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Highlights
e The impact of physical layer impairments on CDC ROADM-based networks is
assessed

e Multicast switches and WSSs are considered for the ROADM add/drop structures
e For 16QAM signals B&S ROADMs with WSSs-based add/drop structures is the best
choice

Abstract

In this work, we assess the impact of several physical layer impairments (PLIs) on the
performance of optical networks based on colorless, directionless and contentionless
reconfigurable optical add/drop multiplexers (ROADMs), through Monte-Carlo simulation, and
considering polarization division multiplexing 4 and 16 quadrature amplitude modulation
(QAM) signals, at 28 GBaud, for 37.5 GHz optical channels. The PLIs taken into account are the
amplified spontaneous emission noise, optical filtering, in-band crosstalk and nonlinear
interference noise caused by Kerr effect. A detailed model of the ROADM node is built
considering two typical ROADM architectures, broadcast and select (B&S) and route and select
(R&S), and two different add/drop structures, multicast switches (MCSs) and wavelength
selective switches (WSSs), resulting in four different ROADM node scenarios. Our results have
shown that for 16QAM signals, the B&S ROADMSs with WSSs-based add/drop structures is the
scenario that has the best relation cost/performance, foreseeing its use in metro networks, while
for 4-QAM signals, the R&S ROADM with WSSs-based add/drop structure scenario allows a
larger ROADM cascade at an expectable lower cost anticipating its implementation in long-haul
networks.
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1. Introduction

As the need for more capacity in optical transport networks has no signs of slowing down,
as demanded by the emergent cloud and 5G services, different technological solutions aiming at
increasing transport capacity have been being proposed in the recent years. Spatial division
multiplexing (SDM) is seen as a promising solution to solve this capacity crunch, however,
several SDM technology issues are still to be solved and so, SDM massive implementation is
only foreseen as a future long-term solution [1].

The efficient usage of network resources, both transmission and switching resources, is a
more auspicious solution to surpass this capacity crunch in the next coming years, especially
from the operators’ point of view due to cost constraints [1]. We have already witnessed
enhanced spectrum efficiency in using a flexible grid, where, for example, Nyquist super
channels or, more recently, elastic transponders capable of using a large set of modulation
formats and baud rates can take full advantage of the available spectrum. Efficiency, in terms of
dynamism and flexibility, is also very important to achieve in nowadays networks nodes. These
nodes, known as reconfigurable optical add/drop multiplexers (ROADMs), have brought
dynamism into the optical network level, since light-paths can now be configured very quickly
by software, which is crucial for currently connection durations [2,3]. Route and select (R&S)
and broadcast and select (B&S) ROADM architectures based on liquid crystal on silicon (LCoS)
wavelength selective switches (WSS) are now two of the most commonly deployed ROADM
architectures [4]. ROADM nodes have also brought flexibility to the network level since their
add/drop (A/D) structures are now colorless, directionless and contentionless (CDC) [2,3,5].
This last feature means that the same wavelength can be used for different A/D operations in the
same A/D structure, and together with the colorless and directionless features greatly
contributes to simplify network planning and management. Typically, these A/D structures are
implemented with multicast switches (MCSs) [2,6,8]. However, recently, WSSs are also being
considered for building these A/D structures since the use of an array of optical amplifiers
(OAs), to compensate the high insertion losses (ILs) inside the MCSs when large A/D structures
are needed, is avoided [7,9]. Furthermore, this solution has wavelength selection capability due
to the WSS nature, which is not present in MCSs, and so larger networking functionalities are
expected to be provided with this solution [7].

Clearly, as the optical network evolves, the ROADM degree, i.e., the number of
input/output directions in a ROADM node, as well as the number of ROADMs that a signal goes
through in a light-path will need to increase. In this scenario, the impact of the physical layer
impairments (PLIs) inside these ROADM nodes, such as signal optical filtering, insertion losses,
amplified spontaneous emission (ASE) noise and in-band crosstalk, will potentially limit both
the ROADM degree, as well as, the number of cascaded ROADMs. Note that, these PLIs are
cumulative along the light-path and are tightly bounded to the ROADM architecture and A/D
structures.

In this work, we investigate, through Monte-Carlo (MC) simulation, the impact of the PLIs
- optical filtering, ASE noise, in-band crosstalk, as well as nonlinear interference (NLI) noise
caused by the Kerr effect, in a multi-degree CDC ROADM-based optical network considering 28
GBaud polarization division multiplexing (PDM) quadrature phase-shift keying (QPSK) and
PDM 16 quadrature amplitude modulation (QAM) signals with Nyquist pulse shaping for 37.5
GHz channel spacing. This channel width, despite increasing spectral efficiency, is expected to
increase the impact of the PLIs, limiting its usage to shorter WDM transmissions, like metro
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network scenarios [10,11]. Detailed models of the R&S and B&S ROADM architectures and of
the CDC A/D structures based on both MCSs and WSSs are considered in this work. With this
more accurate modelling, the influence of the ROADM architecture and A/D structures on the
system performance degradation induced by these PLIs is evaluated. The maximum number of
cascaded CDC ROADMs that can be achieved in each ROADM configuration is also assessed.
From the results extracted from our analysis, CDC ROADM design tradeoffs are also provided
and discussed in this work. We would like to note that MC simulation, the method that we
choose to obtain our results, is a method commonly used to study the performance of ROADM-
based optical networks, e.g. [12,15,18,20], since it allows to study in a controlled environment
the influence of each one of the PLIs in each of the ROADM-based scenarios considered.

The remainder of this paper is organized as follows. Section 2 discusses the related works
previously published in the area of ROADM architectures and the effect of the PLIs on the
network performance. Section 3 presents the CDC ROADM-based optical network model,
detailing the models of both B&S and R&S architectures and also the A/D structure models
based on both MCSs and WSSs. Some of the details of the MC simulator, that include the
simulation of the PLIs, are also described in this section. In Section 4, some design project
considerations that are typically used in today’s optical networks are identified to set the
simulation parameters used to assess the PLIs effect in each CDC ROADM configuration. In
Section 5, the impact of ASE noise, optical filtering, in-band crosstalk and NLI noise in a CDC
ROADM cascade is assessed by MC simulation and discussed. The maximum number of
cascaded CDC ROADMs is also assessed for the various scenarios of ROADM architectures,
degrees and A/D structures studied. Finally, the conclusions of this work are drawn in Section 6.

