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Analysis of the Impact of Wavelength-Dependent
Physical Impairments Considering a
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Abstract—In this paper, we analyze the impact of wavelength-
dependent physical impairments, specifically the optical fiber
attenuation coefficient (o) and the optical amplifiers noise
figure (NF), considering S, C and L bands in a multiband
elastic optical network. The calls blocking probability and the
distribution of modulation formats among the network accepted
calls were used as evaluation metrics. The results obtained for
the use of G-652.A optical fiber show that using @ and NF with
fixed values underestimates the most realistic scenario (¢ and NF
dependent on wavelength). For the use of G-652.D optical fiber, it
was possible to obtain a reduction of approximately 63.41% for
S band, 95.60% for C band and 98.84% for L band, in terms of
calls blocking probability, when the most realistic scenario was
compared with the scenario most used in the literature (@ and
NF with fixed values). In addition, it was verified that, with the
most realistic scenario, it was possible to obtain the distribution
of more efficient modulation formats using the G-652.D optical
fiber in the C band.

Index Terms—Elastic Optical Network, Multiband Transmis-
sion, Optical Signal-to-Noise Ratio, Physical Impairment.

I. INTRODUCTION

N the 1990s, wavelength division multiplexing (WDM)
Ioptical networks made it possible to send multiple wave-
lengths over a single-mode fiber (SMF), in order to expand the
data transmission capacity in optical networks [1]. Elastic op-
tical networks (EON) allowed the use of multiple modulation
formats and adapted the required bandwidth also according
to the transmission bit rate, thus optimizing the usage of
frequency spectrum [2]. In this context, space division multi-
plexing (SDM) optical networks provided great possibilities
of using multiple optical fibers, optical fibers with several
cores, with several modes and even a combination of different
cores and modes in order to increase the capacity of optical
networks [3]. However, under certain circumstances, the use of
SDM technology can be quite expensive, requiring a greater
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number of devices, somewhat increasing capital expenditure
and energy consumption [4].

Considering the spectral limitation of C band, the develop-
ment of new optical amplifiers has allowed the use of other
bands for the transmission of optical signals [4]. The use
of Erbium-doped fiber amplifiers (EDFA) and amplification
systems based on the Raman effect with different config-
urations (full Raman, Raman plus EDFA or even remotely
pumped optical amplifiers) extended the transmission of opti-
cal signals to L and S bands, in addition to C band [4].

In the last five years, the concept of optical networks, which
use transmission in multiple bands (MB), has gained a lot
of attention in the scientific community. Basically, multiband
optical networks offer the opportunity to exploit the windows
that provide low attenuation values in ITU-T G-652.D SMF
optical fibers, expanding the capacity of optical systems by
almost 11 times the capacity of C band or nearly 5 times
the combined capacity of C and L bands [S]. The great
advantage of these optical networks is the high potential, in
terms of cost, for eventual upgrades of the optical systems,
since they take advantage of the existing infrastructure [5]. It
is important to mention that there are already on the market
optical systems that use C and L bands, directing research
towards data transmission in other bands (O, E and S, for
example) [5]. Furthermore, when considering the degradation
of the optical signal quality of transmission (QoT), one must
take into account the particularities in each of the different
transmission bands [6].

In this paper, we extend the work in [7] by analyzing the
impact of wavelength-dependent physical impairments, specif-
ically the fiber optic attenuation (@) and the optical amplifiers
noise figure (NF), in S, C and L bands, considering three
simulation scenarios in a multiband elastic optical network.
For our knowledgment, no paper, so far, has analyzed the
joint impact of different fiber optic attenuation profiles and the
noise figure of optical amplifiers as performed in this paper,
which is organized as follows: in Section II, the state of the
art that refers to papers that analyze the impact of physical
impairments in the scenario of multiband optical networks is
presented. In Section III, the physical impairments modeling
considered in our simulations is described. In Section IV, the
parameters, physical topology and simulation scenarios are
presented. In Section V, the results obtained are analyzed and,
finally, the conclusions are presented in Section VL.
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II. LITERATURE REVIEW

In the literature, it is observed that some authors use
analytical expressions to quantify the amplified spontaneous
emission (ASE) noise, the stimulated Raman scattering (SRS)
effect and the nonlinearities in the receiver nodes [6], [8]-[12],
while others use the concept of maximum reach in their
works [13]-[16]. The concept of maximum reach is based on
the maximum distance at which it is still possible to use a
given modulation format. If the distance between the analyzed
nodes is greater than a certain threshold, the following modu-
lation format with less spectral efficiency is used to establish
the call request.

