecture, can be

given by,
B

CapA/Db = Z(NBTR:Jcsb X BWb X SE) (32)

b=1
where BWy = 4.35 THz, BW, = 6.5 THz, BWg = 5.15 THz , SE = 6.4 b/s/Hz and
NBrRes, = 1.
Figure 3.16 shows the A/D capacity of FLEX-SCALE Layer 2 for different values of
D considering M =2, 4, and 8. From Figure 3.16, we can conclude that once again, the
A /D capacity for FLEX-SCALE layer 2 increases with M and D. For example, for M = 2
and D = 2, we see that Capa/p = 0.034 Pb/s and for M = 2 and D = 8 we obtain
Capa/p = 0.136 Pb/s, a four times increase. With M = 8 and D = 2, Capa/p = 0.136
Pb/s and M =8 and D = 8, Capa/p = 0.546 Pb/s, which is again a four time increase.
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FIGURE 3.16. A/D capacity for the Layer 2 of the FLEX-SCALE archi-
tecture as a function of D, considering M =2, 4 and 8.

The A /D capacity of Layer 3 of the FLEX-SCALE architecture is calculated as follows:

B
Capa/p, = »_(Nrxs, x BW, x SE) (3.3)

b=1

where BW;, = 50 GHz. For the M =4 and D=3 scenario Nrx,. = 10, Npx,, = 7 and
Nrxsq = 5, as shown in Table 3.3. The A/D capacity of the other MBoSDM architectures
studied in this chapter is the same and is calculated in the same way, but considering
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different Nrx,,. For the other architectures, we have Nrx . = 209, Nrx,, = 312 and
Nrxsg = 248, for the M =4 and D—3, scenario.

Figure 3.17 a) shows the A/D capacity of Layer 3 for FLEX-SCALE and figure 3.17
b) shows the A/D capacity of the remaining MBoSDM architectures for different values
of D considering SE = 6.4 b/s/Hz and M =2, 4, and 8.

From Figures 3.17 a) and 3.17 b), we observe that the A/D capacity of the FLEX-
SCALE architecture is much lower than the capacity of the other architectures due to its
lower wavelength granularity, i.e., its lower number of transponders. In Figure 3.17 a),
we obtain, for example, for M=4 and D=3, Capa;p = 0.007 Pb/s. When D increases,
we obtain, for M =4 and D=8, Capa,p = 0.018 Pb/s, a threefold increase. In Figure 3.17
b), the A/D capacities obtained are much higher. For example, for M =4 and D=3, we
obtain Capa/p = 0.24 Pb/s, and for M=4 and D=8, we obtain Capa/p = 0.65 Pb/s,
which again represents a threefold increase.
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FIGURE 3.17. A/D capacity of Layer 3 a) FLEX-SCALE architecture and
of b) the other MBoSDM architectures as a function of D, considering M =2,
4 and 8.

After studying the throughput and the A/D capacity of the several layers of the dif-
ferent MBoSDM architectures, we conclude that the A/D capacity of the FLEX-SCALE
architecture is much lower than the other architectures studied in this chapter, although
the FLEX-SCALE architecture has also A/D capacity in Layer 2, at the band level, un-
like the other architectures, that only have A/D capacity in Layer 3. The FLEX-SCALE
architecture reduces significantly the wavelength granularity, while providing band gran-
ularity. As indicated in [39], core nodes will progressively reduce wavelength granularity,
so that their cost and and power consumption will be reduced.

3.5. Conclusions

In this chapter, we studied and compared different MBoSDM node architectures: Base-
line architecture, MBoSDM architecture with S-OXC per band, MBoSDM architecture
with a single S-OXC, MBoSDM architecture without a S-OXC and FLEX-SCALE archi-
tecture. We studied these architectures in terms of their granularity and analysed the
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number and type of hardware components, their cost, power consumption, and through-
put.

In terms of architecture cost, we analysed the cost of the express structure and the A /D
structure of the MBoSDM architectures. Regarding the cost of the express structure of
each architecture, we concluded that the FLEX-SCALE architecture is the least expensive.
Regarding the A/D structure cost, we also concluded that the cost of FLEX-SCALE
is significantly less expensive. Finally, regarding the total cost, we concluded that, as
expected, the FLEX-SCALE architecture is much less expensive than the others (twenty
times less expensive), whereas the Baseline MBoSDM architecture has a higher cost. This
is because the cost of the A /D structure of the FLEX-SCALE architecture is significantly
less expensive (about 30 times less expensive compared to Baseline MBoSDM architecture)
since this architecture has fewer transponders than the others, as it sacrifices wavelength
level granularity, but provides granularity at the band level.

Regarding the power consumption of the architectures, we concluded that all archi-
tectures, except for the MBoSDM Baseline architecture, have similar power consumption
when considering D=3. The Baseline architecture has a higher power consumption due to
the higher number of transponders required. When D increases, we see that all MBoSDM
architectures have similar power consumption, except for FLEX-SCALE, which consumes
much less power due to the much lower port count of its WSSs. Furthermore, we see that
the power consumption in the remaining MBoSDM architectures is similar because the
power consumption for all WSSs, regardless of their port count, is considered equal to the
consumption of a 1 x 9 WSS.

Finally, regarding the throughput of the architectures, we conclude that the node
throughput is the same for all architectures and increases with M and D. Regarding the
node A/D capacity, we concluded that although the FLEX-SCALE architecture has A /D
capacity in both Layers 2 and 3, while the other architectures have only A/D capacity at
Layer 3, the A/D capacity of Layer 3 of the FLEX-SCALE architecture is about 34 times
lower than the A/D capacities of the other nodes.

In future core node architectures, e.g. FLEX-SCALE, it is expected that wavelength
granularity becomes residual, while band granularity will increase, so that cost effective

and low power consumption nodes can be built and deployed.
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CHAPTER 4

Cost and power consumption comparison of MB, SDM and
MBoSDM node architectures

4.1. Introduction

In this chapter, some specific MB, SDM and MBoSDM architectures studied in the
previous chapters will be compared in terms of the type and number of components, cost,
power consumption, cost per bit and power consumption per bit. The chosen architectures
from the previous chapters are the ones that are commercially available, that are more cost
effective and the ones that lead to a higher granularity. For MB architectures, the chosen
architectures are the Baseline (Figure 2.7) and Common band (Figure 2.9) architectures;
for SDM, the Space (Figures 2.13 and 2.14) and Space-wavelength (Figures 2.15 and 2.16)
architectures with and without lane changes, and for MBoSDM, the Baseline (Figure
3.2), MBoSDM architecture with a single S-OXC (Figure 3.4) and the FLEX-SCALE
architecture (Figure 3.6).

