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Abstract: Multiband transmission is, nowadays, being implemented worldwide to increase the
optical transport network capacity, mainly because it uses the already installed single mode fiber
(SMF). The G.654E SMF, due to its attributes, e.g., low-loss, and large-effective area in comparison
with the standard G.652 SMF, can also increase network capacity and can also be used for MB
transmission. Nevertheless, in MB transmission power mode coupling arises when bands with
wavelengths below the cut-off wavelength are used, inducing multipath interference (MPI). This
work investigates the impact of the MPI, due mode coupling from G.654E SMF, in the transmission
reach of a C+L+S band transmission system. Our results indicate that for the S-band scenario, the
band below the wavelength cut-off, an approximately 25% reach decrease is observed when the
MPI/span increases to -26 dB/span considering quadrature phase-shift keying (QPSK) signals with a
64 GBaud symbol rate. We also concluded that if the L-band were not above the wavelength cut-off
it would be much more affected than the S-band, with an approximately 55% reach decrease due to
MPI impact.

Keywords: G.654E fiber; multipath interference; multiband transmission; optical networks; physical
layer impairments

1. Introduction

The announced optical network capacity crunch due to the continuous demand for high
bandwidth services, such as cloud computing, video streaming and 5G/6G services has ignited the
research for solutions that can potentially bring more capacity to optical transport networks [1-3].
The two major promising solutions that are being studied for mitigating this problem are the
exploitation of the spatial division multiplexing (SDM) technique in the optical domain and the
utilization of the unused spectrum in single mode fibers (SMFs). The first solution consists in either
installing additional SMFs creating a set of parallel fibers in each link or installing new fibers, like the
multicore fibers or the multimode fibers [1,2]. In the second solution, called multiband (MB), the
installation of new fibers is precluded and the unused spectrum available in SMFs working on the C-
band, i.e., the O, E, S, L and U bands, is exploited [3]. Both solutions have pros and cons. For example,
the SDM solution has a large capital expenditure associated, despite having the advantage of
providing much more capacity than the MB solution, so it has been regarded by network operators
and equipment vendors as a medium to long term solution. In contrast MB is seen as a near to
midterm solution, since there is no need to install new fibers.

Several commercial systems are already using the C+L bands in SMFs, with an aggregate
bandwidth of around 10 THz [4]. Further research with other bands, namely the exploitation of the
C+L+S- bands scenario, which allows a capacity increase of more than 3 times in comparison with the
common C-band scenario, is being analyzed [5]. Also, recently, an experimental work has used 37.6
THz of the SMF spectrum to transmit a record capacity of 402 Tbps over 50 km, occupying the
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O+E+5+C+L+U-bands, which confirms the desire to extend the life of already deployed optical fibers
[6].

Nevertheless, the MB solution has several technical shortcomings, unlike those found in
common C-band systems that have been addressed over the last few years [3]. For example, the
optical amplified technologies for other bands, than the C and L bands, must be improved, such as
the thulium doped fiber amplifier (TDFA) technology used in S-band that has a high noise factor and
consumes much more power than the common erbium doped fiber amplifier (EDFA) [7]. Also, the
MB optical node architecture is more complex and has a superior cost than common C-band nodes
[8]. Lastly, several physical layer impairments (PLIs) are enhanced when other bands than the C-
band are used for transmission, like the inter-channel stimulated Raman scattering (ISRS), a
wideband phenomenon that is responsible for power transfer from high to low frequencies [5,9].

In 2016, the G.654E SMF was standardized by ITU-T G.654.E for terrestrial long-haul links [10].
The main attributes of this SMF are the low-loss, large-effective-area and shifted cable cut-off
wavelength, in comparison with the standard G.652 SMF, which allows to reduce the effect of
transmission non-linear effects, hence improving the transmission performance for high data rate and
high spectral efficiency signals in C-band transmission scenarios, as it has been demonstrated over
the last years in several field trials [11,12]. However, when the G.654E SMF is used in MB transmission
systems power mode coupling arises when bands with wavelengths below the cut-off wavelength
are used, which is the case of the S, E and O bands, inducing multipath interference (MPI) [13].

