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ARTICLE INFO ABSTRACT

Keywords: The main advantage of multi-band (MB) networks is to provide more capacity than C-band networks by using
Optical networks other unused bands like the L- and S-bands and, in this way, postpone the announced optical network capacity
Multi-band

crunch. However, MB nodes have a more complex structure than C-band nodes, impacting their cost and
enhancing their induced physical layer impairments (PLIs). The main goal of this paper is to analyze the
impact of several MB node architectures (namely baseline, common-band and compact MB node architectures)
on the total network capacity and total network cost-per-bit, using a routing, modulation format, and spectrum
assignment (RMSA) network planning tool based on a Monte—Carlo simulation that also incorporates the impact
of network PLIs. When the PLIs are neglected, the common-band architecture presents the lowest cost-per-bit
compared to the remaining MB architectures, since only lower cost C-band components are used. However,
with the PLIs impact, the common-band architecture leads to the lowest total network capacity and highest
cost-per-bit due to additional noise coming from all-optical wavelength converters. In particular, the common-
band total network capacity is less than half the baseline and compact total network capacities for a blocking
probability of 1%, considering the best channel launch power. Also, the common-band cost-per-bit is almost
twice the baseline and compact cost-per-bit due to the PLIs-induced degradation.

Reconfigurable optical add-drop multiplexer
All-optical wavelength converter
Cost-per-bit

Physical layer impairments

1. Introduction different paradigm than nowadays optical networks, where individual
wavelengths are simply routed end-to-end. For optical network coding,

A capacity crunch has already been predicted several years ago the intermediate nodes must have optical signal processing capabilities.
regarding optical networks operating on the C-band, despite the huge Since most optical signal processing techniques are bulky and serious

technological advances and efforts that have been made to use the
C-band with greater efficiency, e.g. coherent detection, flexible grid,
symbol rate and modulation format adaptation [1]. The main drivers
towards this critical scenario have been the emergence of new services,
such as autonomous driving, virtual reality, cloud services, datacenter
communications, and 5G services. Two solutions have been being in-

challenges must be surpassed for their photonic integration, [7], the
practical realization of optical network coding seems far less immediate
than SDM or the MB solution.

The MB solution, despite ultimately providing less capacity than
the SDM solution, has a decisive cost advantage since it can reuse

vestigated and tested over these last years for overcoming this capacity the vast already installed fiber. So, in the last couple of years, several
crunch: the multi-band (MB) solution that consists in the exploitation MB transmission experiments and MB network scenarios have been
of the full low attenuation spectrum available in a single optical fiber, tested and some C+L band transmission scenarios are already being
allowing transmission beyond the C-band, and is seen as a near to used in commercial systems [8]. However, MB networks raise novel
medium-term solution to solve the capacity problem [2,3]; and the questions and concerns compared to C-band networks [2], like the
spatial division multiplexing (SDM) solution, seen as a more long- equipment used on other bands not being so mature and with character-

term solution, that explores the spatial dimension to increase capacity,
e.g. through multi-core, multi-mode, or multi-parallel fibers [4,5]. Op-
tical network coding has been also proposed to overcome the capacity
crunch due to its higher spectral efficiency and improved saving of
network resources [6]. However, optical network coding relies on a

istics not yet optimized, the different fiber attenuations for each band,
the performance degradation induced by the inter-channel stimulated
Raman scattering (ISRS) on signal transmission and the proper design
of the MB reconfigurable optical add-drop multiplexer (ROADM) node
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architecture, both in terms of cost and physical layer impairments
(PLIs).

Several studies have already addressed the performance of MB
networks considering the impact of the nodes architectures, e.g. [9-
12]. In [11], a C+L4+S network scenario based on the NSFNET topology
is studied and a cost analysis is performed considering both transmis-
sion and node architecture issues. The node architectures considered
were the MB baseline, which is the most common MB node where
switching between bands is not allowed and the MB common-band
architecture, which uses mainly C-band components [9]. In [10], a MB
network scenario, based again on a NSFNET topology with MB all-
optical wavelength converter (AO-WC) nodes and MB common-band
nodes, is considered and a network planning tool that can adapt the
transmission bands link-by-link is developed. In [12], a MB network
experimental set-up is built with two MB nodes with an architecture
called compact architecture that only uses components that work si-
multaneously in all bands and a network performance analysis has been
carried out. From all the works just mentioned, it can be observed that,
at least, four different MB nodes can be used in MB networks. Since
the MB ROADM node is a key component in the overall network cost
and network performance, it is essential to know what is the most cost-
effective MB node, as well as the node less impacted by PLIs, which to
the authors best knowledge has not been done yet.

So, the main purpose of this work is to develop a planning tool
capable of solving the routing, modulation format, and spectrum as-
signment (RMSA) problem in a MB network, having in mind the PLIs
and the ROADM node architecture. In our simulations, we consider
two network topologies, the BT-UK [13] and CONUS-60 [14] networks,
and three MB ROADM nodes - baseline, common-band and compact,
considering the C+L+S bands and having in mind the most relevant
PLIs - the insertion losses (ILs) of the components, the amplified
spontaneous emission (ASE) noise of the optical amplifiers, the non-
linear interference (NLI) noise, as well as the influence of the ISRS on
signal transmission. The simulator output will provide a total network
capacity and cost-per-bit assessment as a function of the ROADM node
architecture for various network scenarios.