In section 4.2, we will analyse the cost per bit of the architectures for two scenarios,
the first one considers a 16 THz bandwidth per node direction, while the second one
considers 32 THz. In section 4.3, we analyse the power consumption per bit for the
same architectures, considering these two scenarios. In section 4.4, we will conclude this

chapter.

4.2. Cost analysis

In this section, we will study the cost and cost per bit for some of the architectures

studied previously for two scenarios: 16 THz and 32 THz bandwidths per node direction.

4.2.1. Scenario 1: 16 THz per node direction

For the first scenario, 16 THz per node direction, to calculate the cost of the architec-
tures, we considered an equal number of WDM channels in all solutions (Ny = 320), to
reach the same node throughput. For this scenario, the MB architectures use the C+L+S
bands with Ny, = 87 channels, Ny, = 130 and Ny, = 103, the SDM architectures use
MCF with 4 cores with 80 channels per core in the C-band, and the MBoSDM architec-
tures use MCF with 2 cores using the C+L bands in each core (in this case, we use 80
channels in each band, so that we have a total of 320 channels in the two cores).

Figure 4.1 shows the Baseline architecture with 3 directions and a MCF with 2 cores
using the C+L band per direction, whereas Figure 4.2 shows the MBoSDM architecture
with a single S-OXC, and Figure 4.3 shows the FLEX-SCALE architecture for the same
scenario.
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Table 4.1 shows the costs of the MB, SDM and MBoSDM architectures considering
three directions (D=3) and a 16 THz bandwidth per node direction. The cost of the MB
architecture with B=3 and SDM architectures with M =4 has been previously calculated
in Table 2.6 of Chapter 2. The cost of the MBoSDM architectures with M=2 and B=2
follows the same reasoning as in Chapter 3 (i.e. to calculate the new components dimen-
sions and numbers of components, the expressions in Table 3.1 are used) with the following
different features: 1) 80 channels are considered for the C band and 80 channels for the L
band, and therefore the A /D structure has 192 transponders. For the MBoSDM Baseline
architecture (Figure 4.1), the drop structure is built with two 6 x 96 WSSs, as shown in
Figure 4.4 (NA/DC = Ny/p, = 80x2x3x0.20 = 96 transponders per band and a total of

57



Na/pe +Na/p, = 192 transponders). For the MBoSDM architecture shown in Figure 4.2,
the drop structure is built with one 3 x 96 WSS, as shown in Figure 4.5. Note that in this
case, Nc = 3 was considered, and therefore Ny/p, = Na/p, = 80x 3 x 0.2 = 48 transpon-
ders per band and a total of Na/p, + Na/p, = 96 transponders. In the previous chapter,
we saw that N¢ varies between 0 (where there are no cores communicating directly with
each other) and M D (where all cores are communicating directly with each other). In this
case, we have the maximum value of N = 6, and therefore, as in the previous chapter, we
chose an intermediate case, No = 3; 2) for the FLEX-SCALE architecture, we consider

Ko = 45% and K, = 35% to calculate the number of WSSs.

TABLE 4.1. Cost of SDM architectures with D=3 and M =4, MB archi-
tectures with D=3 and B=3 and MBoSDM architectures with D=3, M =2
and B=2 for the 16 THz bandwidth scenario.

Total Express A/D
. Type and / Total
Architectures Lane Changes Number of ¢ e components | structure | structure .
umber of components Cost
cost cost cost
4 0XCs 4 x4 18.75
without 24 OAs 24 43 7042 7085
8 WSSs 130
Space 192 Transponders 6912
(Figure 2.13/2.14) 1 OXC 16 x 16 9.38
with 24 OAs 24 33 7042 7075
8 WSSs 130
SDM 192 Transponders 6912
(4 cores) 32 WSSs 190
without 24 OAs 24 84 7042 7126
Space- 192 Transponders 6912
wavelength 32 WSSs 250
(Figure 2.15/2.16) with 24 OAs 24 144 7042 7186
192 Transponders 6912
3 MB DEMUX, 3 MB MUX 0.24
Baseline not applicable 24 WSSs 175.75 78 8710 8788
(Figure 2.7) 18 OAs 22.2
192 Transponders 8589.6
MB 3 MB DEMUX, 3 MB MUX 0.24
(C+L+S) 24 WSSs 208.5
Common band not applicable 18 OAs 22.2 997 7010 8007
(Figure 2.9) 12 AO-WCs 864
192 Transponders 6912
6 MB MUX, 6 MB DEMUX 0.48
24 OAs 26.4
Baseline 2 WXCs (Express structure) 132 159 7701 7860
(Figure 4.1) 8 WSSs (A/D structure) 97.5
192 Transponders 7603
21 MB MUX, 21 MB DEMUX 1.68
MBoSDM architecture 21 OAs 23
with a single S-OXC 1 WXC (Express Structure) 33 63 3884 3947
MBoSDM with No =3 1 S-OXC 5.27
(C+L with (Figure 4.2) 4 WSSs (A/D structure) 82.5
2 cores) 96 Transponders 3801.6
24 OAs 26.4
‘ (y=1)72
12 WBSSs (y=05)36 | v=1, | B=15,|y=1,5=15,
FLEX-SCALE 2B (B=15) 1188 250 630 880
architecture Thas (B=1)7192 | y=05,] 8=1, [y=05p=1
(Figure 4.3) 11 WSSs (Express structure) 60 214 590 804
T OXCinren 11.13
2 OXCinrRrA 80.86
13 Transponders 511.2

From Table 4.1, we observe that all architectures have a similar cost, with the exception
of the FLEX-SCALE architecture, which has a much lower cost (seven times less than
the first five other architectures), and the MBoSDM architecture with a single S-OXC
(Figure 3.2). In relation to the first five architectures, we observe that the MB Baseline
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architecture (Figure 2.7) is the most expensive architecture due to the higher cost of the
transponders in the L and S bands in comparison with the C-band transponder cost.

Regarding the express structure cost, we see that the MB Common band (Figure 2.9)
is the architecture with the highest cost, since this architecture uses AO-WCs, which have
a high cost (864 as observe in Table 4.1). On the other hand, the SDM space architectures
(Figures 2.13 and 2.14) are the architectures with the lowest express structure cost as they
have simpler, smaller and less expensive components compared to other architectures, as
shown in Tables 2.3 and 2.5 in Chapter 2.

Regarding the cost of the A/D structure, we see that all architectures have a similar
cost, as they have the same number of transponders, except for the FLEX-SCALE, where
the cost is &~ 12 times less than the other architectures cost, and for the MBoSDM archi-
tecture with a single S-OXC (Figure 4.2), where the cost is approximately half the cost
of the other architectures. This is because, we consider half the number of transponders,
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since No = 3. If No = 0 was considered, we would have the same number of transpon-
ders, and therefore the cost of the A/D structure would be similar (the analysis of how
N¢ influences architecture costs is similar to that performed in Chapter 3 and Appendix
C). In relation to the MB Baseline architecture (Figure 2.7), we see that this architec-
ture has a higher cost than the other architectures. This is because this architecture has
transponders for all bands (C+L+S), not just the C band, which increases costs since the
cost of L and S band transponders is higher than that of C band transponders, as shown
in Table 2.5 (Chapter 2).

