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Abstract—Multi-band (MB) optical transmission promises to
extend the lifetime of existing optical fibre infrastructures, which
usually transmit within the C-band only, with C4L-band being
also used in a few high-capacity links. In this work, we propose a
physical-layer-aware provisioning scheme tailored for MB systems.
This solution utilizes the physical layer information to estimate,
by means of the generalized Gaussian noise (GGN) model, the
generalized signal-to-noise ratio (GSNR). The GSNR is evaluated
assuming transmission up to the entire low-loss spectrum of optical
fiber, i.e., from 1260 to 1625 nm. We show that MB transmission
may lead to a considerable reduction of the blocking probability,
despite the increased transmission penalties resulting from using
additional optical fiber transmission bands. Transponders support-
ing several modulation formats (polarization multiplexing — PM —
quadrature phase shift keying - PM-QPSK -, PM 8 quadrature
amplitude modulation — PM-8QAM -, and PM-16QAM) from O-
to L-band are considered. An increase of the accommodated traffic
with respect to the C-band transmission only case, ranging from
about four times with S4-C—+-L-band and up to more than six times
when transmitting from E to L-band is reported.

Index Terms—Provisioning, blocking probability, multi-band,
generalized Gaussian noise model.

I. INTRODUCTION

INGLE mode fibers (SMFs) present the minimum atten-
S uation within the C-band, which has been one of the
key-enablers for the success of optical communications. As
the IP traffic continues increasing worldwide [2], solutions to
cope with the enormous bandwidth demand are needed. One
approach is to exploit the remaining low-loss windows — i.e.,
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transmission bands beyond C — where SMF can propagate light
in single mode.! First upgrades to L-band have been carried
out for example in [4]. At the moment, advanced research is
considering S- [5], [6] and U-band [7] for transmission. Recent
improvements on optical components have demonstrated, for
example, wideband amplifiers [8], [9] and transceivers [10] with
improved optical performance. Moreover, MB transmission is
also supported by the large amount of deployed optical fibers
with negligible absorption peak at short wavelengths [11].
Until now, networking studies — e.g., on lightpath provi-
sioning and routing and spectrum assignment — have focused
mainly on C-band systems [12]-[16]. In particular, such stud-
ies aimed at selecting the proper route, portion of spectrum,
and transmission parameters (including modulation format and
code) in order to reduce the blocking probability in case of
dynamic provisioning or, in general, to optimize spectrum oc-
cupancy in case of network design, while guaranteeing the
proper quality of transmission and information rate. In such
studies, the adopted physical layer models accounted for lin-
ear and nonlinear impairments. More specifically, regarding
nonlinear impairments, self-phase modulation and cross-phase
modulation have been mainly taken into account, as they are the
dominant effects as shownin [17]. Then, several works dealt with
routing and spectrum assignment assuming the Gaussian Noise
model; examples of such works are [18]-[21]. However, when
considering the neighbour bands, additional fiber transmission
effects become relevant and, consequently, the physical layer
modeling must be modified to take them also into account.
For example, wideband nonlinear effects, such as stimulated
Raman scattering (SRS) is not considered by the widely used
Gaussian noise model. The generalized GN (GGN) [22], [23]
can be used in this case, as it conservatively evaluates the
amount of nonlinear interference when Raman scattering is
not negligible. An accurate provisioning in MB networks can
leverage enhanced physical layer models, such as GGN, and ex-
plore the different transmission performances within each trans-
mission band for routing and spectrum assignment. Recently,
authors in [24] and [25] investigated multi-band scenario with a
specific reference to C+L systems, accounting for stimulated
Raman scattering and amplified spontaneous emission noise
generated by in-line amplifiers. Moreover, margin reduction in
C+L systems and its benefits on the capacity is analyzed in [24]
and [25]. More specifically, in [24], investigations on link margin

! The single-mode spectrum of SMF starts at 1260 nm [3]. We define a system
capable of transmitting from O — L-band as multi-band (MB).
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Equivalent block diagram of the considered span for a MB- optical

reduction are included. In [25], the selection of channel launch
power accounting for the actual spectrum occupation is analyzed
instead of the commonly adopted assumption of all channels lit
on. Multi-band optical networks are attracting the interest of
network operators as a alternative way of increasing fiber life
and studies are still needed on other bands such as S, E, and O,
and on the strategies for lightpath allocation.