MP1is a PLI commonly encountered in optical communications systems operated in the C-band
[14], that occurs when multiple replicas of the transmitted signal propagate over different optical
paths. When the differential delay between the signal and its replicas is much smaller than the laser
source coherence time it is called coherent MPI, otherwise it is called incoherent MPI [15]. There are
several sources of coherent MPI in optical communications systems, such as the leakage signals in
reconfigurable optical add-drop multiplexer (ROADM) nodes [16], and the mode coupling in either
bend insensitive fibers (G.657) used in passive optical networks [17], quasi-single mode fibers [18]
and G.654E fibers used for long-haul transmission. Coherent MPI modelling is a complex task, since
the signal replicas are correlated and consequently the Gaussian statistics cannot be considered a
rigorous tool, as shown in [19,20]. Nevertheless, most of the works in the literature that deal with the
impact of coherent MPI in system Quality of Transmission (QoT) use the Gaussian statistics so that
the simplistic signal-to-noise metric can be used, e.g., [13].

In [13] the signal-to-noise ratio penalty due to coherent MPI has been assessed for the MB
transmission scenario using the G.654E SMF and considering several modulation formats. It has been
concluded that to mitigate the MPI impact the transmission distance should be reduced, but this
reduction was not quantified. Recently, in [21] we have computed the transmission distance reach in
a C+L+5S MB scenario considering the impact of MPI and concluded that for the S-band scenario an
approximately 25% reach decrease is observed when the MPI per span increases to -26 dB/span for
quadrature phase-shift keying (QPSK) signals.

In this paper, we will further develop the work in [21] by presenting and discussing with more
detail the analytical formalism, based on the generalized signal-to-noise ratio (GSNR), used to assess
the impact of the MPI on the transmission reach of C+L+S MB systems using the G.654E SMF. We
study the maximum transmission reach as a function of the MPI for each one of the three bands, C, L
and S, for a broader range of transmission scenarios than in [21], e.g., we consider two modulation
formats—QPSK, and 16-quadrature amplitude modulation (QAM)—and three symbol rates—32, 64
and 128 GBaud -, thereby assessing the influence of the modulation format and symbol rate on the
MPT impact.

This paper is organized as follows. In Section 2, we present the MPI characterization in G.654E
SMF transmission. In Section 3 the QoT model is presented and discussed. In Section 4, we show and
discuss the results of the MPI impact on the transmission reach of C+L+S MB systems for several
transmission scenarios. Finally, in Section 5, some concluding remarks are drawn.
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2. Characterization of Multipath Interference in G.654E SMF

In G.654E SMFs the coupling of optical power between the fundamental mode (LP01) and the
high order mode (LP11) is originated in scattering events from fiber non-uniformities, from fiber
microbending losses or from splices. A small fraction of the signal propagating in the LP01 mode is
coupled into the LP11 mode and after travelling some distance is scattered back to the fundamental
mode as indicated in Figure 1, [13]. Therefore, many replicas of the signal co-propagated with the
signal itself appear in the fundamental mode.

LPoz (0) o0 -
N\ N N N AN
AN
N AN AN N AN N
LP11(0) === w— — —_— —_— — — —

MPI

Figure 1. Mode coupling scheme along G.654E SMF.

As the refractive index is mode dependent, the transmission speed in the two modes is different,
giving rise to a time delay between the signal and its replicas. These signal replicas are called forward
scattered MPI and the time delay is described as [22],

_ LA

r=1 (1)

with L being the fiber length, c the speed of light in vacuum and An, the difference between
the refractive index of the fundamental mode and the higher order mode. Note that the time delay,
7, between the signal and its replicas comes only from the refractive index difference in the two modes
since the path signal length and the path of replicas is the same. This interference is classified as
coherent since the time delay between the signal and its replicas is typically shorter than the laser
source coherence time, i.e.,

1
T< ™ (2)

where Av is the laser source linewidth. This condition is true for fibers with several hundred
kilometers, e.g., considering a typical value for the refractive difference for the LP11 mode of An, =
0.003 [22], and Av = 100 KHz, we can conclude that there is coherent interference for L < —-

AvATg
1000 km.
Due to the presence of multiple delayed replicas at the SMF output the MPI level can be defined
as follows [19],

MPI =23, [e;cose;, 3)
where ¢; is the ratio between the delayed replica power and the signal power, and the phase ¢;

—-2nAn,L

is arandom variable given by ¢; = for the case of forward scattered MPI from mode coupling