2. Related Work

In the literature, there have been several studies along the past several years that evaluate

the impact of the referred PLIs, i.e. ASE noise accumulation, in-band crosstalk, filtering effects
and fiber nonlinear effects, in some specific ROADM-based network scenarios, [12-21].

In [12-15], the impact of optical filtering and ASE noise in a cascade of ROADMSs is
assessed for several channel widths, e.g. 37.5 GHz, 50 GHz and 75 GHz, and WSS shapes.
However, simplified models for the ROADM architectures and A/D structures have been
considered and the in-band crosstalk impact has not been analyzed. For example, in [12], the
impact of optical filtering is assessed considering, both, B&S and R&S architectures with a
colorless and directionless A/D stage based on WSSs and QPSK and 16QAM signals with 28 and
32.5 GBaud, considering both 37.5 and 50 GHz channels. In [13], the optical filtering impact is

also assessed in a similar scenario to [12], and several solutions based on optical pulse shaping to

mitigate its impact are explored. Also, in [14], the optical filtering impact is assessed in a similar

scenario to [12], but special attention is given to 37.5 GHz channels, as in this scenario, the

optical filtering impact is a much more limiting factor than in the 50 GHz channel scenario. In
the referred work, the authors study the influence of several design parameters, such as the WSS

shape and the signal roll-off factor, in the optical filtering impact. In a recent work, [15], the
impact of optical filtering on a R&S ROADM-based network is assessed considering QPSK,
8QAM, 16QAM, and 32 QAM modulation formats signals with symbol rates faster than 60
GBaud transported on 75 GHz channels.

In [16-21], the in-band crosstalk effect in a cascade of ROADM:s is also studied in the
performance analysis, alongside the filtering effects and ASE noise, and various channels widths
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and WSS shapes are analyzed, as well as some specific ROADM architectures scenarios. In [16],
the impact of both filtering and crosstalk is assessed considering a cascade of WSSs with

different filter shapes, and 28 GBaud QPSK signals transported in 50 GHz channels. In [17], a
comparison of two WSS filter shape models is performed. In particular, an analytical model and
a super Gaussian-based model to fit the passband and stopband shapes of a WSS are compared.
The resulting filter shapes are used to study filtering and crosstalk transmission impairments in
a 34 GBaud 8QAM system for 50 GHz channels. In [18], the optical filtering and the in-band
crosstalk impairments in 37.5 GHz optical channels have been evaluated, for both ROADM
architectures, B&S and R&S with a colorless A/D structure. In [19], a similar performance
analysis to [18] is performed, but in this work, the influence of a frequency offset between the
signal and crosstalk is also analyzed. In [20], a model for a B&S ROADM architecture with a
colorless A/D structure is proposed and the impact of optical filtering, ASE noise and in-band
crosstalk are studied in a cascade of ROADMs for a super channel scenario, considering 16QAM

signals with 32 GBaud in 50 GHz channels. The nonlinear cross phase modulation effect is also
assessed in [20].

From all the above mentioned works [12-20], and to the authors’ understanding, the
aforementioned PLIs, ASE noise, filtering effects and in-band crosstalk, have not been evaluated
thoroughly and comparatively in network scenarios with several ROADMs architectures (B&S
and R&S) and A/D structures (MCS and WSS-based) combinations for the 37.5 GHz channel
scenario. Moreover, the referred studies [12-20] have not considered CDC ROADMs, only
colorless or colorless and directionless ROADMSs have been analyzed. Recently, in [21], we have
performed an analysis of CDC ROADM-based networks, but only for the 50 GHz channel
scenario and considering some simplifications in the A/D structures. For example, physical
limitations in MCSs with larger dimensions than the maximum commercially available (8x16

which must be built by cascading smaller MCSs, have not been considered.

3. CDC ROADM-based Optical Network Model

In this section, we present the model adopted to study the impact of the PLIs in a CDC
ROADM-based optical network. We will begin by briefly explaining the function of the main
building blocks of a ROADM based on a B&S and R&S architecture, followed by a description of
the MCS and WSS A/D structures. Then, a short explanation of our MC simulator is provided,
focusing on the origin of the PLIs.

Before going into the details of the ROADM building blocks, we will give first an example
of an optical network in which several ROADM nodes with different degrees (directions) coexist.
An example of a typical mesh optical network based on multi-degree ROADM nodes is
represented in Fig. 1 (a). The red path in Fig. 1 (a) represents a possible light-path, established
between two clients (e.g. IP clients), in the optical network. As can be observed, the optical signal
has to go through several ROADMs, with possibly different degrees, before reaching its
destination. The first ROADM in a given light-path is called the add ROADM (see Fig. 1 (b)),
where the client signal enters the optical network and the last one is called the drop ROADM,
where the optical signal reaches its destination. Between the add and drop ROADMs, there are
several ROADMs called express ROADMs, where the optical signal is routed in the optical
domain based on its wavelength. In a metro network, a typical link (between two ROADMs) has
two OAs, one at the ROADM input and another at the ROADM output, whereas in a long-haul
network, a typical link can have several OAs depending on the link length [22]. In a metro

December 5, 2020



network scenario, the OA at the ROADM input compensates the optical fiber losses, while the
OA at the ROADM output compensates the insertion losses (ILs) inside the ROADM, which
depend on the signal path inside the ROADM node, degree and architecture as explained in the
next subsection.

o
ROADM
4-degree +—
2-degree _— ROADM .
ROADM \*\\
h S'degree
ROADM
3-degree i
ROADM \\\ 3-degree — E |
ROADM Xpress -
. ROADM T R S
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1st ROADM T 2nd ROADM T o
3-degree 3-degree st ] n Optical
g ROADM Optical .
ROADM Amplifier tica
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Fig. 1 - (a) ROADM-based optical network with a mesh physical topology; (b) Schematic
of a light-path in a ROADM-based optical network with K ROADMs.