Regarding the papers that deal with analyzing the impact of
the physical impairments in the scenario of multiband optical
networks, there are two aspects: (1) those that determine the
maximum reach of different modulation formats [13], [17]
and (2) those that analyze the impact of different physical
impairments on different transmission bands [18]-[23].

Regarding the first aspect, Paz et al. [13] study the effect
that linear and nonlinear noise accumulation in multiband
optical systems has on the transmission reach for optical
signals managed by an EON operator. Using fiber propagation
models they estimate the maximum transmission reach for
a variety of modulation formats commonly used in EONs
for each transmission band in a multiband network scenario.
The authors consider ASE noise and nonlinearities in their
analysis, optical SMF fiber, fixed values of noise factor and
attenuation coefficient, in addition to using E, S, C and L
bands. The results obtained involve maximum reach for a
variety of modulation formats (BPSK, QPSK, 16-QAM, 64-
QAM and 256-QAM) with three commonly used threshold
values in EONs. Uzunidis er al. [17] tabulate the state of
the art details for commercially and experimentally available
optical components, and discuss their specifications and their
impact on the overall system performance. The authors em-
ploy a novel physical layer formalism, which calculates the
performance of a multiband transmission system considering
an amplification scheme based on commercially available rare-
earth doped fiber amplifiers for S, C and L bands. This
formalism considers ASE noise, four wave mixing (FWM)
and SRS as physical impairments. Finally, they calculate the
attainable capacity and maximum reach for each band and for
three different modulation formats (QPSK, 16-QAM and 64-
QAM). In their analysis, the authors consider the attenuation
coefficient value to be constant.

Regarding the second aspect, Cantono et al. [18] review
the generalized Gaussian noise (GGN) model for multiband
prediction of nonlinear interference (NLI) generation and
validate its accuracy by comparing C+L simulative results
to model predictions. Results are obtained for the case of
amplification using a hybrid Raman and Erbium-doped fiber
amplifiers. The authors consider ASE noise and nonlinearities
as physical impairments, C and L bands and a WDM optical
system. Furthermore, the attenuation coefficient value is mod-
eled as an analytical function for the analyzed bands. Ferrari
et al. [19] calculate the maximum transmission capacity for
G-652.D optical fiber, considering three different fiber span

lengths for a WDM optical system involving the L, C, S, E
and O bands. The GGN model is used for consideration of
physical impairments but the values of the noise figures of the
amplifiers are constant in the simulations. D’ Amico et al. [20]
investigate the main features of the C+L implementation from
an operational point of view, considering the generalized
signal-to-noise-ratio (GSNR) as the system metric. The authors
focus their analysis on the leading contributors to the GSNR
degradation in a C+L scenario, highlighting the main mutual
inter-band interactions that have to be considered in order
to set the system working point to a level that provides the
best possible system performance. They consider wavelength-
varying attenuation and noise figure, SRS nonlinear inter-
ference as physical impairments, and G-652.D optical fiber.
Nikolaou et al. [21] study the physical layer performance in
a WDM optical system which exploits O, E, S, C and L
bands. The authors consider ASE noise, nonlinear interference
and SRS effect as physical impairments. In their simulations,
they consider fixed values of attenuation coefficient and noise
figure for each band. D’Amico et al. [22] investigate the
quality of transmission estimation in a multiband transmission
scenario, including a wideband description of the frequency-
dependent physical layer parameters and a disaggregated QoT
estimation approach. The authors use experimentally-derived
Erbium- and Thulium-doped fiber amplifier operational data,
and simulate the generation of the nonlinear interference
noise by comparing implementations of the split-step Fourier
method, the GGN model implemented in an open-source
library, and an efficient approximation that provides accurate
results in a limited computational time. The authors consider
ASE noise and NLI as physical impairments, frequency-
dependent evolution of the fiber loss, G-652.D optical fiber and
analyze the results in a WDM optical system. Gomes et al. [23]
analyze the node components and architectures for the C+L
band, and their cost and power consumption are estimated.
The impact of ASE noise and NLI on the optical signal-to-
noise ratio (OSNR) of the horsehoe topology is studied for
filterless L band amplified solutions and the influence of in-
band crosstalk on the electrical signal-to-noise ratio (SNR)
is considered for unamplified solutions. They consider fixed
values of attenuation coefficient and noise figure, in addition to
considering ASE noise and nonlinearities as physical impair-
ments. As can be seen, the objective of these papers [18]-[23]
was not to exclusively analyze the performance of multiband
optical networks in relation to the dependence of physical
impairments on wavelength. According to the state of the art,
no paper, so far, has analyzed the joint impact of different
fiber optic attenuation profiles and the noise figure of optical
amplifiers in a MB-EON scenario as performed in this paper.
Table I presents the state of the art with regard to papers
dealing with the analysis of the impact of physical impairments
in the context of multiband optical networks.

