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Abstract

The need of increasing the capacity of current deployed optical networks
to perform terabits transmissions has been driven to the development of
superchannel systems, (principally based on Nyquist-WDM) to be carried
out in flexible grid or gridless scenarios. Nevertheless, one of the main is-
sues to be mitigated in these systems is the interchannel interference (ICI),
whose effect is intensified when the spectral channel spacing is reduced (for
further spectral efficiency increment). In this thesis, we present a study of
the ICI effects in Nyquist-WDM systems by means of BER calculation as a
function of several system parameters such as: frequency channel spacing,
roll-off factor of the digital pulse-shaping filter, laser’s linewidth, transmis-
sion distance, mark probability of the pseudo-random bit sequence, optical-
to-signal noise ratio, among others. Besides, two methods enabling ICI mit-
igation are proposed: on one hand, a method based on FEC-coded sequence
distribution among optical carriers for applications of multiple carriers (su-
perchannels) as a single entity, and on the other hand, a method to perform
nonsymmetrical demodulation (NSD) based on the k-means algorithm en-
abling time-varying distortions mitigation. In contradiction of techniques
for ICI mitigation in recent art, these proposals avoid the use of multiple-
input multiple-output equalizers or training sequences. Specifically for NSD

approach, information of adjacent channels is not required.
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Introduction

1.1 Introductory Remarks and Motivation

In the last years, traffic on data optical networks has had an exponential growth due to
the increasing demand of new telecommunication services, such as video on demand,
full-high definition video transmission, cloud, and grid computing, among others. It
leads to saturation of the current deployed networks in terms of capacity. Figure
shows a trend of traffic growth until the year 2021, where it continues growing
exponentially. Thus, an upgrade in access, metro, and long-haul optical networks is
expected to optimize the use of the ”almost unlimited” bandwidth offered by the optical
fiber.

a) 60 b) 300
50 250
40 200
E;arl')xf]otz:h 30 Exabytes 150
20 per month 100
10 50
0

2016 2017 2018 2019 2020 2021

2016 2017 2018 2019 2020 2021

Figure 1.1: Traffic Growth based on CISCO’s statistics a) Mobile b) IP.

Experimental reports show the generation, transmission and detection of bit rates
up to 100 Gbps over the current optical transport network [I], [2]. At the beginning,
400-G solutions were envisioned to continue working in single channel but with a wider
granularity (see Figure . Nevertheless, experimental tests for 400-G, 1-T and be-

yond, have shown new technological concepts related to the commercial 100-G systems
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100 G 200G

DP-QPSK DP-16QAM
28 Gbaud 28 Gbaud
50 GHz 50 GHz

First Proposals for 400 G

DP-QPSK  DP-16QAM DP-64QAM DP-

112 Gbaud 56 Gbaud 42 Gbaud 256QAM

200 GHz 100 GHz 75 GHz 28 Gbaud
50 GHz

Terabit Transmission and beyond

Increase Symbol Rate per Electrical Switching
Carrier
Multi-core fibers Deployed of new fibers
Higher order modulation OSNR limitation
formats
Multiple carriers per Flexible grid required
channel

Figure 1.2: Solutions to face the traffic demand.

such as: designing of multichannel transmitters, digital coherent receivers, advanced
modulation formats and hybrid modulations [3].

Planning the optical transmission systems of long-reach to work with capacities
above 400 Gbps, it will not possible to keep the spectral fixed-grid of 50 GHz in Wave-
length Division Multiplexing (WDM) networks [4], [5]. Thereby, a new concept known
as elastic optical networks emerges, proposing a gridless or flexible grid spectrum, where
the spectral width changes according to bandwidth demand.

In elastic optical networks, multiple carriers can be part of a single channel (known
as superchannels [6], [7], [8], [9], or can be different channels traveling through the
optical fiber very close with the aim of increasing the spectral efficiency. In both

cases, channels or superchannels may be added or dropped in transit nodes and their
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wavelength might switched to avoid free slots in the spectrum. In these high-data rate
networks, linear and nonlinear impairments increase their effects seen as distortions in
the received signals, due to a lot of factors such as: dynamic wavelength assignment,
randomness of the bit information, switching at high frequency of electronic devices,
among others. Thus, several challenges in digital signal processing has to be faced,
mainly, because in these scenarios would be very difficult to model the whole set of
possible impairments in a transmission, besides, taking into a account the time-varying
effects. Hence, new coding and Machine Learning techniques have came out as strong
alternatives to be implemented in future terabit optical systems.

This thesis is focused on in one of the main issues of these networks, the interchan-
nel interference. Exploring alternative techniques to the well-known multiple-input
multiple-output equalizer, such as bit-coding and nonsymmetrical demodulation tech-

niques, as further will be explained.

1.2 Multicarrier Optical Networks

The use of multiple optical carriers has been widely discussed in the last years as
a solution to upgrade currently deployed optical systems to speeds beyond 100-G [10]
[11] [T2]. The foreseeing scenario of ”Superchannels” composed of several tightly spaced
optical carriers has further motivated the review of the following paradigms in the
design of optical communication system: i) 50 GHz fixed vs. flexible channel grid
in the context of wavelength division multiplexing (WDM) systems [I1] (see Figure
, ii) single vs. simultaneous coherent detection of optical carriers to effectively
achieve data capacities beyond 100G per Superchannel [I3] and 44) static routing vs
multicarrier routing at the networking level [11] [14].

Initially, optical orthogonal frequency division multiplexing (OFDM) systems were
proposed as a multicarrier solution for long-haul because of its efficient use of the
spectrum. Furthermore, due to its flexibility, OFDM can be seen as a solution to face
high data rates [I5]. This technology has been widely adopted by wired and wireless
standards such as 802.11a/g Wi-Fi, 802.16 WiMAX, LTE (Long-Term Evolution), DAB
y DVB (Digital Audio and Video Broadcasting), and DSL (Digital Subscriber Loop).

OFDM is a multicarrier modulation scheme which distributes the information in a fixed
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Band guards Limited number of multicarriers

: : : : v :
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Figure 1.3: WDM a) Fixed-grid and b) Gridless.

number of subcarrriers generated with a orthogonality rule. Hence, in the spectrum
each subcarrier does not interfere with its adjacent ones.

In optical appplications, OFDM has been generated with subcarriers separated 12.5
GHz for transmission over 4000 km, 2500 km, 1200 km, 800 km and 400 km for 1, 2, 4, 5
and 6 bits per symbol, respectively [9]. However, OFDM requires a high computational
cost and complexity to generate the inverse Fourier transform at high data rates, for
example receivers with a higher bandwidth and analog-to-digital converters of fast
response. Hence, coherent optical OFDM may turned out in a non-viable solution to
be standardized [16].

As an alternative for multicarrier transmission, wavelength division multiplexing
(WDM) with flexible frequency carrier spacing or gridless WDM technology (removing
50 GHz fixed-grid of ITU-T standard) has emerged as a strong candidate to overcome
the current need for network capacity upgrading [12]. Nyquist-WDM is a technology
with the characteristic of having a rectangular spectrum with a bandwidth equal to
the baud rate in hertz, which is an advantage for increasing the spectral efficiency [17],
[18]. Hence, Nyquist-WDM is a technology more robust than OFDM according to
the receiver’s constraints and equipment’s complexity. Figure shows a comparison
summarized between Nyquist-WDM and O-OFDM.

In recent art, Nyquist-WDM system has been reported working at 6x 64-QAM
with polarization multiplexing over 80 km of transmission distance, having a spectral
efficiency of 10/bits/s/Hz by means of pre-equalization at the transmitter side and

equalization at the receiver [19]. Besides, over deployed links of 1750 km, PDM-QPSK
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8 x 216.8 Gbps Nyquist-WDM has been reported [20], and over 3300 km was achieved

in quasi-Nyquist spacing (1.2 times the baud rate in Hz) using 16QAM [21].

Multicarrier Solution Maximum Spectral All-Optical Reach Cost and Cost and
Efficiency Complexity Complexity
Tx Rx

Nyquist-WDM Dependent on the Dependent on the modulation =~ Mainly driven by Mainly driven by ADC
modulation format; format DAC (e.g., electronic  and DSP (e.g.,
channel spacing > symbol  (several thousands km bandwidth > 0.5 x electronic bandwidth >
rate: for PM-QPSK and PM- symbol rate) 0.5 x symbol rate).
e.g., 4 b/s/Hz for 16-QAM, less for higher Sampling rate >
f PMQPSK and 8 b/s/Hz for formats) symbol rate
PM-16-QAM
0-OFDM Dependent on the Dependent on the Mainly driven by Mainly driven by ADC
modulation format (for >  modulation format and DAC and DSP and DSP (e.g.,
64 subcarriers); channel detection scheme (several (e.g., inverse Fourier  electronic bandwidth =
‘ ‘ " " " " " " " ] ] spacing is at least equal to  thousands km for PM-4-QAM transform processing, 0.5 x symbol rate).
5 the symbol rate: e.g., 4 and PM-16-QAM and CO- Oversampling Sample rate: one
b/s/Hz in case of PM-4- OFDM, less for higher sampling rate > sample per symbol
QAM and 8 b/s/Hz in case  formats or cost-effective symbol rate)
of PM-16-QAM metro solutions)

Figure 1.4: Nyquist-WDM and O-OFDM Comparison [10].

Thanks to the advantages of scalability of current deployed networks for a future
standardization, this thesis will be focus on Nyquist-WDM scenarios. In Chapter 2, a
description of Nyquist-WDM concept is extended.

1.3 Challenges in Flexible and Gridless Scenarios

Technical dimensions to scale channel capacity from current 100-G to 400-G and be-
yond can be listed as follows: i) increase of baud rate by incorporating to optical trans-
port systems higher-speed electro-optical components than commercially available 32
GHz, ii) implementation of higher spectrally efficient modulation formats than current
dual-polarization quadrature phase shift keying (DP-QPSK) such as quadrature am-
plitude modulation (QAM) formats [22], [23], and iii) implementation of multi-carrier
approaches over the current single-carrier solution, with advanced spectral shaping and
multiplexing technologies [24].

Thereby, next commercial 400-G systems are envisioned as a Nyquist 2 x 200 Gb/s
DP-16QAM carriers for transmissions below 400 km, and a Nyquist 4 x 100 Gb/s
DP-QPSK carriers for long haul optical links, offering higher degree of parallelism
and higher spectral efficiency when compared to DP-QPSK 100 Gb/s systems [25].

For further capacity increasing, high order modulation formats, such as 32QAM and
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64QAM, have been proposed. However, these modulation formats would not allow long
reach transmission due to OSNR penalty [19], [6].

Besides, due to current bandwidth limitation above 32 GHz of opto-electronic com-
ponents, multicarrier approaches seem to be the more realistic solution to the need of
infrastructure upgrading. Thus, multicarrier based transmission systems, distributing
the data traffic across several closely separated optical subcarriers, emerge as the so-
lution to respond to the exponential traffic growth [26], [27]. Thence, carrier capacity
of 32 Gbaud seems to be the right trade-off to increase the spectral efficiency without
stressing too much electronics and transmission performance for the next multi-carrier
transport systems beyond 100 Gb/s [2§], [29].

One of the key factors to carry out the elasticity (flexibility) in optical networks
will be the development of flexible transponders, due to these devices will allow the
adaptation of transmitter’s and receiver’s parameters according to the channel condi-
tions and demand requirements. Currently, transponders works at fixed data rate in
fixed grids. It is foreseen, flexible transponder’s parameters may allow the variation
of number of carriers, pulse-shaping type, modulation format per carrier, baud rate
per carrier and type of codification. Flexibility in joint with the ability to estimate
system’s characteristics, would enable that flexible transponders are the central devices
in networks with dynamic topology such as Software Define Networks [9].

Another enabling technology, which has not been developed for commercializing
yet, is the reconfigurable optical add drop multiplexer (ROADM). Currently, ROADMs
have been tested to perform with a granularity of 12.5 GHz [30], which is the gran-
ularity standardized by the ITU-T as a flexible grid [31]. In this fleixble grid, lasers
with a tunable granularity of 6.25 GHz should be developed. Nevertheless, due to the
ever increasing demand, the standard of 12.5 GHz might not be a long term solution.
Therefore, the flexibility in the enabling devices under research should be understood
in the context of gridless scenarios. As it is mentioned in [32], "the goal of a truly flexi-
ble optical transport infrastructure is to remove fixed wavelengths per port (colorless),
to allow any wavelength being added/dropped to/from any direction (directionless),
and to enable multiple copies of the same wavelength on a single add/drop structure
(contentionless)”.

Hence, adding and dropping carriers in transit nodes without guard bands, and the

dynamic changes of wavelengths, would generate interchannel interference (ICI). For
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further increase of spectral efficiency, the channels might be overlapped increasing the
ICI effects.

Moreover, nonlinear effects of the optical fiber are significant limitations that must
be researched in detail in gridless scenarios. The nonlinear index significatively affects
the transmission due to the power increasing required by long-haul transmission and
high data rates. Furthermore, high order modulation formats such as m-QAM exhibit
a higher sensitivity to linear as well as non-linear impairments throughout the optical
link [33], [34]. Thence, digital signal processing techniques will play an important role
to get high capacity in elastic and reconfigurable networks.

On the other hand, some impairments may be time-varying in nature arising from
mechanical disturbance in optical fibers, temperature variations in the components and
small variations of the bias control of the IQ optical modulators for example, which
would have a higher impact in future terabit optical systems. As nonlinear impairments,
also time-varying effects can induce nonsymmetrical distortion of the received symbols
observed in a constellation diagram. Unlike optical gaussian noise, these degradations
may have a probability density function (PDF) that is non-Gaussian and therefore may
shift the centroids (mean value) of the received symbols from their ideal constellation
positions by different extents. Thus, employing non-symmetrical decision boundaries
in these terabits systems, would support the mitigation of time-varying and nonlinear
impairments. Hence, Machine Learning techniques has started in the last years to be
applied in optical coherent receivers with successful results for improving the overall

system performance.