3.1. CDC ROADM Building Blocks

A ROADM node has two main structures, the so-called ROADM architecture, responsible
for routing the optical signals, and the A/D stage responsible for adding and dropping the client
signals into the optical network. These two main structures are explained next. An R-degree
CDC ROADM node is schematically represented in Fig. 2. The two most used ROADM
architectures are the B&S and R&S architectures. In ROADM nodes based on a B&S
architecture, Component A in Fig. 2 is an optical splitter, whereas in a R&S architecture,
Component A is a WSS. Component B is, in both architectures, a WSS known as the select WSS.

Regarding the A/D stage, nowadays, the most used structure for CDC ROADMs is the
NxM MCSs [6]. Note that in Fig. 2, the A/D stage is assumed to have an NxM; dimension,
where N is equal to the ROADM degree and M: is the total number of transponders of the whole
A/D stage. Typically, this stage is implemented with multiple A/D structures with lower
dimensions defined in this work as NxM. When the dimension of the MCS structures increases,
an array of OAs must be introduced in order to compensate the ILs of this structure, which
increases the cost of these ROADMs. In order to avoid these arrays of OAs, an alternative A/D
structure based on WSSs, the NxM WSS, is being currently investigated [7,9].

Figure 3 depicts the schematic model of a CDC ROADM drop section based on NxM MCS
(Fig. 3 (a)) and NxM WSS (Fig. 3 (b)). As can be observed from Fig. 3 (a), the NxM MCS is
based on 1xM optical splitters and Nx1 optical switches, and an array of OAs at the MCSs
inputs/outputs is implemented to compensate the higher ILs introduced by the optical splitters.
In Fig. 3 (b), the NxM WSS is based on 1xM WSSs and Nx1 optical switches. As such, A/D
structures based on WSSs have wavelength selection capability, while MCS-based A/D
structures do not have. The schematic model for the add structures is the same as the one shown
in Fig. 3, by just having in mind the direction of the data flow, when a signal is added to the
network.
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Drop Add |
| Section Section |
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Fig. 2 - General scheme of an R-degree CDC ROADM node.

Currently one of the main issues about these A/D structures is their dimension, since the
most common commercially available dimension for the MCSs is 8x16 [23] and for the WSSs is
8x24 [9,23]. In this way, due to the high number of wavelengths that are usually
added/dropped in a ROADM node, the A/D stages are typically implemented with multiple A/D
structures (or cards) instead of a single A/D structure [7]. In order to get a clear view of this
problem, we have computed in Table I, the minimum dimension of the NxM; A/D stages using
a single structure as a function of the ROADM degree for 100% and a typical 20% A/D ratios
[24], considering a full C-band scenario with 128 channels of 37.5 GHz [11]. The A/D ratio is the
fraction of the total number of wavelengths that can be dropped/added in a ROADM, so the
number of wavelengths considered for a 100% and 20% A/D ratio is, respectively, 128 and 25.
The value N of the NxM; A/D stage depends on the ROADM degree R, whereas, the value M;is
associated with the number of transponders in the whole A/D stage and is defined as M, = R X
A/D ratio x 128. For example, for an 8-degree ROADM with an A/D ratio of 20%, we need an
A/D stage with a dimension of 8x205, which can be only built with multiple A/D cards.
Considering the current dimension available with 8x16 MCSs, we need 13 A/D cards to achieve
such dimension. Likewise, with 8x24 WSSs, the number of A/D cards needed is 9. Table II
shows the necessary number of A/D cards as a function of the ROADM degree, considering A/D
ratios of 20% and 100%, and both 8x16 MCS and 8x24 WSS A/D structures.

L o B
— \‘ 1 2 e M

NxM
MCS NxM
[ splitter 1xM |[ Splitter 1xM | === [ Splitter 1xM | WSS
A A A [ wssixm ][ wssixm | == [ wsSixM |
1 2 e N
* * * 1 2 " N
(a) (b)

Fig. 3 - Drop structures of a CDC ROADM based on NxM (a) MCSs or (b) WSSs.
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As already stated, one of the problems with MCS-based A/D structures is the requirement
of an array of OAs inside the ROADM when the MCS dimension increases. This problem is even
more serious when multiple cards are needed, since we will need parallel arrays of OAs, one
array for each A/D card, increasing the A/D stage implementation cost. Hence, the number of
required OAs is directly proportional to the number of cards needed by the ROADM degree R.

Considering the example given above, for an 8-degree ROADM with a 20% A/D ratio, we
need 104 OAs. Besides the increased number of OAs, when a higher number of A/D cards is
required, the dimension of the ROADM components at the input and output of the ROADM
(components A and B in Fig. 2), given by 1xX, where X = (R-1) + number of A/D cards, must be
also increased and may not be commercially available. For example, if only a single 8 x205 card
could be used, we will need 1x8 splitters or a 1x8 WSSs, for the B&S and R&S architectures,
respectively. However, if 13 cards are used, we will need a 1x20 splitter or a 1x20 WSS instead.
Nowadays, 1x35 WSSs and 1x12 splitters/couplers are commercially available [23]. Moreover, if
a B&S architecture is used, the larger the optical splitter dimension at the ROADM input, the
higher the ILs introduced by this component, and consequently, the OA gain at the ROADM
output must be increased to compensate for this ILs. We will further discuss this issue in Section

4.

Table I
Dimension of the A/D stage as a function of the ROADM degree for both 100% and 20% A/D
ratios.
A/D ratio
ROADM degree | 100% | 20%
2 2x256 | 2x52
4 4X512 | 4X103
8 8x1024 | 8x205
Table I1

Number of A/D cards as a function of the ROADM degree for both 100% and 20% A /D ratios
and for MCS and WSS-based A/D structures.
A/D ratio
100% 20%
ROADM | 8x16 | 8x24 8x16 8x24
degree | MCS | WSS MCS WSS

2 16 11 4 3
4 32 22 7 5
8 64 43 13 9

3.2. Simulation Model

In this subsection, we explain the MC simulation model developed in this work to study
the impact of several PLIs in a CDC ROADM-based network. The flow-chart depicted in Fig. 4
specifies the various functionalities of the simulator implemented with the MATLAB software

[25]. One of the building blocks of the simulator is the CDC ROADM cascade (i.e. the optical
network light-path), that is further detailed in Fig. 5.

