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Abstract of the Dissertation:

DSP based CD and PMD Equalization Techniques in PDM-QPSK
and PDM-16-QAM Receivers

by Mr. Muhammad Fawad Panhwar

Digital coherent fiberoptic transmission employing polarization-division multiplexing (PDM)
along with the quadrature amplitude modulation (QAM) techniques, QPSK (quadrature phase
shift keying) and 16-QAM, enhances spectral efficiency of optical networks. In this respect,
polarization diversity coherent receiver gives a representation of the optical field in the
electrical domain. This facilitates efficient digital signal processing (DSP) based compensation
of fiberoptic transmission impairments. The signal quality is significantly impaired in long-haul
transmission fiber links at a high symbol rate because of chromatic dispersion (CD) and
polarization mode dispersion (PMD). A two-stage equalization approach is needed for efficient
compensation of these channel impairments in the digital domain. In the first stage, CD
compensation and estimation is required for uncompensated links with large amount of CD.
Furthermore, as second stage, multiple-input multiple-output (MIMO) equalization is required
for PMD and residual CD compensation.

This Ph.D. work aims at extensive investigation, development and optimization of DSP based
equalization techniques for the compensation of CD and PMD. Robust DSP tools have been
proposed based on the simulation results and performance analysis of 112 Gb/s PDM-QPSK
and 224 Gb/s PDM-16-QAM systems. In this perspective, this Ph.D. dissertation contributes
the following work:

o [Efficient DSP based CD equalization has been investigated and optimized.

e DSP based CD compensation methods have been extended to be adaptive as per the
requirements of modern dynamic channel switching concept.

¢ Improved MIMO equalizers have been proposed and investigated for the compensation
of PMD and residual CD.
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Zusammenfassung der Dissertation:

DSP based CD and PMD Equalization Techniques in PDM-QPSK
and PDM-16-QAM Receivers

des Herrn Muhammad Fawad Panhwar

Digitale koharente faseroptische Transmission mit Polarisationsmultiplex (polarization division
multiplex, PDM) im Zusammenspiel mit Quadraturmodulation (quadrature amplitude
modulation, QAM), QPSK (quadrature phase shift keying, Quadratur-Phasenmodulation) und
16-QAM steigert die spektrale Effektivitdt von optischen Netzwerken. In dieser Hinsicht gibt
ein koharenter Empfanger mit Polarisationsdiversitat eine Darstellung des optischen Feldes in
den elektrischen Bereich. Das vereinfacht effektiv die auf digitaler Signalverarbeitung (digital
signal processing, DSP) basierende Kompensation von faseroptischen Beeintrachtigungen.
Die Signalqualitat ist bei Langstrecken und hoher Symbolrate beachtlich verschlechtert
aufgrund  von  chromatischer  Dispersion  (chromatic  dispersion, CD) und
Polarisationsdispersion (polarization mode dispersion, PMD). Ein zweistufiger Ansatz zum
Ausgleich ist erforderlich fir eine effektive Kompensation dieser Stérungen durch den
Ubertragungskanal im digitalen Bereich. In der ersten Stufe erfolgt die Kompensation der CD
und deren Abschatzung flir unkompensierte Kanale mit viel CD. Dann, in der zweiten Stufe,
wird mit einem Filter mit mehreren Ein- und Ausgangen (multiple-input multiple-output, MIMO)
die PMD und die restliche CD kompensiert.

Diese Dissertation zielt ab auf die umfangreiche Untersuchung, Entwicklung und Optimierung
von DSP-basierten Techniken zur Kompensation von CD und PMD. Robuste DSP-Werkzeuge
wurden vorgeschlagen, welche auf Simulationsegebnisse und Verhaltensanalysen bei 112
Gb/s PDM-QPSK und 224 Gb/s PDM-16-QAM basieren. In dieser Hinsicht tragt diese
Dissertation die folgenden Arbeiten bei:

o Effiziente DSP-basierte CD-Entzerrung wurde untersucht und optimiert.

e DSP-basierte CD-Kompensationsverfahren wurden erweitert, um adaptiv zu sein
gemal den Anforderungen der modernen dynamischen Kanalumschaltung.

o Verbesserte MIMO-Entzerrer zur Kompensation von PMD und der verbleibenden CD
wurden vorgeschlagen und erforscht.
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Chapter 1: Introduction

Chapter 1

Introduction

This chapter basically serves as a general introduction to this Ph.D. thesis. Section 1.1
elaborates the significance of the topic which is under consideration in this
dissertation. The aims and objectives of this Ph.D. work are explained and enlisted in
section 1.2. Besides, the section 1.3 provides an outline about the structure of this

dissertation.