In general, we see that the cost of the A/D structure is much higher than the cost
of the express structure, 7 to 200 times higher than that of the express structure, except
for the FLEX-SCALE, where the cost of the A/D structure is approximately twice the
express structure cost.

Figure 4.6 shows the express structure cost for SDM architectures with M =4 (repre-
sented by different shades of green), MB architectures with B=3 (represented by different
shades of red) and MBoSDM architectures with M =2 and B=2 (represented by different
shades of blue), considering different values for the number of directions (D = 3,5,7).
From Figure 4.6, we conclude that as D increases, the architecture with the highest ex-
press structure cost is the MB common band (Fig. 2.9). This is due to the fact that
this architecture uses AO-WCs, which are very expensive components, as shown in Table
4.1. Furthermore, we observe that the SDM Space-wavelength with lane changes (Fig.
2.16) has a significant increase in cost compared to the other architectures, increasing
approximately 6 times from D = 3 to D = 7, whereas, for example, the SDM Space with
lane changes (Fig. 2.14) only increases approximately 2 times. This higher cost increase
in SDM Space-wavelength with lane changes (Fig. 2.16) is related with the use of a higher
number of WSSs, and as D increases, their dimensions also grow, increasing their cost.

Figure 4.7 shows the A /D structure cost (in logarithmic scale) for the same scenarios
considered in Figure 4.6. From Figure 4.7, we conclude that as D increases, the FLEX-
SCALE architecture (Fig. 4.3) shows the lowest A/D structure cost, as explained in
Chapter 3 and shown in Table 4.1. The remaining architectures have a similar A/D
structure cost, with the exception of the MBoSDM architecture with a single S-OXC
(Fig. 4.2), which has a slightly lower cost since we are considering No = 3, which means
that this architecture has fewer transponders and therefore a lower cost, and the MB
Baseline (Fig. 2.7), which has a higher A/D structure cost, since it uses C+L+S bands
transponders.

Next, we will analyze the throughput of the studied node architectures and the cost
per bit. The node throughput for the architectures is defined as D x BW x SE, where
BW is 16 THz. The SE is calculated assuming 32 QAM signals with 50 GHz channel
spacing and 32 GBaud, so that SE = 5.95 b/s/Hz, as calculated in Chapter 3.

Figure 4.8 shows the throughput of the studied architectures as a function of num-
ber of directions D, considering SE = 5.95b/s/Hz and BW = 16 THz. From Figure
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architectures with B=3 and MBoSDM architectures with M =2 and B=2
considering D=3, 5 and 7 for the 16 THz scenario.

4.8, we observe that capacity increases linearly as D increases, i.e. considering D = 3,
Thryode = 0.28 Pb/s, and considering D = 7, Thryese = 0.66 Pb/s, which correspond to
a 2.3 times increase. Note that all studied architectures have the same throughput, since
we are assuming that all architectures have the same number of directions and the same
number of channels per direction (i.e. the same bandwidth per direction).

Figure 4.9 shows the cost per bit normalized to the cost per bit of the MBoSDM
Baseline architecture (Fig 4.1) for the studied MB, SDM and MBoSDM architectures
considering D=3, 5 and 7. To calculate the normalized cost per bit, we compute the
ratio between the cost per bit of each architecture and the cost per bit of the MBoSDM
Baseline architecture (Fig. 4.1) for the different scenarios [18], [41]. The cost per bit of
each architecture is obtained by dividing the cost of each architecture by its throughput.

From Figure 4.9, we can conclude that the MB architectures have the highest cost per
bit - the MB Baseline, since it uses transponders in three bands, and the MB Common
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FIGURE 4.9. Cost per bit normalized to the MBoSDM Baseline architec-
ture (Fig. 4.1) for SDM, MB and MBoSDM architectures considering D=3,
5 and 7 for the 16 THz scenario.

band due to the number of AO-WCs it uses, as mentioned previously. Figure 4.9 also
shows that MBoSDM architectures, except the MBoSDM Baseline, have a much lower cost
per bit compared to all other architectures - the MBoSDM architecture with a single S-
OXC, as we considered No = 3, which reduced costs, and the FLEX-SCALE architecture,
which has a much lower cost due to the A/D cost being much lower, as explained earlier.
The SDM architectures (simpler architectures with smaller components, as discussed in
Chapter 2), also have a lower cost per bit compared to MBoSDM Baseline (Fig. 4.1) and
the MB architectures. We can also observe, from Figure 4.9, that the number of directions
does not have a visible impact on the normalized cost per bit. So, it can be concluded
that node cost and corresponding capacity increase at the same ratio as a function of D
and also as a function of the node architecture type.
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4.2.2. Scenario 2: 32 THz per node direction

For the second scenario, 32 THz per node direction, we also consider the same number
of channels (in this case, Ny = 640) for all architectures. For the SDM architectures,
we consider 8 cores (M = 8) with 80 channels per core in the C band, given a total of
640 channels. For the MBoSDM architectures, two scenarios will be studied: in the first
scenario, 4 cores considering the C+L bands in each core with 80 channels per core in
C band and 80 in L band; in the second scenario, we consider 2 cores using the C+L+S
bands with 87 channels per core in the C band, 130 in L. band and 103 in S band (giving a
total of 640 channels in both scenarios). Regarding the MB, we decided not to investigate
it, since to get 32 THz, we have to use other bands (like the E, O and U bands) than the
C+L+S studied in this work. Note, however, that there are already experimental works
testing MB transmission in single core fibers using almost 40 THz of bandwidth [13].