In brief, the flow-chart in Fig. 4 works as follows. The first iteration of the MC
simulation is used to save the reference signal (i.e. the transmitted signal), without the
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addition of any statistical sample noise functions. This reference signal allows the receiver
to have the knowledge of the transmitted symbols, to compute the propagation delay of
the CDC ROADM cascade and also to compute the optimum sampling time from the eye
pattern of the received signal. From the propagation delay knowledge, we can synchronize
the received signal impaired by the PLIs, with the transmitted signal. Notice also that any
waveform distortion in the received signal, for example, caused by optical filtering, is
taken into account in the received eye-pattern. On the following MC iterations, the
statistical sample noise functions describing the ASE noise and in-band crosstalk are
added to the signal transmitted along the CDC ROADM cascade. The received signal is
then compared with the reference signal to check if the received signal has errors. This
process is known as direct error counting (DEC) and when a specific number of errors is
achieved (500 errors in our simulations [25]), the MC simulator stops and the bit error
rate (BER) is estimated.

The BER is essentially the ratio between the number of error bits and the total

number of transmitted bits, and, assuming Gray mapping, is defined by,

BER = N Ny :Nylog,m (1)

where N, is the number of error bits, N, is the number of generated sample functions, N, is the
number of transmitted bits in one MC iteration and m is the order of the modulation format. In
this work, we evaluate the system performance for a BER equal to 103, because we are assuming
that the receiver uses forward error correction (FEC) [26, 27], which is implemented in the
digital signal processing (DSP) module, a crucial functionality in today’s optical receivers with

coherent detection.

The other metric used in this work to evaluate the performance is the OSNR penalty. It

consists in measuring, both, the required OSNR at the receiver input for a specific BER (10-3),
considering the received signal without the impact of the PLIs and the required OSNR at the
receiver input for the same specific BER (10-3), but considering the received signal with the
impact of the PLIs. From the difference between the required OSNRs with and without
impairments, the OSNR penalty due to that physical impairment can be estimated. In this study,
we will evaluate the OSNR penalty due to optical filtering and in-band crosstalk.
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Fig. 4 — Flow-chart of the simulation model developed in this work to assess the
performance of an optical signal along a CDC ROADM cascade.
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In Fig. 5, the detailed schematic model of a generic cascade of K multi-degree CDC
ROADMs that is referred in the simulation model flow-chart (Fig. 4) as the optical network, is
presented. In Fig. 5, S, represents the added input primary signal, S, x the dropped output
primary signal after the K ROADM and the red path represents the corresponding primary
signal light-path. The in-band crosstalk signals X; (;5; or qaqjy Withi =1,...,K andj = 1, ...,R)
from the other ROADM directions (in) and from the A/D structures (add) and the ASE noise
generated at the OAs placed at the input/output of the ROADMs are also depicted in Fig. 5. Note
that to simplify Fig. 5, we only depicted one output ROADM direction corresponding to the one
used by the primary signal.

Optical
Optical Coherent
Transmitter Receiver
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Add X X x ¥ Express . 7§
Signal% Sin 1,add2  X1,addR 2,add2  A2addR signal signal — S, ¢
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Fig. 5 - Schematic model of a cascade of K multi-degree CDC ROADM with in-band
crosstalk signals and ASE noise addition.
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In the simulation, at the transmitter side, where the primary signal is added to the optical
network, an ideal transmitter with external modulation capable of generating 112 Gbps PDM
QPSK and 224 Gbps PDM 16QAM signals with a root raised cosine (RRC) Nyquist pulse shape
with a roll-off of 0.1 is considered. Note that, these bit rates correspond to a symbol rate of 28
Gbaud, when assuming a hard decision FEC with 12% overhead at the receiver DSP block [12].
Likewise, when the primary signal is dropped, an ideal optical coherent receiver modelled as in
[28], is assumed.

For simulating such signals, we start by generating a sequence of bits of length 213
corresponding to the information carried by the M-QAM primary signal using deBruijn
sequences. This sequence of bits is mapped to QAM symbols with Gray coding and then, the
sequence of symbols is discretized with 32 samples per symbol.

3.3. ROADM Physical Layer Impairments

In this subsection, we will briefly describe the generation of the in-band crosstalk signals,
ASE noise, the optical filtering effects along the CDC ROADM cascade and fiber non-linearities

using the well-known and confirmed NLI Gaussian noise model [29]. Moreover, we also
highlight how these PLIs were simulated.

3.3.1 In-Band Crosstalk Simulation

In this work, we consider a worst-case scenario where all ROADM directions are possible
in-band crosstalk sources, i.e., the same wavelength as the primary signal appears in all ROADM
inputs and add ports. Consequently, the number of interferers depends on the ROADM degree
and on the A/D ratio. This number can be computed as follows. When the signal is added in the
1t ROADM node, it is impaired by R—1 in-band crosstalk signals that come from the ROADM
inputs and also by R-1 in-band crosstalk signals that come from the ROADM add section. So,
the total number of in-band interferers in the 1st ROADM node is 2(R—1). When the signal is
expressed in the ROADM node, the number of in-band interferers is R—2, from the ROADM
inputs and more R-2 interferers from the add section, giving a total of 2(R-2) in-band
interferers [30]. Note that the in-band interferers from the ROADM inputs with a R&S
architecture are second order interferers, since they are blocked twice by the WSSs at the
ROADM input and output. On the other hand, with a B&S ROADM architecture, the interferers
are blocked only once at the ROADM output, and correspond to first order interferers.
Regarding the in-band interferers from the added signals, they are blocked twice in the B&S
architecture (one in MCS A/D structure and another one at the ROADM output) and blocked
three times in the R&S architecture (two times in WSS-based A/D structure and one time at the
ROADM output). When the signal is dropped, only R-1 in-band interferers from the ROADM
inputs appear.

In our MC simulator, the crosstalk is generated considering that the interfering signals
have the same attributes of the primary signal (i.e. modulation format and bit rate), but the bits
of each interfering signal are generated randomly in each MC simulation iteration. Hence, they
are statistically independent of the primary signal, and have a random phase difference and a
time misalignment in relation to the primary signal. The time misalignment is modelled as a

uniformly distributed random variable between zero and the symbol period, and the phase
difference has also a uniform distribution within the interval [0,27] [30]. In each iteration of the
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MC simulation, a sample function of each one of the interfering signals X; (inj or add)) shown in
Fig. 5 is generated, similarly to what is done in [25].