The goal of this manuscript is to explore MB transmission
leveraging the existing optical fiber infrastructure for capacity
increase of optical networks. In [1], we proposed a provisioning
strategy for MB optical networks exploiting the low-loss regions
of optical fiber beyond the C-band (e.g., from S — L-band). In
this contribution, we extend our previous work (i) by adding
the additional O- and E-band; (ii) by introducing a study which
includes a further modulation format besides PM-QPSK and
PM-16QAM, i.e. PM-8QAM; (iii) by providing a more detailed
analysis of the blocking probability and the spectrum utilization.
With this aim, we carried out a comprehensive numerical anal-
ysis to assess the reduction of the blocking probability enabled
by MB transmission. Our results show that MB-based systems
can accommodate more traffic despite the degradation of the
generalized optical signal-to-noise-ratio (GSNR), in C-band,
caused by the use of more bands. In the framework of this paper,
we consider the following four MB upgrade scenarios: (C+L),
(C+L+S), (C+L+S+E), (C+L+S+E+0O)-band. The GSNR is
estimated through the GGN model as described by Eq. 4 of [22].

By exploiting the GSNR as a metric, we evaluate the MB-
based provisioning strategies when transmitting from O —
L-band. A detailed analysis based on PM-QPSK, PM-8QAM,
and PM-16QAM over the aforementioned scenarios is provided,
demonstrating an increase of accommodated traffic from four to
more than six times with respect to C-band only.

The remainder of the paper is organized as follows: Section II
describes the physical layer model and the considered MB
system. Section III presents the adopted provisioning strategy
for MB optical networks and Section IV reports the numerical
results for different upgrade scenarios in terms of band occu-
pancy and modulation format. Section V draws the conclusions.

II. PHYSICAL LAYER MODELING AND CONSIDERED NETWORK

We abstract each span of the considered network as depicted
in Fig. 1. The signals in each band are multiplexed by a MB-Mux
and the resulting signal, S;¢ in, 1S launched into the optical fiber.
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Fig. 2. Considered block diagram used to estimate the propagation impair-
ments.

The optical fiber is modeled by the transfer function, p(Ls, f),
and by a source of noise (resulting from nonlinearities — NLI).
p(Lsg, f) includes both the fiber attenuation and the SRS and
it is evaluated numerically solving the ensemble of ordinary
differential equations describing the SRS [26], while the noise
source models the Kerr effect, which is evaluated according to
the GGN model [27]. After optical fiber propagation, each band
is de-multiplexed by a MB-demux and amplified by the per-
band-optimized doped-fiber-amplifier (DFA). Every amplifier is
abstracted with a flat gain G, an additive amplified spontaneous
emission (ASE) noise source and a transfer function modelling
the gain flattening filter (GFF). In this case, the GSNR of a single
fiber span (GSNR;) can be computed as
Pin % plLs, f)* X G x H(f)

GSNR, = ;o a
PASEXH(f)+PNLIXGXH(f) ()

where P;, is the signal power at the input of the fiber, Pasg is
the ASE noise power, Pyy; is the NLI power and H (f) is the
GFF transfer function. The physical impairment introduced by
each re-configurable optical add-drop multiplexer (ROADM)
node is modelled as an attenuation introduced by the passive
components of the node and a booster amplifier which recovers
the node loss and introduces additional ASE noise. Thus, we
define a GSNR of the ROADM node, GSNR,,, as

Pin X Lroapm X Gast @)

GSNR,, = )
Pasg

where P;,, is the signal power at the input of the ROADM node,
Lroapw is the node loss, Gggr is the booster gain and Pagsg the
ASE noise introduced by the booster amplifier. To compute the
GSNR of a lightpath (LP), we assume the incoherent accumu-
lation of noise. Thus, the GSNR of a LP is computed as [28]