1.1 Significance of the Topic in Optical
Communications

The concept of data transmission over optical fibers was proposed in the late 1960s
[1]. However, this idea suffered from an early setback because of the high transmission
losses in the optical fiber [2]. Therefore, the coherent receivers were introduced to
improve the receiver sensitivity [3]. Later, the erbium-doped fiber amplifiers (EDFAs)
also emerged as an alternative. So, the interest shifted to direct-detection systems that
employed in-line amplifiers [4]. However, in the 1990s the demand for high data-rates
over long distances increased. Because of the advantages over electrical transmission,
optical fibers were preferred and largely deployed in the core networks. The 2000s
therefore witnessed a revival of interest in the coherent optical communications [5-9].
In addition to the increased receiver sensitivity, the coherent receivers enable the
recovery of full optical field in the electrical domain, as opposed to the direct-detection
receivers. So, the fiber link impairments can be efficiently mitigated in the digital
domain. Furthermore, the digital coherent transmission provides both, i.e. phase and
polarization diversity. Meanwhile, full-field detection technique was also introduced as
a low-cost alternative specially targeted for metropolitan area networks (MANs) [10].

But, the amount of interest and research on full-field detection has been very limited.
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Chapter 1: Introduction

The demand for high data-rate is ever increasing with the invention of new means of
communications. Just to have an idea, Figure 1.1 shows the trend of this ever
increasing demand for high data-rates. The five year statistics obtained from the
German Commercial Internet Exchange (CIX-DE), Frankfurt [11] show that every
year the throughput requirements increase substantially. The throughput required at
this communication node reached up to a recently measured peak of 3.43 Tb/s.
Furthermore, according to Cisco the global mobile data traffic grew by 81 percent in
2013. The global mobile data traffic reached 1.5 Exabyte per month at the end of 2013
[12]. Thus, the long-haul fiberoptic backbone networks have to handle this massive

increase in the global data traffic.
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Figure 1.1: Five year data traffic statistics obtained at the CIX-DE, Frankfurt.

In addition to the ever increasing demand for high data-rates, the amount of deployed
optical fiber is also becoming large. However, the high-rate transmission over long-
haul fiber leads to a massive impairment and distortion of the received signals. In this
perspective, various digital signal processing (DSP) based equalization algorithms for
the compensation of optical fiber impairments have been investigated [5-9, 13-16].
Spectrally efficient modulation techniques, such as quadrature phase shift keying

(QPSK) and higher-order quadrature amplitude modulation (QAM), have been
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Chapter 1: Introduction

investigated in recent years to enable multiple bits per symbol transmission [13-19].
Because of the massively increasing demand of aggregate data-rates, numerous
multiplexing techniques such as polarization-division multiplexing (PDM) [20],
wavelength division multiplexing (WDM) [21], orthogonal frequency division
multiplexing (OFDM) [22] and space division multiplexing (SDM) [23] have been

proposed, investigated and developed for fiberoptic networks.

Decoding

Carrier Revovery

Timing Recovery

CD Compensation

PMD Compensation

Figure 1.2: Percentage energy consumption of various subsystems within the DSP

unit at the receiver.

Overall, the enormous demand for high data-rate over long-haul fiber requires
development of high performance, low-complexity and efficient DSP based
equalization algorithms. In this regard, chromatic dispersion (CD) and polarization
mode dispersion (PMD) are the two major sources of distortion that worsen the quality
of the received signal. Both of these linear fiber impairments, i.e. CD and
PMD, increase with increasing data-rate or fiber length. Moreover, the equalization
algorithms of these two fiber impairments greatly increase the overall DSP based
receiver complexity. Henceforth, leading to huge resource and energy consumption in
the field-programmable gate array (FPGA) based prototypes or application-specific
integrated circuit (ASIC) implementations. Figure 1.2 shows the estimated percentage
energy consumption of various subsystems within the DSP unit at the 100 G coherent
receiver [24] employing PDM-QPSK scheme over 2400 km fiberoptic link. It can be

seen that CD and PMD equalization subsystems consume bulk of the energy inside the
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DSP unit i.e. 64 %. Whereas, the remaining DSP subsystems (timing recovery, carrier
recovery and decoding) together consume only 36 % of the energy. So, although there
existed DSP based techniques for CD and PMD compensation. However, this fact
really provided immense motivation to further investigate, optimize and work on the
theme of low-complexity and efficient DSP based CD and PMD equalization

techniques under my doctoral work.