Table 4.2 shows the costs of the SDM and MBoSDM architectures considering three
directions (D = 3), as in Table 4.1, but for a 32 THz bandwidth per node direction. To
calculate the number and dimensions of the components, we follow the same reasoning
as in the previous section for Table 4.1: 1) for SDM architectures with 8 core fibers,
the A/D structure is composed of eight 3 x 48 WSSs, based on Table 2.1 in Chapter
2, and 384 transponders (0.2 x 3 x 8 x 80), for an A/D ratio of 20%; 2) for MBoSDM
architectures, using the C+L band with 4 cores, the A/D structure of the MBoSDM
Baseline is built with two 12 x 192 WSSs (0.2 x 4 x 3 x 80 = 192 transponders for the
C-band and 192 transponders for the L-band); and for the MBoSDM architecture with
a single S-OXC, considering N¢ = 6, the A/D structure consists of a 6 x 192 MB WSS
(0.2 x 6 x 80 = 96 transponders for the C-band and 96 transponders for the L-band, a
total of 192 transponders); 3) for MBoSDM architectures, using the C+L+S band with 2
cores, the A /D structure of the MBoSDM Baseline consists of three 6 x 96 WSSs, one for
each band, giving a total of 288 transponders (96 for the C-band, 96 for the L-band and
96 for the S-band); and for the MBoSDM architecture with a single S-OXC, considering
N = 3, we have one 3 x 144 MB WSS, and 144 transponders (48 in the C band, 48 in the
L band and 48 in the S band); 4) to calculate the cost of the Brg,s in the FLEX-SCALE
architecture, we consider that the cost of a Brpr,, is similar to the cost of a transponder
corresponding to each band, as considered earlier - for MBoSDM architectures, using the
C+L bands with 4 cores, the FLEX-SCALE architecture has 3 Brpgys (2 Brpres for the
C band and 1 Brpg,s for the L band), whereas in the scenario that considers the C+L-+S
bands with 2 cores, we have 2 Brg,s (one for the C band and one for the L band).

From Table 4.2, we conclude that all architectures have a similar total cost, with
the exception of the FLEX-SCALE architecture, which has a much lower cost, and the
MBoSDM architecture with a single S-OXC, which has about half the cost. Regarding the
express structure cost, we see that the architectures with the highest cost are the SDM
Space-wavelength with lane changes (higher-dimensions WSSs), the MBoSDM Baseline
(C+L with 4 cores) and the FLEX-SCALE architecture (C+L with 4 cores). This is due
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TABLE 4.2. Cost of SDM architectures with D=3 and M =8, MBoSDM
architectures with D=3, M =4 and B=2 and MBoSDM architectures with
D=3, M=2 and B=3 for the 32 THz bandwidth scenario.

R Total Express A/D
. Type and Number Total
Architectures Lane Changes components structure | structure
of components cost
cost cost cost
8 OXCs 4 x 4 18.75
without 48 OAs 48 67 14024 14091
16 WSSs 200
Space 384 Transponders 13824
(Figure 2.13/2.14) 1 OXC 32 x 32 18.75
with 48 OAs 48 67 14024 14091
16 WSSs 200
SDM 384 Transponders 13824
(8 cores) 64 WSSs 320
Space- without 48 OAs 48 168 14024 14192
wavelength 384 Transponders 13824
(Figure 2.15/2.16) 64 WSSs 560
with 48 OAs 48 408 14024 14432
384 Transponders 13824
12 MB MUX, 12 MB DEMUX 0.96
48 OAs 52.8
Baseline 2 WXCs (Express structure) 396 450 15393 15843
12 WSSs (A/D structure) 187
384 Transponders 15206.4
42 MB MUX, 42 MB DEMUX 3.36
MBoSDM architecture 42 OAs 46.2
MBoSDM with a single S-OXC 1 MB WXC (Express structure) 126 186 67 7953
(C+L with with No =6 1 S-OXC 10.55
4 cores) 6 WSSs (A/D structure) 163.5
192 Transponders 7603.2
48 OAs 52.8
. (v=1) 144
24 WBSSa (y=05)72 | =1, | B=15, |y=1,8=15,
FLEX-SCALE . (B=15)1728| 519 994 1513
architecture Thas (B=1)1152 | v=05,| B=1, [v=0508=1,
19 WSSs (Express structure) 154.5 447 936 1383
TOXCinren 10.02
20XCinrna 147.67
21 Transponders 820.8
6 MB MUX, 6 MB DEMUX 0.48
36 OAs 44.4
Baseline 3 WXCs (Express structure) 222 267 12954 13221
12 WSSs (A/D structure) 166.5
288 Transponders 12787.2
33 MB MUX, 33 MB DEMUX 2.64
MBoSDM architecture 33 OAs 40.7
MBoSDM with a single S-OXC 1 MB WXC (Express structure) 18 67 6538 6605
(C+L+S with with No =3 1 S-OXC 5.27
2 cores) 6 WSSs (A/D structure) 144
144 Transponders 6393.6
36 OAs 44.4
9 W S =172
12 WBSSa (y=05)36 | y=1, | =15, |y=1,8=15,
FLEX-SCALE 5 B (F=15) 1188 276 634 910
architecture Thas (B=1)79.2 v=05,] =1, |v=050=1,
9 WSSs (Express structure) 79.5 240 594 834
1 OXCinrEr 9.96
30XCinrna 70.31
12 Transponders 514.8

to the fact that, in these architectures, we consider 4 cores instead of two, which increases
the dimensions of the single-band WXCs in the case of the MBoSDM Baseline, and the
dimensions of the OXCiy7rra in the case of the FLEX-SCALE architecture. Regarding
the A/D structure cost, we see that all have a similar cost with the exception of the
FLEX-SCALE architecture and the MBoSDM architecture with a single S-OXC, as this
architecture has half the number of transponders of the MBoSDM Baseline considering
C+L with 4 cores and C+L+S with 2 cores scenarios.

Comparing the costs of the two scenarios, 16 THz and 32 THz, from Tables 4.1 and
4.2, we conclude that the costs of the architectures in Table 4.2 are approximately the
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double of those in Table 4.1, with the exception of the FLEX-SCALE architecture. This
is because we have considered two times the number of channels in the 32 THz scenario
(640 versus 320 channels) — which means twice as many transponders are required, which
practically doubles the cost. Regarding the FLEX-SCALE architecture considering the
C-+L+S band with 2 cores, the costs are similar to those in Table 4.1 that considers the
C-+L with 2 cores, because although we have different numbers of bands, we have the
same number of Brg,s in both scenarios, and a similar number of transponders, as these
are the components that most influence the cost of FLEX-SCALE. In the C+L band with
4 cores scenario, the costs are slightly less than double of those shown in Table 4.1.

Figure 4.10 shows the express structure cost for SDM architectures with M =8 (rep-
resented by different shades of green) and MBoSDM architectures with M =4 and B=2
and with M =2 and B=3 (represented by different shades of blue), considering different
number of directions (D=3, 5 and 7).