1.4 Interchannel Interference

In addition to the possibility of enlarging the amount of carriers by tightly spacing
them in gridless multicarrier scenarios, ideal rectangular-like shaped spectrum per car-
rier with bandwidth equal to the baud rate has been proposed to improve even more
the spectral efficiency of multicarrier based transmission [6]. Rectangular-like shaped
spectrum can be obtained by Nyquist pulse implementations in the electronic domain
by using finite-impulse-response (FIR) digital structures to perform root-raised-cosine
(RRC) filtering. Theoretically, perfect rectangular spectrum is attained by a RRC dig-

ital filter with infinite length (or number of taps) under the assumption of unlimited
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hardware resources [35]. The implementation of optical Nyquist-WDM systems is re-
stricted due to the limited resources offered by DSPs and FPGAs to generate electrical
Nyquist pulses of infinite duration. This fact does not allow the proper rectangular-like
shaped spectrum in the optical domain. Thus, the unavoidable non-ideal rectangular
spectra lies on a bandwidth occupancy broader than the baud rate in Hz, causing in-
terference between adjacent optical carriers for a frequency channel spacing near or
equal to baud rate. This effect is known as inter-channel or inter-carrier interference
(ICI) [36]. The finite RRC filter length and the subsequent extra-bandwidth occupied
by optical carriers are characterized by the roll-off factor of the RRC function in the
electrical pulse-shaping. The roll-off factor can have values between zero and one in
the RCC function. There is a proportional relation between the roll-off factor and the
ICI reflected as an optical signal to noise ratio (OSNR) degradation when frequency
channel spacing is attempted to be lower than the baud-rate or the roll-off factor is
greater than zero. In gridless scenarios where the optical carrier spacing may be user-
defined is desired a carrier allocation as near as possible between adjacent channels to
increase the spectral efficiency. Therefore, due to the overlapping increment, the signal
degradation increases causing system performance limitations in terms of BER.

Additionally, in standardized WDM grids, ICI has been comprehended as a non-
linear effect of the optical fiber due to the high launch power and its variation in
adjacent channels. Principal nonlinearities produced by the Kerr effect in multichan-
nel transmission are: self-phase modulation (SPM), cross-phase modulation (XPM)
and four-wave mixing (FWM). These nonlinearities depend on chromatic dispersion
directly or indirectly as well as the power intensity [37].

SPM and XPM produced a modification of signal’s phase, which induces an al-
teration in its spectrum. SPM determines a pulse broadening seen in the spectrum,
due to the intensity variation. In combination with material dispersion, the spectral
broadening can drive to alterations in the pulse’s temporal wide. the pulse’s wide is
expanded or compressed according to the group velocity dispersion [38]. Whilst, XPM
generates alterations in signal phase due to the intensity of other signals transmitted
at the same time in different wavelengths. Phase signal in a specific channel is affected
by the average power and random bit of the whole set of carriers which is completely

aleatory. Thus, complete cancelation of XPM is impossible in practice [39].
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Summarizing, the causes of the interchannel interference can be enummeratted ac-
cording to network’s devices: laser, digital filter of the pulse-shaping and the nonlin-
earities of the optical fiber (see Figure |1.5)).

Interchannel Interference

Network’s Laser Transmitter s Ovtical Fiber
Devices/components Digital Filter P
Parameters Central Wavelength ~ Number of taps Power of signal

transmitted

Closeness of Roll-off factor of

Issue A the RRC greater Kerr Effect

than zero
Consequences O g il Chann§1 SPM, XPM, FWM
channels Broadening

Figure 1.5: Causes of the interchannel interference.

Additionally, the randomness of bit-sequences and variations in channel’s power
can induce a higher interaction between the overlapped channels during the transmis-
sion in sub-Nyquist cases, increasing the impact of the nonlinear impairments of the
optical fiber. Furthermore, even if in superchannel scenarios the information is dis-
tributed among several carriers, the demodulation may be carried out individually per
carrier due to a simultaneous multicarrier demodulation for joint ICI cancelation may
be excessively complex. Thus, in the individual channel demodulation, the interference
between channels has been regularly interpreted as noise in the context of detection,
processing and demodulation, becoming in an OSNR-like degradation in the carrier
under evaluation, usually called as nonlinear interference noise (NLIN) [40] [41] [42].

Nevertheless, due to temporal correlations of data-symbols belonging to overlapped
carriers in the frequency domain, the ICI (usually called as nonlinear interference noise
-NLIN) can be modeled as a linear channel with time-varying intersymbol interference
(IST) [42] [43] [44]. Since ISI has been successfully compensated by linear equalization
techniques [45] [46], ISI mitigation approaches may be extended for ICI mitigation.
Reported techniques to mitigate ICI include: joint digital signal processing based on
Chromatic Dispersion compensation algorithms with the incorporation of training se-
quences and of the least-mean square (LMS) algorithm for data-aided linear equal-

ization [47], implementation of maximum likelihood sequence detection (MLSD) [48]



1. INTRODUCTION

and Kobayashi coding [49] for processing at the bit-data level, and frequency-diversity
multiple-input multiple-output (MIMO) equalization based on the Constant Modulus
Algorithm (CMA) [50] in a non-Nyquist channel scenario, which separates dual po-
larization signals by also demultiplexing different carrier frequencies. In addition, the
time-frequency packing method has also been proposed to increase the SE [51] [52]
by reducing both the symbol period and the carrier spacing to lower levels than the
Nyquist rate, and compensating using detectors that are able to cope with the interfer-
ence intentionally introduced in the system. A comparison of some of the ICI mitigation

techniques can be seen in Figure [1.6
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Figure 1.6: Comparison of different techniques which enable the mitigation/minimization
of interchannel interference effects a.[47]; b.[48]; c.[49]; d.[50]; e.[53].

1.5 Thesis Contribution

In this research, a deep evaluation about the impact of ICI effects in gridless Nyquist-
WDM systems is systematically presented through the BER estimation as function
of several system parameters, such as: frequency channel spacing, roll-off factor of

the digital pulse-shaping filter, laser’s linewidth, transmission distance, mark probabil-
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ity of the pseudo-random bit sequence, launch power and optical-to-signal noise ratio
(OSNR), in simulation as well as in experimental scenarios. Furthermore, two methods
enabling the ICI mitigation are proposed. On one hand, one method is designed for
superchannels applications, where the information is recovered using the enterily set
of subcarriers. On the other hand, the second method is applied in each subcarrier,
regardless if it belongs to a set of carriers or not. Figure shows the modules where

the methods are proposed. In the following subsections, highlights of each method are

presented.
a) Scenario: Multiple Carriers as a Single Entity
N )
3 Optical é gersesssssnianns e -
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.2 N S 9 7 i FECcoding/ :
2 SZ|| 7| LBitMultiplexng
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Figure 1.7: Block diagram of the scenarios where the proposed methods are implemented.
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1.5.1 Contribution of Method 1: FEC distributed among carriers

The implementation of the following two sub-modules for ICI mitigation are proposed:
i) an adapted non-data aided (NDA) equalization to improve the optical signal to noise
ratio of single carriers avoiding complex joint multicarrier processing, and ii) the im-
plementation of a hard-decision Forward-Error-Correction (FEC) technique based on
Reed-Solomon coding, by means of a distribution of encoded bit-sequences among opti-
cal carriers, considering the entire set of carriers as a single entity at the bit-data level.
From the one hand, the Constant Modulus Algorithm (CMA) makes a NDA equal-
ization of the ICI degradation without previous knowledge of the channel statistics,
performing error function minimization on the constant modulus of phase modulated
signals in the constellation diagram. The equalization process is carried out on QPSK
optical carriers to prove the linear ICI mitigation for WDM sub-Nyquist scenarios with
non-strict close to zero roll-off factors in the pulse-shaping filter. On the other hand, a
hard-decision FEC coding is proposed as second stage previous bit-to-bit distribution
of the encoded sequences performed by a bit-multiplexer. The bit-multiplexer works as
a frequency-interleaver with the aim of preventing that burst errors per carrier affect
the FEC-overhead for the proper bit decoding at the receiver side. Furthermore, the
FEC distribution allows information recovery even if a specific channel is more affected
than the adjacent channels. We also show how CMA equalization as a first ICI mitiga-
tion stage improves the hard-decision FEC performance by increasing the OSNR, of all
carriers composing the superchannel. BER curves as functions of carrier spacing and
roll-off factor reaffirm the improvement of the spectral efficiency allowing the carrier
overlapping lower than the baud rate. Most of the reported investigations described
above were tested in scenarios of 2 or 3 carriers up to 28 Gbaud under linear and non-
linear fiber impairment considerations, including 11 x 80 km of optical transmission
amplified by EDFAs. For this research purposes of ICI mitigation, it is simulated in
VPITransmissionMaker and Matlab, a 3 x 32 Gbaud single-polarization QPSK multi-

carrier system, from back-to-back up to 130 km without optical amplification.

1.5.2 Contribution of Method 2: Nonsymmetrical Demodulation

Nonsymmetrical demodulation (NSD) technique based on machine learning, relying on

clustering techniques to mitigate the ICI as well as time-varying distortions, is proposed.

12
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This NSD is experimentally verified in a 16QAM Nyquist system at 16 Gbaud and 32
Gbaud for back-to-back and up to NV x 90 km, in function of OSNR. Besides, the
proposed demodulation technique allows temporal tracking of the centroids variations
and symbols’ variance of the received symbols represented in a constellation diagram,
which also provides a measure of link stability. This NSD approach can be considered
as a blind technique in two terms: 7) no feedback or channel information is provided,
and ) information from the adjacent channels is not required. This technique may
improve the performance of any QAM transmission system, where the symbols can be

affected by distortions seen in the constellation diagram.
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1.6 Thesis Organization

This Ph.D. Thesis comprises six chapters. In this first chapter, the context in which
this work has been carried out is presented. Moreover, an introduction and the state-
of-art about optical multicarrier systems is exposed. Furthermore, the main challenges
to be faced for future deployment are discussed, highlighting the Interchannel Interfer-
ence. In Chapter 2, an introductory and theoretical description about Nyquist-WDM
is presented. Besides, the three setups in which this work is based on are depicted:
i) a Nyquist-WDM system modeled in VPITransmissionMaker in co-simulation with
Matlab, i) an experimental 3 x 16 Gbaud Nyquist-WDM system implemented in the
lab of CPqD (Centro de pesquisa e desenvolvimento em telecomunicades, in Campinas
- Brasil), and #4) a 3 x 32 Gbaud Nyquist-WDM system implemented in the Terabit
Optical Networking Group of the Georgia Institute of Technology (in Atlanta - USA).
In Chapter 3, a systematic characterization of the ICI effects in Nyquist-WDM systems
is shown as function of system parameters such as: frequency carrier spacing, OSNR,
transmission distance, laser linewidth, roll-off factor of the electrical pulse-shaping filter
and the mark probability of the PRBS. Subsequently, in the Chapter 4, the proposed
FEC distribution among optical carriers for ICI mitigation is described, including its
verification by simulation results. The nonsymmetrical demodulation techniques based

on adaptive k-means is exposed in Chapter 5, validating its effectiveness by means of
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experimental results. Finally, the main conclusion of this work and outline possible

futures lines of work are exposed in Chapter 6.
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Theoretical Background

This Chapter presents a literature review of the main concepts used in our research. It
was carried out in three big items: Nyquist-WDM systems, Equalization and Coding

and Clustering.

2.1 Nyquist-WDM Systems

Wavelength-division-multiplexing (WDM) technology was born many years ago as a
solution to increase the capacity by the use of multiple carriers transmitted at the
same time through the optical fiber [54], [55]. This technology started to work with
frequency separation between adjacent channels of 50 GHz and 100 GHz [56]. Each
optical carrier is modulated independently and multiplexed through the optical fiber.
At the receiver side, the optical signals are demultiplexed to be demodulated. WDM
can work in direct detection as well as coherent detection. Coherent detection surged as
the solution to increase the capacity per channel up to 100 Gbps for standardization,
and in this technology, a demultiplexer might not be necessary thanks to the local
oscillator tunes the desired frequency. Every channel of a classic WDM system works
independently. However, in last years, some experimental results proposed the use
of two carriers modulated in 16-QAM inside the fixed-grid to increase the capacity
to 200-G [57]. Likewise, experimental results showed effectiveness by using 16-QAM
modulation formats in two carriers for a possible 400-G standard.

With the aim of increasing the spectral efficiency, granularities of 25 GHz and 12.5
GHz were standardized by the ITU in the norm G.694.1, also known as ultradense
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(UD) WDM. However, for the spectral efficiency increasing, (as it was mentioned in
the previous Chapter) other steps should be applied, increment the m-ary modulation
format, by using dual-polarization modulation, as well as the band guards reduction
between channels and the pulse shaping.

Nyquist pulses based on sinc function were proposed to increase the spectral ef-
ficiency in UD-WDM networks, becoming in a established technology called Nyquist-
WDM [58]. This technology is also attempted to be used not only in flexible grids
(granularity of 12.5 GHz) but in gridless technologies when colorless transceivers are
commercialized. In this chapter a brief theoretical description of Nyquist concept is
shown. Besides, the Nyquist-WDM systems implemented by simulation and experi-

mentally, are exposed in the following sections.

2.1.1 Nyquist Concept

The Nyquist concept defines that electrical pulses shaped by a root-raised cosine digital
filter have an optical rectangular-like shaped spectrum, which occupy a bandwidth equal
to the baud rate (see Figure a). The square-root raised cosine pulse shape is given
by [09]:

sin [(I—ROE)WTLS]
4Roff%s

IR, OO [(1 + Rogr) WTLJ +

VT [1 - <4Roff,_i)2]

Where p(t) is the impulse response, R,¢s is the Roll-Off factor and the baud rate

p(t) = (2.1)

(BR) is 1/T's. Theoretically, ideal rectangular-like shaped spectrum allows frequency
channel separation as small as the baud rate for all the wavelength multiplexed carriers.
To get an ideal rectangular like-shaped spectrum is necessary Nyquist pulses with a
Roll-Off value of zero of infinite duration (see Figure . However, in practice, it
is difficult to get a perfect rectangle-like shape in the spectrum, due to the limited
available number of taps of the digital filter at the transmitter. In spite of smaller
roll-off gives narrower bandwidth in the spectrum, attenuation in spectrum stop band
is reduced generating a side lobes increases.

The occupied bandwidth (Chpgy ) can be expressed in terms of the roll-off factor of
the RRC digital filter, as follows:

18



2.1 Nyquist-WDM Systems
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Figure 2.1: Ideal spectrums at 32 Gbaud for a) Roll-off of 0 and b) Roll-off = 0.1, with
Nyquist channel spacing.

Chpw = Br + (Br) (Rofy) (2.2)

With a R,y = 0.1, Chpw is equal to 35.2 GHz, for a 32 Gbaud per carrier trans-
mission (see Figure b), according to the equation Thus, if the frequency channel
spacing is lower than channel bandwidth, overlap between adjacent channels is induced.
Square-root is instead of raised-cosine function to minimize the Intersymbol Interference
(ISI). Nevertheless, for different roll-off values, it is shown in figure how the peri-
odical lobes are unavoidable due to sinc-function in electrical temporal domain, with
values are around —40 or —50 dB lower than the main lobe. This limitation induces
a truncation of the pulse duration, seen in the optical spectrum as quasi-rectangular
spectrum with an attenuation reduction of the lobes in the frequency stop band. Op-
tical spectrums of three channels are observed in Bandwidth broadening increases

according to the roll-off value increases, as it can be detailed in the zoomed region.