3.3.2 ASE Noise Simulation

In this work, we consider that the OAs are erbium doped fiber amplifiers (EDFAs) and the
generated ASE noise is modelled by a zero mean white stationary Gaussian process
characterized by the respective power spectral density [25]. Since, in our work, we have OA
gains that can range between 5 and 25 dB (see Section 4), we consider a 7 dB noise figure for a 15
dB or smaller OA gain and a 5 dB noise figure for a 25 dB or higher OA gain. For OA gains
between 15 and 25 dB, a simplified model based on a linear interpolation is used to estimate the
noise figure [31].

In our MC simulator, the ASE noise is generated considering that in each iteration of the
simulator, an ASE noise sample function is generated by each one of the OAs considered in Fig.
5, so a realistic lumped amplification scenario is used. Note that in this figure, the ASE noise
addition in MCSs-based A/D structures is not shown, since we consider the array of OAs that

originates these ASE noise terms as part of the A/D structure.
3.3.3 Filtering Effects Simulation

Next, we describe the models used in the simulation to characterize the different ROADM
components. In particular, each component of the ROADM must be modelled by its transfer
function, which characterizes both the amplitude and phase response of that component. In
what concerns the WSS (based on LCoS technology) model, we used super Gaussian optical
filters with low pass equivalent amplitude transfer functions given by (2) for the passband filter
[12] and by (3) for the stopband filter,

F \*Min2

H,(f) = o llme) ] )
_[(L)Z"I"_Z]

Hy(f) = 1—a).e 2?72 (3
where n is the super Gaussian filter order, B, is the —3 dB bandwidth of the optical filter and a is
the blocking amplitude of the stopband filter in linear units. The super Gaussian model has been
shown to characterize accurately experimental transfer functions [12] by properly setting n and
Bo. Figure 6 depicts the amplitude transfer functions of the passband filters (Fig. 6 (a)) and
stopband filters (Fig. 6 (b)) for the 50 GHz (solid lines) and 37.5 GHz (dashed lines) channels.
The amplitude transfer function for 50 GHz channels is shown only for comparison with the one
for the 37.5 GHz channels. In this work, we considered that all filters are aligned with the central
frequency of the primary signal, which is considered as an optimistic scenario, since due to
fabrication issues, ageing, and temperature variations, in practice, there is a slight misalignment
between those frequencies. The super Gaussian filter orders n are 5.5 and 4.2 and the -3 dB
bandwidth B, is equal to 46.4 GHz and 35.2 GHz, respectively, for 50 GHz and 37.5 GHz
channels [12], and the blocking amplitude (i.e. isolation level) for the stopband filter is
considered to have a typical value of —40 dB [12]. Thus, the WSSs are the ROADM components
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responsible for the optical filtering of the primary signal, in-band crosstalk and ASE noise. The
optical filtering is seen as an important PLI, particularly in a cascade of ROADMs where the
passband narrowing limits the transmission distance [12], [16]. Regarding the WSSs ILs, we
considered that both 1xIV and NxM WSSs have the same ILs of 7 dB, a typical value found in the
literature [5], [9].

Regarding the modelling of the optical splitters/couplers, since they have no frequency
selective capability, they are characterized only by their ILs. The ILs introduced by these
components are computed by 10log,, X + A,,., where X is the number of outputs/inputs and
Aex are the excess losses. A typical value of 4, 7, 11, 15 and 19 dB is considered, respectively for
the ILs of 1x2, 1x4, 1x8, 1x16 and 1x32 splitters [32]. For the Xx1 optical switches, inside the
MCS and WSS A/D structure (see Fig. 3), we considered a typical IL of 1 dB and a blocking
extinction of about 60 dB.
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Fig. 6 - WSS transfer functions for the (a) passband and (b) stopband filters for the 50
GHz (solid lines) and 37.5 GHz (dashed lines) channels.

3.3.4 Fiber Non-linearities Simulation

The fiber non-linearities in an uncompensated coherent optical communication
system can be characterized as NLI noise, when its effect on the performance is “mild”

[29], [33]. The impact of NLI noise manifests itself as an additive Gaussian noise (GN) at
the end of the optical path, being characterized by the model known as the GN model
[29]. In this model, it is assumed that the NLI can be modeled as an additive GN
statistically independent of the signal and ASE noise generated in EDFAs and also that it
accumulates incoherently along the transmission path. Hence, the NLI noise can be
taken into account in the OSNR, simply by adding the NLI noise power to the
accumulated ASE noise power at the optical receiver input. Although simple, this model
has proven to provide reliable results of the effect of fiber non-linearities in the
performance of coherent optical communication links [33], and is typically applied to
optical network performance studies [31], [34].

In this work, the NLI noise power at the input of the optical coherent receiver is
estimated using the asymptotic approach presented in [35]. In presence of ASE and NLI
noise, the OSNR at the optical receiver input is maximized when the power of the
accumulated ASE noise is twice the NLI noise power [29], being this maximum OSNR
obtained for a specific transmitted signal power. Hence, in all results presented in this

work, the power of the signal launched at the optical fiber input is optimized to maximize
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the received OSNR, for each specific system configuration depending on: the modulation
format, QPSK or 16QAM, the ROADM architecture, B&S or R&S, the A/D structure,

MCSs or WSSs, and also as a function of the ROADM degree.

4. CDC ROADM-based Optical Network Design Project Considerations

In this section, we consider some design project considerations that are typically used in
today’s optical networks. These design considerations will allow us to identify the maximum
degree of a CDC ROADM that can be used for optical networks operating with 37.5GHz-spaced
28 Gbaud channels, considering B&S or R&S architectures with both A/D structures, MCSs or
WSSs-based. These findings will be used in Section 5, where the impact of the PLIs in a CDC
ROADM-based optical network is assessed through MC simulation. We would like to highlight
that the B&S architecture with MCS-based A/D structures is not used in practice, however it is
analyzed in this work for comparison purposes with the other studied architectures. The reason
why it is not used is that, in the drop side, each coherent receiver would see all WDM channels
from the input WDM port where the detected channel is dropped. This would saturate the total
input power seen by the receiver and then yield a substantial detection penalty.