From Figure 4.10, we conclude that the architectures with the highest express structure
cost are the MBoSDM Baseline (C+L with 4 cores) and the SDM Space-wavelength
architecture with lane changes (with 8 cores), as expected and shown in Table 4.2 for
D = 3. Comparing Figure 4.10 (32 THz scenario) with Figure 4.6 (16 THz scenario),
we see that SDM architectures exhibit a similar increase when we increase the number of
directions, and that the express structure cost doubles in the 32 THz scenario, since we
doubled the number of cores (M =4 in the 16 THz and M =8 in the 32 THz scenarios).
In Figure 4.6, we considered MBoSDM architectures C+L with M = 2, and when we
compare with the MBoSDM architectures C+L+S with M = 2 in Figure 4.10, we see
that the costs are similar, with the exception of the MBoSDM Baseline C+L+S with 2
cores, which, for D = 7, has a much higher cost, as the WSSs used are also for the S
band, and not just for the C and L bands. The MBoSDM architectures C+L with M = 4
have higher costs than the ones with C+L+S and M = 2, although these costs increase
in the same way as the number of directions increases, with the exception once again
of the MBoSDM Baseline C+L with 4 cores, which shows a significantly higher increase
compared to the others, as the number of cores doubles, which results in a higher number
of WSSs with larger dimensions.

Figure 4.11 shows the A /D structure cost (in logarithmic scale) for the same scenarios
considered in Figure 4.10. From Figure 4.11, we can see that the cost of the A /D structure
is similar in all architectures, with the exception of FLEX-SCALE, which is ten times
cheaper, and the MBoSDM single S-OXC considering C+L with M = 4 and C+L+S with
M = 2, which is slightly less expensive as expected and shown in Table 4.2 for D = 3.
Comparing Figure 4.11 (32 THz scenario) with Figure 4.7 (16 THz scenario), we see that
the cost increase with the number of directions is similar, although in the 32 THz scenario,
the costs are the double since we have doubled the number of transponders (note that this
comparison is not very clear in Figures 4.7 and 4.11 because we are using a logarithmic

scale).
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FIGURE 4.10. Express structure cost for SDM architectures with M =8,
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sidering D=3, 5 and 7, for the 32 THz scenario.

Figure 4.12 shows the cost per bit normalized to the MBoSDM Baseline architecture
(C+L with 4 cores) cost per bit for the studied SDM and MBoSDM architectures consid-
ering D=3, 5 and 7. The cost per bit was calculated considering SE = 5.95 b/s/Hz and
BW = 32 THz. For D = 3, Thryese = 0.57 Pb/s, for D = 5, Thryege = 0.95 Pb/s and
for D =7, Thryoege = 1.33 Pb/s, which is twice the values considered in Figure 4.8.

From Figure 4.12, we conclude that the MBoSDM Baseline architecture considering
C+L with M = 4 is the architecture with the highest cost per bit, followed by the SDM
architectures, the MBoSDM Baseline architecture C+L+S with M = 2, and the FLEX-
SCALE architecture, which is the architecture with the lowest cost per bit, as expected
and shown in Table 4.2 dor D = 3. Comparing Figure 4.12 (32 THz scenario) with Figure
4.9 (16 THz scenario), we see that the architectures exhibit a similar cost per bit behavior,
meaning that the node capacity increase (from 16 THz per node direction to 32 THz) does
not have a visible impact on the relative cost per bit between the studied architectures.
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FIGURE 4.12. Cost per bit normalized to the MBoSDM Baseline architec-
ture (C+L with 4 cores) for SDM and MBoSDM architectures considering
D=3, 5 and 7, for the 32 THz scenario.

4.3. Power consumption analysis

In this section, we will study the power consumption of all architectures for two sce-

narios: 16 THz per node direction and 32 THz per node direction.

4.3.1. Scenario 1: 16 THz per node direction

For the first scenario with 16 THz per node, we will calculate and compare the power
consumption of the architectures studied previously.

Table 4.3 shows the power consumption of the SDM, MB, and MBoSDM architectures
considering three directions (D=3) and 16 THz bandwidth per node direction. From Ta-
ble 4.3, we conclude that all architectures have a power consumption between 3712 W
and 4562 W, with the exception of the MBoSDM architecture with a single S-OXC (Fig-
ure 4.2) with a power consumption of 2413 W. This is due, as mentioned earlier when
analysing the cost of the architectures (Table 4.1), to the lower number of transponders of
these architectures than in the others, since we consider N = 3, which reduces its cost.
Once again, if No = 0, the number of transponders would be the same, and therefore this
architecture would lead to a power consumption similar to the other architectures power
consumption. Analysing the remaining architectures, we see that SDM architectures have
lower consumption than MB architectures. This is due to the fact that SDM architec-
tures only use C-band transponders, which have lower power consumption, as shown in
Table 2.7. Contrarily to what we observe for the architecture costs, where the FLEX-
SCALE architecture has a much lower cost, the FLEX-SCALE architecture has similar
or even higher power consumption with & = 1 when compared to the other architectures.
This fact can be explained by noting that band transmitters, Brg,s, when compared to
transponders, are components that only cost approximately twice a transponder cost, but
their power consumption is approximately 80 times that of a transponder.

Figure 4.13 shows the power consumption per bit normalized to the MBoSDM Baseline
architecture (Fig. 4.1) for MB, SDM and MBoSDM architectures considering D=3, 5 and
7 for the 16 THz scenario. The power consumption per bit of the architectures is calculated
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TABLE 4.3. Power consumption of SDM architectures with D=3 and M =4,
MB architectures with D=3 and B=3 and MBoSDM architectures with
D=3, M=2 and B=2 for the 16 THz scenario.

Total Total
. Type and Number
Architectures Lane Changes components power power
of components . ' .
consumption consumption

4 0XCs 4 x4 160 W

without 24 OAs 360 W 3712 W
8 WSSs 120 W
Space 192 Transponders 3072 W
(Figure 2.13/2.14) 1 OXC 16 x 16 320 W

with 24 OAs 360 W 3872 W
SDM 8 WSSs 120 W
(4 cores) 192 Transponders 3072 W
32 WSSs 480 W

without 24 OAs 360 W 3912 W
Space- 192 Transponders 3072 W
wavelength 32 WSSs 480 W

(Figure 2.15/2.16) with 24 OAs 360 W 3912 W
192 Transponders 3072 W
24 WSSs 412 W

Baseline not applicable 18 OAs 270 W 4562 W
(Figure 2.7) 192 Transponders 3880 W
MB 24 WSSs 360 W

(C+L+S) Common band not applicable 18 OAs 270 W 4278 W
(Figure 2.9) 12 AO-WCs 576 W
192 Transponders 3072 W
24 OAs 360 W

Baseline 2 WXCs (Express structure) 420 W 4376 W
(Figure 4.1) 8 WSSs (A/D structure) 140 W
192 Transponders 3456 W
21 OAs 315 W
MBoSDM architecture 1 WXC (Express Structure) 210 W

MBoSDM | with a single S-OXC 1 S-0XC 60 W 2413 W
(C+L with with No =3 4 WSSs (A/D structure) 100 W
2 cores) (Figure 4.2) 96 Transponders 1728 W
24 OAs 360 W
12 WBSSs 180 W

FLEX-SCALE B (a=1)2880W | a=1,

architecture Thes (a=0.5) 1400 W 5482 W

(Figure 4.3) 11 WSSs (Express structure) 190 W a=0.5,

1 OXCinTER 190 W 4002 W
2 OXCinTRA 1450 W
13 Transponders 232 W

by dividing the power consumption of each architecture by its throughput, which is shown
in Fig. 4.8.