-1

> iGSNR, + > iGSNR,,

sepath

GSNR =

nepath

3
= Y (GSNR,) '+ Y (GSNR,) |

sepath néepath

where iGSNR is the inverse of GSNR, the index s indicates
the s-th span belonging to the path of the LP and the index n
indicates the n-th node.
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TABLE I
MAIN MB SYSTEM PARAMETERS

Band (0] E S C L
Wavelength range [nm] 1260 - 1360 1360 - 1460 1460 - 1530 1530 - 1565 1565 - 1625
Frequency range [THz] 220.59 - 238.10  205.48 - 220.59  196.08 - 20548  191.69 - 196.08  184.62 - 191.69
Used bandwidth [THz] 12 14.8 9.1 4.05 6.95
Central frequency [THz] 229.35 213.04 200.78 193.89 188.16
Slices @ 12.5 GHz 960 1184 732 332 548
Noise figure [dB] 7 6 7 5.5 6
Type of amplifier PDFA [30] BDFA [31] TDFA [29] EDFA EDFA
Nonlinear coefficient v [1/W/km] 1.6 1.5 1.4 1.3 1.28
1 25 0.40
0.9 20
0.35
0.8 15
07 10 E =l
E =]
206 5 % E 0.25
3 2 i
Tos 0 g =0.20
LI 5 8 g
\ H ~0.15
03 - 40% T
0.2 O S _— -15 0.10
0.1 = 20 0.05
O-band E-band S-band band L-band
C'1260 1320 1380 1440 1500 1560 1620 # 0.00
Wavetength (nm) 0 10 20 30 40
Af [THZ]

Fig.3. Attenuation and dispersion versus lambda from O- to L-band for a ITU
G.652D fiber.

Fig. 2 depicts the high level setup for a MB optical system,
used to estimate the propagation impairments in the network.
The setup is composed of a MB transmission bench consisting of
{O,E, S, C, L}-band transmitters. A flexible grid with 12.5 GHz
of bandwidth granularity is assumed. A net data-rate of 200 Gb/s
is considered enabled by PM-16QAM at 32 Gbaud symbol
rate (one carrier in 37.5 GHz), PM-8QAM at 43 Gbaud (one
carrier in 50 GHz), and PM-QPSK at 32Gbaud (two carriers
in 75 GHz). The selected roll-off factor is 0.15. A 1.85 nm
guard-band between all adjacent bands is considered. At the
receiver side, the bands are de-multiplexed, amplified, optically
equalized (via a GFF) and finally demodulated. The ITU wave-
length ranges, number of 12.5 GHz slices, and noise figures
(NF) of the considered optical amplifiers are reported in Table I.
We assume lumped amplification only with Erbium doped fiber
amplifiers (EDFA) in C- and L-bands; Thulium DFA (TDFA) in
S-band [29]; Praseodymium DFA (PDFA) in E-band [30]; and
finally Bismuth DFA in O-band [31]. It has been assumed that
the fiber is SMF type having an effective core area of 80 ;zm?, the
attenuation coefficient and the dispersion are depicted in Fig. 3,
the non-linear coefficient is reported in Table I and the Raman
coefficient is shown in Fig. 4.

Regarding optical nodes, the widely adopted broadcast and
select or switch and select architectures can be assumed [32].
In such nodes, switching (and also add and drop) is performed
based on wavelength selective switches (WSSs). Commercial
WSSs are already available operating in C+L-band. The de-
velopment of WSSs operating in S-, E-, and O-bands depends
on the opportunities that such bands offer to increase the fiber
life-time and capacity. This work will also provide some insight
to this open issue.

Fig. 4. Raman coefficient vs. Af.

III. PROVISIONING IN MULTI-BAND OPTICAL NETWORKS

A flex-grid optical network is assumed with transponders sup-
porting multiple modulation formats, symbol rates, and codes.
O-, E-, S-, C-, and L-bands can be exploited for lightpath
provisioning implying specific levels of quality of transmission
(QoT) depending on the used bands. We abstract the QoT over
each lightpath using the GSNR as it is the well-accepted unique
figure of merit for the QoT [33], so the overall GSNR on a
lightpath is given by the GSNR degradation of each crossed line
transmission system [34].