This paper is organized as follows. In Section 2, the four MB ROADM
architectures are presented, and their internal structure is highlighted.
The MB ROADM architectures cost-per-bit and ILs are also assessed and
compared. In Section 3, the MB network planning tool is presented and
the main assumptions, as well as the network metrics, are described.
In Section 4, the total network capacity and total network cost-per-bit
are discussed as a function of the MB ROADM architecture, consider-
ing the BT-UK and CONUS-60 networks. Section 5 presents the main
conclusions.

2. C+L+S MB ROADMs

This section starts by studying and presenting the four ROADM
architectures proposed for MB networks. These four MB ROADM archi-
tectures are, then, compared in terms of cost-per-bit, and the insertion
losses are also computed for the MB ROADM architectures with the
lower cost-per-bit.

2.1. ROADM internal structure

Four C+L+S MB architectures are studied in this subsection re-
garding their internal structure. The four C+L+S MB architectures,
shown in Fig. 1, consider a R-degree (number of directions) route and
select (R&S) architecture, and are the baseline architecture [9,11], AO-
WC architecture [10], common-band architecture [9-11], and compact
architecture [2,12].

Fig. 1la shows the MB baseline architecture, where each degree
has a MB demultiplexer (MB-DEMUX) and MB multiplexer (MB-MUX),
optical amplifiers (two Erbium-doped fiber amplifiers (EDFAs) for the
C- and L-bands and one Thulium-doped fiber amplifier (TDFA) for
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the S-band), and an input bank of parallel dedicated-band wavelength
selective switches (WSSs), which are connected to dedicated-band WSSs
at the output ROADM directions [9,11]. In this architecture, the wave-
lengths can be switched to any direction within each band, but switch-
ing between bands is not possible. The ROADM management and
maintenance may become complex due to the large amount of equip-
ment needed for each band [2,11]. As an advantage, the equipment
dedicated to other bands may not be acquired when network traffic is
low, especially in the beginning of network operation [2].

To add the possibility of switching between bands, the MB AO-WC
(Fig. 1b), MB common-band (Fig. 1¢), and MB compact (Fig. 1d) archi-
tectures were proposed in several works, e.g. [2,9-12]. The MB AO-WC
shown in Fig. 1b has an AO-WC after each route WSS, which converts
multiple wavelengths from one band to another. In this architecture,
as happens with the MB baseline architecture, equipment dedicated
to other bands may not be acquired in the beginning of the network
operation [2], and the use of dedicated components for each band
is required. In addition, the number of AO-WCs per direction greatly
increases when the node degree and the number of bands increase. The
MB common-band architecture shown in Fig. 1c uses also AO-WCs. In
this situation, the AO-WC is located before and after the C-band WSSs
and has the function of converting multiple wavelengths to and from
the C-band [9-11]. As switching inside the node is all performed in the
C-band, this architecture uses only C-band components (in the express
and A/D structures), decreasing the total node cost. Furthermore, the
number of AO-WCs is lower than in the MB AO-WC architecture (as
shown in the next subsection) [10], and the other bands equipment
can be acquired in a phased way, depending on the network traffic
evolution. The main disadvantage of the common-band and AO-WC
architectures is the use of the AO-WCs, which are currently not in a
commercial phase [11]. Finally, the MB compact architecture (Fig. 1d)
uses, in the express structure, MB WSSs that work simultaneously in
multiple bands to reduce the amount of equipment needed [2], and
the MB OA is implemented with three OAs, one for each band. A disad-
vantage of this architecture is the high initial deployment investment,
as the acquisition of MB components at the beginning of the network
operation is required [2].

2.2. Cost analysis

The cost of each MB architecture is calculated in this subsection
by assuming the components cost presented in Table 1. To compute
the cost of each MB ROADMs, 64 channels are considered in each
band (with a total of 192 channels in the 3 bands) with a 75 GHz
channel spacing [15,16], and a colorless and directionless (CD) R&S
ROADM architecture with an A/D ratio of 25% is assumed [17]. The
components cost is normalized to the cost of the C-band EDFA, and is
extracted from [11,13], with the parameters a and f defined as in [11].
The L-band components are assumed 20% more expensive than C-band
components, and the cost of the S-band components depends on the
multiplicative factor a, which indicates the cost increase concerning
the C-band cost, ranging from 1.2 to 1.5. The AO-WC cost depends on
the C-band transponder (TR) cost, with the parameter g ranging from
0.5 to 2 [11,13]. In the results presented, we considered the highest
cost scenario, a=1.5 and =2 [11].

The total cost of the CD A/D structure of the baseline, AO-WC,
common-band and compact architectures is,

Npands

Costy/p = Z Cost/p (€D)]
b

where Costyp, is the cost of the A/D structure per band b (with b=C,
L or S) of the MB ROADM given by [17],

Costyypp =2N 4/pCosty 55 rxi b @
+2NA/DC05tWSS,1><M’,b + MCostygr,
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Fig. 1. R-degree MB R&S node architectures.