[22]. This randomness comes from variations in the refractive index of the fundamental mode and
higher modes. In this way the MPI, given in eq. (3), is a random variable whose statistic must be
characterized. In the presence of correlation, due to coherence nature of the MP], the i.i.d. assumption
no longer holds and as a consequence the statistics of the MPI are difficult to predict and different
from Gaussian statistics, as shown in [19], where it appears that they can be more rigorously
described by fat-tailed statistics, like the extended skew-normal distribution [20], power-law and
accumulative law distributions [23]. Nevertheless, in this work for the sake of simplicity, as was also
done in several works in the literature, e.g., [13], we consider that the MPI is described by Gaussian
statistics, so that the QoT can be computed in a straightforward way with the GSNR formulation
presented in the next section.
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3. Quality of Transmission Model

The QoT of an optical transmission system in a coherent dispersion uncompensated and
amplified wavelength division multiplexed C+L+S MB system can be estimated through the GSNR
[5]-

Signal + NLI +
ASE + MPI

Rx

DMUX

LU

g

splice

ki
a1

G.654 fiber /ﬂ
Optical
amplifier

Figure 2. Optical transmission system composed of a transmitter and a receiver connected by several spans for
evaluating the QoT in a C+L+S MB system.

Figure 2 depicts an optical transmission system with several identical spans, where each span is
composed by a section of G.654E SMF with several splices and an optical amplifier stage composed
by a band demultiplexer, an amplifier for each one of the bands —C, L and S—and a band multiplexer.
This MB C+L+S transmission system has several optical channels characterized by its bandwidth and
central wavelength, which can transport optical signals with a certain baud rate and modulation
format. In such a scenario, the transmitted signal is impacted by the amplified spontaneous emission
(ASE) noise originated from the optical amplifiers, by the non-linear interference (NLI) noise from
the optical fiber transmission and by the MPI noise from the mode coupling in the G.654E SMF, so
the GSNR of channel i after transmission along several identical spans can be given by [21],

GSNR; = ——ehi (4)

PasEg,itPMPLitPNLLi
where P,,; is the launch power in channel i, Pagg; is the accumulated ASE noise power in

channel i, Pyy;; is the NLI noise power in channel i that also includes the ISRS effect and Pyp;; is the
MPI noise power in channel i.

The accumulated ASE noise power, Pagg;, in channel i after several identical spans, Ng,q,, can
be modelled as [24],

Ppsg,i(fi) = Nepan - h - NF; - fi - G; - B; ®)

where h is the Planck’s constant, NF; and G; are, respectively, the noise figure and amplifier
gain (in linear units) for channel i, f; is the central frequency of channel i and B; is the channel’s
bandwidth considered to be the same as the symbol rate. Note that the amplifier gain, G, is set to
perfectly compensate for the span loss experienced by channel i and also for the loss or gain due to
the ISRS effect in each span and can be given by [9,24],

_ _Ga
GISRS

i (6)
where
Gy = e%span (7)

is the gain that compensates the span loss, with Lg,,, the span length in km and « the

attenuation coefficient in Np/km, and
Gisgs = Pch,i(Lspan)/(Pch,i ! e_aLSpan) 8)

is the gain or loss to compensate for the ISRS effect per span, with Pep,;(Lspan) the optical power

at the end of each span that can be given by eq. (8) of [24].
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The NLI noise power, Pyy;;, in channel i after several identical spans, Ngpqp, is calculated using
an analytical approximation of the generalized Gaussian noise (GGN) model proposed in [9], and
known in the literature as the ISRS-GN model, that allows faster and still accurate GSNR estimations,

Paoi(F) = v (f) - Pc3h,i(fi) )
with the NLI coefficient, ny;;(f;), given by,
v (fi) = Nopan * [nSPM,j ) + nXPM,j(fi)] (10)

where ngpy ;(f;) is the self-phase modulation (SPM) coefficient of channel i at frequency f;
defined by eq. (10) of [9], and nypu ;(f;) is the cross-phase modulation (XPM) coefficient of channel
i at frequency f; defined by eq. (11) of [9]. For simplicity, we assume incoherent accumulation of the
NLI noise power, e.g., [24,25].

Lastly, the MPI noise power, Pyp;, in channel i originated in G.654E SMFs, where multiple
replicas of the transmitted signal due to LP01-LP11 coupling appear, can be modelled with eq. (3),
that defines the MPI level. It is assumed that the MPI noise power in channel i, Pyp;;, after several
identical spans, Ngp,qp, is just the sum of the MPI noise powers of every span along the lightpath, as
in [13,22], and can be given by,

PMPI,i(fi) = MPI - Py, - Nspan- (11)

4, Transmission Reach Assessment

In this section we compute the transmission reach considering a C+L+S MB signal impaired by
ASE noise, NLI and MPI, modelled as described in Section 3. In Section 4.1, we present the system
parameters, while in Section 4.2 we present and validate our procedure to assess the transmission
reach without the MPI impact. Next, in Section 4.3, we assess the impact of the MPI in the
transmission reach for two modulation formats, QPSK and 16-QAM, and considering a 64 GBaud
symbol rate. Finally, in Section 4.4 we assess the impact of the symbol rate on the transmission reach,
by considering the 32 GBaud and the 128 GBaud scenarios.