The proposed provisioning scheme for MB optical networks
is summarized by the flow chart in Fig. 5. Upon a connection
request from source s to destination d, a path is computed (e.g.,
shortest path). Then, the modulation format with the highest
spectral efficiency (e.g., PM-16QAM) is selected. Next, the
spectral region (i.e., the transmission band) is chosen, where
preference to a specific band can be assigned. For instance,
we could start by filling in first the C-band, afterwards the
L-band and so on, till all bands are filled. Afterwards, quality
of transmission (QoT) is evaluated. In this work, we rely on the
QoT-estimator (QoT-E) of GNPy [35], an open source software
for assessing the physical layer of modern optical networks.
Such a library evaluates the NLI by means of the GGN model
— shown in [22] — as it is accurate and conservative when
chromatic dispersion roughly exceeds 5 ps/nm/km [36]. For
lower dispersion values — the O-band, in our analysis — the GGN
model inaccuracy can be larger because of the large correlation
between the NLI generated by subsequent fiber spans. But in
case of operating the O-band together with the adjacent bands,
all at lower frequencies, the O-band channels are fast depleted by
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first- and higher-order SRS-induced power transfer. So O-band
channels’ performance is always dominated by the ASE noise
keeping the NLI practically irrelevant. As a consequence, an
underestimation of the NLI will have a negligible impact on
the GSNR. Other NLI models could be adopted, e.g., [37],
[38], [39], provided that the interaction between SRS-induced
power transfer and NLI generation are properly addressed. The
GSNR is estimated numerically for the selected scenario using
the GGN model. Its value depends on: (i) the computed path; (ii)
the MB scenario (e.g., C+L+S); and (iii) the considered band,
as will be shown in the next section. If the estimated GSNR is
sufficient to guarantee error-free transmission for the considered
modulation format (i.e., above a pre-defined threshold) in the
selected band and for the considered MB transmission scenario,
the spectrum assignment (SA) is executed (e.g., first fit) within
the selected band. On the other hand, if GSNR is below the
threshold or if no spectrum satisfying the continuity constraint
is available in the considered band, another transmission band is
selected and the GSNR is re-evaluated. If the estimated GSNR is
below the threshold in all considered bands, a modulation format
with lower GSNR requirements is selected (e.g., PM-8QAM),
implying smaller spectral efficiency. If sufficient GSNR cannot
be guaranteed for any of the available modulation formats or if
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the continuity constraint cannot be met in any of the transmission
bands, the connection is blocked.

Regarding the complexity of the provisioning scheme, this
mainly depends on the complexity of the GGN model and of
the path computation algorithm, and on the number of fre-
quency 12.5-GHz slices considered for spectrum assignment.
The QoT has been computed by using the QoT-estimator of the
GNPy library [35] whose complexity increases linearly with
the number of channels. Regarding path computation, if we
assume a shortest path algorithm such as Dijkstra [40] used
in the simulations, the complexity is O(||E|| + ||[V| log ||V ]])
where F and V' are the number of arches and nodes in the
topology, respectively. Consider that the shortest paths can be
pre-computed and their QoT pre-validated by the GGN model.
Finally, the complexity of spectrum assignment is O(SL) where
S is the number of 12.5-GHz frequency slices and L the number
of links in the path.

IV. SIMULATION RESULTS

A custom built event-driven C++ simulator has been used to
evaluate the blocking probability of C+L, C+L+-S,C+L+S+E,
and C+L+S+E+O MB transmission scenarios versus the
widely used C-band only. Simulations have been carried out on
a Intel(R) Core(TM) i5 @2.67 GHz, with 4 RAMs of 4 GB.
We tested the proposed provisioning scheme on a reference
Spanish transport network with 30 nodes and 55 bi-directional
links [41], all composed of standard SMF (SSMF). Each span
is 80 km long. The inter-arrival process of 200 Gb/s connection
requests is assumed to be Poissonian. Inter-arrival and holding
times are exponentially distributed with an average of 1/ and
1/p = 500 s, respectively, with the connection requests uni-
formly distributed among all node pairs. Traffic load is expressed
as r/ . Shortest path is considered for path computation while
first fit is adopted for SA, i.e., the lowest indexed available
portion of spectrum satisfying the continuity constraint in the
considered band, is selected.