III. PHYSICAL IMPAIRMENTS MODELING

In this paper, we considered a node architecture adapted to
MB scenario and based on spectral switching architecture [24],
as shown in Fig. 1.
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Table I: State of the art with regard to papers dealing with the analysis of the impact of physical impairments in the context

of multiband optical networks.

Reference  Optical Network  Optical Fiber O band Eband Sband Cband Lband Uband ASE SRS SPM XPM NLI
[18] WDM - - - - X X - X - - - X
[19] WDM G.652D X X X X X - X X - - X
[20] WDM G.652D - - - X X - X X X X X
[21] WDM SMF X X X X X - X X - - X
[22] WDM G.652D - - X X X - X X X X X
[23] WDM - - - - X X - X - X X X

\/

/A .

optical Fibers

Figure 1: Node architecture adapted to MB scenario and based
on spectral switching architecture [24].

This node architecture jointly with the link configuration, in
terms of spans, have the following devices: transmitter (TX),
switch, multiplexer (MUX), booster optical amplifier (BA),
optical fiber, in-line optical amplifier, pre-amplifier (PA), de-
multiplexer (DEMUX) and receiver (RX), as shown in Fig. 2.

In this paper, we considered that the booster optical ampli-
fiers and pre-amplifiers, present in the nodes, and the in-line
optical amplifiers, present along the links, exactly compensate
the node and link losses. Thus, the optical signal-to-noise ratio
obtained at the destination node (OSNR,) can be evaluated
considering the values of the losses and gains in the devices,
and the ASE noise generated in the optical amplifiers such as

Pin

OSNRyyt = ——m—8,
" Nip + Namp

ey
in which Pj, represents the input optical power per slot, Ni,
the transmitter noise power and Namp the total noise power
generated by the optical amplifiers.

Basically, the ASE noise power generated in EDFAs for
both polarizations of electromagnetic wave can be evaluated
as [25]

Neppa =h-v - F - Brer - (G = 1), )

in which h represents the Planck constant, v the optical
frequency of the first slot of the call request, F' the optical
amplifier noise factor, Byt the reference bandwidth and G the
linear gain of the optical amplifier. As can be seen in Eq. (2),
Nepra directly depends on the noise factor and the gain of

the optical amplifier. However, depending on the amount and

the types of optical amplifiers used, in addition to the devices

present along a lightpath, it is possible that the total noise

power generated by the optical amplifiers depends on several

factors. For a lightpath with [ links, Namp is evaluated as
Namp = Npa + NaL + Npa,

3

in which Npa represents the total ASE noise power generated
by the booster optical amplifiers, Nap the total ASE noise
power generated by the in-line optical amplifiers and Npa
the total ASE noise power generated by the pre-amplifiers.
These parameters can be calculated by the following equa-
tions (Eq. (4) to (6)), considering the node and link architecture
illustrated in Fig. 2:

I+ (Lsw- L%, -Lpx—1
Nga=h-v-F - Bget- ( = LMX - ), 4)
Mx
I
NAL:h'V'F'BRef'Z[Lzl ‘(LMx'LDx‘Lll;./bgsiH)—])]
i=1 X
)]
and
o et
Nea = hov-F-Brer- ) TP , (6)
; X X W

i=1
in which Lg, represents the linear switch loss, Ly the linear
multiplexer loss, Lpyx the linear demultiplexer loss, Lgy; the
linear optical fiber loss corresponding to the i-th link and s;
the number of in-line optical amplifiers belonging to the i-th
link and evaluated as
Si = ’V - 1“ .

in which [u] represents the smallest integer not less than u,
d;; the physical length of the link ij and dqy, the span length.

Fig. 3 shows the attenuation coefficient (@(2)), in dB/km,
for two types of optical fiber (G652.A and G652.D) (left
axis) [26], as well as the noise figure (NF(Q)), in dB, of
specific optical amplifiers (right axis), both depending on the
wavelength, considering: (a) S band [27]; (b) C band [22] and
(c) L band [28]. The dependence of these two parameters on
the wavelength was modeled according to data available in the
literature [22], [26]-[28].