4.1. System Parameters

We have considered, as our reference scenario, a C+L+5 MB optical transmission system using a
bandwidth of 15.3 THz, which can accommodate 192 channels (64 channels per band), each operating
at 64 GBaud, with a channel spacing of 75 GHz and a 1 dBm channel launch power. Two other baud
rate scenarios are also studied, the 32 and 128 GBaud. Furthermore, two different 500 GHz bandgaps
are considered, the first one between the L- and C-bands, and the second one between the C- and S-
bands, as in [5]. The optical transmission system considered is composed of a transmitter and a
receiver connected by several spans of equal length (i.e., Lgpa, = 100 km) as indicated in Figure 2.
Different amplifier noise figures are considered for each band as in [5]. These parameters are
summarized in Table 1.

Table 1. C+L+S MB optical transmission system parameters.

System parameters

Bands C+L+S

System bandwidth (THz) 15.3

Bandgaps (GHz) 500

Channel spacing (GHz) 37.5 75 137.5

Number of channels 384 192 102

Number of channels per band 128 64 34

Symbol rate (GBaud) 32 64 . 128
(reference scenario)

Span length (km) 100

Splice loss (dB) 0.0043 to 0.068

Splice distance (km) 4.2

Amplifier gain compensate span loss and ISRS effect

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Amplifier noise figure asin [5]
Channel launch power (dBm) -2 1 4

Table 2. G.654E SMF parameters [13,26].

G.654E SMF parameters
Dispersion parameter (ps/nm/km) 21
Loss coefficient (dB/km) 0.17
Raman gain profile (W.THz.km)! 0.018
Core effective area (um?) 125

The optical G.654E SMF considered is characterized by a dispersion parameter of 21 ps/nm/km,
a loss coefficient of 0.17 dB/km [13], and a Raman gain profile with C, = 0.018 (W - THz. km)~* [26],
as presented in Table 2. We additionally consider splice losses varying from 0.0043 to 0.068 dB every
4.2 km, which results in a MPI level, per span, variation from -46 dB/span to -28 dB/span [13].

4.2. Transmission Reach Assessement Without MPI

In this section we present and validate our procedure to assess the transmission reach in a C+L+S
MB scenario without the MPI impact for the 64 GBaud scenario. To estimate the maximum reach for
each transmission band —C, L and S-band —without MPI we use the following four step procedure:

i) In the first step, and assuming a single span, we assess the channel frequency for each band,
considering a range of power channels values between -15 and 5 dBm, that minimizes the GSNR,
given by eq. (4). The channel with the lowest GSNR is selected to represent each band, so that every
channel within the band can, at least, propagate the estimated distance.

ii) In the second step, with the channel frequency assessed in step 1, we compute the GSNR as a
function of the channel power, so that the power that maximizes the GSNR for each one of the bands
can be found, which is called the optimum channel power. At the end of this step, we will show that
the optimum channel power is 1 dBm.

iif) In the third step, using the channel frequency found in step 1 and the optimum channel power
found in step 2 we can compute the GSNR as a function of the number of spans.

iv) Finally, in step four, we compare the required signal-to-noise ratio (RSNR) for a particular
modulation format and bit error rate (BER) with the GSNR computed in step 3 and estimate the
maximum reach for each transmission band and modulation format. A fixed 2 dB system margin is
assumed to account for performance degrading effects [5].

29 T T

~——&——L-band
—»— C-band

GSNR [dB

-4 -2 0 2 4
Channel power, P, ; [dBm|

Figure 3. GSNR per band as a function of the optical channel power.
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Next, we present some results for a C+L+S MB scenario. In Figure 3 we represent the GSNR as a
function of the channel launch power, referred in the second step described above, for the three bands
studied without the MPI impact. The green line represents the L-band, the red line the C-band and
the blue line the S-band. As we can observe in Figure 3 there is an optimal power that maximizes the
GSNR, which is approximately 1 dBm for each one of the three bands. The channel power choice is
an important parameter in the GSNR computation since it influences the amplifier gain and
consequently the ASE noise power. Also, from Figure 3 the GSNR for the L-band is 1.5 dB better than
the C-band GSNR and 6.8 dB better than the S-band, for the 1 dBm channel power scenario. These
differences are mainly explained by the higher amplifier noise factor in the S-band and C-band when
compared to the L-band [5], as well as the ISRS effect that is responsible for power transfer between
the higher to lower frequencies. Similar results are reported in [27].