The following modulation formats and symbol rates are con-
sidered: 1) only PM-QPSK at 32 Gbaud; 2) only PM-16QAM
at 32 Gbaud; 3) PM-16QAM and PM-QPSK, both at 32 Gbaud,;
4) PM-16QAM and PM-QPSK at 32 Gbaud and PM-8QAM
at 43 Gbaud. The same FEC overhead of 21% is assumed
in all cases. Single carrier transmission is adopted for PM-
16QAM and PM-8QAM, while dual carrier is assumed for
PM-QPSK, thus always guaranteeing a 200 Gb/s net rate. We
assume 200 Gb/s connections using 37.5 GHz, 50 GHz, and
75 GHz if PM-16QAM, PM-8QAM, or PM-QPSK is adopted,
respectively. For simplicity, we set a per-band power with flat
spectral load [42]. Only the GSNR of the worst channel (also
considering cross-phase modulation) is assumed for each band.
This way, when new channels are set up, any existing lightpath
will still show acceptable performance thus avoiding possible
reconfigurations. Other strategies (e.g., based on the actual spec-
tral occupation) could be instead adopted [25]. The power values
are reported in Table II. Assuming the pre-FEC BER threshold
4 x 1073, according to the theoretical BER-vs-GSNR curve,
the following threshold values are considered for the GSNR:
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TABLE II
TRANSMITTED POWER PER CHANNEL PER BAND

Scenario / Band L C S E O

C only - 15.23 - - -

C+L 13.88  15.04 - - -

C+L+S 12.31 1391 13.83 - -

C+L+S+E 1143 1291 13.0  10.99 -

C+L+S+E+O | 11.18 12.67 1274 1090 343

TABLE III

PER-BAND WORST-CASE GSNR [DB] FOR A SAMPLE 960-KM SSMF PATH,
WITH SPAN LENGTH OF 80 KM, WHEN 32 GBAUD SYMBOL RATE IS ASSUMED

(6] E S C L
-09dBm -1.1dBm -1.0dBm -1.7dBm -1.0 dBm

15.1 dB for PM-16QAM, 12.5 dB for PM-8QAM, and 8.5 dB
for PM-QPSK.

Table III reports the estimated GSNR for the worst-case chan-
nel per band in a 960 km-long SSMF route from the considered
topology when 32 Gbaud symbol rate is adopted. Using the
L-band in addition to the C-band depletes the C-band due to
Raman scattering. However, only a small penalty is observed
because the Raman effect impacts mostly the highest frequencies
of C-band which are the best performing ones when C-band only
transmission is adopted because of SRS as shown in [22]. On the
other hand, using also the S-band triggers a considerable power
transfer to C- and L-bands — still due to Raman effect, leading to
higher NLI in C- and L-bands. When we switch on also the E-
and O-bands, the SRS and the higher fiber attenuation in these
bands decrease significantly the performance of these bands
(with respect to the remaining ones) due to the high reduction of
the available channel power. When a 43 Gbaud symbol rate is
adopted instead of 32 Gbaud, similar GSNR values are obtained,
thus they are not reported. As an example, for the same path in
Table II, a GSNR of 13.6 dB is estimated in the C-band, instead
of 13.91 dB, when the C+L+S-band transmission scenario is
considered.

The following strategies are considered for the band selection
step in Fig. 5. For each MB scenario and strategy, bands are pro-
vided from the most preferred to the less preferred. C preferred —
C+L: consists in a C+L multi-band scenario where C is preferred
to L; L preferred — C+L: L, C; C preferred — C+L+S: consists
in a C+L+S scenario where C is preferred, then L, and finally
S; L preferred — C+L+S: L, C, S; C preferred — C+L+S+E:
consists in a C+L+S+E scenario where C is preferred, then L, S,
and finally E; C preferred — C+L+S+E+0O: C, L, S, E, O. The
performance are collected through 100 experiments of 10000
connection requests; plots are reported with a confidence interval
of 95%.