2.1.2 Simulation Setup

A 3 x 32 Gbaud Nyquist-WDM system working with QPSK and 16-QAM modulation
format is simulated using VPItransmissionMaker software (see Figure , in back-
to-back (B2B) and for transmission distances up to 130 km without loops of optical
amplifiers. A digital-to-analog-conversor (DAC) with 3 pairs of outputs is used to
drive the IQQ modulator. In the digital-to-analog converter (DAC), a pseudo-random

binary sequence (PRBS) is generated. Besides, the pulse-shaping (PSh) is performed
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Figure 2.3: Optical spectrum generated by electrical Nyquist pulses.
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by a root-raised-cosine (RRC) digital filter with a roll-off factor typical of 0.1, but for
some evaluation, it is switched from 0 to 0.5. The optical source of each transmitter
is a continuous wave (CW) laser with < 1 kHz linewidth at 1550 nm and a launched
optical power of 0 dBm. Nevertheless, in some scenarios, the linewidth is tested up
to 100 kHz. The light with polarization controller (PolC) is modulated with a pair of
single drive Mach-Zehnder Modulators (MZM) for an In-phase and Quadrature (IQ)
configuration to obtain QPSK and 16QAM formats. The signals are transmitted into
standard single-mode fiber. Ideal coupler is used as flexible multiplexer. At the receiver
side, demultiplexer with flexible grid is used. Optical demodulation is carried out with 3
independent coherent detectors. The coherent receiver is based on a 90° Hybrid coupler
and two balanced photodiodes with a responsivity of 1. The local oscillator (LO) of the
coherent receiver is a laser with the same characteristics than the one used as optical
source in the transmitter side. Analog-to-Digital Conversion (ADC) is carried out after
coherent detection. Match filter (MF) is used to separate electrically each channel
by also using RRC function. The digital signal processor (DSP) is implemented by
co-simulation with Matlab. At first, the chromatic dispersion is compensated (CDC)
by means of a transversal filter by using the Fourier transform of the inverse fiber
dispersion function. Moreover, the clock recovery (ClkR) module performs the signal

synchronization before the phase correction (PhC).

2.1.3 Experimental Setup

2.1.3.1 Scenario A

The experimental setup depicted in Figure [2.5]is a 3 x 16 Gbaud Nyquist-WDM system
with a DSP-enabled coherent receiver. In the back-to-back scenario, optical noise is
added to yield an OSNR ranging from 16 to 32 dB. A multi-span link was also studied
comprised of 5 spans of 50 km of standard single-mode fiber with a launch power of 0
dBm. The WDM transmitter is comprised of three tunable lasers with a linewidth of
100 kHz. The I and Q components in the X/Y polarizations are randomly generated by
a digital-to-analog converter (DAC) operating at 64 GSa/s ( 5 ENoB bit resolution),
with an electrical bandwidth of 14 GHz. The four DAC outputs are amplified by four
RF drivers with 32 GHz bandwidth before being sent to the IQ modulator. A random
PRBS source is used to generate 16-QAM symbols at 16 Gbaud in Matlab, where a
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Figure 2.4: Simulation setup of a Nyquist-WDM system modeled in VPITransmission-
Maker.

root raised cosine filter with a roll-off factor of 0.1 is used to implement Nyquist pulse
shaping. The generated signal is then loaded onto the DAC that drives the optical
modulator. At the receiver end, a wideband coherent receiver of 40 GHz is used to
detect the 3 optical carriers. The received signal is digitized by an 80 GSa/s real-time
oscilloscope, where the 4 inputs, namely the I and Q in X and Y polarizations, have a
bandwidth of 35 GHz each. This is followed by offline processing in MATLAB. Postde-
tection digital signal processing (DSP) involves the following steps: skew compensation,
matched filtering, chromatic dispersion compensation, timing recovery, polarization de-
multiplexing, frequency offset estimation, carrier phase recovery and frequency domain

equalization. Finally, after digital demodulation bits are recovered.

2.1.3.2 Scenario B

The experimental setup shown in Figure is a 3 x 32 Gbaud 16-QAM Nyquist-WDM
system with a DSP-enabled coherent receiver. Three tunable lasers with linewidth of
25 kHz and 100 kHz are modulated via a dual-polarization IQQ modulator driven by four
digital-to-analog converters (DAC). The center and side channels are generated using

different DACs to produce uncorrelated signals. The DACs operate at 88 Gsamp/s,
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Nyquist-WDM Systems
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Figure 2.5: Experimental setup of a 16 Gbaud Nyquist-WDM system.
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Figure 2.6: Experimental setup of a 32 Gbaud Nyquist-WDM system.
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2. THEORETICAL BACKGROUND

with an electrical bandwidth of 32 GHz, respectively. A random bit sequence is mapped
to generate 16-QAM symbols using a root raised cosine filter with a roll-off factor of
0.1. In the back-to-back scenario, optical noise is loaded at the receiver to vary the
OSNR. In the scenario of transmission through the fiber, standard single-mode fiber
were employed with EDFA’s after every 90 km span. At the receiver side, a wideband
coherent receiver with an electrical bandwidth of 30 GHz is used to detect the signals.
The signals are digitized by an 80 Gsamp/s real-time oscilloscope, followed by offline
processing in MATLAB. Post detection DSP implemented the following techniques:
skew compensation, matched filtering, chromatic dispersion compensation, timing re-
covery, polarization demultiplexing, frequency offset estimation, carrier phase recovery
and equalization by means of direct-detection least-mean-square (DD-LMS) algorithm.

Finally, after digital demodulation bits are recovered.

2.2 Equalization

2.2.1 Least Mean Square Algorithm

The Least-Mean-Square (LMS) Algorithm is an iterative algorithm which finds the
coefficients of adaptive filter by an error minimization between training sequence and

received signal [60], [61]. It can be seen as follows:

y(n)=w' (n—1)u(n) (2.3)
e(n) =d(n)—y(n) (2.4)
w(n)=w(n—1)+f(u(n),e(n),p (2.5)

Weights update function is given by:

fu(n),e(n),p) = pe(n)u®(n) (2.6)
Where,
n: The current time index.
w(n): weight vector.

d(n): desired signal (training sequence).
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2.2 Equalization

y(n): output equalizer signal.

(n):
u(n): input equalizer signal.
u*(n): conjugated of u(n).
e : estimated error.

W @ step size.

2.2.2 Non-Data-Aided Equalizer

The Non-Data-Aided (NDA) equalizer for ICI mitigation is performed in pre-slicing
procedure in the DSP and carrier synchronization is not required. The equalization
is based on the gradient-descent method in a feed forward FIR filter as the disper-
sion compensation technique proposed in [62]. The equalization uses the rule of the
Constant-Module Algorithm (CMA) to recover the information. QPSK modulation
has constant modulus which can be explained as constant amplitude of the symbols for
phase modulation signals in the constellation diagram. CMA has been widely used as
a blind equalization technique to mitigate channel impairments in telecommunication
systems taking advantages of the non-use of training sequences. Blind equalization is
also known as a self-recovering equalization, and its objective is to recover the unknown
input signal from the unknown channel. The CMA technique can be mathematically

described as follow [63]:

y(n) = w' (n)a(n) (2.7)
e(n) =1 ly(n)f? (2.8)
w(n+1) = w(n) + pa”(n)e(n)y(n) (2.9)

Where, x(n) is the n'" received signal, w(n) is the filter tap weights, y(n) is the
received signal at filter output, e(n) is the error estimation, w(n + 1) is the weight
update equation, y is the step size parameter, H is the Hermitian function (conjugate
transpose) and (x) is the complex conjugate. Error is calculated imposing a constrain

on the intensity (2.8)) and it is minimized iteratively in function of signal sample n.
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2. THEORETICAL BACKGROUND

2.2.3 Backpropagation

Taking into account that channel characteristics are known, Digital Backpropagation
(DBP) is commonly referred as the solution to pre-compensate or post-compensate the
deterministic effects in channels at the transmitter or receiver. BP works by using
the split-step inverse nonlinear Schrodinger equation (NLSE). The working principle of
DBP is straightforward. By means of the channel estimation, in this case, the optical
fiber, the channel response can be characterized using a loop back (or other methods).
Then, at the receiver side for our applications, the inverse channel response can be
applied to the received signal to compensate the optical fiber’s impairments. DBP can
jointly compensate linear and nonlinear effects at the same time. Launch power in
WDM systems can be significantly increased to values beyond of traditional nonlinear
limits. As a result, higher OSNR or longer transmission distance can be achieved for
same FEC limit obtained without DBP [64], [65], [66], [67].

On the other hand, DBP analysis depends on if PMD is negligible or not. In this

work, both cases are exposed as follows.

2.2.3.1 Single Polarization Systems

For systems where polarization mode dispersion (PMD) is negligible o for simplifica-
tion, signal propagation into the optical fiber can be modeled by a scalar nonlinear
Schrodinger equation (NLSE) in the reference polarization as it is described in [65]:
oF | , PO
where «, f2 and ~y are the loss, group velocity dispersion (GVD) and nonlinear
index, respectively.
In the absence of noise, transmitted signal can be calculated from the inverse NLSE
[65]:
OF - -
— =(N"'+DhHE 2.11
(N DY) (211)
2.17] is equivalent of passing the received signal through a fiber with parameters
of opposite sign. By using the Split Step Fourier Method (SSFM), the NLSE can be

solved numerically as follows [65]:
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2.2 Equalization

E(t,z+h) = (e%D> (efzz+h N(Z,)dz> X e%f)E(z,t) (2.12)

where h is the step size. Since the nonlinear operator depends on E itself, the
integral for ﬁ(z) is usually approximated by the trapezoidal rule, and an iterative
procedure is used to solve Equation The accuracy of iterative symmetric SSFM
is improved when the number of iterations used to solve Equation [2.12]is increased.
Besides, it is improved decreasing the step size. For both cases, the computational
requirements are increased.

Nevertheless, a less computational complex algorithm based on a noniterative asym-
metric SSFM can be used, where the optical fiber is modeled as a concatenation of

nonlinear and linear sections in the m-th channel [67] [68]:

Em(t, 2 + h) = Ep (2, t)elMEnt2)P (2.13)

Ep(w,z+h) = Ep(w, 2+ h) x ( i 2>h (2.14)

This model is based on the idea that nonlinear effects are strongest at the beginning

of a optical fiber link, due to the optical power is higher.

2.2.3.2 Polarization Multiplexed Systems

When polarization effects are taken into account in the signal propagation into optical
fiber, instead of representing the non-linear Schrodinger equation (NLSE), the evolution
of electrical field into the fiber can be expressed by means of the Manakov equation as

follows [64]:

0A, §"Ba
= _——A +g§; = 8tnA + Ym (|Ay +14, |) (2.15)
04, j"Bn O
5= At Z A i (AL 140 4, (210)

where A, and A, are the two polarization components of the total electric field,
« is the loss coefficient, (3, is the nth-order dispersion parameter, 7, = 8/9y, and =y
is the nonlinearity parameter. The Manakov equation is invariant under polarization

rotations, and it is written in the x- and y-polarization basis only for convenience [64].
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2. THEORETICAL BACKGROUND

2.3 Coding and Clustering

2.3.1 Reed-Solomon FEC

Several FEC techniques have been proposed in optical communications based on elec-
trical communication system such as: Reed-Solomon, BHC, Hamming code, among
others [69]. FEC techniques can be roughly classified according to two decisions meth-
ods: hard decision and soft-decision. The principal difference between the soft and
the hard types of FEC decisions is that hard-decision works at the bit level whilst
soft decision operated with a multilevel quantization signal, in other words, informa-
tion from the physical-layer of the systems is required [70]. Soft-decision FEC ensures
better performance and a bit throughput than hard-decision FEC. However, it can be
implemented only when a high-speed ADC is used to perform sampling and quanti-
zation. Besides, soft-decision algorithm is very complex because it must consider the
changes in noise probability distribution caused by channel performance deterioration
[71]. For our purpose, classic hard-decision Reed-Solomon FEC code is used, adding a
bit-multiplexing stage among carriers after coding the bit sequence. At receiver side,
digital equalization is implemented to support the hard-decision performance.
Reed-Solomon (RS) codes are linear no-binary cyclic codes, formed by sequences
of m-bits symbols that belong to (2m) extended Galois fields, where m takes values
greater than two. A RS code is specified as RS(n, k), where the minimum distance
between codewords is d = n — k = 2t + 1. Thus, RS(n,k) can correct ¢ symbols.
In scenarios where burst errors (in the bit-sequence) can occur more frequently than
independent errors, interleaving FEC techniques are proposed for avoiding the inclusion
of the overhead in a continuous sequence [72]. In our proposal, the burst errors are
avoided due to the distribution of the encoded sequences in different channels. This

issue will be further explained in Chapter 4.

2.3.2 k-means algorithm

The clustering is a technique that establishes the relation of a set of elements with
respect to a group. The group is also called class. The clustering makes a correlation
and classification of a set of data. The k-means algorithm is a well-known clustering
technique, having as a main characteristic that it is based on unsupervised learning,

where the association of data with the classes is performed through a similarity measure,
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for example, the Euclidean distance measure between a data vector and class’ centroids
[73].

The k-means algorithm involves multiple iterations of clustering [74], [75]. In each
iteration each received symbol is assigned to the cluster whose centroid is closest. Math-

ematically, this involves minimizing the following objective function [2.1

k> , 2
J = ZZ ‘ xz(]) —ch (2.17)

=1 i=1

where z;(7) is the i’ received symbol in the j* cluster, ¢; is the centroid of the j*
cluster, n is the number of symbols in the j** cluster, while k represents the total number
of clusters. Usually, the centroids are randomly initialized. For our purpose, k depends
on the order of the known m-ary modulation format. The k reference constellation
points are used as the initial locations for the centroids in the first iteration, which
then changes as the received symbols are assigned to these k clusters.

After the first iteration, the centroids are recalculated based on the clustering in

that iteration according to the equation [2.18}

n

cj = (1/n)2x5j) (2.18)

i=1

Where these recalculated centroids are employed in reassigning the received symbols
in the next iteration using the objective function in equation [2.17} These repeated
clustering iterations are carried out until the algorithm converges, which occurs when
the centroids do not change their spatial locations and therefore no data-symbols are
reassigned. In Figure 2.7 an example of clustering based on k-means is shown in a
QPSK constellation. Each color represents different clusters. It is shown that the
initial centroids are the ideal constellation, because it is expected that the received

symbols are not far from that points.

2.4 Summary

In this chapter, a description of Nyquist-WDM systems and a brief explanation of
Nyquist concept is presented. Furthermore, the Nyquist-WDM systems modeled in
VPITransmissionMaker in co-simulation with Matlab, and two experimental setups

implemented in two abroad labs, are depicted.
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Figure 2.7: Example of Clustering in a QPSK constellation based on k-means.