1.2 Objectives of the Ph.D. Work

This Ph.D. work aims at the investigation, development and optimization of efficient
DSP based equalization techniques for the compensation of CD and PMD. In general,
a two stage approach is needed to efficiently compensate these channel impairments
in the DSPU. The main aims and objectives of this Ph.D. work are enlisted as

follows:

e The first objective of this work is to investigate and design an efficient method
for compensating CD in the DSP. In this perspective, a CD compensation
technique with low computational effort and high robustness over large fiber

links is desired.

e Secondly, the DSP based CD compensation methods are required to be
extended as per the requirements of modern dynamic channel switching
concept. Thus, efficient blind CD estimation is required with high search

resolution at low computational complexity.

e Thirdly, the MIMO equalizers are to be investigated and optimized for the
compensation of PMD and residual CD. In this respect, a MIMO equalization
technique with fast convergence speed and low computational complexity is

needed.

The validity and feasibility of the developed robust DSP tools has to be based on the
simulation results and performance analysis of 112 Gb/s PDM-QPSK and 224 Gb/s
PDM-16-QAM fiberoptic systems. Besides, the above objectives have to be treated by
keeping in view the overall system optimization in terms of performance and

computational complexity.
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Furthermore, the investigated and developed DSP techniques for CD and PMD
equalization under this work are part of the Deutsche Forschungsgemeinschaft (DFG)
research projects NO 293/9-1, RU 447/13-1. The DFG project titled “Synchrone 16-
QAM-Dateniibertragung mit Polarisationsmultiplex und digitalem Empfinge zur
Dispersionskompensation, Polarisationsregelung und vorwértsgekoppelter
Tragerriickgewinnung”, aims at developing efficient DSP tools for the synchronous
16-QAM receiver [25]. The project has been jointly investigated by the Optical
Communication and High-Frequency Engineering group, University of Paderborn
headed by Prof. Dr.-Ing. Reinhold Noé¢ and Cognitronics and Sensor Systems group,
Bielefeld University headed by Prof. Dr.-Ing. Ulrich Riickert.

1.3 Outline of the Ph.D. Thesis

This doctoral dissertation has been divided into six chapters. These chapters are
followed by bibliography and appendix sections that are included at the end of this
dissertation. After this first general introductory chapter, the second chapter gives a
brief introduction to the fundamentals of digital coherent transmission systems. It also
describes CD, PMD and the simulation setup details. The third chapter deals with the
DSP based compensation of CD. Different aspects related to the digital CD
compensation are considered and analyzed in this chapter. In the fourth chapter, the
CD equalization work is extended to include adaptive blind CD compensation feature.
Chapter five presents the work related to algorithms for digital MIMO equalization of
PMD and residual CD.

Therefore, the second, third and fourth chapters of this dissertation represent the main
investigations pertaining to the theme of this work. Finally, the sixth chapter

summarizes this work and presents the future prospects.
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Chapter 2

Fundamentals of Digital Coherent
Transmission

This chapter gives a brief introduction to the fundamentals of digital coherent
transmission systems. Digital coherent transmission technique is described in section
2.1. Section 2.2 mentions chromatic dispersion, which is a major source of inter-
symbol interference (ISI) in optical communication. Polarization mode dispersion, the
other main source of ISI, is described in section 2.3. Section 2.4 introduces to the

simulation setup and its parameters considered throughout this dissertation.

2.1 Digital Coherent Transmission

The advent of the modern digital coherent systems has significantly simplified the
compensation of linear fiber transmission impairments, such as CD and PMD. Digital
coherent receivers greatly improve the receiver sensitivity as compared to the direct-
detection receivers [5-9]. Furthermore, polarization-division multiplexing is possible in
the coherent polarization-diversity receivers. In this perspective, linewidth-tolerant
phase tracking schemes make it possible to use not only QPSK but also the higher-
order modulation formats such as 16-QAM [26-31]. Thus, the digital coherent
transmission significantly enhances the overall spectral efficiency of fiberoptic

communication systems.

Figure 2.1 depicts a typical diagram of the digital coherent transmission system, along
with the DSP based subsystems at the receiver. At the transmitter (TX), pseudo-
random binary sequence (PRBS) pattern based signals drive the two I and Q
modulators at a particular rate for the X and Y polarizations, respectively. These

signals modulate the carrier signal fed by the transmitter laser. The laser signals are
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Chapter 2: Fundamentals of Digital Coherent Transmission

split for X and Y polarization modulators using a polarization beam splitter (PBS).
Then the modulated signals for the two polarizations are fed to the fiber channel using

a polarization beam combiner (PBC).
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Figure 2.1: Digital coherent transmission system along with the receiver-side DSP

unit.