Table 1
Relative cost of components for C-, L- and S-bands.
Components C-band L-band S-band Variable name
EDFA 1 1.2 -
TDFA _ _ o Cost prasp
1 x 2 WSS 1.25 1.5 1.25a
1 x 4 WSS 2.5 3 2.5a
1 x 9 WSS 5 6 5a Cost
1 x 20 WSS 7.5 9 7.5a Owssy
1 x 40 WSS 15 18 15a
1 x 80 WSS 30 36 30a
Transponder (TR) 36 43.2 36a Costrpy
MB Optical Amplifier 2.28+a Costyrpoa
1XN,,ss MB MUX/DEMUX 0.04 Cost g Mux/DEMUX
AO-WC 364 Cost 4o_we
1 x 9 MB WSS 7a
1 x 20 MB WSS 10« Costypwss
1 x 40 MB WSS 20a

where Costy g5 rx1.5> COSty ss.1xm7 5 and Costrp, is, respectively, the
cost of the WSSs Rx1, WSSs 1xM’, and TRs as given in Table 1. Also, in
Eq. (2), M is the total number of TRs and N, /D is the number of A/D
cards, computed as the ratio between the total number of TRs (M) and
the number of TRs per A/D card, which is determined by the number of

WSS outputs of the A/D structure (M’). Note that for the baseline, AO-
WC and compact architectures, the cost of A/D structure is computed
for the C-, L- and S-bands (N,,,,,=3 and b=C, L and S), and in the case
of the common-band architecture for the C-band only (N,,,,,=1 and
b=C). The total cost of the express structure of the baseline, AO-WC
and common-band architectures is given by [17],

Npands
Cost gy press = 2 {2R(Costy g5, + Costyprap)} 3)
b

+N p0-wcCost go_wc +2RCost prp pyux/DEMUX

where Costy, s 4, Costyppap Costyppux/pEmux and Costqo_yc s,
respectively, the cost of the WSSs, xDFAs (x=E or x=T), MUX/DEMUXs
and AO-WCs as given in Table 1. Also, in Eq. (3), N o_p ¢ is the number
of AO-WCs and a=b, for the baseline and AO-WC architectures and a=C,
for the common-band architecture. Note that for the baseline, AO-WC
and common-band architectures, the total cost of the express structure
is computed for the C-, L- and S-bands (N,,,,;,=3). The express structure
total cost of the MB compact architecture [17],

COStCompact,Express = 2R(COSIM BWSS + COSIMB,OA)

()]
+2RN 4, pCosty g yux/DEMUX

where Costypy ss, Costyp mux/pEmux> and Costyp oy 1S, respec-

tively, the cost of the MB WSSs, MUX/DEMUXs and OAs as given in

Table 1.
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The total node cost (Cost,,,,) is computed by summing the total
A/D structure cost given by Eq. (1) with the total express structure
cost, given by Eq. (3), for the baseline, AO-WC and common-band
architectures or by Eq. (4) for the compact architecture.

The cost-per-bit calculation for the four MB architectures is per-
formed next and is defined as the ratio between the total node cost
(Cost,,4.) and the total node A/D capacity, which depends on each TR
bit rate (a bit rate of 100 Gbit/s per TR is assumed) and on the number
of TRs (M). The normalized cost-per-bit as a function of the ROADM
degree is shown in Fig. 2, for all the four studied MB architectures. The
cost-per-bit is normalized to the cost of a reference scenario, which is a
CD R&S C-band node with 2 directions, with a total node A/D capacity
of 3.2 Tbit/s, for an A/D ratio of 25%.

From Fig. 2, it can be observed that the cost-per-bit of the MB
baseline, common-band and compact architectures remain practically
unchanged with the increase of the number of directions, since these
architectures cost depends mainly on the TRs cost (the number of
TRs roughly doubles with the number of directions — for R=2, 4, 8
and 16, the number of TRs is, respectively, 96, 192, 384 and 768).
The MB common-band architecture presents a slightly lower cost-per-
bit compared with the other two MB architectures, since it uses only
C-band components in express and A/D structures. In the MB common-
band architecture, the number of AO-WC doubles with the number of
directions, as observed in Fig. 3, but their contribution to the total
node cost is low. In the MB AO-WC architecture, the number of AO-
WCs increases much more significantly with the number of directions
as shown in Fig. 3, leading to a significant contribution to the total
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Table 2
Insertion losses of the baseline, common-band, and compact architectures for the C-,
L- and S-bands, and LCoS WSSs.

Architecture Insertion losses [dB]

C-band L-band S-band
Baseline 10 10 12
Common-band 10
Compact 14 14 15

node cost when the number of directions increases. Hence, the MB
AO-WC architecture is the most costly, and for this reason, it will not
be considered in the analysis performed in the following sections. The
results obtained in Fig. 2 for the MB baseline, and MB common-band,
are very similar to the results of Figure 3 of [11], for a=1.5, =2, when
neglecting the fiber lease cost.

2.3. Insertion losses

The ILs introduced by the MB baseline, common-band, and compact
architectures are assessed in this subsection. To accomplish this task,
the different signal paths inside the ROADM architecture and the
components that belong to those paths must be identified.