Additional theoretical background of the important topics of this research, such as

equalization, coding and clustering, were presented.
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Evaluation of ICI Effects

3.1 Introduction

In this chapter, ICI effects are evaluated in the Nyquist-WDM systems presented in
the Chapter 2. The ICI is systematically evaluated in terms of BER as function of
several system parameters by simulation. Frequency channel spacing is the most im-
portant parameter to be modified in the evaluation of ICI impact. It is reduced as
close as possible to adjacent channels, to identify the maximum overlapping accepted
for a successful demodulation in the scenarios proposed. Moreover, the roll-off factor
of the pulse-shaping filter is varied for increasing the channel bandwidth. The ICI
characterization is performed in back-to-back (B2B) as well as in transmission distance
without optical amplifiers by simulation, and in amplified spans of 50 km and 90 km
experimentally.

Moreover, nonlinear impairments of the optical fiber are stimulated by means of high
launch power. A comparison between the linear and nonlinear effects are performed for
different system parameters, including the digital backpropagation (DBP) algorithm

for nonlinear mitigation.

3.2 Methodology for ICI Evaluation

A summary of the parameters used to evaluate the ICI impact as a function of BER are
shown in Figure When one of those parameter is not under evaluation, the value

of such parameter is the typical value shown in Figure Our purpose is performed
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3. EVALUATION OF ICI EFFECTS

measuring the impact when channels are overlapped or very close, and the contribution
of variations of system’s parameters in these cases.
A brief description of the parameter used as variable by simulation is presented as

follows and its range of working is shown in Figure [3.1

e Roll-Off Factor: This parameter is varied at transmitter in the pulse-shaping
filter. It causes a broadening in the spectrum when is value is higher than zero.

It can have values from 0 to 1.

e Frequency Channel Spacing: This parameter is varied by using tunable lasers.
Frequency (or wavelength) of adjacent channels is modified for the closeness de-
sired. Central laser operates at 193.1 THz and the adjacent ones operate with a

deviation from 14 GHz to 50 GHz depending on the specific case.

e Transmission Distance: This parameter is modified changing the length of the

optical fiber.

e Laser’s Linewidth: the impact of laser’s linewidth is tested when channels are
overlapped. Ideal laser would have linewidth equal of zero. Depending on its
value, the cost of lasers could be very expensive. That’s why its impact is an

important issue.

e Dispersion Factor: Optical fibers have a value defined by manufactures with
the typical value shown in Figure of the well-known standard single-mode
optical fiber.

e Mark Probability of PRBS: This value is modified in the digital transmitter.
Even if the probabilistic distribution of PRBS is equal or close of being gaus-
sian, centered in 0.5 (same probability to get ”1” or ”0” in a bit-sequence), this
probability might be different of 0.5 in short time slots. Hence, the interaction
of the non-gaussian short bit-sequence might affect the adjacent channels due to
the XPM.

e Launch Power: Lasers has a defined transmission power. It can be yield at its
maximum power, and the launch power may be regulated with an optical amplifier
before the optical fiber link. Depending on the power value, the nonlinear effects

of the optical fiber could be stimulated.
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3.3 ICI effects as function of system parameters

e OSNR: In the experimental setup, the level of optical noise added is varied to

watch the ICI impact under different levels of noise.

Roll-Off 0-0.5 0.1

28 GHz — 50 GHz @32GBd 30, 32, 35 GHz @32GBd

Frequency Channel Spacing /5 o1 12 GHz @16GBd 15.5, 16, 16.5 GHz @16GBd

Transmission Distance 0 km — 250 km 0 km (B2B)
Laser’s Linewidth <1kHz-20 MHz <1kHz
Laser’s Wavelength C-Band 1550 nm
Dispersion Factor 0 — 20 [ps/(nm-km)] SSMF: 16 [ps/(nm-km)]
Mark Probability of PRBS 0.1-0.9 0.5
Launch Power -4 dBm — 16 dBm 0 dBm
OSNR 14dB-37.3 dB ---

Figure 3.1: Summary of parameters used to evaluate the ICI impact.

The ICI impact is presented by means of the calculation of BER versus several
system parameters. Firstly, the impact is measured in the central channel of three
channel transmission (see section . Secondly, the impact in the adjacent channels
is evaluated in It means, the BER of the three channel transmitted is estimated.
Additionally, the impact of ICI when one of the adjacent channel of both are modulated
with other modulation format (QPSK or 16QQAM) is evaluated in Section ??. Moreover,
PRBS’s mark probability is varied in Section to evaluate the impact of the bit’s
randomness when channels are very close or overlapped.

Besides, in Section power launch is varied with the aim of stimulating the
nonlinear effects of the optical fiber. Subsequently, in Section [3.7] the digital backprop-
agation (DBP) algorithm is implemented at the DSP for the nonlinear mitigation to
carry out a comparison with and without the DBP at 16 Gbaud and 32 Gbaud.

3.3 ICI effects as function of system parameters

ICI effects is evaluated in a QPSK transmission for the 3 x 32 Gbaud system presented
in Chapter 2 by a BER estimation as function of frequency carrier spacing, roll-off of

the Nyquist filter, laser linewidth, and transmission distance. In Figure 3.2h, a B2B
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3. EVALUATION OF ICI EFFECTS

evaluation of the roll-off impact is done for 3 different frequency carrier spacing of
30 GHz, 32 GHz and 35 GHz. Roll-off values have a high impact in the ICI effects
measured in terms of BER due to the excess of the occupied bandwidth. It can be
noticed that with 30 GHz of carrier spacing, the impact in terms of BER is very high
reaching a BER of 1072 even with a roll-off equal to zero. For a Roll-off variation
between 0.1 and 0.2 there is a penalty of 4 decades (double arrow in the plot) in BER,
from 1078 to 10™%, respectively. For a carrier spacing of 35 GHz, a better performance
is obtained, having a BER of 107!? with a roll-off factor of 0.4. BER vs frequency
carrier spacing is showed in the Figure for different roll-off factors. For roll-off
values between 0 and 0.3, the BER difference is lower than 1 order of magnitude with
a carrier spacing of 30.5 GHz (dashed ellipse in the plot), whereas that for a carrier
spacing of 31.5 GHz, the BER difference is 4 orders of magnitude (double arrow in the
plot). BER values lower 1075 are reached with roll-off factor values up to 0.2 adjusting
the frequency carrier spacing.

Figure shows BER vs transmission distance for a roll-off of 0.1. For a carrier
spacing of 30 GHz the ICI impact is very high regardless of fiber length, reaching BER
values close to 1072, For a carrier spacing of 32 GHz, the BER changes from 1078
in B2B up to 1073. In this case, until 70 km, the BER is lower than 10~7, whereas
that for a carrier spacing of 35 GHz, BER of 1077 is reached at 120 km. Analysis
of the laser’s linewidth impact in terms of BER is shown in figure [3.3b. The z axis
is in logarithmic scale for a comprehensive comparison. It is shown a minimal BER
variation between linewidth values from 1 kHz up to 100 kHz. The penalty from 100
kHz to 1 MHz is close to 1 order of magnitude for a roll-off factor of 0.1. For a roll-off
equal to 0, it is shown a variation from 107% to 1073 for linewidth values between 5
MHz up to 10 MHz.

In figure[3.4] BER is estimated as function of the dispersion factor in an uncompensated-
link of 10 km. It can be seen that for a dispersion factor higher than 10 ps/(nm x km),
the BER difference between a Nyquist separation (32 GHz) and 35 GHz, is lower than
1 order of magnitude. Higher values than 17 ps/(nm x km), the impact in BER is very
similar. It represents the high impact of uncompensated links.

In table some of the results presented in this section are summarized.
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Figure 3.2: a) BER vs Roll-Off Factor, b) BER vs Frequency Carrier Spacing.
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Figure 3.3: a) BER vs Transmission Distance, b) BER vs Laser’s Linewidth.

Roll-Off BER Carrier Spacing | Distance
0.1t00.2 | 1078 to 10~* 32 GHz B2B
0to 0.3 | 1073 to 1077 31.5 GHz B2B
0.1 to 0.4 108 32 GHz to 35 GHz B2B
0.1 107* to 107 | 32 GHz to 35 GHz | 120 km

Table 3.1: Summary of results presented in Section

35



3. EVALUATION OF ICI EFFECTS
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Figure 3.4: a) BER vs Dispersion Factor in 10 km of uncompensated-dispersion link.

3.4 ICI impact in adjacent channels

Figure shows BER estimation vs roll-off factor. For a distance of 1 km and channel
spacing of 32 GHz (figure ) is clearly noted that occurs a fast increasing in BER
when roll-off factor changes from 0 to 0.1, passing from a BER of 107! to 107® for
central channel (chy). From 0.1 to 0.5 the increasing BER factor is lower, reaching a
BER of 1073, With a channel spacing of 35 GHz (figure ), the BER has a lower
increment in comparison with the previous case, even for a roll-off range from 0 to 0.1,
with BER values of 1072 (R,ss = 0) and 10722 (R,s; = 0.1) for central channel.
Making a comparison between the best and the worst BER value in figure [3.5h, for a
specific roll-off of 0.1, it is obtained a BER difference of 18 orders of magnitude (doble
arrow in figure ) This is a high difference in BER, realizing that there are only
3 GHz of separation between both channel spacing. BER difference among the three
channels of 32 GHz is around 9 orders of magnitude (ellipse in figure ) Figure
is a 10 km case, also, with channel spacing of 32 GHz and 35 GHz. In both channel
spacing, transmission is highly limited in terms of BER and its variation for different
roll-off values is lower than 1 order of magnitude for a roll-off of 0.1.

Figure |3.6| shows the BER as function of the channel spacing, for B2B, 1 km and
10 km of uncompensated-dispersion link, with a roll-off of 0.1. At B2B and 1 km, the
performance in terms of BER is very similar, BER increases approximately between 4
and 5 orders of magnitude in 2 GHz of spectrum grid difference (32 to 34 GHz). With

a channel spacing from 34 to 36 GHz, BER behavior is the same in these three cases
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Figure 3.5: BER vs Roll Off factor for a QPSK transmission over a) 1 km and b) 10 km
with channel spacing of 32 and 35 GHz.
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Figure 3.6: BER vs Channel Spacing in QPSK case with roll-off of 0.1 in B2B, 1 km and
10 km.
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Figure 3.7: BER vs Transmission Distance for uncompensated-dispersion link in QPSK

transmission for carrier spacing of a) 32 GHz and b) 35 GHz.

-1.2 T T T T T T T

-1.4}

-1.6f

-1.8f

log, (BER)

—&— ch1-32GHz
—&— ch2-32GHz | 1
—— ¢ch3 - 32 GHz
‘ ‘ ‘ ‘ ; —®— ch1-35GHz
-2 s , , w , — @ ¢ch2-35GHz | |

‘ ‘ ‘ O  ch3-35GHz

_3 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Laser’s Linewidth [MHZz]

Figure 3.8: BER vs laser’s linewidth for QPSK over 10 km of uncompensated-dispersion
link.
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3.5 ICI effects due to the randomness of bit-sequences

Roll-Off BER Carrier Spacing | Distance
0.1 1076 to 10712 32 GHz 1 km
0.1 1x1072t01.6x 1073 35 GHz 10 km
0.1 1x1072to 2.5x 1073 33 GHz B2B
0.1 All channels 1073 32 GHz 9 km

Table 3.2: Summary of results presented in Section difference between central and

adjacent channels.

with low variations.

For the two cases of channel spacing (32 and 35 GHz), BER estimation is carried out
for different distances from 0 to 20 km. BER increasing behavior is similar between 2
cases (figure and [3.7b). A difference of higher than 6 orders of magnitude between
chy and chg in B2B is obtained for a channel spacing of 32 GHz (figure ), and a
difference of 10 is obtained for a channel spacing of 35 GHz (figure ) It is noted
that in the second case, chqy has a worse BER than cho which is the central channel.
Besides, BER values of each channel have significant differences for values lower than
7 km. It was expected that central channel always had the worst BER, but how it is
seen in the next subsections, bit probability in a sequence has an important impact in
terms of BER. For longer distances than 7 km, BER difference among channels is lower
than 1 order of magnitude.

The other parameter evaluated is the laser’s linewidth. This parameter increases the
delay in the received signal due to the chromatic dispersion effects for long distances.
For the evaluation of its effect in channels affected by ICI, the BER is estimated in
figure for a 10 km transmission. BER values in the worst cases are from —2.8 to
—1.2 in log-scale. BER difference among 3 channels and between two different channel
spacing are lower than 1 order of magnitude. It confirms that linewidth does not have
an important contribution to ICI effects.

In table [3.2] some of the results presented in this section are summarized.

3.5 ICI effects due to the randomness of bit-sequences

Results of section 3.3 clearly show that system parameters have an impact in the ICI

effects, measured in terms of BER for a central carrier affected by two adjacent channels.
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3. EVALUATION OF ICI EFFECTS

In this section, an analysis about binary sequence impact is carried out, according to

the mark probability (MP) of the pseudo-random transmitted binary sequence (PRBS).
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Figure 3.9: BER vs Mark Probability (MP) for a carrier spacing of 30 GHz in B2B.

Figure [3.9] shows BER vs MP curves for QSPK modulation with a roll-off factor of
0.1. The MP of PRBS is the only system parameter that is changing in the 4 plots.
Figure is obtained for a sweeping in the mark probability factor of transmitter’s
PRBS. Carrier 1 and Carrier 3 have very similar estimated BER. For these carriers, a
minimum log(BER) value is —10 and maximum value is —4. Carrier 2 (central carrier)
only reaches a log(BER) of —5 and minimum value of —2. It can be noticed that up
to 5 orders of magnitude can vary a carrier performance in terms of log(BER). Figures

B:9b, B9, and show the MP variation only for one carrier, keeping the other 2
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3.5 ICI effects due to the randomness of bit-sequences
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Figure 3.10: BER vs Mark Probability (MP) for a carrier spacing of 32 GHz for QPSK

in a) 1km and b) 10 km of an uncompensated-dispersion link.
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Figure 3.11: BER vs Mark Probability (MP) for a carrier spacing of 32 GHz for 16-QAM

in a) 1km and b) 10 km of an uncompensated-dispersion link.
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Figure 3.12: BER vs Mark Probability (MP) for a carrier spacing of 32 GHz in 10 km
of an uncompensated-dispersion link for a) QPSK and b) 16-QAM.

carriers with a MP equal to 0.5. In figure can be observed a log(BER) variation
of 1 decade for Carrier 1 case, and how it disturbs the adjacent carrier (Carrier 2 in
this case), varying the log(BER) close to 1 decade. Carrier 3 is not affected by the MP
variation produced by Carrier 1. When MP of carrier 2 is varying, the BER of both
adjacent channels is affected.