The first design consideration comes from the fact that commercial OAs have a minimum
and maximum gain that should not be exceeded. In the case of EDFAs, the minimum gain is
around 5 dB and the maximum gain is around 25 dB [23]. ROADM implementations that lead
to OA gains outside this range will not be considered in this work.

As referred in Section 3, the OA at the ROADM input compensates the fiber losses
between ROADM nodes. In this work, we consider a fiber span of 80 km between each ROADM
node and a fiber attenuation coefficient of 0.25 dB/km. Consequently, the OA at ROADMs
inputs will have a fixed gain of 20 dB. Regarding the OA at the ROADM output, its gain is
dimensioned based on the express path losses. The express path depends on the ROADM
architecture and, for ROADMs based on a B&S architecture, also depends on the ROADM
degree and number of cards in the A/D structures. Besides, this is one of the main reasons why
MCS-based A/D structures are not used with the B&S architecture. These two parameters will
influence the dimension of the optical splitter at the ROADM input and, consequently, the
express path losses. Table III shows the OA gain at the ROADM output for the B&S and R&S
architectures, for several ROADM degrees considering a single card in the A/D stage. Table IV
shows the OA gain at the ROADM output, but considering multiple cards in the A/D stage, and
as a function of the A/D structure type and A/D ratio. From Table IV, we can conclude that, for
an 100% A/D ratio, more than 25 dB gain is required at the ROADM output for 4 and 8-degree
ROADMs with MCSs-based A/D structures, whereas, with WSSs-based A/D structures, only for
the 8-degree scenario there is such limitation. These values are highlighted in red in Table IV.

Table I11
OA gain at the ROADM output with a single A/D card.
ROADM architecture B&S R&S
ROADM degree 2 | 4| 8 [2]4]8
OA gain at ROADM output [dB] | 11.0 | 14.0 | 18.0 | 14.0
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Table IV
OA gain at the ROADM output with multiple A/D cards.

A/D

structure 8x16 MCSs 8x24 WSSs

ROADM
architecture

B&S R&S B&S R&S

ROADM
degree

2 4 8 |24 |8 | 2 4 8 |2

OA gain at 100% A/D
ROADM ratio
output 20% A/D

[dB]

22.3 26.4 20.5 14.0 14.0 24.0 28.0 14.0

ratio

The calculation of the gain of the OAs inside the MCSs-based A/D structures is explained
next. As referred in Section 3, the MCSs are composed by optical switches and optical
splitters/couplers and, the ILs introduced by each MCSs are obtained by summing the ILs of the
two components just mentioned. We consider that each OA in the array at the MCSs-based drop
section can compensate all drop losses, i.e. the losses from the MCS and from the ROADM input
component, as given by (4), until it reaches its maximum output power. In such cases, where the
OA in the array is working at its maximum output power (assumed as 20 dBm), the remainder
of the uncompensated drop losses is compensated by adjusting the gain inside the optical
coherent receiver, e.g. [36]. Likewise, the OA gain at the MCSs-based add section is computed in
order to compensate all ILs of the add path but having in mind the OA gain at ROADM output.
Hence, to the required gain for the MCSs-based add section, the losses of the component at
ROADM input (Comp. A) are subtracted, as given by (5)

Gumcs prop [AB] = ILScomp 4 + ILSycs = ILScomp a + 1010810 M + Agye + 1 (4)
Gumcs app [AB] = ILsycs — ILScompa = 10l0g1g M +Apyc + 1 — ILScompa  (5)

where ILscompa are the insertion losses of Component A defined in Fig. 2 and ILsycs are the
insertion losses of the MCS.

The second design consideration is related with the maximum output power allowed in an
EDFA to minimize fiber non-linear effects. A maximum OA output power of 22 dBm is
considered [23] for the OAs at the input/output of the ROADM, which leads to a maximum
power of nearly 1 dBm per channel, considering 128 wavelengths (@37.5 GHz channel spacing).

The third, and final design consideration comes from the fact that commercially available
transponders with today’s DSP ensure a specific target BER for a range of optical powers. We
have considered that the transponder optical power range is between 0 and —15 dBm, to ensure
a target BER of 10-3. Consequently, in the simulator, we are assuming that the coherent receiver
has the capacity of introducing gain in the optical received signal between 0 and 15 dB, if
required, e.g. [36]. Note that for B&S ROADM-based optical networks with WSSs-based A/D
structures, an optical coherent receiver gain higher than 15 dB is required for ROADM degrees
higher than 2. Nevertheless, we do not discard these cases, because the excess of gain in the
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optical coherent receiver can be reduced by increasing the OA gain at the ROADM input, which
was previously set to 20 dB.

5. Impact of the Physical Layer Impairment on CDC ROADM-based Optical
Networks

In this section, the impact of the ASE noise, optical filtering and in-band crosstalk in a
cascade of multi-degree CDC ROADMSs will be analyzed. In this analysis, we will consider
ROADMSs with B&S and R&S architectures and with MCSs and WSSs-based A/D structures.

The referred analysis consists on assessing the system performance by measuring the
OSNR at the optical receiver input for a particular modulation format for 12.5 GHz reference
bandwidth, as well as the OSNR penalties, due to optical filtering effects and in-band crosstalk.
In order to estimate the BER, associated with the measured OSNR, we use in our MC
simulation, as stopping criterion 500 counted errors [25]. Note, that we have obtained, by
simulation and considering a back-to-back scenario, for a BER = 1073, an OSNR = 13 dB and 20
dB, respectively, for the QPSK and 16QAM modulation formats, which is in complete agreement
with the values found in the literature, e.g. [12, 37]. The OSNR penalty due to a specific
impairment (e.g. optical filtering effects) is assessed by measuring the difference between the
OSNR, at the receiver input, for a target BER of 103 without the influence of that impairment
and the OSNR with that impairment.