The threshold optical signal-to-noise ratio (OSNRy,), de-
pending on transmission bit rate, modulation format and

dij
damp

(7
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Figure 2: Devices present along an optical link.

signal-to-noise ratio per bit (snrp), can be used as a QoT
evaluation parameter of the call request, in comparison with
the value obtained from the OSNRqy [29]. Assuming a max-
imum tolerable bit error rate of 107> and using a forward
error correction (FEC) code, for modulation format 4-QAM,
one has to snrp, = 6.79dB, 8-QAM, snr, = 8.58dB, 16-
QAM, snrp, = 10.52dB, 32-QAM, snry, = 12.59dB, and 64-
QAM, snr, = 14.77dB [30]. Thus, for a given transmission
bit rate and a respective modulation format, the OSNRy, can
be evaluated as [30]

1 B
OSNRy, = 7B Snry, (8)

Ref
in which B represents the transmission bit rate and Bger the
reference bandwidth.
The number of slots for a given call request (ngo) can be

evaluated as [30]
B
Nslot = {m} > &)

in which Bg), represents the slot bandwidth and M the number
of symbols for an M-QAM modulation format.

IV. SIMULATION SETUP

The simulations carried out in this paper used the NSFNet
topology, as shown in Fig. 4, and the parameters described in
Table II [7] and Table III [31].

Three simulation scenarios were analyzed (CS1, CS2 and
CS3). CS1 considered the network performance in which both
a and NF have fixed values. CS2 considered the performance
of the network in which @ and/or NF can be dependent on the
wavelength, considering the transmission in G652.A optical
fiber. CS3 considered the same aspects as CS2, however, the
G652.D optical fiber was used. For performance analysis, we

Table II: Parameters used in our simulations [7].

Parameter Value
Span length 70 km
Modulation formats 4, 8, 16, 32 and 64-QAM
Reference bandwidth 12.5GHz
Slot bandwidth 12.5GHz
Input optical signal-to-noise ratio 30dB

Transmission bit rates From 100 to 500 Gbps with uniform distribution

Table III: Simulation parameters for S, C and L bands [31].

Parameter Sband Cband L band
Initial wavelength (nm) 1460.00  1530.37  1571.26
Final wavelength (nm) 1521.16  1565.03 1614.41
Initial frequency (THz) 197.22 191.69 185.83
Final frequency (THz) 205.48 196.03 190.93
Total number of slots 661 347 408
Noise figure (dB) 7.0 5.5 6.0
Attenuation coefficient (dB/km) 0.220 0.191 0.200

considered the calls blocking probability (PB) as a function of
the network load and the distribution of modulation formats
among the network accepted calls.

We adopted the following methodology to define the net-
work load range and the input optical power per slot (Pj,)
for each band considered in our simulations: (1) several
simulations were carried out with different network load values
considering PB as a function of Pj,; (2) the lowest network
load limit was defined as the first one that reached PB = 1073
considering 0 < Pj; < 5dBm; (3) the Pj, value for the
lowest network load limit was selected as the optimal value
of the respective band; (4) the upper network load limit was
defined as the first one that reached PB = 10! considering
5 £ Py, < 10dBm. With this, we obtained the following
network load ranges for the respective bands: (1) 1200 to
2300 Erlangs with P, = 2dBm for S band; (2) 500 to
1050 Erlangs with Py, = 0dBm for C band; and (3) 600 to
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Figure 3: Attenuation coefficient (a(1)), in dB/km, for two
types of optical fiber (G652.A and G652.D) (left axis) [26],
as well as the noise figure (NF (1)), in dB, of specific optical
amplifiers (right axis), both depending on the wavelength,
considering: (a) S band [27]; (b) C band [22] and (c) L
band [28].

Figure 4: NSFNet topology.

1150 Erlangs with Pj, = 0 dBm for L band, as shown in Fig. 5.

To carry out the simulations, an open source computational
platform (SONDA) available in the literature [32], [33] was
used. SONDA is capable of handling WDM/EON optical net-
work scenarios in dynamic traffic situations. At the moment,
it is also able to tackle with routing and resource assignment
problems in SDM and MB optical networks, considering
physical impairments such as ASE noise, in both technologies,
and intercore and intracore crosstalks in the first (SDM).