Figure [3.10] and figure [3.11| shows BER vs Mark probability curves for QSPK and
16-QAM modulations, respectively, for short transmission of uncompensated-dispersion
links. Figure is obtained in a transmission of 1 km. Maximum log(BER) value is
—5 (chz) and minimum value for the same MP is —15 (chs). 10 orders of magnitude
in BER is a huge difference for a system with fixed parameters. The 10 km case (figure
3.10b), difference among channels is always lower than 1 order of magnitude.

For 16-QAM case (figure [3.11]), BER values are similar for 1 km (fig. [3.12h) and
10 km (fig. ) It means that MP in 16-QAM has penalty higher than the fiber
length.

Figure shows a particular case, where central channel changes the MP from
0.1 to 0.9, but, adjacent channels (ch; and chs) have a MP = 0.5. However, it is
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3.6 ICI impact due to Linear and Nonlinear Fiber Optic’s Effects

MP chl | MP ch2 | MP ch3 | Carrier Spacing | Distance BER
0.5 0.5 0.5 30 GHz B2B Difference 2 OoM
0.5 0.2 0.5 30 GHz B2B Difference 3 OoM
0.4 0.4 0.4 32 GHz 1 km Difference 4 OoM
0.4 0.4 0.4 32 GHz 10 km | Difference 0.5 OoM

Table 3.3: Summary of results presented in Section for QPSK modulation. (OoM:
Orders of Magnitude).

clearly noted that log(BER) changes for chy and chg having all parameters fixed in
each estimated BER. For 16-QAM curve (figure ) a pattern is observed, when
MP of chy is increasing, log(BER) of chy and chg is incremented in 0.5 decades.
Moreover, QPSK case, it does not occur the same pattern as 16-QAM. When MP of
cho is increasing, ch; and cho have a variation in BER, with a value estimated of 0.3
decades. Maximum BER difference for chy was lower than 1 order of magnitude ( 0.7)
decades in QPSK case.

In table some of the results presented in this section are summarized. The BER
difference means the difference between the BER of the central channel and the worst

BER of the adjacent channel.

3.6 ICI impact due to Linear and Nonlinear Fiber Optic’s
Effects

For the purpose of this section, in the simulation setup described in Chapter 2, the
nonlinear impairments of the optical fiber were stimulated by means of an increasing
of the launched power. In Figure the BER is estimated as a function of the
launch power. It can be noticed how for values higher than 5 dBm, the launched power
increase the BER up to 2 orders of magnitude for a channel spacing of 17.6 GHz. For
channel spacing of 16 GHz the BER increase up to 1 order of magnitude. For channel
spacing of 15.5 GHz, the BER variation is low, due to overlapping penalty is already
high (BER higher than 3 x 1072).

Figure shows BER vs roll-off factor. The difference in terms of BER between

linear effects and linear plus nonlinear effects is higher for roll-off values lower than 0.2.
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3. EVALUATION OF ICI EFFECTS
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Figure 3.13: BER vs Launched power for different channel spacing in QPSK at 16
Gbaud over a fiber optic-link affected by only linear (L) effects and linear plus nonlinear

(NL) effects.
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Figure 3.14: BER vs Roll-Off for different channel spacing in QPSK at 16 Gbaud over a
fiber optic-link affected by only linear (L) effects and linear plus nonlinear (NL) effects.
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3.7 ICI impact after nonlinear mitigation using Backpropagation
Algorithm
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Figure 3.15: BER vs Transmission distance for different channel spacing in QPSK at 16
Gbaud over a fiber optic-link affected by only linear (L) effects and linear plus nonlinear
(NL) effects.

For a channel spacing of 17.6 GHz, nonlinear impairments have an impact of 6 order of
magnitude taking a roll-off of 0.1. Whilst for a channel spacing of 16 GHz, the penalty
in BER is close to 2 orders of magnitude. As in the previous case (see Figure , in
Figure the ICI impact for overlapped channels is high, showing a low difference in
BER ( 0.1 orders of magnitude) between the lineal and nonlinear case.

Besides, in Figure [3.15]is shown that a BER difference of 3 orders of magnitude
between a linear and nonlinear effects in 16 GHz of channel separation is kept from 20
km to 100 km of transmission distance.

In table some of the results presented in this section are summarized.

3.7 ICI impact after nonlinear mitigation using Backprop-

agation Algorithm

3.7.1 Scenario QPSK at 16 Gbaud

The performance is evaluated in sub-Nyquist (15.5 GHz), Nyquist (16 GHz) and quasi-
Nyquist (16.5 GHz) channel spacing. Figure shows the BER vs launched power.

The best performance in the system is obtained for launched powers of 8 dBm in

45



3. EVALUATION OF ICI EFFECTS

Carrier Spacing | Launch Power | Distance BER
16 GHz 10 dBm 90 km Difference 1.6 OoM
17.6 GHz 10 dBm 90 km Difference 2.4 OoM
14.4 GHz 10 dBm 50 km | Difference 0.01 OoM
16 GHz 10 dBm 50 km Difference 2.7 OoM

Table 3.4: Summary of results presented in Section for QPSK modulation at 16
Gbaud. Comparison between a linear model and nonlinear model of optical fiber. (OoM:
Orders of Magnitude).

all channel spacing under evaluation. Moreover, by using BP, a gain of 11 orders of
magnitude is achieved in quasi-Nyquist channel spacing case as it is observed in the
vertical double arrow in the plot. In Nyquist channel spacing cases (16 GHz), by using
BP, gains up to 2 orders of magnitude are obtained, whereas in sub-Niquist spacing the
gains are around 1 order of magnitude.

In figure [3.17] curves of BER vs transmission distance are shown. For sub-Nyquist
and Nyquist cases, BP shows a similar improvement of 0.6 and 1 decades, respectively.
In quasi-Nyquist case, BP shows a better performance, it can be noticed for a 210 km
transmission length, where BP reduces the ICI impact in the BER of 3.5 orders of
magnitude.

Figure [3.18 shows the BER vs Roll-off factor curves. Roll Off Factor has a high
impact in the ICI effects measured in terms of BER due to the bandwidth broadening
in the optical spectrum. For sub-Nyquist channel spacing BP reduces the BER in
approximately 2.5 decades for a typical roll-off factor of 0.1. BP can compensate the
ICI product due to an increment in the roll-off factor of up to 0.12 for sub-Nyquist and
Nyquist cases. In quasi-Nyquist case BP can compensate the ICI due to a roll-off factor
increment from 0.35 to 0.45 relaxing the computational complexity of the system.

Figure [3.19] shows the system performance for different values of Laser Linewidth
according to a spectral channel Spacing of 15.5, 16.0 and 16.5 GHz. Laser Linewidth
lower than 10* Hz do not show significant impact on the BER due to the stimulation of
phase noise and chromatic dispersion are moderately low. Nevertheless, the linear plus
nonlinear effect can be reduced in 4 orders of magnitude in terms of BER by means

of the DBP.
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3.7 ICI impact after nonlinear mitigation using Backpropagation
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Figure 3.16: BER vs Launch power for different channel spacing including nonlinear
mitigation in QPSK at 16 Gbaud with (w.) and without (w/o) Backpropagation (BP).
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Figure 3.17: BER vs Transmission Distance for different channel spacing including non-
linear mitigation in QPSK at 16 Gbaud with (w.) and without (w/o) Backpropagation
(BP).
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Figure 3.18: BER vs Roll-Off for different channel spacing including nonlinear mitigation
in QPSK at 16 Gbaud with (w.) and without (w/o0) Backpropagation (BP).
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Figure 3.19: BER vs Laser’s linewidth for different channel spacing including nonlinear

mitigation in QPSK at 16 Gbaud with (w.) and without (w/o) Backpropagation (BP).
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Figure 3.20: BER vs Channel spacing for different launch powers including nonlinear
mitigation in QPSK at 16 Gbaud with (w.) and without (w/o) Backpropagation (BP).

Finally, Figure [3.20| shows the curves BER vs Channel Spacing for launch powers of
2, 8, and 14 dBm. The nonlinear ICI degrades the system performance when it is under
a launched power higher than 8 dBm as it is observed in the circle marked red line,
but when BP is used to compensate this phenomenon, system performance improves
significantly, even in sub-Nyquist cases as it can be seen in the 8 dBm curve.

In table some of the results presented in this subsection are summarized.

3.7.2 Scenario 16-QAM at 32 Gbaud

According to Figure [3.21] increasing the optical power per channel above 0 dBm has
an high impact in the ICI effects measured in terms of BER due to fiber’s nonlinearity.
However, the digital mitigation of these effects improves the system performance even
for Nyquist and sub-Nyquist channel spacing cases. Figure [3.22] shows BER vs span
length.

Nevertheless, due to the low phase noise, laser linewidth does not have a significant
impact between 0 and 1 MHz, values above this range totally limits the system perfor-
mance. The mitigation of nonlinear fiber impairments reduce the ICI impact mainly
for short distances of span length. For 33 GHz case, it is possible to reduce 1 order

of magnitude, reducing the span length 45 km (from 120 km to 75 km). However,
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3. EVALUATION OF ICI EFFECTS

Roll-Off | Carrier Spacing | Launched Power | Distance BER
0.1 16 GHz 8 dBm 50 km | Difference 2.2 OoM
0.1 15.5 GHz 8 dBm 50 km | Difference 1.8 OoM
0.3 16 GHz 8 dBm 50 km Difference 1 OoM
0.3 15.5 GHz 8 dBm 50 km | Difference 0.8 OoM
0.1 16 GHz 8 dBm 210 km | Difference 1 OoM
0.1 16.5 GHz 8 dBm 210 km Difference 3 OoM

Table 3.5: Summary of results presented in Subsection 1 for QPSK modulation at 16
Gbaud. Comparison using or not using DBP for nonlinear mitigation. (OoM: Orders of
Magnitude).
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Figure 3.21: BER vs Launch power for different channel spacing including nonlinear
mitigation in 16-QAM at 32 Gbaud with (w.) and without (w/o) Backpropagation (BP).
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Figure 3.22: BER vs span lenght for different channel spacing including nonlinear miti-
gation in 16-QAM at 32 Gbaud with (w.) and without (w/o) Backpropagation (BP).
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Figure 3.23: BER vs Roll-off for different channel spacing including nonlinear mitigation
in 16-QAM at 32 Gbaud with (w.) and without (w/o) Backpropagation (BP).
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Figure 3.24: BER vs Laser’s linewidth for different channel spacing including nonlinear
mitigation in 16-QAM at 32 Gbaud with (w.) and without (w/o) Backpropagation (BP).
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Figure 3.25: BER vs Channel spacing for different launch powers including nonlinear
mitigation in 16-QAM at 32 Gbaud with (w.) and without (w/o) Backpropagation (BP).
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3.8 ICI as a function of OSNR in experimental setups

ICI impact due to spectral overlapping significantly reduces the nonlinear mitigation
performance because the noise floor is higher (BER values higher than 10~3). Besides
for 80 km and longer span length, the channel spacing reduction and nonlinear im-
pairments mitigation do not have impact on system performance due to low OSNR
received. Nevertheless, a channel spacing reduction from 80 km to 65 km implies a
penalization of 15 km in span length, equivalent to a 18% of transmission distance.

Figure [3.23] shows BER vs roll-off factor curves. For channel spacing of 32 GHz
(Nyquist) and 33 GHz (sub-Nyquist), variations in roll-off factor do not significantly
modify the BER. However, for a channel spacing of 36 GHz, 1 order of magnitude of
BER can be reduced with an increment of roll-off factor from 0.1 to 0.3. As Single-Pol
QPSK case, laser linewidth values up to 1 MHz do not have a significant impact on the
BER. The use of DBP can reduce the impact on BER, especially when channel spacing
is increased as it can be seen for the curve of Chy, = 36 GHz.

Figure show BER vs channel spacing curves for power per channel of 0.15 and
3 dBm. As can be seen in Figure by using a channel power of 0 dBm is obtained
the best performance in terms of BER. A channel spacing reduction of 0.5 GHz is
possible assuming at a BER limit of 2.7 x 1072. A channel spacing reduction of 2.5
GHz increases the BER approximately in 1 order of magnitude when finer nonlinearity
is mitigated, for 3 dBm of power per channel.

In table some of the results presented in this subsection are summarized.

3.8 ICI as a function of OSNR in experimental setups

Figures and shows BER vs OSNR is for QPSK and 16-QAM, respectively.
Both cases are B2B at 16 Gbaud with a roll-off of 0.1. In Figure [3.26| BER is estimated
for five different channel spacing. With a channel bandwidth of 17.6 GHz, there are
2 cases of overlapped channels (14 GHz and 16 GHz). For OSNR values higher than
26 dB, a difference in BER of 4 orders of magnitude is evidenced between the channel
spacings of 14 GHz and 16 GHz. Also, a difference in BER of 4 orders of magnitude is
obtained (from 107% to 10719), between the channel spacings of 16 GHz and 17.6 GHz.
for a BER of 1 x 1079, a difference in OSNR of 7 dB is noticed between the channel
spacings, 16 GHz and 17.6 GHz. For a BER of 4.3 x 10!, a difference in OSNR of 10
dB is evidenced between the channel spacing of 17.6 GHz and 21.6 GHz. The impact
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3. EVALUATION OF ICI EFFECTS

Roll-Off | Carrier Spacing | Launch Power | Span Length BER
0.1 36 GHz 2 dBm 80 km Difference 0.5 OoM
0.1 33 GHz 2 dBm 80 km Difference 0.3 OoM
0.1 32 GHz 2 dBm 80 km Difference 0.15 OoM
0.1 36 GHz 2 dBm 60 km Difference 0.8 OoM
0.1 33 GHz 2 dBm 60 km Difference 0.4 OoM
0.1 32 GHz 2 dBm 60 km Difference 0.2 OoM
0.3 36 GHz 2 dBm 80 km Difference 0.7 OoM
0.3 33 GHz 2 dBm 80 km Difference 0.3 OoM
0.3 32 GHz 2 dBm 60 km Difference 0.2 OoM

Table 3.6: Summary of results presented in Subsection for 16QQAM modulation at
32 Gbaud. Comparison using or not using DBP for nonlinear mitigation. (OoM: Orders
of Magnitude).

in BER for a frequency channel separation between 21.6 GHz and 25.6 GHz, is lower
than 1 order of magnitude for all OSNR cases evaluated.