The optical components inside the MB architectures are the WSSs,
AO-WCs, and MB-DEMUX/MUXs, as shown in Section 2.1. The typical
ILs of each MB liquid crystal on silicon (LCoS) WSS for the C-, L- and
S-bands are, respectively, 5 dB, 5 dB, and 6 dB, and the ILs of the
C+L+S MB WSS are considered as 6 dB [18,19]. The AO-WCs consid-
ered in the common-band architecture are based on highly-nonlinear
fibers (HNLF), which use four-wave mixing to achieve the wavelength
conversion [10,20]. The HNLF-based AO-WC considered has a typical
IL (the term conversion loss is used in [21]) of approximately 20 dB,
which is compensated by an optical amplifier placed inside the AO-
WC [20,22]. In the compact architecture, we also have in the A/D
structure MB-DEMUX/MUXs, which we assume to have 3 dB of ILs [16].

In a ROADM, an optical signal can propagate through three possible
optical paths — express, add, and drop paths. In particular, for the
baseline and common-band architectures, the ILs of the express, add,
and drop paths are the same because we are assuming that the ILs of the
WSSs of the R&S stage are the same as the ILs of the RxM’ WSS of the
CD A/D structure [23]. So, the ILs of the baseline and common-band
architectures do not depend on the optical path considered. However,
in the compact architecture, the ILs of the express path are different
from the ILs of the add and drop paths. In particular, in the express
path, two MB WSSs, and in the add and drop paths, one MB WSS, MB-
DEMUX/MUX, and a dedicated-band WSS, are used. In this situation,
the ILs of the add and drop paths are higher than the ones of the express
paths.

The ILs considered for the baseline, common-band, and compact
architectures are shown in Table 2, and correspond to the highest ILs
found along the possible optical paths within the node.

3. RMSA planning tool for C+L+S MB networks considering the
impact of PLIs and node architecture

In this section, we present and explain the developed C+L+S MB
network planning tool with the assumptions and the network metrics
considered.

3.1. Planning tool flowchart

In this subsection, we present and discuss the flowchart of the
C+L+S MB network simulator developed in Matlab, used to compute
the total network capacity and total network cost-per-bit considering
the PLIs and also the MB node architectures presented in Section 2. The
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simulator solves the RMSA problem following the statistical network
assessment process (SNAP) model for dynamic traffic considering a
flexible grid C+L+S MB scenario [16,24]. SNAP uses a Monte Carlo
(MC) simulation method, wherein in each MC iteration a high number
of progressive random traffic demands is generated. Demands are then
allocated according to the defined RMSA algorithm, and for each MC
iteration, the blocking probability (BP), and the total network capacity
can be computed [16,24].

The developed simulator, whose flowchart is presented in Fig. 4,
has three main steps: offline computation of the available optical paths,
routing and modulation format assignment and spectrum assignment.
The simulator inputs are the network physical topology, channel launch
power, target BP, MB node architecture, and the maximum number
of randomly generated demands in each MC iteration, whereas the
simulator outputs are, for example, the total network capacity and total
network cost-per-bit.

In the first step of the simulator, offline computation of the avail-
able optical paths, the k-th shortest candidate paths for each possible
demand and band are computed with the Yen’s k-shortest path algo-
rithm [25] using the metric based on the path length in km. For each
one of the candidate paths, the ASE and NLI noise powers are computed
for each band and modulation format. The total optical signal-to-noise
ratio (OSNR) is calculated for all candidate paths, from the highest
modulation format to the lowest, and it is checked if the computed
residual margin is above a minimum residual margin [16,26] (further
details in Section 3.2). If the target residual margin is met for a specific
modulation format, the residual margin is not computed for the lower
modulation formats, for that candidate path. However, if it is not
possible to assign a modulation format to the candidate path (residual
margin not met), that candidate path is discarded. Furthermore, if no
candidate paths of a specific demand satisfy the residual margin, that
path is not used, which means that optical regeneration should be used
for this path [16]. After performing the modulation format assignment
for all k-candidate paths, the k-candidate paths of each demand are
sorted based on the OSNR in descending order.

In the next step, the routing and modulation format assignment,
a demand is randomly chosen from the list of the available paths
computed in the previous step, assuming a uniform distribution. For
each randomly chosen demand, the candidate path with the highest
modulation format is selected, which means that, in our simulator, the
highest possible capacity is always used for each demand.

In the spectrum assignment step, the frequency slots (FSs) are
assigned using the First-Fit (FF) algorithm. The FF algorithm starts
looking for available FSs from the lower frequency channels of the C-
band towards the L- and S-bands, and tries to assign contiguous FSs
in every link along the optical path [10]. Note that for each band, if
the FSs cannot be assigned for a particular candidate path, then the
next candidate path must be chosen within each band. If there are
no available FSs in any of the bands and any of the candidate paths,
that demand is blocked, and the network BP is computed. If the BP
is below the target BP, the FF algorithm tries to allocate FSs for the
next randomly generated demand. If the computed BP is above the
target, the total network capacity and cost-per-bit are computed and
the simulator ends the present MC iteration and enters in the next MC
iteration (not shown in Fig. 4). A maximum number of demands ran-
domly generated, N,,, .4y is set for each MC iteration. The simulation
ends when a specific number of MC iterations (Nj;,,) is reached.