For a given call request to be established, the following
steps need to be met: (1) there must be a route between
the source and destination nodes; (2) there must be available
spectral resources along this route; and (3) the OSNR,,; must
be above a pre-established threshold (OSNRy,). If any of these
criteria cannot be attended, the call request is blocked. The
process is repeated until the number of calls, or the number
of blockings, provided by the user is reached. The route
between the source and destination nodes is obtained using
the shortest path algorithm, considering physical distance. For
a call request, modulation formats are assigned in order of
the most efficient ones. When it is not possible, the next most
efficient is tried until the last attempt is made with the 4-
QAM modulation format. For the spectrum assignment step,
the First-Fit algorithm is used.

All simulations were performed considering dynamic traffic.
The following parameters were considered: (1) 100 blockings
for analysis of calls blocking probability, (2) 10* call requests
and (3) 1200 Erlangs for S band, 500 Erlangs for C band and
600 Erlangs for L band when it is considered the analysis
of distribution among the assigned modulation formats to the
network accepted calls.

V. RESULTS

Fig. 6 shows the calls blocking probability as a function of
the network load, considering three scenarios for @ and NF
for each transmission band (S, C and L): (1) @ and NF with
fixed values (CS1) (Fig. 6a, Fig. 6d and Fig. 6g), (b) @ with
fixed value, or depending on the wavelength, in combination
with NF with fixed value, or depending on the wavelength,
using G652.A optical fiber (CS2) (Fig. 6b, Fig. 6e and Fig. 6h)
and (3) @ with fixed value, or depending on the wavelength,
in combination with NF with fixed value, or depending on the
wavelength, using G652.D optical fiber (CS3) (Fig. 6¢, Fig. 6f
and Fig. 6i).
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Figure 5: Methodology based on calls blocking probability to
define the network load range and the input optical power per
slot to our simulations for: (a) S band, (b) C band and (c) L
band.

For CS1 scenario (Fig. 6a, Fig. 6d and Fig. 6g), one can
note that the lower is «, the lower is the calls blocking
probability. This is due to the fact that the total ASE noise
power generated in in-line optical amplifiers (Eq. (5)) and
in pre-amplifiers (Eq. (6)) directly depends on the linear
optical fiber loss (Lgp). Thus, the greater is the attenua-
tion value (@), the greater is the value of the total ASE
noise power (Namp) (Eq. (3)), which reduces the value of
OSNRy (Eq. (1)), requiring modulation formats with lower
spectral efficiency and, consequently, additional slots for light-
path establishments. Table IV presents the results of CS1
scenario, in terms of calls blocking probability, considering
the network load value equal to 1200 Erlangs for S band,
500 Erlangs for C band and 600 Erlangs for L band.

For CS2 scenario, in which the G652.A optical fiber is used
for the transmission of optical signals, it can be seen that, for S
band (Fig. 6b), the best performance in terms of calls blocking
probability is obtained with @ = 0.220dB/km and NF(4).
It is important to point out that the total ASE noise power
generated by the in-line optical amplifiers and pre-amplifiers
depends directly on the amplifier noise factor (F) and the
linear optical fiber loss (Lgg) (Eq. (5) and Eq. (6)). Thus,
the smaller the F - Ly, product, the better the performance in
terms of calls blocking probability. However, a more realistic
scenario, involving @ (A1) and NF(A), results in a worse per-
formance due to the fact that the average value of a (as =
0.2216dB/km) for S band is above of a fixed value used
in the simulations (@ = 0.220dB/km). The small difference
when comparing the simulations performed with NF fixed
value (NF = 7.0dB) and NF(Q) is due to the slight difference
between the average value of NF (ﬁs = 6.5246 dB) and the
NF fixed value used in the simulations (VF = 7.0dB). In the
case of C band (Fig. 6e), it is plausible to consider both @ and
NF with fixed values (@ = 0.191dB/km and NF = 5.5dB),
resulting in a good approximation with the more realistic
scenario (a(A1) and NF(A)). However, due to the fact that the
average value of @ (a¢ = 0.2074 dB/km) is above of the @ with
fixed value (@ = 0.191 dB/km) considered for this band, the
worst performance is obtained with @ (1) and NF = 5.5dB
configuration. For L band (Fig. 6h), the behavior is very
similar to that of C band (Fig. 6e), so that the best performance
obtained by the a with fixed value (¢ = 0.200dB/km)
and NF(A1)) configuration underestimates the more realistic
scenario (a(A) and NF(1)). The difference between the results
in terms of calls blocking probability of the curves considering
NF with fixed value and NF (1) is due to the fact that the
average value of NF is below of the value considered fixed
for both transmission bands (NFc = 4.2489dB < 5.5dB
for C band and NF; = 4.6656dB < 6.0dB for L band).
Table V presents the results of CS2 scenario, in terms of
calls blocking probability, considering the network load value
equal to 1200 Erlangs for S band, 500 Erlangs for C band and
600 Erlangs for L band.