In our simulation model (see Fig. 5), we use both 112 Gbps PDM QPSK and 224 Gbps
16QAM signals shaped by an RRC Nyquist pulse with a roll-off factor of 0.1, considering 37.5
GHz channels. Moreover, the WSSs inside the ROADM have an isolation level of —40 dB and
each A/D stage built with 8x16 MCS or 8x24 WSS cards has an A/D ratio of 20%. Also, a
maximum of 10 cascaded nodes is assumed, as it is considered a reasonable maximum number
of transit nodes in today’s optical transport networks. Regarding the number of cascaded
ROADMs that can be attained by a light-path, we consider that the signal is added at the first
ROADM of the cascade and dropped at the last ROADM. This means that, for example, for a
cascade of 6 ROADMs, the signal under study is considered to be dropped at the 6t ROADM.

At the end of this section, we will summarize the tradeoffs between the studied ROADM
architectures and A/D structures in terms of the PLIs impact.

As a final remark, we would like to mention that we have obtained the results presented in
[12] with our simulator, for both QPSK and 16QAM modulation formats and both 37.5 GHz and
50 GHz channels. Only the ASE noise and filtering penalties have been assessed in [12], by
loading the ASE noise at the end of the optical network, instead of distributing the ASE noise
through lumped amplification along the network as we do throughout this work. Furthermore,
to obtain the results in [12], we considered a R&S ROADM architecture with a colorless and
directionless A/D structure, instead of the CDC structure analyzed in this work.

5.1. Optical Filtering Impact

In this subsection, to assess the optical filtering impact in the CDC ROADM-based optical
network performance, we use the simulation model shown in Fig. 5, considering the optical
filtering of the signal in the primary light-path, the addition and filtering of the ASE noise in the
primary signal light-path and neglecting the in-band crosstalk interferers. Notice that the impact
of the optical filtering does not depend on the ROADM degree, and only depends on the number
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of cascaded ROADM:s in the signal light-path and on the A/D structures type. Hence, to obtain
the results shown in this subsection, in the simulation, we have used only 2-degree ROADMSs to
assess the optical filtering impact. Figure 7 depicts the OSNR penalty as a function of the CDC
ROADMs nodes number with A/D structures based on 8x16 MCSs cards (Fig. 7 (a)) and on
8x24 WSSs cards (Fig. 7 (b)), for both B&S (lines with circles) and R&S (lines with crosses)
ROADM architectures and for the QPSK (solid lines) and 16QAM (dashed lines) modulation

formats. We evaluate the impact of optical filtering by assessing its impact on the OSNR penalty.
First, we estimate the required OSNR to achieve the target BER for the reference scenario with
two nodes, OSNR;,,,4.s. Then, we calculate the OSNR to achieve the same BER with the
increasing number of ROADM nodes, OSN Ry, ,4.s- The OSNR penalty due to optical filtering,
calculated in relation to the two ROADMSs reference scenario, is the subtraction of these two
OSNRs, AOSNR = OSNRy,0des —OSNRo . pdes.

As expected, the optical filtering impact is more significant for the 16QAM format, as we
can observe in Fig. 7, by comparing the dashed and the solid lines, and has also shown in [12],
[31]. For example, for B&S ROADM architecture and MCSs-based A/D structures (lines with
crosses in Fig. 7 (a)), the OSNR penalty due to the optical filtering at the end of 10 cascaded CDC
ROADMs is 0.3 dB and 1.9 dB for the QPSK and 16QAM modulation formats, respectively.
These OSNR penalties are in a very good agreement with the results presented Fig. 1d) and f) of
[12], when “sharp” optical filtering is used throughout the cascade. This good agreement
indicates that our simulator is taking into account the effect of optical filtering properly.
Comparing Fig. 7 a) with Fig. 7 b), we can conclude that, the WSSs-based A/D structures lead to
a higher OSNR degradation due to the optical filtering. This is due to the extra filtering stage that
the signal suffers in the A/D structures based on WSSs. Considering the R&S ROADM
architecture, the OSNR penalty due to the optical filtering is higher than for the B&S ROADMs,
due to the double filtering stage that the signals suffer at the ROADMs input and output. For
example, for 16QAM and WSSs-based A/D structures, the OSNR penalty at the end of 6
cascaded ROADMs is 1.1 dB and 3.8 dB for the B&S and R&S architectures, respectively. Note
that, for the 16QAM format and the R&S ROADMs architecture, there is a major limitation in
terms of the OSNR penalty due to the optical filtering, limiting the number of cascaded CDC
ROADMs to around 6, as seen in Fig. 7 (b).

Regarding the impact of the filtering solely on the ASE noise, in the primary signal light-
path, it has been confirmed by simulation that it does not have a significant impact in the CDC
ROADM-based optical network performance degradation.
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Fig. 7 - OSNR penalty due to the optical filtering as a function of the number of CDC
ROADMs with (a) 8x16 MCSs and (b) 8x24 WSSs-based A/D cards for the QPSK (solid
lines) and 16QAM (dashed lines) modulation formats, both ROADM architectures, B&S
(blue lines) and R&S (red lines).

5.2. In-Band Crosstalk Impact

In this subsection, we investigate the in-band crosstalk impact on the network
performance. We use the network model of Fig. 5, considering ASE noise and in-band crosstalk
that come from either the ROADMs inputs and ROADMs add sections, and the optical filtering
effect from the several WSSs.

Figures 8 and Fig. 9 depict the OSNR penalty due to the in-band crosstalk as a function of
the number of the CDC ROADMs for several ROADM degrees, considering B&S and R&S
ROADM architectures with both A/D structures, MCSs and WSSs-based structures. Figure 8
shows the simulation results for the QPSK modulation format, while Fig. 9 refers to the 16QAM
format. The simulations results shown in Fig. 8 and Fig. 9 confirm that, the QPSK modulation
format is more tolerant to in-band crosstalk than the 16QAM format, as expected and already
shown in [37].