3.2. Network physical layer model

In this subsection, the network physical layer model used in the
planning tool presented in the previous subsection is described and the
model assumptions are discussed. First, we have considered that the
MB network transports 64 Gbaud signals, regardless of the modulation
format, using a 75 GHz channel spacing [15,16]. So, in each band, 64
channels can be transported, corresponding to a total of 384 FSs, each
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one with 12.5 GHz (note that a 75 GHz channel spacing occupies 6 FSs).
Also, there are two different bandgaps, the first one between the L- and
C-bands, and the second one between the C- and S-bands, as shown in
Fig. 5.

The performance of an optical channel m is assessed using the
residual margin, computed in dB, with [26,27],

RM,=OSNR,,,,~ ROSNR-SM, (5)

where OSNR,, ,, is the OSNR measured at the end of a candidate path
for channel m, candidate path p and band b, ROSNR is the minimum
required OSNR (ROSNR) and SM,, is the safety margin. The minimum
residual margin is set to 2 dB [15]. The safety margin takes into account
additional OSNR degradations resulting from aging, optical filtering,
crosstalk, and other performance degrading effects, is computed in dB
and given by [26,27],

SM, =0.05X(Nopas + Nroapms) + Prite + Puraik (6)

where Ny; 4, and Ngopuys are, respectively, the number of optical
amplifiers and the number of ROADMs in candidate path p. This
safety margin also considers the optical filtering penalty (P,;,) and the
crosstalk penalty (P,,,,)- In this work, a worst-case crosstalk penalty
of 0.5 dB is considered [27]. The optical filtering penalty depends on
the number of WSSs (two times the number of ROADMs, since a R&S
architecture is assumed for all the ROADM nodes) traversed by the
optical signal in candidate path p and is extrapolated from the results
presented in [28].

The OSNR at the end of a path for channel m, candidate path p
and band b is calculated considering the ASE noise and the NLI noise
powers, and is given in linear units by [15,16],

Pm )

osnr,

mp.b = N
Ziet PasEmib + PNLImib)

where N; , is the number of links within the candidate path p, pssg 5
is the ASE noise power in channel m, py ., is the NLI noise power
in channel m, and p,, is the launch power of channel m. The NLI
noise power is calculated using a closed-form approximation of the
ISRS-Gaussian noise model that includes the modulation format correc-
tion [29-31], where the self-phase modulation and cross-phase mod-
ulation contributions are given, respectively, by Eqgs. (10) and (11)
of [29]. The ASE noise power is modeled as in [15,16]. The following
assumptions are made: (1) incoherent accumulation of NLI noise along
multiple fiber spans; (2) exact loss channel compensation m along the
candidate path p; (3) PLIs are computed for the central channel in each
band; (4) optical signal enters and leaves the node in the same band,
i.e., no switching between bands inside the node is considered, which
means that the accumulated ASE noise power is the same for all paths
(note that this is true for the baseline architecture, but not true for the
common-band and compact architectures, as different paths can have
different ASE noise powers); (5) additional ASE noise from the optical
amplifier located inside the AO-WC is taken into account in Eq. (7).

3.3. Network metrics

This subsection presents and explains the network metrics used, in
particular the BP, the total network capacity, and the total network
cost-per-bit.

The BP is computed by averaging the BPs obtained for all the N;,,
MC iterations, and is given by [16],

1N Nytocked demands.i
BP = Z ocked ,demand s,i (8)

Nsim i=1 Ntotal,demands,i

where Nyjocred.demandsi @09 Nyt demanasi correspond, respectively, to

the number of blocked demands and the total number of demands
generated in the ith iteration of the MC simulator.
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Fig. 4. Flowchart of the Matlab simulator used to solve the RMSA problem in a flexible grid C+L+S MB network aware of the PLIs and node architecture.
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The total network capacity is given by [16],

1 N.wm
Nercapacity = N Z Nettapacity,i (9)

sim =1
where Net,,,,.ir,; is the total network capacity obtained in the i-th
iteration of the MC simulator.
The total network cost-per-bit is computed with [11,13],

Net

capacity

Cost 10)

perbit =
COSlNetwork,n

where Cost y0rk,, COTTEsponds to the total cost of the network given
by,

NNodes

Z Costyoger +2C05t pipe, Total [ opgrpy an
k=1

COSINetwork,n =

where n corresponds to the network topology, Ny,4.s corresponds to
the number of nodes of the network, Cost;,,, corresponds to the fiber
lease cost per km during 5 years [13] and Total, ,,,, corresponds to the
total length of the fiber in the network in km. Note that in Eq. (11), the
real degree of each node in each network topology has been considered.

4. Impact of the ROADM architecture on the total network capac-
ity and cost-per-bit

This section presents the parameters considered to obtain the RMSA
results using the simulator described in Section 3, for a C+L+S MB
optical network scenario. It also presents and discusses the impact
of the ROADM architecture on the total network capacity and total
network cost-per-bit.

4.1. Network topologies and system parameters

In this work, we consider the BT-UK network, depicted in Fig. 6 [13]
and the CONUS-60 network, depicted in Fig. 7 [14]. As shown in
Table 3, the two network topologies have quite distinct physical and
logical features. From this table, it is possible to see that the CONUS-
60 topology allows a higher maximum number of logical paths (this
number is computed assuming that there is a logical path between each
node) compared to the BT-UK network, due to the larger network size
(higher number of nodes and longer average link length). The BT-UK
network is a smaller size network (lower number of network nodes and
link length), but it has a higher average node degree indicating that it
is more meshed.