Fig. 6 shows the blocking probability versus traffic load when
only PM-QPSK is supported and C preferred is considered (in
C+L and C+L+S-band transmission scenarios). Clearly, the
exploitation of MB transmission strongly reduces the blocking
probability. Indeed, although the exploitation of L- and L+S-
bands impacts the GSNR in C-band (as illustrated in Table II),
the resulting penalty does not implies the infeasibility of any
path in the C-band when only PM-QPSK is transmitted. Thus,
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the blocking probability decreases significantly in the C+L and
even further in the C4+L+S-band transmission scenarios. This
is not the case when only PM-16QAM is used.

Fig. 7 shows the blocking probability when only PM-16QAM
is supported and C preferred in C+L and C4+L+S MB trans-
mission scenarios are considered. In this case, Fig. 7 shows a
blocking floor at small loads. This result is a consequence of
having paths that are unfeasible with PM-16QAM (even when
C-band only transmission is considered) due to the higher QoT
requirements of PM-16QAM with respect to PM-QPSK (the
GSNR threshold is ~15 dB instead of ~8 dB). Moreover, MB
transmission leads to additional GSNR penalty in the C-band,
which implies an even higher number of unfeasible paths, thus
leading to an increase of the blocking floor in the MB trans-
mission scenarios. This result indicates that the availability of
different modulation formats can be key to efficiently exploit
MB transmission.

Fig. 8 depicts the blocking probability versus traffic load when
both PM-16QAM and PM-QPSK are supported. The C preferred
and L preferred approaches are also compared. Focusing on C
preferred, the support of multiple modulation formats permits
to achieve lower blocking probability than the one reported
in Figs. 6 and 7. Indeed, when PM-16QAM is feasible, only
37.5 GHz are occupied per connection instead of 75 GHz, thus
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improving spectral efficiency. As an example, the comparison
of Figs. 6 and 8 shows that using PM-16QAM, besides PM-
QPSK, results in a blocking probability of about 0.01 instead
of almost 0.1 at 4000 Erlang in the C+L+S-band transmission
scenario. Moreover, when the GSNR is smaller than 15.13 dB,
the more relaxed PM-QPSK is exploited to avoid the blocking
floor reported in Fig. 7.

Fig. 8 indicates also that it may be useful to prefer L- to
C-band during provisioning when C-+L-band transmission is
considered. This result is a consequence of having paths that
are feasible with PM-16QAM in C-band, but not in L-band,
due to the worse optical performance in the latter band. With
C preferred, C-band is rapidly filled and it may happen that a
connection that would be feasible with PM-16QAM in C-band
must adopt L-band instead and, consequently, PM-QPSK. On the
contrary, L preferred results in a maximization of the number of
connections using PM-16QAM due to the mode of operation of
the proposed provisioning scheme summarized in Fig. 5. Fig. 8
illustrates also the potential of S-band to increase the capacity of
a network. Indeed, about a fourfold increase of the provisioned
traffic is reported when considering C4L+-S-band transmission
instead of C-band only, at a blocking probability of 10~2. This
increment is slightly less than the overall increment of spectrum
when adding L and S bands. Indeed, looking at Table I, the
number of 12.5-GHz slices increases by a factor of around 4.8
when activating L and S bands. Differently, the load increases
by a factor of 4 because of the poorer physical performance of
the L band and because the number of accepted lightpaths also
depends on the traffic matrix and some spectrum could be left
unused since continuity constraint is not satisfied along the links.