In Figure BER is estimated for seven different channel spacing, including single
channel. With a channel bandwidth of 35.2 GHz, there are 5 cases of overlapped
channels: 15, 15.5, 16, 16.5 and 17 GHz. For channel spacing lower than 15.5 GHz, a
BER limit of 1 x 1072 is not reached. Penalty of 3 dB is obtained when channel spacing
is going down from 16.5 GHz to 16 GHz at a BER 1 x 1072, At a BER of 1 x 1073,
the OSNR difference bewteen single channel case and 18 GHz case, is 1 dB. For OSNR
values higher than 30 dB, a difference in BER of more than 3 orders of maginuted is
seen between single channel and ideal Nyquist spacing (16 GHz).

In table some of the results presented in this subsection are summarized.

3.9 Summary

In this chapter, the impact of the ICI effects in a 3x16/32 Gbaud Nyquist-WDM system
is investigated. QPSK and 16-QAM modulation formats were alternated between the
three optical carriers to study its contribution the ICI effects. ICI characterization in
terms of BER was performed as a function of different system parameters variations

such as: Roll-off factor, channel spacing, laser linewidth and transmission distance.
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Figure 3.26: BER vs OSNR for different channel spacing at 16 Gbaud in QPSK B2B.
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Figure 3.27: BER vs OSNR for different channel spacing at 16 Gbaud in 16-QAM B2B.
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3. EVALUATION OF ICI EFFECTS

Mod. Format | Carrier Spacing | OSNR BER
QPSK 16 GHz 20 dB 1075
QPSK 17.6 GHz 20 dB 10~6
QPSK 16 GHz 26 dB 1076
QPSK 17.6 GHz 26 dB 1079
16QAM 16 GHz 20 dB | 1.6 x 1072
16QAM 17.6 GHz 20dB | 4x 1073
16QAM 16 GHz 26 dB | 4.5 x 1073
16QAM 17.6 GHz 26 dB | 3.5 x 1074

Table 3.7: Summary of experimental results presented in Subsection at 16 Gbaud in
B2B. (OoM: Orders of Magnitude).

Non-Nyquist spectral shaping of optical carriers presented an important penalty of 8
orders of magnitude (from 1x 1077 to 1 x 107°) in the BER as a function of the roll-off
factor for variation from 0 to 0.1. At 32 Gbaud, according to the presented results, 35
GHz of channel spacing showed a good performance, decreasing the BER in 4 orders of
magnitude (from 1 x 1078 to 1 x 10™*) compared with a channel separation of 32 GHz
(Nyquist concept). In addition, impact of laser’s linewidth in BER was close to 1 order
of magnitude, from —1.4 to —2.2 in log-scale, for ideal linewidth of 0 MHz and 20 MHz,
respectively, when channels are overlapped. Besides, transmission distance has a high
impact due to uncompensated-dispersion channel. For 20 km, BER was higher than
10~ for QPSK and 16-QAM even with channel spacing of 35 GHz. On the other hand,
we identified a system sensitivity in terms of BER degradation to the mark probability
of the PRBS. We observed that the BER difference among channels could reach up to
10 orders of magnitude for QPSK modulation, when the mark probability is not 0.5.
For the 16-QAM case, a penalty is higher than in QPSK case, 2 orders of magnitude
in BER for B2B cases. It represents a high penalty when the m-ary modulation is
doubled. Even if the PRBS in practical implementation is close to 0.5, analysis in
short time windows can realize that mark probability changes and it affects the system
performance.

Moreover, the use of 8 dBm as the launched Power showed the best performance
for sub-Nyquist cases for single-polarization QPSK transmission at 16 Gbaud. The use

of DBP algorithm can relax the roll-off factor penalty up to 0.1 in Nyquist channel
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3.9 Summary

spacing cases. Besides, for distances transmission lower than 210 km, BP reduces the
BER in more than 3 orders of magnitude for a roll-off factor of 0.1. Finally, the ICI
effect when channels are overlapped at low launched power (< 2 dBm) is higher than
the ICI effect due to the nonlinear impairments of the optical fiber when channels are
not overlapped. The use of DBP algorithm shows good performance for transmission

distances up to 50 km per span in an amplified system at 32 Gbaud.
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4

Encoded bit-Sequence
Distribution among Optical

Carriers

4.1 Introduction

Assuming a gridless scenario and the existence of receivers able to coherently detect
and jointly process multiple optical carriers, in this chapter a two-steps method is pro-
posed for the mitigation of the intercarrier interference (ICI) in optical multicarrier
signal transmission. The method is based on linear equalization and a bit distribution
of FEC-coded sequences along the set of optical carriers. This method allows bit error
correction in scenarios of non-spectral flatness between the subcarriers composing the
superchannel and sub-Nyquist carrier spacing. The concatenation of these two com-
plementary techniques consists of a non-data aided (NDA) equalizer applied to each
optical subcarrier, and a hard-decision FEC applied to the sequence of bits distributed
along the optical subcarriers regardless prior sub-channel quality assessment as per-
formed in OFDM modulations for the implementation of the bit-loading technique.
The technique is validated by simulation in a 3 x 32 Gbaud single-polarization QPSK
Nyquist-WDM system. In the following sections the method is described, including
the results by using the NDA equalization as well as the addition of FEC-distributed

module.
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4. ENCODED BIT-SEQUENCE DISTRIBUTION AMONG OPTICAL
CARRIERS

4.2 Method Description

In our approach, the superchannel is consider as a single entity regardless the number of
carriers used. The Figure is a layout of a superchannel system (at bit level) of three
carriers using FEC coding with an overhead interleaved in time to avoid burst errors.
Nevertheless, in multicarrier scenarios where some carriers may be affected more than
the adjacent channels, it is possible to find several unrecovered errors. For example,
in the figure 1.a, in the central bit-sequence (blue color) the two red frames show that
more than the half of the overhead information is damage. Therefore, in our proposed
scenario shown in Figure [5.Ib, the overhead and the information are equidistributed
among all channels (three in this example). Hence, burst errors due to ICI, can be
minimized even if a channel has been predominantly more affected. Therefore, the
bit-multiplexing acts as a serial to parallel convertor, allowing a frequency interleaving
of the FEC overhead. On the other hand, at the receiver side, each optical carrier of
the multicarrier signal is demodulated by a coherent receiver and passed through an
equalization module to increase the SNR, allowing the improvement of the hard-decision
FEC performance. The equalization module used per carrier is a non-data aided (NDA)
which mitigates the linear ICI without previous knowledge of the channel statistics
neither the adjacent carriers by using the rule of the Constant Modulus Algorithm
(CMA) avoiding the use of training sequences. The linear equalization also avoids the
use of soft-decision FEC, in spite of it ensures better performance and a bit throughput
than hard-decision FEC, only it can be implemented when a high-speed ADC is used
to perform sampling and quantization [76]. After equalization, a reverse operation of
parallel to serial conversion is performed previous the HD-FEC decoding. All the steps
carried out in the simulation process using our proposed method can be summarized

as follows:

1. Bit information is coded using Reed-Solomon (RS) FEC based on hard decision.
The entire bit-sequence with the overhead is segmented with a specific length. In

the simulation setup was implemented the classic RS FEC (255, 239).

2. Coded sequences are distributed bit-to-bit using a bit-multiplexer for creating m

sub-channels (serial to parallel conversion).
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3. The new m bit-sequences generated after bit-multiplexing are pulse-shaped with

root-raised-cosine function.

4. Electrical pulses are mapped to drive an optical IQ modulator for phase modu-

lation.

5. All channels modulated by independent optical carriers are coupled into the op-

tical fiber and received by a multi-coherent optical receiver.
6. In the DSP, the NDA equalization is performed independently for each carrier

7. The signal is demodulated, obtaining one sequence per carrier in the reverse

operation of parallel to serial conversion.

8. The m bit-sequences are multiplexed into a single bit sequences obtaining the

transmitted sequence.

9. Bit-sequence is decoded, recovering the transmitted data.

The NDA equalization is performed in each carrier after the rectangular electrical
filtering at the receiver (see figure . Due to the ICI can be modeled as a linear
channel with time-varying ISI [42], [43],[44], CMA mitigates the linear ICI on a specific

carrier, avoiding joint equalizations such as MIMO techniques for ICI mitigation.
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Figure 4.2: Spectrum of 3 channels a) in the transmitter and b) after filtering in the

receiver.

4.3 Results and Discussions

4.3.1 Evaluation of the NDA Equalization Performance

Figure shows the ICI impact in B2B scenario, with and without CMA equalization
(dots and squares in plot, respectively). Mostly, the BER values decrease for all cases
according to the increment of the frequency channel spacing. CMA equalization reduces
the BER for all roll-off values. For R,y = 0, with a frequency channel spacing equal to
31.2 GHz, CMA reaches a BER reduction of 1 decade (black double arrow in the plot).
In terms of frequency channel spacing, for a R,y = 0 compared with a R,rs = 0.3, the
penalty is 0.8 GHz for a log(BER) of —6 (gray double arrow in the plot) with CMA
equalization.

Figure shows the log(BER) vs transmission distance for channel spacing fre-
quencies of 30, 31 and 32 GHz. With Nyquist ideal separation (32 GHz), the equalized-
curve decreases the log(BER) value more than 1 decade up to 55 km (black double
arrow in the plot). For longer distances, the difference in BER between equalized and
no-equalized curves is lower than 1 decade, becoming in similar BER values for dis-
tances upper than 100 km. CMA improves data transmission even for sub-Nyquist
separation (lower than 32 GHz), close to 1 decade (dashed ellipsoidal area in the plot)
of the log(BER). The impact in channel spacing between 31 and 32 GHz is high in
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4.3 Results and Discussions

terms of BER. It can be seen in a log(BER) a difference of 4 decades between the green

curve and the blue curve for even both, equalized and no-equalized case.
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Figure 4.3: a) BER vs Channel spacing for B2B scenario, b) log(BER) vs Transmission
Distance with (w) and without (w/o) CMA linear equalization.

In figure and are plotted dotted lines of BER references for a compre-
hensive comparison of the obtained results. In figure an evaluation of the roll-off
impact is performed for distance transmission up to 130 km with ideal Nyquist spac-
ing. The roll-off has a high impact in the ICI effects measured in terms of BER due to
the bandwidth broadening in the optical spectrum. The impact of the roll-off can be
noticed in 100 km without CMA ICI mitigation (red line), when a BER of 1077 for
R,ry = 0, and a BER greater than 1073 for R, = 0.3 are achieved. BER reduction

by CMA is notorious according R,y increases.

Finally, signal demodulation after transmission over 130 km can reach a BER limit
of 1.8 x 1072 without CMA equalization. In the zoomed area of figure , it can be
seen that the transmission of 130 km with CMA (green dotted line) can present BER
limit of 1.0 x 102 for roll-off values until 0.22. Moreover, with CMA a transmission
of 120 km can reach a BER limit of 1.0 x 10~2 with Rypp =0.3.

In figure , curves of Log(BER) vs frequency channel spacing are shown for dif-
ferent transmission distances. For channel spacing lower than 31.5 GHz, the difference

in the BER is greater between the w-CMA and w/o-CMA curves; therefore it can be
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affirmed that linear ICI effects are compensated for sub-Nyquist channel spacing using
CMA equalization. CMA equalization reduces channel spacing penalty in 1.5 GHz for
BER limit of 1.8 x 1072. Table shows penalty reduction for all cases of figures
and according to the three BER limits. The penalty reduction means the channel

spacing value that the equalizer can reduce lower than the baud rate in Hz.
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Figure 4.4: a) BER vs roll-off factor for transmission up to 130 km, b) BER vs Channel
Spacing Penalty for different transmission distances with Rory = 0 with (w) and without

(w/o) CMA linear equalization.

BER 100 km | 120 km | 130 km
1.8x 1072 | 1.5 GHz | 0.9 GHz | 0.5 GHz
1.0x 1072 | 1 GHz | 0.8 GHz | 0.3 GHz
7.6x1072 | 1GHz | 0.6 GHz | 0.1 GHz

Table 4.1: Penalty reduction in terms of channel spacing using CMA.

4.3.2 Evaluation of the two-stages Method

In the following results, the BER is estimated making a comparison bit-to-bit with a
PRBS sequence length of 3 x (217~1). This section shows the BER vs. frequency carrier
spacing (Figure and the BER vs. roll-off Factor (Figure for three transmission
cases: i) without FEC, ¢) with FEC and i) with FEC plus CMA equalization.

For a roll-off factor of 0.1 (see figure[4.5h), FEC-distributed can reach a logio(BER)

of —4.5 with a carrier spacing of 30 GHz whereas without bit correction reaches a
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Figure 4.5: BER vs Carrier Spacing for a roll-off of a) 0.1, b) 0.2 and c¢) 0.3 without (w/o)
error correction (blue line), with (w/) FEC-distributed (red line) and with FEC-distributed
plus CMA equalization (Eq.).
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BER of 1073. Adding a CMA equalization module, it can be reached an error-free
transmission with a sub-Nyquist carrier spacing of 28.5 GHz, a better performance of
2 GHz compared without equalization module. When roll-off factor increases up, the
gain in terms of carrier spacing is reduced. For example, for a roll-off factor of 0.2 and
0.3 (figure and [4.5f), the error-free decoding is reached for a carrier spacing of
29.5 GHz.

In figure is shown how the narrow spacing of 28 GHz affects the BER even
with low roll-off factor, and FEC technique cannot recover the information without the
CMA support. For a carrier spacing of 30 GHz in Figure is obtained a BER of 1073
for a roll-off Factor of 0.1, 0.45 and 0.5, without FEC, with FEC and with FEC-CMA,
respectively. For a Nyquist ideal spacing (32 GHz), error-free is obtained with FEC
even without CMA equalization. Figure [£.6k shows the curve without FEC for values
of roll-off of 0.3 and 0.5, the estimated BER is —4.7 and —3.5 in log-scale, respectively.

The proposed method was also tested in Rsoft software. The simulation setup was
the model of the experimental setup 2, provided by the Georgia Electronic Design
Center, which includes all nonlinear models of the whole set of devices. Results are

shown in Figure [4.7]

The BER was estimated as a function of the carrier spacing. Figure is a B2B
case. In this figure is noted that at least in 0.5 GHz of carrier spacing is reduced the
penalty by using the two-step method in comparison with only the NDA equalizer.
Penalty in OSNR is much higher than the results presented previously in this chapter.
It is due to the simulation is more robust in terms of approximation of the experi-
mental setup. Nevertheless, in 34 GHz by means of the proposed method, error-free
demodulation is obtained.

On the other hand, Figure [£.7p shows the results obtained for a transmission of 90
km. In this case, a gain of 1 GHz in terms of carrier spacing is obtained when the
FEC distribution is performed. Also, error-free transmission is obtained at 34 GHz. It
shows that our proposal reduce the ICI impact for a central channel with at least 1.2

GHz of overlapping among both adjacent channels.
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Figure 4.7: BER vs Carrier spacing in a Nyquist-WDM system with only equalization
(Eq.) and adding the FEC-distributed technique (FEC-dist + Eq.).