By comparing the ROADM architectures, we can observe a higher in-band crosstalk
tolerance with the R&S architecture. In this case, the in-band crosstalk interferers from the
ROADM inputs pass through more blocking filters than for the B&S architecture, which
consequently leads to a lower OSNR penalty degradation due to this impairment using the R&S
architecture. For the QPSK modulation format, the OSNR penalties due to the in-band crosstalk
obtained with the R&S architecture are practically negligible, lower than 0.5 dB at the end of 10
cascaded CDC ROADMs. This observation is also valid for the 16QAM format with ROADMs
using WSSs-based A/D structures. For the 16QAM format with R&S architecture and MCSs-
based A/D structures, the OSNR penalty is about 2 dB after eight cascaded 8-degree ROADMs.
We can also observe in Fig. 8 (a) (ROADMs with MCSs-based A/D structures and QPSK
modulation format) that the OSNR penalty is almost constant along the ROADM cascade with
B&S architecture. The reason for this behavior is the extremely high ASE noise power generated
by the OAs along the light-path in this case, that masks the in-band crosstalk power, leading to
very low OSNR penalties due to in-band crosstalk along the ROADM cascade. As the OSNR is
lower with WSS-based A/D structures than with MCSs, for both ROADM architectures, we
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observe higher OSNR penalties due to in-band crosstalk for a higher number of cascaded
ROADMSs with WSSs than with MCSs-based A/D structures.

Finally, Figs. 8 and 9 show also that the impact of in-band crosstalk is highly dependent on
the ROADM degree for the B&S architecture, and that the in-band crosstalk penalty is much
more severe for the MCSs-based A/D structures than for WSSs ones, when the number of
cascaded nodes is low. For a higher number of cascaded ROADMs, the in-band crosstalk penalty
in ROADMs with WSS-based A/D structures becomes comparable or even higher than the
penalty found with MCSs-based structures.
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Fig. 8 - OSNR penalty due to the in-band crosstalk as a function of the number of CDC
ROADMs with (a) 8x16 MCSs and (b) 8x24 WSSs-based A/D cards, for QPSK format,
several ROADM degrees and both B&S (solid lines) and R&S (dashed lines) ROADM

architectures.
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5.3. ROADM Design Tradeoffs

After assessing the impact of the PLIs, in particular optical filtering and in-band crosstalk,
in a cascade of CDC ROADMs considering the B&S and R&S architectures with both MCSs and
WSSs-based A/D structures, we use this subsection to summarize our results and established
some ROADM design tradeoffs that can be useful in the design of an optical network operating
with 37.5 GHz-spaced 28 Gbaud channels. In particular, we are going to assess the maximum
number of cascaded ROADMs for each one of the four studied scenarios taking into account the
impact of the PLIs analyzed so far in this work., i.e. ASE noise accumulation, optical filtering
effects, and in-band crosstalk. Moreover, in this sub-section, we will also take into account the
degradation induced by the impact of the NLI due to Kerr effect in the optical fiber as described
in subsection 3.3.4. In this work, to estimate the NLI contribution, we consider a fiber dispersion
parameter of 16 ps/(nm-km) and a non-linearity coefficient of 1.3 W--km-1.

In order to assess the maximum number of cascaded ROADMs, and considering that
current commercial-grade transponders can deliver up to 0 dBm output power for the channel
outgoing from their transmitter part, we have optimized that power with respect to NLI to
maximize the OSNR at the receiver input [29]. The results obtained for the four scenarios are
shown in Table V and the corresponding comments and conclusions are as follows:

e Scenario 1: B&S architecture with MCS-based A/D structure — this scenario is the
most restrictive in terms of the ROADM degree for both modulation formats.
Furthermore, as already mentioned, it is a combination that is not used in practice;

e Scenario 2: B&S architecture with WSS-based A/D structure - this scenario is
clearly less limitative in terms of reach and ROADM degree than Scenario 1. For 4
and 8-degree ROADMSs, we can see that the number of cascaded ROADMs is more
than the double comparing to Scenario 1;

e Scenario 3: R&S architecture with MCS-based A/D structure — this is the scenario
where it is possible, for QPSK signals, to have ROADM degrees as large as 8 and
longer cascades with 13 ROADMs. For 16QAM signals, cascades with 3 ROADMs
are allowed for all the degrees considered;

e Scenario 4: R&S architecture with WSS-based A/D structure — this scenario has a
similar performance to Scenario 3 in terms of ROADM degree and number of
cascaded ROADMs for both modulation formats. We also observe that for WSS
A/D structures and 16QAM signals, the number of cascaded ROADMs is similar
for both R&S and B&S architectures.

As a final remark, we note that several techniques can be used to mitigate these PLIs, such
as the use of low noise OAs, digital signal processing techniques to mitigate the optical filtering
impact [13], or even WSSs with higher isolation levels.
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Table V
Maximum number of cascaded ROADMs for the four scenarios.

QPSK 16QAM
ROADM degree | B&S | R&S | B&S | R&S

2 17 13 3 3

MCSs 4 4 13 1 3
8 3 13 - 3

2 18 14 5 4

WSSs 4 11 14 4 4
8 8 | 14 | 3 4

6. Conclusions

In this work, we have assessed the PLIs impact on the performance of optical networks
based on multi-degree CDC ROADMs considering Nyquist pulse shaped QPSK and 16QAM
signals in 37.5 GHz width channels. We have considered four ROADMs configurations: B&S
and R&S architectures with MCSs or WSSs-based A/D structures. The PLIs analyzed along this
work were the ASE noise, optical filtering, in-band crosstalk and NLI.

Firstly, we have studied the impact of the optical filtering on the ROADMSs cascade
performance and have concluded that it is independent on the ROADM degree. The degradation
due to optical filtering is more relevant for R&S ROADM architectures with WSS-based A/D
structures and for 16QAM signals. We also analyzed the in-band crosstalk and as expected the
B&S ROADM architecture with MCS-based A/D structures is the scenario where this
impairment is more significant, especially for 16QAM signals.

In summary, we have concluded that for QPSK signals, typically used in long-haul
networks, R&S ROADM architectures with both MCS and WSS-based A/D structures allow
larger ROADM degrees, as large as 8, and larger ROADM cascades than B&S architectures. The
WSS A/D structures have an expectable larger range of networking functionalities regarding the
MCS-based A/D structures, and also avoid the use of potentially large arrays of EDFAs needed
in MCS structures. So then, the R&S architecture with WSS A/D structure can be seen as a
potential architecture for long-haul network nodes. We have also observed that for 16QAM
signals, typically used for shorter link ranges, and WSS A/D structures, the number of cascaded
ROADM s is similar for both B&S and R&S architectures. Since the B&S architecture has a cost
advantage regarding the R&S architecture, we foresee its use alongside WSSs-based A/D
structures in metro networks.
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