Figure 4 represents the NLI noise power as a function of the channel frequency considering a 1
dBm channel power. It can be observed that the L-band is more affected by the NLI noise power in
comparison with the C and S bands, which is justified once again by the influence of the ISRS [5].
However, regarding the influence of ASE noise power it can be shown that the L band is the least
affected band, and the most affected is the S-band due to higher amplifier noise factors and due to
using channels with higher frequencies [5].

Figure 5 shows the GSNR as a function of the channel frequency, for a 1 dBm channel power. It
can be observed that the L-band presents the best GSNR, while the S-band gives the worst GSNR.
Similar results are reported in [5,27].

%1077

=1
o

=1
1

NLI noise power [W]
o
(=] fuiy §

ot
o

4 1 I
185.9 191.1 196.2 2014

Channel frequency, f; [THz]

Figure 4. NLI noise power as a function of the channel frequency.
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Figure 5. GSNR as a function of the channel frequency.
30 T T T T T
L-band
C-band
0 1 I 1 1 1 I I 1 I
5 10 15 20 25 30 35 40 45 50
Number of spans, N, (x100 km)
Figure 6. GSNR per band as a function of the number of spans.
Table 3. Practical ROSNRs for various modulation formats considering a BER equal to 2 x 1072
ROSNR in .
Modulation format Bit rate (Gbit/s) the reference bandwidth the si nall{f)l:rﬁl:::i dth (dB)
of 12.5 GHz (dB) [29] 8
QPSK 200 16 8.9
16-QAM 400 24 16.9

In Figure 6 the GSNR is represented as a function of the number of spans for the three studied
bands. It can be observed that, as expected, the GSNR for all the three bands decreases with the
number of spans, which is in accordance with the behavior found in [28]. Also, the L-band has a
superior GSNR in comparison with the C and S-bands, mainly due to the ISRS power transfer [5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The C and the S-band has a GSNR with, respectively, less than 1dB and 5.5 dB in comparison with
the L-band GSNR. In [5] similar results are obtained for a single span.

Considering QPSK and 16-QAM signals and that the practical required optical signal-to-noise
ratio (ROSNR)for these two modulation formats is given in Table 3, for a BER equal to 2 x 1072 [29],
the maximum transmission reach can be assessed as described in the fourth step of our procedure.
As observed in Table 3 there is a 7.1 dB difference between the ROSNR in the reference bandwidth
and the RSNR in the signal bandwidth, that comes from 10log_ (64GBaud/12.5GHz). Note that in
our computations the GSNR in eq. (4) is computed in the signal bandwidth. The maximum
transmission reach for QPSK signals is, respectively, 45, 36 and 12 spans, for the L, C and S bands.
Likewise, for 16-QAM signals the maximum transmission reach is, respectively, 7, 5, and 2 spans for
the L, C and S bands. The C-band maximum reaches are in line with the literature results, e.g., [30].

4.3. Transmission Reach Assessment with MPI

In this section we present some results regarding the MPI impact on C+L+S MB transmission
scenario considering QPSK and 16-QAM signals with a 64 GBaud symbol rate. As in G.654E SMFs
the S band signals are below the wavelength cut-off, the coherent MPI impact, due to mode coupling,
only affect transmitting signals in this band [13]. Signals from the L and C bands are not affected by
this phenomenon as their wavelength is above the cut-off wavelength [13]. Nevertheless, for
comparison purposes we consider the expected MPI impact on the L and C bands, as if their
wavelengths were not above the cut-off wavelength.

30 T T T T T T T T T
no MPI (solid line)
-34 dB/span (dashed line)
25 -28 dB/span (dash-dotted line) |

GSNR [dB]

5 10 15 20 25 30 35 40 45 50
Number of spans, Nypq, (x100 km)

Figure 7. GSNR as a function of the number of spans for the three bands and three MPI scenarios —no MPI, -34
dB/span and -28 dB/span.