In Table 4, the parameters used to perform the RMSA analysis of
the BT-UK and CONUS-60 networks and the estimation of the total net-
work capacity and total network cost-per-bit are presented. A standard
optical fiber is considered and the pre- and in-line amplifier gains are
set to compensate the link optical losses, assuming a maximum gain
of 30 dB. The post-amplifier gain is set to compensate the ILs for each
node architecture, shown in Table 2. Different amplifier noise figures
are considered for each band. Table 5 presents the minimum required

Fig. 7. Physical topology of the CONUS-60 network [14].

OSNR for the three modulation formats considered, quadrature-phase
shift keying (QPSK), 8-quadrature amplitude modulation (QAM) and
16-QAM, and the corresponding bit rates considering a symbol rate of
64 Gbaud [16,32].

4.2. Physical layer impairments impact on the number of available paths

In this subsection, the impact of the PLIs on the number of available
paths in the BT-UK and CONUS-60 networks is assessed. The number
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Table 3
Physical and logical features of the network topologies BT-UK and CONUS-60.
Parameters Network
BT-UK CONUS-60
Maximum no. of logical paths 231 1770
Number of nodes 22 60
Number of links 35 79
Average node degree 3.2 2.6
Average link length [km] 147 445
Shortest link [km] 2 24
Longest link [km] 686 1468
Total network length [km] 5148 35388
Table 4
System parameters considered for the RMSA tool.
Parameters Values
C-band L-band S-band
Number of candidate paths 5
Number of MC simulations (N;,) 50
Max. number of demands 5000
randomly generated (N, ,qx)
BER (pre-FEC) 2x1072
Channel spacing [GHz] 75
Roll-off factor 0
Total number of channels 192
Number of channels per band 64
Channel FSs spacing [GHz] 12.5
Fiber attenuation) [dB/km] 0.185 0.185 0.2
Target residual margin [dB] 2
Maximum amplifier gain [dB] 30
AO-WC gain [dB] 20
Post-amplifier gain of baseline 10 10 12
node [dB]
Post-amplifier gain of 10
common-band node [dB]
Post-amplifier gain of compact 14 14 15
node [dB]
Amplifier noise figure [dB] 4.25 4.68 6.40
Dispersion [ps/nm/km] 17
Dispersion slope [fs/nm?/km] 67
Reference wavelength [nm] 1550
Raman gain slope [1/W/km/THz] 0.028
Nonlinear coefficient [1/W/km] 1.30
Table 5
Minimum required OSNR and transport capacity of each modulation format.
Parameters 16-QAM 8-QAM QPSK
ROSNR [dB] 16.9 13.9 8.9
Capacity [Gbit/s] 400 300 200

of available paths is computed for each band and MB architecture as a
function of the channel launch power, and it is represented in Figs. 8
and 9, respectively, for the BT-UK and CONUS-60 networks. The num-
ber of available paths is obtained in the first step of the simulator and
corresponds to the number of paths that meet the minimum residual
margin.

It can be observed from Figs. 8 and 9, that the number of available
paths that can be assigned for the baseline and compact architectures
is very similar due to the high ASE noise introduced by the optical
pre-amplifiers along the candidate path, which is similar for both
architectures. Furthermore, the number of available paths in the C-band
is equal for the baseline and common-band architectures, since both
nodes have equal ILs in this band. In the common-band architecture,
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for the L- and S-bands, the number of available paths is generally much
lower when compared to the other node architectures due to additional
noise coming from the AO-WCs. Moreover, it can be observed that
the optimum channel launch powers that lead to a higher number
of available paths are roughly between 3 and 4 dBm for the C-band,
between 2 and 3 dBm, for the L-band and between 5 and 6 dBm for the
S-band, for both networks studied. The maximum number of available
paths for the BT-UK network is 225, 216 and 212 and, for the CONUS-
60 network, 375, 314 and 247, respectively, in the C-, L- and S-bands,
considering the baseline architecture.

Comparing the maximum number of available paths obtained for
both network topologies in Figs. 8 and 9 with the maximum number
of logical paths given in Table 3, it is possible to see that with the
BT-UK topology, the number of candidate paths is much closer to the
maximum (231) than in the CONUS-60 network (1770) due to the
lower average link length of the BT-UK topology, which allows that
candidate paths meet the residual margin. In the CONUS-60 network,
most of the optical paths require optical regeneration.

4.3. Total network capacity

This subsection presents the total network capacity estimated with
Eq. (9) for the target BPs ranging from 1% to 10%. Figs. 10 and 11
show the total network capacity as a function of the BP for the base-
line, common-band, and compact architectures considering, respec-
tively the BT-UK and CONUS-60 network topologies for the channel
launch powers of —2, 0 and 2 dBm.