For CS3 scenario, in which the G652.D optical fiber is used
for the transmission of optical signals, it can be seen that,
for S band (Fig. 6¢), the configurations that considered a (A1)
resulted in the best performance in terms of calls blocking
probability. This can be explained by the fact that the average
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Figure 6: Calls blocking probability as a function of the network load, considering three scenarios for ¢ and NF for each
transmission band (S, C and L): (1) « and NF with fixed values (CS1) (Fig. 6a, Fig. 6d and Fig. 6g), (b) a with fixed value,
or depending on the wavelength, in combination with NF with fixed value, or depending on the wavelength, using G652.A
optical fiber (CS2) (Fig. 6b, Fig. 6e and Fig. 6h) and (3) a with fixed value, or depending on the wavelength, in combination
with NF with fixed value, or depending on the wavelength, using G652.D optical fiber (CS3) (Fig. 6¢c, Fig. 6f and Fig. 6i).

Table IV: Results of CS1 scenario, in terms of calls blocking probability, considering the network load value equal to
1200 Erlangs for S band, 500 Erlangs for C band and 600 Erlangs for L band.

S band C band L band

a (dB/km)

NF (dB) PB NF (dB) PB NF (dB) PB
0.19 7.0 1.79 x 103 5.5 3.80 x 104 6.0 5.58 x 10~%
0.20 7.0 4.99 x 1073 5.5 2.29 x 1073 6.0 3.57 x 1073
0.21 7.0 9.85 x 1073 5.5 6.32x 1073 6.0 1.56 x 1072

0.22 7.0 2.04 x 1072 5.5 3.13x 1072 6.0 4.75 x 1072

value of @ (a@s = 0.2004dB/km) is below of the @ with fixed value considered in the simulations (o = 0.220 dB/km),
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Table V: Results of CS2 scenario, in terms of calls blocking probability, considering the network load value equal to
1200 Erlangs for S band, 500 Erlangs for C band and 600 Erlangs for L band.

@ (dB/km) S band a (dB/km) C band @ (dB/km) L band
NF (dB) PB NF (dB) PB NF (dB) PB
0.220 7.0 2.04 x 1072 0.191 5.5 421 %1074 0.200 6.0 3.57x 1073
0.220 NF(1) 1.53x1072 0.191 NF)  2.18x107° 0.200 NF() 271x107*
a() NF(1)  4.58x1072 a() NF(1)  332x10™* () NF(1) 2.83x1073
a() 7.0 5.58 x 1072 a() 5.5 5.53x 1073 () 6.0 2.87 x 1072

resulting in a smaller amount of total ASE noise power at
the receiver node and resulting in a smaller calls blocking
probability due to the lack of QoT. In this case, configurations
that assumed @ with fixed value resulted in poor calls blocking
probability performance. Although the average value of NF
for this band be 6.5246dB (ﬁs), the difference between
considering fixed or wavelength dependent value for NF did
not compromise the result obtained when it is considered the
F- Lpy, product. The performance of the most realistic scenario,
compared to the scenario most used in the literature (@ and
NF with fixed values) [21], [23], resulted in a reduction of
approximately 63.41% in terms of calls blocking probability.
For C band (Fig. 6f), it was possible to observe that the
most realistic scenario obtained the best results compared to
those obtained when a@ and NF had fixed values, scenarios
used in the literature in the majority of the cases [21], [23].
It was verified that this is due to the fact that the average
value of @ (@c = 0.1907 dB/km) was below that with fixed
value considered in the simulations (@ = 0.191 dB/km) and
that the average value of NF (Wc = 4.2489dB) was below
the considered fixed value of NF (5.5dB) in the simulations,
contributing to these results. As a result, the most realistic
scenario resulted in calls blocking probability reduction of
approximately 95.60% compared to the scenario with fixed pa-
rameters used in the literature [21], [23]. For L band (Fig. 6i),
a behavior similar to that obtained for C band was observed,
in which the most realistic scenario performed with calls
blocking probability reduction of approximately 98.84% lower
when compared to the constant parameters scenario used in
the literature [21], [23]. Table VI presents the results of CS3
scenario, in terms of calls blocking probability, considering
the network load value equal to 1200 Erlangs for S band,
500 Erlangs for C band and 600 Erlangs for L band.