From Figure 4.13, we observe that the MBoSDM Baseline (Fig. 4.1), MB Common
band (Fig. 2.9) and MB Baseline (Fig. 2.7) architectures have the highest power con-

sumption per bit for all values of D, as shown also in Table 4.3 for D = 3. We also

conclude that the SDM architectures have similar power consumption per bit. For the
MBoSDM architecture with a single S-OXC (Fig. 4.2), as D increases, the power con-

sumption per bit is about half the power consumption of the SDM architectures (note

that No = 3, leads to smaller WSSs, reducing power consumption). Furthermore, we also

observe that the power consumption per bit of the FLEX-SCALE architecture decreases
between D=3 and D=5, and slightly increases between D=5 to D=7. This is due to the

fact that, although the power consumption increases as a function of D, there is a smaller
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FIGURE 4.13. Power consumption per bit normalized to the MBoSDM
Baseline architecture (Fig. 4.1) power consumption per bit, for SDM ar-
chitectures with M =4, MB architectures with B=3 and MBoSDM archi-
tectures with M=2 and B=2 considering D=3, 5 and 7 for the 16 THz

scenario.

difference in the power consumption of the FLEX-SCALE architecture between D = 7
and D = 5 when compared to D = 3 and D = 5, resulting in lower power consumption

per bit since the capacity increases linearly with D.

4.3.2. Scenario 2: 32 THz per node direction

For the second scenario, with 32 THz per node, we will calculate and compare the
power consumption of the architectures studied previously in section 4.2.2.

Table 4.4 shows the power consumption of SDM architecture with M = 8, MBoSDM
architectures considering C+L with 4 cores and considering C+L+S with 2 cores for D=3
and 32 THz bandwidth per node direction. Table 4.4 shows that all architectures have
similar power consumption, with the exception of the FLEX-SCALE architecture consid-
ering C+L with 4 cores with v = 1, which has higher power consumption (approximately
1.4 times more) due to the power consumption of the Brpg,s, and the MBoSDM architec-
ture with a single S-OXC, considering C+L with 4 cores and C+L+S with 2 cores that
leads to the lowest power consumption (approximately 1.85 times less).

Comparing the two scenarios studied, 16 THz and 32 THz, from Tables 4.3 and 4.4, we
see that the power consumption of the architectures studied in Table 4.4 is approximately
twice the ones presented in Table 4.3, once again due to the doubling of the number of
channels and consequently, the number of transponders.

Figure 4.14 shows the power consumption per bit normalized to the MBoSDM Baseline
architecture (C+L with 4 cores) for the SDM and MBoSDM architectures, considering
D=3, 5 and 7 for the 32 THz scenario. From Figure 4.14, we can see that the MBoSDM
Baseline C+L with M = 4 is the architecture with the highest power consumption per
bit, followed by the SDM architectures and the MBoSDM Baseline C+L+S with M = 2,
as shown in Table 4.4 for D = 3. When comparing Figure 4.14 (32 THz scenario) with
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TABLE 4.4. Power consumption of SDM architectures with D=3 and M =4,
MBoSDM architectures with D=3, M =4 and B=2 and MBoSDM architec-
tures with D=3, M =2 and B=3 for the scenario with 32 THz.

Total Total
. Type and Number
Architectures Lane Changes components power
of components . .
power consumption | consumption
8 OXCs 4 x 4 320 W
without 48 OAs 720 W 7424 W
16 WSSs 240 W
Space 384 Transponders 6144 W
(Figure 2.13/2.14) T OXC 32 x 32 320 W
with 48 OAs 720 W 7424 W
SDM 16 WSSs 240 W
(8 cores) 384 Transponders 6144 W
64 WSSs 960 W
without 48 OAs 720 W 7824 W
Space- 384 Transponders 6144 W
wavelength 64 WSSs 960 W
(Figure 2.15/2.16) with 48 OAs 720 W 7824 W
384 Transponders 6144 W
48 OAs 720 W
Baseline 2 WXCs (Express structure) 840 W 8682 W
12 WSSs (A /D structure) 210 W
384 Transponders 6912 W
42 OAs 630 W
MBoSDM architecture 1 MB WXC (Express structure) 240 W
MBoSDM with a single S-OXC 1 5-OXC 180 W 4626 W
(C+L with with No =6 6 WSSs (A/D structure) 120 W
4 cores) 192 Transponders 3456 W
48 OAs 720 W
24 WBSSs 360 W
FLEX-SCALE 3B (a=1) 5384 W a=1,
architecture T Res (a=0.5) 2692 W | 10006 W
19 WSSs (Express structure) 325 W a=0.5,
1 OXCinrER 340 W 7314 W
2 OXCINTRA 2505 W
21 Transponders 372 W
36 OAs 600 W
Baseline 3 WXCs (Express structure) 720 W 7320 W
12 WSSs (A/D structure) 240 W
288 Transponders 5760 W
33 OAs 550 W
MBoSDM architecture 1 MB WXC (Express structure) 120 W
MBoSDM with a single S-OXC 1 S-OXC 90 W 3808 W
(C+L+S with with No =3 6 WSSs (A/D structure) 120 W
2 cores) 144 Transponders 2928 W
36 OAs 600 W
12 WBSSs 240 W
FLEX-SCALE 9B (a=1)3992 W a=1,
architecture TRes (= 0.5) 1996 W 6589 W
9 WSSs (Express structure) 170 W a=0.5,
1 OXCinrER 170 W 4593 W
3 OXC]NTRA 1185 W
12 Transponders 232 W

Figure 4.13 (16 THz scenario), we see that the normalized power consumption per bit has

a similar behavior for both 16 and 32 THz scenarios.
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4.4. Conclusions

In this chapter, we studied and compared the cost and power consumption of several
MB, SDM and MBoSDM architectures, considering two scenarios: 16 THz and 32 THz
bandwidths per node direction.

Regarding the node architecture cost per bit, we concluded that the FLEX-SCALE is
the lowest-cost architecture in both bandwidth scenarios. This is mainly due to the fact
that the FLEX-SCALE architecture uses band transceivers that can add and drop channel
bands, which significantly reduces the number of transponders required and, consequently,
the cost per bit. We also concluded that the MB architectures using the C+L+S bands
are the most expensive - in the Baseline architecture, as S band components are more
costly than C and L band components, and in the MB Common band architecture as AO-
WCs, which are high-cost components are used. SDM architectures have lower cost per
bit than MB architectures since these architectures use only C-band components, which
are less expensive, as mentioned earlier. In all studied architectures, the cost of the A/D
structure represents between 60% and 99% of the total cost of the architectures, since the
transponders and, in the case of FLEX-SCALE, the band transceivers are the components
with the highest costs. As the number of node directions increases, we conclude that the
cost per bit normalized to the MBoSDM Baseline architecture remains almost constant,
for all the architectures studied.