From Figs. 10 and 11 similar conclusions can be drawn, regarding
the different MB ROADM architectures: (1) the total network capacity
is similar for the baseline and compact architectures due to the similar
number of available paths, and (2) the total network capacity obtained
for the common-band architecture is lower than the one obtained for
the two other MB node architectures due to the lower number of
available paths (see Figs. 8 and 9). In addition, specific conclusions
can be drawn for each network topology. In the BT-UK network, for
a BP above around 3%, the total network capacity obtained with the
common-band architecture, as observed in Fig. 10, is at least 100 Tbit/s
lower than the one obtained with the other two architectures. For
the CONUS-60 network (Fig. 11), it can be seen that for a BP higher
than 4% (common-band architecture) and 6% (baseline and compact
architectures), the total network capacity for a 0 dBm channel launch
power becomes lower than the capacities obtained for —2 dBm channel
launch power. This behavior can be justified by noting that there are
less available paths for a channel launch power of —2 dBm than for 0
dBm (Fig. 9), and as most of these paths share common links, due to
the longer average link length of the CONUS-60 network. This leads to
more congested links and, ultimately, more paths are blocked, and, the
total transport capacity decreases for a higher channel launch power.

By comparing Figs. 10 and 11, the most notorious difference is
the higher total network capacity obtained for the CONUS-60 network
in comparison to the BT-UK, mainly due to the higher number of
available paths (see Figs. 8 and 9). For a BP of 1%, the channel launch
power that ensures the highest total network capacity for the baseline,
common-band, and compact architectures is, respectively, —2 dBm (189
Tbit/s), 0 dBm (82 Tbit/s) and 0 dBm (173 Tbit/s). On the other
hand, for the CONUS-60 network, the channel launch power of 0 dBm
ensures the highest total network capacity for the baseline (275 Tbit/s),
common-band (162 Tbit/s), and compact architectures (266 Tbit/s).

The results obtained in Figs. 10 and 11 can be compared with the
results of Figure 7 (a) of [16], for the C+L+S 100 and 400 Gbit/s
scenarios and the BPs of 1% and 10%. It can be observed that the total
network capacities obtained in this work, for the baseline architecture
(that corresponds to the MB architecture considered in [16]), and
the CONUS-60 topology (similar to the US-NET topology, in terms of
average link length [16]), are in the same order of magnitude as those
obtained in [16]. For the O dBm channel launch power and the BP of
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1%, the total network capacity obtained in this work for the baseline
architecture is 275 Tbit/s, compared with the total network capacity of
about 400 Tbit/s for 400 Gbit/s requests and a 1% BP obtained in [16].

The transport capacity obtained for the three modulation formats
and the three MB architectures, for the target BP of 1%, is shown in
Figs. 12 and 13, respectively, for the BT-UK and CONUS-60 networks.
To maximize the transport capacity, the channel launch power consid-
ered for the baseline architecture is —2 dBm, and for the common-band
and compact architectures is 0 dBm, considering the BT-UK network.
In the case of the CONUS-60 network, the channel launch power is 0
dBm for all MB architectures. Table 6 shows the number of allocated
demands for each modulation format, MB architecture, and network
topology.

From Fig. 12, it can be observed that for the baseline architec-
ture, the transport capacity for the three modulation formats is not
as balanced as the one obtained for the common-band and compact
architectures, with the QPSK format being the dominant modulation
format. For the common-band and compact architectures, there is a
higher balance between the transport capacity of the three modulation
formats because the channel launch power (0 dBm) is higher than
in the baseline architecture (—2 dBm) and with more power, higher
modulation formats can be used.

Fig. 13 shows that, for all MB node architectures, the QPSK trans-
port capacity is higher compared to the remaining modulation formats
due to the average longer link length of the CONUS-60 network. Also,
the 16-QAM transport capacity is higher than the 8-QAM transport
capacity due to a similar number of allocated demands obtained for
both modulations (see Table 6). From Figs. 12 and 13, it is possible
to see that the QPSK transport capacity is more preponderant in the
CONUS-60 network than in the BT-UK network, due to the difference
of network sizes. For the BT-UK network, a network with shorter
link lengths and more meshed, a more balanced assignment of the
modulation formats is observed.

4.4. Total network cost-per-bit

In this subsection, we compute and discuss the total network cost-
per-bit for the MB architectures analyzed in the previous subsection,
considering the BT-UK and the CONUS-60 networks. The total network
cost-per-bit is computed using Eq. (10) and is normalized to the cost-
per-bit obtained with the baseline architecture, for a zero fiber lease
cost, a launch power of —2 dBm, and a target BP of 1%. The reference
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Table 6

Number of allocated demands for each modulation format and MB architecture, for a BP of 1%.

Architecture

Number of allocated demands per modulation format

BT-UK CONUS-60

QPSK 8-QAM 16-QAM QPSK 8-QAM 16-QAM
Baseline 424 167.5 133.5 841.5 147.5 152
Common-band 116 77 87 500 90 89
Compact 303 204 151.5 814.5 150 148.5

cost-per-bit of the BT-UK network is obtained considering a total net-
work cost of 157461 and a total network capacity of 189.06 Tbit/s for
the BP of 1% and the baseline architecture (see Fig. 10). The reference
cost-per-bit of the CONUS-60 network is obtained for a total network
cost of 349260 and a total network capacity of 235.142 Tbit/s (see
Fig. 11).