Figure 7 represents the GSNR for the three studied bands as a function of the number of spans
for three MPI scenarios—no MPI, -34 dB/span and -28 dB/span, for a typical splice loss of,
respectively, 0.034 dB and 0.068 dB [13]. A 1 dBm optical launch power was used so that the GSNR
is maximized as shown in the previous sub-section. As can be seen in Figure 7, without MP], the L-
band has a greater reach than the C and S bands, as already pointed out, whereas when the MPI is
considered, this trend continues. It can also be observed that the transmission reach in the S-band
decreases when MPI is considered. For a 2000 km link (20 spans) the S-band suffers a 0.3 dB GSNR
penalty for a -34dB/span MPI, and for a more restrictive MPI per span, e.g., -28 dB/span, a 1 dB
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penalty is achieved. If the L-band suffered from the MPI impact a larger GSNR penalty would be
obtained, respectively, 1 dB and 2.7 dB for -34 dB/span and -28 dB/span, as observed in Figure 7.

Figure 8 represents the number of spans as a function of the MPI/span for the three bands
considering two modulation formats, QPSK and 16-QAM. These two signal formats are considered
feasible if the estimated GSNR is higher than the RSNR given in Table 3 (a fixed 2 dB system margin
is considered). From Figure 8 it can be observed that the impact of the MPI for the S-band scenario is
mild compared with the hypothetical impact in the L-band scenario. For the hypothetical impact in
the L-band scenario an approximately 55% reach decrease is estimated when the MPI/span increases
to -26 dB/span for QPSK signals, whereas for 16-QAM signals an approximately 75% decrease is
observed. The S-band scenario is less impacted by the MPI due to the reduction of signal power
induced by the ISRS effect in this band —an approximately 25% reach decrease is observed for QPSK
signals.
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Figure 8. Number of spans as a function of the MPI level per span for the three bands considering QPSK and 16-
QAM signals.

4.4. Impact of The Symbol Rate on the Transmission Reach

In this section the maximum transmission reach in a C+L+S MB system impacted by MPI is
assessed for three symbol rates—32, 64 and 128 GBaud. In Table 1 the channel bandwidth, the number
of channels per band and the total number of channels used for the three symbol rates are presented.

The procedure to assess the transmission reach presented in Section 4.2 is followed for the 32
and 128 GBaud scenarios and it can be concluded that the optimum channel power, the one that
maximizes the GSNR, is, respectively, -2 dBm and 4 dBm for the 32 and 128 GBaud symbol rates, as
indicated in Table 1.

The number of spans as a function of the MPI/span for the three symbol rates was computed,
assuming the same ROSNRs used in the previous sub-section. It can be concluded that the symbol
rate does not affect the transmission reach as a function of the MPI/span for the S-band. Only, for
QPSK signals with 32 GBaud, in the hypothetical L-band scenario, a slightly greater transmission
distance can be achieved when the MPI/span is smaller than -34 dB/span in comparison with the 128
GBaud scenario, as can be observed in Table 4. It is also observed that the symbol rate does not affect
the transmission reach as a function of the MPI/span for 16-QAM signals.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 4. Number of spans as a function of the MPI level per span considering three symbol rates—32, 64 and
128 GBaud —for the L-band scenario and QPSK signals.

Symbol rate no MPI -36 dB/span -34 dB/span -32 dB/span -30 dB/span - 28 dB/span
(GBaud)
32 45 40 37 33 29 24
64 45 39 37 33 29 24
128 43 38 37 32 28 23

5. Conclusions

In this work we have assessed the impact of the coherent MPI, due mode coupling in G.654E
SMFs, in the transmission reach of a C+L+5 MB scenario. The applied analytical formulation, based
on the GSNR, considers, besides the coherent MPI, the NLI noise and the ASE noise accumulated
along several spans. Several transmission scenarios with two modulation formats —QPSK and 16-
QAM —and three symbol rate values—32, 64 and 128 GBaud —were tested and discussed.

As in G.654E SMFs the S band is below the wavelength cut-off, the coherent MPI impact, due to
mode coupling, only affect transmitting signals in this band. We concluded that in the S-band
scenario the transmission reach decreases almost 300 km, which corresponds to an approximately
25% reach decrease when the MPI/span increases to -26 dB/span, considering QPSK signals with a 64
GBaud symbol rate. If L and C band signals were not above the wavelength cut-off the L-band
scenario would be more affected by MPI than the C or S-band scenarios—an approximately 55%
reach decrease would be observed for this band. The S-band would be the least impacted band by
the MPI due to the reduction of signal power induced by the ISRS effect in this band. We have also
concluded that the symbol rate almost does not influence the impact of the MPI on the transmission
reach in a C+L+S MB scenario.
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