Fig. 7 (Fig. 8 and Fig. 9) shows the distribution of as-
signed modulation formats to the network accepted calls,
considering S (C and L) band, a network load value equal
to 1300 Erlangs (700 and 800 Erlangs) and different scenarios
for @ and NF.

It can be seen that, in the scenario referring to the fixed
values of @ and NF (Fig. 7a to Fig. 7d, Fig. 8a to Fig. 8d
and Fig. 9a to Fig. 9d), the lower « value, the lower the total
ASE noise power generated in the network, which improves
the OSNRy,¢ and enables the acceptance of more call requests
with more efficient modulation formats in spectral terms. In
this way, the call requests accepted by the network start to be
distributed in a more accentuated way for the more efficient

modulation formats along the decrease of the value of a used
in the simulations.

When using G652.A optical fiber, the average value of
a is approximately 0.2216 dB/km for S band (0.2074 dB/km
for C band and 0.2157dB/km for L band). When using
G652.D optical fiber, the average value of @ is approximately
0.2004 dB/km for S band (0.1907 dB/km for C band and
0.1952dB/km for L band). The average value of NF is
approximately 6.5246dB for S band (4.2489 dB for C band
and 4.6656dB for L band). As the total ASE noise power
directly depends on the linear optical fiber loss and the noise
factor (Eq. (5) and Eq. (6)), the smaller the product of these
two parameters, more call requests can be accepted with more
efficient modulation formats. This behavior is observed when
comparing the distribution of modulation formats between
Fig. 7e and Fig. 7f for S band (Fig. 8e and Fig. 8f for C
band and Fig. 9¢ and Fig. 9f for L band). It can be seen that
a more accentuated concentration of accepted call requests in
more efficient modulation formats is observed in the G652.D
optical fiber, since the QoT degradation is smaller. The results
shown in Fig. 8f for C band present the better usability of more
efficient modulation formats, culminating in the best utilization
values of all scenarios evaluated in this paper (0.00% for 4-
QAM, 5.04% for 8-QAM, 20.97% for 16-QAM, 30.15% for
32-QAM, and 43.84% for 64-QAM). Table VII (Table VIII
and Table IX) presents the distribution, in terms of percentage,
of assigned modulation formats to the network accepted calls,
considering a network load value equal to 1200 Erlangs in S
band (500 Erlangs in C band and 600 Erlangs in L band).

Considering CS3 for C band, agesop(4d) and NF(1), we
obtained an average calls blocking probability of 1.85 x 1073
with a margin of error of 8.45 x 1077, corresponding to
confidence intervals of 99%, for 30 simulations performed.

VI. CONCLUSIONS

In this paper, we analyzed the impact of wavelength-
dependent physical impairments, specifically the optical fiber
attenuation coefficient and the optical amplifiers noise figure,
considering S, C and L bands in a multiband elastic optical
network. Three simulation scenarios were analyzed. The first
considered the network performance in which both @ and NF
had fixed values. The second considered the performance of
the network in which @ and/or NF could be dependent on the
wavelength, considering the transmission in G652.A optical
fiber. Finally, the third considered the same aspects as the
second, however, the G652.D optical fiber was used.
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Table VI: Results of CS3 scenario, in terms of calls blocking probability, considering the network load value equal to
1200 Erlangs for S band, 500 Erlangs for C band and 600 Erlangs for L band.

@ (dB/km) S band @ (dB/km) C band @ (dB/km) L band
NF (dB) PB NF (dB) PB NF (dB) PB
0.220 7.0 2.04 x 1072 0.191 5.5 4.21 x 1074 0.200 6.0 3.57 x 1073
0.220 NF()  1.53x1072 0.191 NF(1)  2.18x1073 0.200 NF() 271x107*
a() NF(1)  7.48x1073 a() NF(1) 1.85x107° a () NF(1)  4.14x107
a(d) 7.0 8.02x 1073 a(d) 5.5 3.32x 1074 () 6.0 9.47 x 1074
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Figure 7: Distribution of assigned modulation formats to the network accepted calls, considering S band transmission, a network
load value equal to 1200 Erlangs and different scenarios for @ and NF: (a) @ = 0,19dB/km, NF = 7dB; (b) @ = 0,20dB/km,
NF =7dB; (¢) @ =0,21dB/km, NF = 7dB; (d) @ =0,22dB/km, NF = 7dB; (e) agesz.a(d), NF(Q); (f) ageso.p(1), NF(A).