Fig. 14 shows the normalized cost-per-bit as a function of the fiber
lease cost for the three MB architectures, channel launch powers of
-2, 0, and 2 dBm, and the target BP of 1%, considering the BT-UK
topology. From Fig. 14, it can be observed that, for all channel powers,

10

the common-band architecture has the highest total cost-per-bit (above
2) due to the lower total network capacity achieved, compared with
the normalized cost-per-bit of the baseline and compact architectures.
For the common-band architecture, all channel launch powers lead to
a similar cost-per-bit. For the baseline and compact architectures, the
most cost-per-bit effective channel launch powers are, respectively, —2
and 0 dBm. For the real fiber lease cost of 0.33 [13], the baseline
architecture leads to the lowest cost-per-bit of 1.1, for the —2 dBm
channel launch power.
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considering the CONUS-60 network and a 1% BP.

Fig. 15 shows the normalized cost-per-bit of the CONUS-60 network,
for the three MB architectures, channel launch powers of -2, 0, and
2 dBm, and the target BP of 1%. From Fig. 15, it can be seen that
the channel launch power of 0 dBm leads to the lower cost-per-bit for
the three MB architectures. For this power, the baseline and compact
architectures have a much lower cost-per-bit (about 0.6 less expensive)
than the common-band architecture. For the real fiber lease cost of
0.33 [13], the baseline architecture for a channel launch power of 0
dBm leads to the lowest network cost-per-bit (1.14) in comparison with
the other two architectures.

Comparing the total network cost-per-bit of Figs. 14 and 15, it can
be seen that the total network cost-per-bit for all MB architectures
in the CONUS-60 network has a sharper increase with the fiber lease
cost than for the BT-UK network, since the CONUS-60 network has a
higher number of nodes and longer average link length. The most cost-
per-bit effective channel launch power of the baseline architecture for
the BT-UK network (-2 dBm) is lower than the one obtained for the

11

CONUS-60 (0 dBm), since the CONUS-60 network demands a higher
channel launch power to achieve a lower total cost-per-bit. In the
case of common-band and compact architectures, the same cost-per-bit
effective channel launch power (0 dBm) is obtained, for both network
topologies.

The total network cost-per-bit obtained in Figs. 14 and 15 for the
best scenario (lower cost-per-bit obtained for a specific channel launch
power) reveals that the total network cost-per-bit including the PLIs
impact, obtained for the common-band architecture is higher than the
total network cost-per-bit obtained for the remaining MB architectures.
Without the influence of the PLIs, as shown in Fig. 2, the common-band
architecture has the lowest cost-per-bit. So, it can be concluded that in
a network scenario, when the PLIs are considered, this cost advantage
vanishes. Regarding the baseline and compact architectures, the total
cost-per-bit obtained in Fig. 2, for both architectures is very similar.
However, in a network scenario, considering the PLIs impact, the total
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cost-per-bit of the baseline architecture becomes slightly lower than the
compact architecture cost-per-bit.

Finally, comparing the results obtained in Figs. 14 and 15 with
Figure 3 of [11], for a=1.5, =2, it can be observed that the total
network cost-per-bit obtained in this work, follows the same behavior
with the fiber lease cost as the one presented in [11]. For the best
channel launch powers of —2 dBm (baseline architecture) and 0 dBm
(common-band architecture), and the BT-UK topology (similar to the
NSFNET topology, in terms of the number of nodes and average node
degree [11]), the total network cost-per-bit obtained in this work,
for the common-band architecture is approximately twice the baseline
architecture cost-per-bit, while, in [11], the common-band architecture
has a lower cost-per-bit (0.8 times below the baseline cost-per-bit). This
worst performance of the common-band architecture observed in our
work is due to the impact of the additional ASE noise coming from the
amplifiers inside the AO-WC, which degrades significantly the OSNR,
lowers the total network capacity, and increases the cost-per-bit. As this
behavior is not seen in [11], we suspect that this additional noise has
not been taken into account in [11].
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5. Conclusions

In this work, we first studied and compared several C+L+S MB
node architectures in terms of their internal structure, cost-per-bit, and
insertion losses. Next, two network scenarios, the BT-UK and CONUS-
60, were studied with the baseline, common-band, and compact node
architectures. To accomplish this study, we have developed a network
planning tool that solves the RMSA problem, taking into account the
PLIs and the MB node architecture impact. The total network capacity,
as well as the total network cost-per-bit, have been assessed for several
BPs.

We have concluded that the AO-WC node architecture presents the
highest cost-per-bit due to the high number of AO-WCs. The common-
band architecture presents a slightly lower cost-per-bit compared with
the baseline and compact MB node architectures. Nevertheless, in a
network scenario where the PLIs are included, it is shown in this work
that the common-band node architecture is the most expensive. The
common-band architecture has the lowest total network capacity as it
is hugely impacted by the PLIs, in particular by the additional ASE
noise from the AO-WCs. For a BP of 1% and the channel launch power
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that guarantees the highest total network capacity, the common-band
total network capacity is at least 91 Tbit/s lower than the baseline
and compact total network capacities for both network topologies. Both
compact and baseline MB node architectures have similar total network
capacity and costs, with and without the PLIs.

For an immediate network deployment, the MB baseline architec-
ture seems advantageous over the compact architecture due to its
mature technology and slightly lower cost-per-bit. Nevertheless, the
compact architecture could be important in the future, as it has the
switching capability between bands and requires a much lower num-
ber of components. Both the AO-WC and common-band architectures
critically depend on the AO-WC, which is not in a commercial phase
and has high insertion losses and costs.
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