In terms of power consumption per bit, we concluded that the architecture with the
lowest power consumption per bit is the MBoSDM architecture with a single S-OXC,
assuming No = 3. The MB architectures have the highest power consumption per bit,
once again due to the use of S band components and AO-WCs, which are higher power
consuming components. For SDM architectures, we concluded that power consumption
per bit is lower than in MB architectures, as these architectures only use C band and sim-
pler components, hence reducing power consumption. Regarding the power consumption
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of the MBoSDM architectures, we see that all of them have similar power consumption
per bit, with the exception of the MBoSDM with a single S-OXC, and the FLEX-SCALE
architecture. In conclusion, regarding power consumption per bit, we see that the FLEX-
SCALE architecture does not offer many advantages as it does regarding cost. However,
as the FLEX-SCALE architecture allows band channels A/D, a feature that will be im-
portant in future networks [47], unlike the other architectures, we can still conclude that
the FLEX-SCALE architecture can be considered a good promising choice regarding cost,

power consumption and granularity.
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CHAPTER 5

Conclusions and future work

5.1. Final conclusions

The main goal of this dissertation was to study architectures for future MBoSDM
networks and compare them, in terms of cost and power consumption, with those typically
used in MB and SDM networks.

In the second chapter, a literature review on node architectures for MB and SDM
networks has been performed. We have studied five MB architectures using the C+L+S
band: the Baseline architecture, the architecture with AO-WCs, the common band archi-
tecture, the compact architecture and the SOA-based architecture. We have also studied
four SDM architectures: the space granularity architecture, the space-wavelength granu-
larity architecture, the wavelength granularity architecture and the fractional space-full
wavelength architecture. A comparison of MB and SDM architectures in terms of granu-
larity, number of components, dimensions, costs and power consumption has been done.
We have concluded that the most expensive components are the transponders, which
represent the largest percentage of the total cost across all architectures, and the AO-
WCs, used in the MB common band architecture. With regard to power consumption, we
conclude that, once again, transponders are the components that most influence power
consumption across all architectures, and that in the MB SOA-based architecture, the
SOAs have a significant impact on power consumption. We also concluded that, MB
architectures have a higher cost (1.2 times more expensive than SDM architectures) and
power consumption (1.15 times higher power consumption, with the exception of the MB
SOA-based architecture, which is 2.9 times higher) than SDM architectures, as they op-
erate in the C+L+S bands, unlike SDM architectures which only operate in the C band,
where cost and power consumption of the components is lower.

In the third chapter, we studied MBoSDM architectures and, as with MB and SDM
architectures, granularity, number of components, dimensions, costs, power consumption
and throughput have been analysed. We have studied five MBoSDM architectures operat-
ing in the C+L+S bands: the Baseline architecture, the architecture with one S-OXC per
band, the architecture with a single S-OXC, the architecture without an S-OXC and the
FLEX-SCALE architecture. We concluded that the MBoSDM Baseline architecture is the
most expensive architecture, once again due to the number and cost of the transponders.
This is due to the fact that in the Baseline MBoSDM architecture, all switching is per-
formed in the WXCs at the wavelength level, which demand more transponders, whereas
in the other MBoSDM architectures, some of the signals are switched in the spatial OXC,
resulting in fewer transponders and lower cost. We also concluded that the FLEX-SCALE
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architecture is the one with significantly lower costs. This can be explained by noting
that the FLEX-SCALE architecture, unlike other architectures, has A /D capacity at the
wavelength level and also at the band level, due to the new component used in this
architecture, the WBSS, hence requiring much less transponders than the other archi-
tectures. As band transceiver cost is similar to the transponder cost, the FLEX-SCALE
has a considerable cost advantage (approximately 11 times less expensive than the other
MBoSDM architectures, and about 22.5 times less expensive than the MBoSDM Baseline
architecture). Regarding power consumption, we conclude that all architectures have sim-
ilar power consumption, with the exception of the MBoSDM Baseline architecture, which
is the architecture that consumes the most, once again due to the transponders power
consumption. We also concluded that as the number of directions increases, the FLEX-
SCALE architecture consumes less power than the other architectures, as the WSSs in
this architecture do not have as large dimensions as the WSSs in the other architectures.

In the fourth chapter, we have selected some of the architectures that we consider to
have advantages in terms of cost, power consumption, granularity and flexibility within
the MB, SDM and MBoSDM types: SDM Space, SDM Space-wavelength, MB Baseline,
MB Common band, MBoSDM Baseline, MBoSDM architecture with a single S-OXC and
MBoSDM FLEX-SCALE. In this chapter, we compare these architectures in terms of cost
per bit and power consumption per bit for two bandwidth scenarios: 16 THz and 32 THz.
Regarding the cost per bit, we concluded that the FLEX-SCALE architecture is the least
expensive architecture due to the fact that it uses band transceivers and therefore requires
fewer transponders. We also concluded that MB architectures are the most expensive due
to the fact that they use the three bands. In general, for both bandwidth scenarios, the
A /D represents the largest percentage of the total cost of all architectures. Regarding
power consumption per bit, we concluded that the MBoSDM architecture with a single
S-OXC is the architecture with the lowest consumption. The MB architectures are the
architectures with the highest power consumption, while the SDM architectures consume

less.

5.2. Future work

In this section, several proposals for future work are presented:

- Include the FLEX-SCALE architecture in a network planning tool and compare the
performance of the FLEX-SCALE architecture with the performance of the MBoSDM
Baseline architecture.

- Study different A/D structures, different from the one studied in this dissertation -
CD per spatial channel - with the goal of reducing the cost of MBoSDM ROADM nodes.

- Perform a quantitative analysis of the architectures studied in this dissertation in
in terms of switching capacity, i.e. the total number of possible connection states that
a MBoSDM 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, as was done
in [53] for SDM ROADM nodes.
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- Study MBoSDM node architectures with core selective switches, that switch cores

in the same way as WSSs switch wavelengths [54].
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APPENDIX A

Validation of the parameters used in the FLEX-SCALE

architecture

This appendix details the computation of the number of components and number of
ports used to build the FLEX-SCALE architecture presented in Table 3.1 for three values
of D (2, 3, 4) and M=4. The validation of these results is performed with the results
reported in [47], [48].