Table VII: Distribution, in terms of percentage, of assigned
modulation formats to the network accepted calls, considering
a network load value equal to 1200 Erlangs in S band.

Table VIII: Distribution, in terms of percentage, of assigned
modulation formats to the network accepted calls, considering
a network load value equal to 500 Erlangs in C band.

@ NF  4-QAM 8QAM 16-QAM  32-QAM  64-QAM @ NF  4-QAM  8QAM 16-QAM  32-QAM  64-QAM
(dB/km) (dB) (%) (%) (%) (%) (%) (dB/km) (dB) (%) (%) (%) (%) (%)
0.19 7.0 0.71 11.82 25.41 28.35 33.68 0.19 5.5 1.92 13.08 25.98 27.65 31.36
0.20 7.0 3.47 14.83 26.42 26.82 28.23 0.20 5.5 4.76 16.41 26.74 26.00 25.96
0.21 7.0 6.58 17.96 26.42 24.67 23.39 0.21 5.5 8.46 19.54 26.36 23.58 21.44
0.22 7.0 9.87 20.51 25.45 22.66 19.02 0.22 5.5 1150 21.46 25.41 21.59 17.26
agesaa(d) NF()  12.80 22.60 25.27 19.47 14.38 agesaa(l) NFQ) 159 12.71 25.86 27.65 32.19
agesan(d) NF() 494 16.74 27.17 25.62 24.92 agesan(d)  NF(Q) 0.0 5.04 20.97 30.15 43.84

For the first scenario, we observed that the greater the
attenuation value, the greater the value of the total ASE noise
power, making the value of OSNR,, smaller, affecting the
establishment of call requests due to the lack of QoT.

For the second scenario, in which the G652.A optical fiber

was used for the transmission of optical signals, we observed
that, for S band, the best performance in terms of calls
blocking probability was obtained with @ = 0.220dB/km
and NF(A). In a more realistic scenario, involving a(4) and
NF(Q), it resulted in a worse performance due to the fact that
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Figure 8: Distribution of assigned modulation formats to the network accepted calls, considering C band transmission, a network
load value equal to 500 Erlangs and different scenarios for @ and NF: (a) @ = 0,19dB/km, NF = 5.5dB; (b) @ = 0,20 dB/km,
NF =5.5dB; (¢) @ = 0,21dB/km, NF = 5.5dB; (d) @ = 0,22dB/km, NF = 5.5dB; (e) ages2.a(1), NF(Q); (f) ages2n(A),

NF(Q).

Table IX: Distribution, in terms of percentage, of assigned
modulation formats to the network accepted calls, considering
a network load value equal to 600 Erlangs in L band.

@ NF  4-QAM 8-QAM 16-QAM  32-QAM  64-QAM
(dB/km) (dB) (%) (%) (%) (%) (%)

0.19 6.0 3.42 14.92 26.45 26.93 28.45
0.20 6.0 6.71 18.32 26.49 24.74 23.43
0.21 6.0 10.24 21.03 25.62 2.72 18.97
0.22 6.0 13.13 22.40 24.81 19.92 15.35

agesaa(d) NF(Q)  5.68 17.11 26.93 25.21 24.90

agesap(d)  NF(1)  0.05 9.55 24.44 29.21 36.75

the average value of a was above of @ fixed value used in the
simulations. In the case of C and L bands, the best performance
obtained by @ with fixed value and NF(1)) configuration
underestimated the more realistic scenario (@ (1) and NF(Q)).

For the third scenario, in which the G652.D optical fiber
was used for the transmission of optical signals, we observed
that the configurations that considered a(1) resulted in the best
performance in terms of calls blocking probability. This can be
explained by the fact that the average value of @ was below of
the @ with fixed value considered in the simulations, resulting
in a smaller amount of total ASE noise power at the receiver
node and resulting in a smaller calls blocking probability due
to the lack of QoT. The performance of the most realistic
scenario, in terms of calls blocking probability reduction,
compared to the scenario most used in the literature (¢ and

NF with fixed values) [21], [23] was of approximately 63.41%
for S band, 95.60% for C band and 98.84 for L band.

A better distribution of accepted call requests in more
efficient modulation formats was observed in the G652.D
optical fiber, since the QoT degradation was smaller. The
results for C band present the better usability of more efficient
modulation formats, culminating in the best utilization values
of all scenarios evaluated in this paper (0.00% for 4-QAM,
5.04% for 8-QAM, 20.97% for 16-QAM, 30.15% for 32-
QAM, and 43.84% for 64-QAM).
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