The exploitation of additional optical fiber bands for data
transmission is analyzed in the following. Fig. 9 depicts the
blocking probability versus traffic load when several MB trans-
mission scenarios are considered, including also E- and O-
bands transmission, with C preferred. Both PM-16QAM and
PM-QPSK are used in this case. Fig. 9 shows that exploiting
E-band strongly reduces blocking probability. On the contrary,
the exploitation of O-band in the considered topology does not
bring any benefit. Indeed, C+L+S+E and C+L+S+E+O-band
transmission present the same blocking probability. This result
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Fig. 10.  Percentage of spectrum utilization in the C-band vs. traffic load.

is a consequence of the small GSNR available in O-band. As
an example, Table II reports a GSNR of only 3.43 dB in the
O-band versus 10.9 dB in the E-band. For the C+L+S+E and
C+L+S+E+O scenarios, we investigated also E preferred (i.e.,
E preferred to C, then L, S, and finally O): this band selection
strategy presents similar performance than C preferred, thus the
related plot is not shown. Additional results are provided in the
following to provide more insights on the usage of the several
bands.

Figs. 10—-13 show the percentage of spectrum utilization in
the C, L, S, and E-bands, respectively, for all the considered MB
transmission scenarios with C preferred, averaged on all network
links. Regarding C-band utilization (Fig. 10), the activation of
S- and E-bands implies an higher spectrum utilization at low
loads because the GSNR in C-band becomes smaller and more
paths require the selection of PM-QPSK, which requires more
spectrum. At higher loads, and with the saturation of C-band,
lightpaths need to use other bands. For this reason, and also
due to the worse physical performance, C-band is slightly less
utilized at higher loads when more bands are exploited.

Spectrum utilization in the L-band (Fig. 11) also increases as
more bands are activated. Again, the activation of more bands
implies a reduction of GSNR in the L-band. This is caused
by the power transfer from the higher frequency channels to
the lower frequency ones due to stimulated Raman scattering.
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This increases the power of the L-band channels while the
population of other bands grows. This causes higher NLI gener-
ation in the L-band, which leads to a lower GSNR. Thus, more
lightpaths have to rely on PM-QPSK modulation consequently
occupying more spectrum. The same behavior occurs in the
S-band (Fig. 12). The utilization of E-band (Fig. 13) does not
change with the activation of O-band because the last one is
actually never used, due to the degraded optical performance.
By comparing the overall utilization of C, L, S, and E-bands, we
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Fig. 14.  Blocking probability versus traffic load when PM-8QAM is available
and with C preferred.

find that it follows the ranking of preference for band selection:
C, L, S, and, finally, E-band.

Finally, the exploitation of an additional modulation format
(PM-8QAM) is also investigated. Fig. 14 depicts the blocking
probability versus traffic load when PM-8QAM modulation
format is also considered. In particular, when PM-8QAM is
referred to in Fig. 14, all three modulation formats are available,
otherwise only PM-16QAM and PM-QPSK can be selected.
Fig. 14 shows that the exploitation of this additional modulation
format, with different robustness to transmission impairments
and spectrum efficiency, offers more possibilities for adapta-
tion to the GSNR experienced along a route and in a specific
multiband scenario, thus improving the blocking probability
with respect to the case of selecting only PM-QPSK and PM-
16QAM. For the selected topology, relevant benefits are reported
especially in the C+L+S+E-band transmission scenario, which
is the more performance demanding. In the case of C band only,
the routing and spectrum assignment is accomplished in less
than one millisecond, while in the order of few milliseconds in
the C+L+S+E case.

V. CONCLUSIONS

‘We have presented a provisioning scheme for multi-band opti-
cal networks leveraging the GGN model and taking into account
the stimulated Raman scattering. Simulation results have shown
that up to four times more traffic can be carried in a network when
using C-, L- and S-bands for data transmission. An additional
increase of accommodated traffic is experienced through the use
of E-band. On the other hand, O-band does not offer sufficient
signal quality for transmission distances comparable to the ones
of regional and backbone networks. Therefore, the reported
results suggest that, in the medium term, an enhancement of
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the enabling technologies for S-band (e.g., WSSs) may extend
the lifetime of existing optical fibre infrastructures. Moreover,
efforts on the development of devices operating in the E-band
may further enable significant network capacity increase. On the
contrary, the development of enabling technologies for O-band
does not seem justified (for transmission distances comparable
to the ones of regional and backbone networks). Lastly, an
increased granularity in the available modulation formats is
desirable as it enables further reducing the blocking probability
in MB transmission scenarios.
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