The number of Brg,s, considering WBSS,,p = 1, is calculated with [47], [48],

Nprxs = Nppxs = 1/4 x M x D (A.1)
whereas for WBSS,/p = 2, is calculated with,
Nprxs = Nprxs = 1/2 x M x D (A.2)
The number of WBSSs, Ny gss, and their port count, Py pgg, are computed with,
Nwpss =2 X M x D (A.3)

Pypss =M x (D —1)+WBSSa/p +1 (A.4)
The port count of the inter OXC, Poxc,nrpr, and the port count of the intra OXCs,

Poxciyrpa,» are given by,

Poxciyrpr = ((MXDXxWBSSa/p)+Np,,+Kwss|+H(MxDxWBSSap)+Npg, +Kwss]

(A.5)

POXCINTRAb =2x [(1+ Ky,,,.,) X Nwss, X Pwss,] (A.6)

To calculate the port count of the OXCs, we consider that Ky, .= 20%, K¢ = 0.35,

K¢ =0.15, K, =0.25, Kwss = Nwss, + Nwss, + Nwssg, the port count of the WSSs,
Pwss,, is 10 and the number of WSSs per band, Ny gg,, (with 6=C, L, S) is given by,

NWSSb =2 X Kb X M x D x WBSSA/D (A?)

Table A.1 shows the components dimension for the FLEX-SCALE architecture con-
sidering D=2, 3, 5, M=4 and WBSS,,p = 1, using the equations described above. Table
A.2 shows the same, but for WBSS,/p = 2. We have added a column with the values
taken from [47| for D=3 and M =4 in Table A.1 and a column with the values taken
from [48] for D=5 and M =4 in Table A.2. We observe in Table A.1 that the values
taken from [47], for D=3 and M =4, are in agreement with our results. Nevertheless, in
Table A.2 the values obtained from [48|, for D=5 and M =4, are different, in particular
Poxciyren = 130, (we use Poxcyyrpr = 220), and for C-band Poxcyyrra, = 720, (we
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use Poxcyyrpa, = 672). In [48] the values for Kj are not given and are not the same ones

used in [47]. This variable influences Kwgss and Ny gg,, which are needed for calculating

POXCINTER, and POXCINTRAb'

TABLE A.1. Component dimensions for the FLEX-SCALE architecture
considering D=2, 3, 5, M—=4 and WBSSy,p = 1.

Port count and D=2|D=3|D=5| D=3
number of components

Pwiss 6 10 18 10
Nprxs = NBrxs 2 3 ) -
Poxcinren 46 68 110 68
Nwsse 6 9 14 -
NWSSS 3 4 6 -
Nwss, 4 6 10 -
Kwss 13 19 30 -
PoxcCinrra, 144 216 336 -
POXCrnrna 72 96 144 -
Poxcinrra, 96 144 240 -

TABLE A.2. Component dimensions for the FLEX-SCALE architecture
considering D=2, 3, 5, M=4 and WBSS,,p = 2.

Port count and D=2|D=3|D=5|D=54]
number of components
Pwpss 7 11 19 19
Nprxs = NBrxs 4 6 10 -
Poxcinrer 90 134 220 130
Nwsse 12 17 28 40
Nwsss 5 8 12 -
Nwss, 8 12 20 -
Kwss 25 37 60 -
Poxcinrra, 288 408 672 720
Poxcinrna 120 192 288 -
Poxcinraa, 192 288 480 -
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APPENDIX B

Validation of the network throughput computation for the
FLEX-SCALE architecture

To calculate the network throughput, as in [47], [48], a 21 THz bandwidth (BW)
(C+L+S band) with a spectral efficiency (SE) of 10 b/s/Hz is used (assuming 64 QAM
signals, a channel bandwidth of 150 GHz, a symbol rate of 128 GBaud, so that the
SE =2 x 128 x 6/150 = 10 b/s/Hz). The throughput depends on M and D as follows,

Thryeie = M x D x BW x SE (B.1)

Figure B.1 shows the node throughput for FLEX-SCALE Layer 1 as a function of D,
considering M =2, 4 and 8. For D=4 and M =4 we obtain 3.36 Pbps, whereas for D=5
and M=8 a 8.4 Pbps throughput is obtained. In [48], for D=4 and M=4, a higher
throughput is obtained (1.125 times higher, 3.76 Pbps = 3.36 x 1.125), as well as for D=5
and M=8 (1.125 times higher, 9.4 Pbps = 8.4 x 1.125).

12000

M=2
10000 | |=—€— M =4
M=8

8000 -

6000

4000 +

Throughput [Th/s]

Number of directions

FIGURE B.1. Node throughput for FLEX-SCALE Layer 1 as a function of
D, considering M =2, 4, 8.
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APPENDIX C

Implementation details of large-scale WSSs for MBoSDM

architectures

This appendix details the implementation of large-scale WSSs in MBoSDM archi-
tectures. Figure C.1 shows the implementation of a WXC in the MBoSDM Baseline
architecture considering M = 4 and D = 3. The A/D is composed of two WSSs 12 x 209
(209 = 87 x 12 x 0.2). Figures C.2 to C.4 show the MBoSDM architecture with a S-OXC
per band considering M = 4, D = 3 with N¢ = 0 (Figure C.2), No = 6 (Figure C.3)
and N¢ = 12 (Figure C.4). For N¢ = 0, the A/D is composed of two WSSs 12 x 209, for
Ne = 6, the A/D structure is composed of two WSSs 6 x 105 (105 = 87 x 6 x 0.2) and
finally, for No = 12, the A/D is composed of two WSSs 1 x 18 (18 = 87 x 0.2). Figures
C.1 to C.4 show only the WSS and A/D structure for the C-band, since for the S and L
bands, the A/D structure is implemented in the same way.

Figure C.5 shows the express structure cost for all studied MBoSDM architectures
with D =3, D =5and D =7, considering M = 4 and Nz = 0. From Figure C.5, we can
conclude that, unlike what happened for No = 6, where the Baseline architecture always
had a higher cost, here we see that when D increases, the architectures shown in Figures
3.3 and 3.5 have costs as high as the Baseline architecture. The architecture represented
in Figure 3.4 continues to have lower costs than the others, since this architecture has a
single MB WXC, which reduces costs. The FLEX-SCALE architecture continues to be
the architecture with the lowest costs.

Figure C.6 shows the A/D structure cost for all studied MBoSDM architectures with
D=3, D=5and D =7, considering M = 4 and Ng = 0. From Figure C.6, we can see
that, once again, unlike what happened with No = 6, where the Baseline architecture had
a higher A /D structure cost, this doesn’t happen for No = 0. In this case, all architectures
have the same number of transponders and, therefore, the same A /D structure cost, with
the exception, once again, of the FLEX-SCALE architecture, which has a lower cost.
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