4.4 Summary

The main contribution of our proposed two-steps approach for ICI mitigation can be
summarized as follows i) the use of non-data aided (NDA) linear equalization based
on the constant-modulus-algorithm (CMA) for first step ICI mitigation improves the
optical signal to noise ratio per carrier and therefore minimizes the error floor of subse-
quently implemented error correcting codes, i) carrier independent NDA linear equal-
ization at the physical level for Nyquist pulse shaped signals avoids complex joint multi-
carrier processing #ii), the implementation of classic hard-decision FEC techniques such
as Reed-Solomon code to perform the second ICI mitigation step allows equalization at
the bit-data level enabling the application of mature error correcting schemes and iv)
the modular structure of the proposed two-steps mitigation approach permits system
scalability to incorporate advanced linear equalization techniques and error correcting
codes. The benefits of the method were evaluated in terms of BER as a function of
the carrier frequency spacing and the roll-off factor of the digital pulse-shaping filter
in the simulated 3 x 32 Gbaud single-polarization QPSK Nyquist-WDM system. After
the ICI mitigation in a back-to-back scenario, error-free decoding was obtained for a
PRBS sequence length of 3 x (2!7~1) with sub-Nyquist carrier spacing of 28.5 GHz and
30 GHz, for roll-off values of 0.1 and 0.4, respectively.
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Nonsymmetrical Demodulation

enabling ICI Mitigation

5.1 Introduction

In contradistinction of the method presented in Chapter 4, in this Chapter, a nonsym-
metrical demodulation (NSD) technique is proposed which enable the minimization
of ICI effects. Besides, the NSD technique does not requires a prior information of
the optical fiber (as in backpropagation techniques), neither feedback nor information
of adjacent channels. Our proposal is an adaptive machine learning-based NSD tech-
nique relying on clustering to mitigate time-varying distortions derived from several
impairments such as IQ imbalance, bias drift, phase noise, ICI, among others. In this
demodulation technique, the k-means algorithm iteratively identifies the cluster cen-
troids in the constellation of the received symbols in short time windows by means of
the optimization of decision thresholds for a minimum BER. The effectiveness of both
techniques is experimentally verified in a 3 x 16/32 Gbaud 16-QAM Nyquist-WDM
system over 250 km and 270 km links.

5.2 Method Description based on k-means

In order to improve the BER attainable in the presence of distorted symbols, we replace
the conventional (linear and symmetric) demodulation boundaries with nonsymmetrical
demodulation (NSD). In the drawing of Figure we illustrate a possible worst case

of a constellation affected by several impairments, including IQ imbalance and phase
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Figure 5.1: Example of a distorted 16QQAM constellation diagram. a) Comparison of the
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for a) single channel and b) WDM affected by ICI at 16 Gbaud estimated in 10 TWs of
different length in terms of symbol. Centroids: blue dot markers). Cluster’s dispersion

(red square markers).
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centroid variation (blue dot markers) and its variance (brown square markers) for 10 time

windows. (TW=N circle markers and TW=N+1 square markers).
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Figure 5.5: Qualitative analysis of the deviation of symbols locations in a 16QAM trans-
mission at 32 Gbaud , represented as: a) Centroids estimated in different TWs of 10k

symbols, and b) Histograms calculated from one symbol of the constellation diagram.

noise. Our technique combines short temporal windowing with the k-means clustering
algorithm for dynamic estimation of the nonsymmetrical thresholds, as seen in Figure
. The short temporal windows (TW) that we employ are indexed, where the N**
frame is TW=N. The nonsymmetrical thresholds were computed independently for
each symbol frame, because it was observed that the centroid distortions varied from
frame to frame and were typically not correlated. The choice of the length of the TW
is a balance between computational complexity (keep it short) and stability (centroid
moves too much at very short TWs, keep it longer). After 10k symbols, the centroid
stability is good (variance is low), as we show as follows:

Variance of centroid’s position and variance of cluster’s dispersion was calculated in 10
consecutive TWs. This calculus was done in two steps: In the first one, the variance
of centroid’s positions and cluster’s dispersions were calculated in each TW. In the
second one, general variances of centroids and clusters were calculated based on the 10
TWs variances obtained in the first step. In Figure [5.2] we show the general variance of
centroid’s positions (blue circle markers) and the general variance of cluster’s dispersion
(red square markers). The Figure is for single channel case, and Figure [5.2b is
for WDM when three channels are overlapped. It can be noticed how for TWs lower
than 7500 symbols for single channel and 10000 symbols for multichannel, the variance

curves are not stable. With the intention of using the shortest TWs possible without
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incurring in convergence errors, 10k symbols was chosen as length of each TWs in our
analysis. For clarification, the period of each TW depends on the baud rate, in this
work, 16 Gbaud or 32 Gbaud.

In Figure [5.3h, received symbols of a 16-QAM constellation are shown for one
specific cluster (ideally centered in -1+j) in 2 different TWs. Figure|5.3b shows how the
cluster’s centroid (circle markers) and the cluster’s variance (square markers) changes
with time. The detail of the centroid motion is depicted in Figure for 10 different
sequential TWs. The figure zooms in on each centroid of the 16-QAM constellation
with each box representing 6.6% of the standard decision boundary.

In Figure [5.5h, centroids of a constellation affected by interchannel interference are
plotted for 10 TWs. A deviation from the ideal constellation can be noticed in each
TW. In Figure , two histograms of a specific cluster (I and @ components) of
a 32 Gbaud transmission are shown. The cumulative frequencies (y axis), represent
the number of symbols in such region. A shift in the thresholds can be seen in the
histograms’ valley zone for different TWs.

The k-means algorithm involves multiple iterations of clustering. In each iteration
each received symbol is assigned to the cluster whose centroid is closest. The reference
constellation points are used as the initial locations for the centroids in the first itera-
tion. The repeated clustering iterations are carried out until the algorithm converges,
which occurs when the centroids do not change their spatial locations and therefore no
data-symbols are reassigned. The re-initialization between time windows adds compu-
tational complexity in comparison with classic k-means (only initialized once), but it is
added only to track the time-varying distortions avoiding the use of past time windows
in the decision of new centroids. However, the mode value is around 4 iterations per
time window for convergence, being a small value due to the time-varying effects are
not large, seen in a Euclidean scale. It means that the computational complexity of

this algorithm is low thanks to the number of clusters and the dimension is fixed.

5.3 Results and Discussions

5.3.1 Performance Evaluation in Scenario A

Figure shows BER performance vs. OSNR for a 16 GBd B2B link. This link

incorporated a source laser with linewidth 100kH z and no automatic bias control on
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the modulator. It is noticed that even without optical fiber transmission and modest
baud rate, a gain of nearly 0.2 dB can be achieved for single channel operation at a
BER of 1 x 1072. For multicarrier links, Figure shows different carrier spacing
cases. The gain increases up to 0.56 dB when the spectral channel separation is 18
GHz (see Figure [5.7p), and 0.43 dB for a channel spacing of 17.6 GHz (see Figure
5.7b). From Figures to , multicarrier scenarios for channels overlapped are
shown. For channel spacing of 17, a gain up to 1.4 dB is obtained at a BER of 1 x 1072
for a channel spacing of 16 GHz. It shows the ability of the NSD to minimize the
interchannel interference effects due to overlapping. For transmission of 250 km and a
received signal with OSNR > 30 dB. Figure shows the improvement in BER using
NSD for 3 different carrier spacing compared to the single channel case, enabling near

Nyquist channel spacing with single channel performance.
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Figure 5.6: BER vs OSNR for single channel at 16 Gbaud in B2B with (w.) and (w/o)
NSD.

5.3.2 Performance Evaluation in Scenario B

The BER is calculated by error counting in 600000 bits (15 TWSs of 10k symbols each
one). Figure shows two B2B cases. The single channel case presents a gain of 0.4
dB, and the multichannel case (carrier spacing of 34 GHz) shows 0.2 dB benefit at BER
of 1 x 1072. Figure and show the BER vs OSNR performance at 32 Gbaud
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Figure 5.7: BER vs OSNR for different carrier spacings at 16 Gbaud in B2B a) 18 GHz,
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Figure 5.8: BER vs OSNR at 16 Gbaud over 250 km of optical fiber with an OSNR 4 30
dB with (w.) and (w/o) NSD.

for 90 km transmission for 2 different launch powers: 0 and 9 dBm. In Figure [5.9b, a
single channel case using narrow linewidth laser (< 25 KHz) was used. Nonetheless an
improvement of 1 dB is achieved for a BER of 1 x 10~ for both launch powers. For a
BER 1 x 1072, the gain is lower but still useful, 0.3 dB. We note that 9 dBm launch
power exhibits a penalty of up 2 dB due to nonlinear effects. Similar improvements are
observed in Figure for the same launch powers (0 and 9 dBm) in a transmission of
three overlapped channels (carrier spacing of 34 GHz).

Figures [5.10] and [5.11 show BER performance vs OSNR for multichannel transmis-
sion over 270 km with a launch power of 9 dBm, for twelve different frequency carrier
spacings. Figure shows a WDM standard transmission (carrier separation of 50
GHz), a gain of 0.35 dB and 1 dB by using NSD is observed at 1 x 1072 and 1 x 1073,
respectively. For a carrier spacing of 37.5 GHz, the gain is 0.28 dB at 1 x 1072 and
0.6 dB at 2 x 1073. Figure shows, a near Nyquist spacing case of 36 GHz, the
improvement in BER using NSD is 0.28 dB. For overlapped channels, nine cases are
presented. At BER limit of 1 x 1072, the gains are between 0.27 dB and 0.5 dB using
NSD for a carrier spacing between 33 GHz and 35 GHz (see also Figure [5.11]). It is
noticed that even with a reduced carrier spacing (< 32 GHz), a gain of nearly 0.6 dB
can be achieved at a BER higher than of 1072. However, due to the ICI, a BER of
1 x 1072 is not achieved with OSNR values lower than 31 dB.

76



5.3 Results and Discussions

a) -1 T T T 3 3 T v
@  Single Ch. wio NSD

Single Ch. w/o NSD fit curve
-1.5@ B Single Ch. w. NSD g
Single Ch. w. NSD fit curve
@ 34 GHzw. NSD

34 GHz w/o NSD fit curve E
B 34 GHzw. NSD
34 GHz w. NSD - fit curve

Iog10(BER)
N
&)
7

3k
-3.5F
4k : : c : : c
15 17 19 21 23 25 27 29
OSNR [dB]
b) -1.6

@®  9dBm wo NSD

9 dBm w/o NSD - fit curve H
B 9dBmw. NSD
9 dBm w. NSD - fit curve H
B 0dBmw. NSD
0dBm w. NSD - fit curve H
@  0dBm wio NSD

-1.8

-2

2.2

E 24 0 dBm wio NSD - fit curve H
a
© 2.6
o
o
-2.8
-3
-3.2
-3.4
17
c) -1 .Gl
1.8+
z  2r
w
Q
° e
= @® 9dBm wo NSD >
L 22 9 dBm w/o NSD - it curve . ' )
B 9dBmw. NSD ' .‘
9 dBm w. NSD - fit curve . L
@ 0dBm wo NSD
24 0 dBm w/o NSD - fit curve
B 0dBmw. NSD
0 dBm w. NSD - fit curve
26 c : : c c
19 21 23 25 27 29
OSNR [dB]

Figure 5.9: BER vs OSNR at 32 Gbaud in a) Back-to-Back, and for 2 launched powers

over 90 km: b) in single channel and c) for a carrier spacing of 34 GHz.
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Figure 5.10: BER vs OSNR for multichannel transmission over 270 km at 32 Gbaud for
different carrier spacings. (first part) a) 50 GHz, b) 37.5 GHz, c¢) 36 GHz, d) 35.5 GHz,
e) 35 GHz and f) 34.5 GHz, with (w.) and (w/o) NSD.
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Figure 5.11: BER vs OSNR for multichannel transmission over 270 km at 32 Gbaud for
different carrier spacings. (second part) a) 34 GHz, b) 33.5 GHz, ¢) 33 GHz d) 32 GHz,
e) 31 GHz, and f) 30 GHz with (w.) and (w/o) NSD.
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5.4 Summary

A machine learning-based nonsymmetrical demodulation technique for a DSP-enabled
receiver was experimentally demonstrated. With the aim of enabling the mitigation of
time-varying distortions including ICI. Employing short time windows for demodulation
further enables inline optical monitoring, which is a valuable diagnostic tool for future
terabit optical communication systems. Moreover, even if the gain is modest with the
analyzed setups, in uncontrolled scenarios higher gains are expected due to the the
proposed technique is transparent to the specific source of nonlinearity, which makes it

simple yet robust.
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Conclusions and Future Work

6.1 Conclusions

Nyquist-WDM, a promising solution for increasing the capacity in optical networks,
was the technology chosen to be analyzed in this thesis, envisioning its feasible of being
developed in gridless scenarios in a near future. The aim of these study is of avoiding
the use of guard bands in Nyquist-WDM systems. Furthermore, the spectral separation
between adjacent modulated carriers was reduced as much as possible, even under the
baud rate in Hz (sub-Nyquist separation), driving to interchannel interference (ICI)
due to the spectral overlapping.

In this thesis, the impact in terms of BER of the ICI effects was analyzed in a
3 x 16/32 Gbaud QPSK/16-QAM Nyquist-WDM. A systemic evaluation of the ICI
effects has been given in Chapter 3 with the consideration of linear and nonlinear
impairments, and variations of system parameters, such as: frequency channel spacing,
roll-off factor of the pulse-shaping filter, OSNR, transmission distance, launch powers,
among others.

It was shown that a roll-off factor of 0.3 induces an important penalty in terms of
BER, when it is compared to an ideal roll-off value of 0, by approximately 3 orders of
magnitude in a B2B scenario using QPSK. Besides, no signal demodulation is success-
fully achieved for roll-off factors greater than 0.1 for sub-Nyquist carrier spacing (less
than the baud rate in Hz).

Additionally, we identified degradations of the system performance, in terms of

BER, for variations of the mark probability (MP) of the PRBS. Even if the MP of
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commercial system is close to 0.5 (gaussian distribution), in short time slots this pa-
rameter could have some variations, affecting the adjacent channels when there are
overlapping.

Besides, the ICI impact due to the overlapping of modulated carriers, even without
nonlinear stimulation, is higher in terms of BER, than the nonlinear impact for standard
fixed-grid WDM transmission. Hence, the BP algorithm was implemented in the DSP,
for nonlinear mitigation due to the high launch power. The use of BP algorithm could
relax the roll-off factor penalty up to 0.1 in Nyquist channel spacing cases. Thus, a
BP equalizer may improve the multicarrier spectral efficiency by allowing acceptable
levels of interchannel interference in nonlinear scenarios affected by high launch power.
However, its computational complexity could be very high.

Thereby, we proposed a method for the minimization of ICI effects to be imple-
mented in gridless Nyquist-WDM systems. The proposed method takes advantages of
the distribution among optical carriers of encoded sequences supported in the receiver
side by the NDA equalization applied per carrier. It was shown how the NDA equal-
ization supports a hard-decision FEC technique for the proper ICI mitigation without
using joint signal processing. The effectiveness of the proposed method to improve the
spectral efficiency by the ICI mitigation was confirmed through numerical simulations
in a 3 x 32 Gbaud single-polarization QPSK Nyquist-WDM system. For a measured
BER in 3 x (2!17~1) bits, error-free decoding for frequency carrier spacing values greater
than 28.5 GHz and roll-off factor of 0.1, is proven. Also, an error-free decoding is
achieved for roll-off factor as great as 0.4 in sub-Nyquist spacing regime of 30 GHz.
For a BER limit of 121072 the method reduces the carrier spacing penalty in 2, 1.5,
and 1.4 GHz for roll-off factor values of 0.1, 0.2 and 0.3, respectively. In addition,
the system may be relaxed in terms of hardware requirements for signal generation,
because of greater roll-off factor implies shorter RCC filter length and less required
electronic resources. Thus, this novel method may lead to the design of hybrid ICI
mitigation techniques exploiting the advantages of signal equalization at both levels,
the physical level for any digital and analog pulse shaping and the bit-data level and its
ability to incorporate advanced correcting codes. Furthermore, by using this technique
the spectral efficiency may be increased

On the other hand, we proposed and experimentally demonstrated a machine learning-

based nonsymmetrical demodulation technique for a DSP-enabled WDM receiver, with
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the aim of enabling the mitigation of time-varying distortions, including the ICI. The
major sources of time-varying distortions were laser phase noise, I1Q imbalance drifting
and interchannel interference. Experimental results for a 3 x 16 Gbaud 16-QAM sys-
tem at different channel spacings and OSNR, values showed that the proposed technique
can improve the system performance for channel spacings greater than 16 GHz, when
employing a roll off factor of 0.1. Furthermore, it was experimentally shown that the
time-varying nature of the non-linearity results in BER variation between various time
windows. Hence, for the first time we successfully demonstrated the use of k-means
algorithm based detection in conjunction with time windowing in order to optimally
overcome time varying channel nonlinearity in a Nyquist-WDM system. The proposed
technique is transparent to the specific source of nonlinearity, which makes it simple
yet robust. Additionally, experimental results at 32 Gbaud showed that our nonsym-
metrical demodulation technique outperforms in terms of BER the conventional QAM
demodulation technique, adapting the k-means algorithm each time window with a
length of 10k symbols. We also demonstrated that the OSNR requirement can be re-
duced by 1 dB for signals affected by interchannel interference. Employing short time
windows for demodulation further enables inline optical monitoring, which is a valuable

diagnostic tool for future terabit optical communication systems.

6.2 Future Work

Further characterization of the ICI impact after wavelength conversion, and when
wavelengths are added and dropped several times in transit nodes are currently be-
ing planned in joint with dynamic bandwidth allocation. In figure [6.1] a test in Rsoft
Software is performed, similar to the scenario modeled in VPITransmissionMaker pre-
sented in Chapter 2. ASE noise is added in B2B and a transmission link of 90 km. The
BER variation is calculated as a function of the noise spectral density for the central
channel, simulating a dramatic damage of an specific wavelength (central one in this
case) in a multicarrier transmission using the proposed method. It could emulate a
wavelength which has been added or dropped several times in a network with transit
nodes, being highly affected by reduction of OSNR.

Besides, the design or use of different FEC codes for the distribution among optical

carriers in superchannels, could form part of future work and its implementation in
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Figure 6.1: BER vs Noise Spectral Density in a) B2B and b) 90 km Transmission.

coherently detected systems. Additionally, for the encoded bit-sequence distribution
technique proposed, synchronism among the carriers has been assumed. However, for
implementation, the synchronistic is a challenging issue which is required for bit re-

distribution at the receiver side, for the whole set of carriers used.

On the other hand, the proposed machine learning-based NSD method may also
allow simplification of the standard demodulation blocks in particular the equalizer.
For preliminaries studies, we noted that the receiver’s equalizer is relaxed in terms
of number of taps when NSD is applied. For example, Figure shows the BER
estimation as a function of the number of taps of a DD-LMS equalizer in the scenario
B presented in Chapter 2. Regardless the number of taps, the performance in terms
of BER by using NSD is always better than without NSD. For example, a BER of
5 x 1073 is obtained with 61 taps without NSD and with 41 taps with NSD. Figure
shows BER vs OSNR for a channel spacing of 34 GHz. For three different number
of taps, by means of NSD, the BER is reduced in all cases. According to this results,
a complexity computational’s study would be an interesting line of research in NSD
applications.

Moreover, higher order modulation formats may be applied for increasing the ca-

pacity in flexible and gridless networks. Preliminary result for 64-QAM generation is
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Figure 6.2: a) BER vs Equalizer’s Number of taps for a channel spacing of 35.6 GHz, b)
BER vs OSNR for a channel spacing of 34 GHz with (w) NSD and without (w/o) NSD.
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Figure 6.3: 64-QAM Nyquist-shaping Generation in B2B. a) BER vs OSNR with (w)
NSD and without (w/0) NSD, b) Constellation diagram for a OSNR of 44 dB.
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shown in Figure for B2B. NSD method is applied. It can bee seen as each symbol y
plotted in different colors. White square markers are the reference (ideal) constellation,
and the centroids are represented as green dot markers. A centroid deviation is noticed.
Figure shows BER vs OSNR. BER is improved for all OSNR values. Indeed, the
NSD method can be applied for any QAM format. A research about non-conventional
modulation formats would be a potential future work supported by NSD.
Additionally, future work would be focused on the further investigation of non-
symmetrical demodulations approaches. A goal would be the use of distances unlike
Euclidean distance in the constellation diagram, allowing more robustness to face non-

linear and noisy scenarios.
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Appendix A

PRBS correlated among channels

A 5 x 32 Gbaud Nyquist-WDM system with coherent detection was modeled in VPI-
TransmissionMaker (VPI) software. ICI effects according to the channel spacing and
the BER were evaluated when the whole set of channels use the same PRBS. Addi-
tionally, equalization based on the Least-Mean-Square (LMS) was implemented at the

receiver side.

A.1 ICI Analysis

Tables [A1] and [A.2 show the EVM and BER for transmission of 1 km and 3 km
respectively. These values measure the distortion of the signal received. EVM values
are similar in the 5 channels, as well as, BER values. It can be verified with their
standard deviation (o) . For 1 km EVM = 0.014 and log(BER) = 0.015, for 3 km
EV M = 0.0097 and log(BER) = 0.0054. The following information is the result from
only one channel, assuming the similar performance of the other channels, how we can

demonstrate at the end of the section.

Chl Ch2 Ch3 Ch4 Ch5b
EVM 11.424 | 11.443 | 11.436 | 11.444 | 11.462
Log(BER) | -3.262 | -3.253 | -3.257 | -3.258 | -3.245

Table A.1: EVM and BER estimation for a 16-QAM transmission with a channel spacing
penalty of 1 GHz and roll-off of 0.15 in 1 km.
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Ch1 Ch2 Ch3 Ch4 Ch5
EVM 14.211 | 14.208 | 14.205 | 14.226 | 14.2242
Log(BER) | -2.340 | -2.341 | -2.342 | -2.337 | -2.338

Table A.2: EVM and BER estimation for a 16-QAM transmission with a channel spacing
penalty of 1 GHz and roll-off of 0.15 in 3 km.
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Figure A.1: BER vs Roll Off factor for different channel spacing penalty in a) 5 km, b)
3 km and c) B2B.
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Figure A.2: BER vs channel spacing penalty for different transmission distances for
QPSK and 16-QAM Modulation at 32 Gbaud with roll-off of 0.15.

In figure an evaluation of the roll-off impact is done for 3 different channel
spacing penalties of 0.1, 0.5 and 1 GHz in a 32 Gbaud 16-QAM transmission. Roll-
off value has a high impact in the ICI effects measured in terms of BER. It can be
noticed in figure [A Tk, that even in B2B, roll-off factor with a value change from 0 to
0.1 represents a log(BER) increase from -30 to -10, for a channel spacing penalty of 1
GHz. Nevertheless, with an ideal Nyquist-optical pulse, optical fiber impairments even
in short distance considerably affect the BER. For R,;s = 0 the log(BER) is —4 in
3 km (figure[A.Ip.) and —2 in a 5 km transmission, while, in B2B case, log(BER) is
equal to —30.

Besides of roll-off factor, optical fiber length and channel spacing penalty increase
the ICI effects. In figure[A:2] BER vs. channel spacing penalty for different transmission
distances, with 16-QAM and QPSK modulation for a R,; = 0.15 is shown. QPSK
is more tolerant to the ICI effects than 16QAM at the same symbol rate. QPSK
reaches log(BER) of —12 for a 1 GHz channel spacing penalty in 3 km; however, in
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Channel Spacing Penalty | [%]EVM Before LMS | %EVM After LMS
0 GHz 21.82 5.41
0.4 GHz 16.35 5.49
0.7 GHz 14.52 4.59
1 GHz 12.78 3.84
1.5 GHz 11.12 3.37
1.8 GHz 9.72 2.99
2 GHz 8.47 2.78

Table A.3: Measured EVM in 16-QAM transmission over 3 km of uncompensated-

dispersion link, before and after LMS equalization.

16-QAM, the log(BER) is —2 for the same case. Depending on the distance, BER can
increase considerably. For example, in 16-Q AM transmission, log(BER) increases from
-9 to -4 in only 2 km, having a log(BER) of —2 for 5 km distance. Channel spacing
penalty variation from 1 to 2 GHz, decreases the log(BER) from —4 to —9,in a 1 km
transmission. For 5 km, the BER variation is minimum for different channel spacing

penalty, reaching only a log(BER) of —2 in 3 GHz.

A.2 ICI impact after LMS equalization

In figure constellation diagrams are showed, for a 3 km transmission with different
channel spacing penalty, before LMS and after LMS equalization. In each constellation
obtained before LMS equalization of figure[A.3] when channel spacing penalty increases,
symbol dispersion in each of the constellations decreases. After LMS, each constellation
qualitatively presents similar dispersion symbols for different channel spacing penalty.
For the constellation diagram shown in figure EVM is calculated (see table .
Measured EVM in the constellations is reduced after LMS equalization. Maximum
value of EVM before LMS equalization is 21.82%, and after LMS its value is 5.41%. It
means a reduction of the ICI effects impact.

Figure shows BER vs. channel spacing penalty. LMS reduces the log(BER)
from —1 to —11 for an ideal Nyquist spacing. In B2B, by using LMS equalization
a log(BER) of —10 can be obtained for a channel spacing penalty of 0. The same
performance is obtained without LMS but with a channel spacing penalty of 3 GHz.
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Figure A.3: 16QAM Constellation Diagram obtained in a transmission over an

uncompensated-dispersion optical fiber.
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Figure shows the BER values with regard to the channel number, for 4 trans-
mission cases, before LMS (green dots) and after LMS (blue dots) equalization. At
the beginning of this section was analyzed that BER variation among channels is min-
imum before LMS processing. After channel equalization, the log(BER) also has a
small variation among channels. The penalty of the channel location is minimum with
regard to transmission parameters. The BER can have minimum variations according
to the training sequence, and the parameters used to adapt the coefficients by the LMS

algorithm.

3 o
m 15 1
g ¢
-18 B .. 1
® W B
_21_ ' . ........ . ......... !
P —4— B2B w/o LMS
o 4 BTBw.LMS
—24 ¢ —®— 3kmwioLMS | |
. , ®  3kmw.LMS
=27 . —— 5kmwlo
] , ~ B 5kmw.LMS
-3 ! L @) T T
0 0.5 1 1.5 2 25 3

Channel Spacing (GHz)

Figure A.4: BER vs Channel spacing penalty in a transmission over an uncompensated-
dispersion optical fiber with (w.) and without (w/o) LMS equalization.
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Appendix B

Impact of modulation format in

adjacent channel

In a multi-carrier system, each carrier of 32 Gbaud can be modulated with different
modulation format. In this subsection is analyzed the impact, in terms of BER, of
introducing a 16-QAM channel next to a QPSK channel (or viceversa), as it is shown
in figure Cases from 1 to 6 of figure are analyzed in terms of BER as a function
of the transmission distance in figure |B.2]| and cases from 7 to 12 are analyzed in figure
B3

Cases 1 and 2 of figure [B.1] are represented in the results obtained in figures
and [B.2p. Both cases should show the same results, but estimated BER has a difference
of 3 orders of magnitude in one of its channel at B2B. Besides, adding a third channel
has not a representative impact. For example, figure [B.2e shows better perfomance for
QPSK channels with a 16-QAM in the middle, than figure with only two channels
QPSK. Figures and show a 16QAM channel case with a BER greater than
1072, while the two QPSK channels have different BER value. For example, in figure
[B.2k, BER values in log-scale of —8 and —13 for 0 km are obtained in QPSK, and
in figure d both QPSK channels have the same BER value in B2B 1078, Figure
shows three channels QPSK, with a BER difference among channels for B2B of 9
orders of magnitude.

Figures and shows the performance of two channels 16QAM transmitted
in different wavelengths over a optical link without compensation of chromatic disper-

sion. That’s why the BER is not the same in both plots. In Figures [B.3c, central
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Figure B.1: Spectra of three channel transmission with QPSK and 16-QAM modulation

format.

channel is QPSK modulated and adjacent channels are 16QAM. Even if the central
channel is always most affected by ICI, 16QAM has a lower performance in the adja-
cent channels, around 3 orders of magnitude at 4 km of an uncompensated link. in cases
of Figures B.3[d and [B:3e, QPSK as an adjacent channel has the same performance of
16QAM channels after 10 km. It means chromatic dispersion has a very high impact
in comparison with ICI.

In table some of the results presented in this section are summarized.

NoC QPSK | NoC 16QAM | Central one | Distance BER
2 0 QPSK 9 km 1073
2 1 16QAM 4 km Difference: 3 OoM.
0 2 16QAM 16 km 1072
1 2 QPSK 4 km Difference: 4 OoM

Table B.1: Summary of results presented in this appendix for cases with carrier spacing
of 32 GHz.(OoM: Orders of Magnitude; NoC: Number of Channels).
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ferent modulation formats with a channel spacing of 32 GHz.
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