An optical bandpass filter (OBPF) limits the optical bandwidth at the receiver (RX).
The received signals are split using PBS into two optical 90 degree hybrid modules for
the X and Y polarizations, respectively. The local oscillator (LO) signal is also fed to
90 degree hybrid modules. The received signals enter the DSP unit after photo-
detection (PD), electrical low-pass filtering (LPF) and analog-to-digital conversion
(ADC). The electrical LPF limits the electrical bandwidth. A two-stage equalization
approach is adapted to equalize CD and PMD in the DSP unit (DSPU). The first stage
consists of two CD equalizers for the X and Y polarizations separately. Furthermore,
the second stage contains a MIMO equalizer for the mitigation of PMD and residual

CD. The equalized signal is then synchronized and processed for carrier phase
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Chapter 2: Fundamentals of Digital Coherent Transmission

estimation. Finally, the received data is recovered. This data could now possibly be
used for bit error rate (BER) calculation in order to determine the performance of

digital coherent receivers.

As depicted in Figure 2.1, a digital coherent transmission system requires additional
optical components in comparison to the direct-detection scheme [4]. The optical 90
degree hybrid, local oscillator and extra photo-detectors increase the overall budget of
the system. On the contrary, this additional budget enhances the possibility to
efficiently mitigate channel distortions and use advanced modulation schemes such as
16-QAM [12-16]. Furthermore, it enables the realization of modern 100 Gb/s and

beyond transmission systems.

2.2 Chromatic Dispersion

Chromatic dispersion is a source of signal distortion in fiberoptic transmission
systems. It occurs due to the different group velocities of the wavelengths within the
optical fiber [20, 32-36]. The material dispersion and waveguide dispersion result in
the net dispersion of the optical fiber. The material dispersion is caused by the
frequency dependence of the refractive index. The waveguide dispersion occurs due to
the wavelength dependence of the signal power distribution between the core and
cladding. The fiber chromatic dispersion causes pulse broadening, which results in ISI
and therefore the 1st Nyquist criterion is not satisfied. It deteriorates the fiberoptic
system performance, particularly over long fiber links at very high data rates.
Chromatic dispersion in optical fibers can be positive (if the group delay increases with
wavelength) or negative (if the group delay decreases with wavelength). This sign
convention is with respect to the dispersion parameter D. A positive dispersion is
termed as ‘anomalous dispersion’ and a negative dispersion is termed as ‘normal
dispersion’. In most cases, anomalous dispersion occurs in optical fibers. Chromatic
dispersion that occurs in dispersion compensating fibers is an example of normal

dispersion.

The broadening effect of the transmitted pulses due to chromatic dispersion is shown
in Figure 2.2. The pulses before transmission over the optical fiber are clearly

distinguishable as shown in Figure 2.2 (left). However, after transmission over the
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optical fiber the pulses are broadened in time domain due to chromatic dispersion as
shown in Figure 2.2 (right). Consequently, there is an unwanted superimposition of

pulses with the neighbouring pulses that results in ISI.

adojaaugz as|nd
adojaAaugz as|nd

Time Time

Figure 2.2: Pulse broadening effect caused by the chromatic dispersion in time

domain.

The fiber chromatic dispersion effect could be represented and understood better in the

frequency domain. Hence, the frequency domain transfer function H (@) of the optical

fiber can be represented as,

H (o) = e~(@@+ iB@)L @.1)

In (2.1), a(w) represents the fiber loss (attenuation), B(w) is the mode-propagation
constant and L is the length of fiber. In order to model the chromatic dispersion effect

in the transfer function, the fiber loss a(w) is assumed to be neglected. So, the

simplified transfer function is given by,
H (@) :e_jﬂ(a’)l-’ (2.2)

where B(w)in (2.2) can be expanded using Taylor series around the center frequency
w(as,
2

bo) 10
L(@) = py +a'f)(a)—a)0)+2aw§(a)—w0)2+... . (2.3)
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In (2.3), By in the first term corresponds to the phase delay per unit length, g; = 2—’8 in
«w
: 02p
the second term represents the group delay per unit length and S, = —5 corresponds
ow

to the group velocity dispersion (GVD), which in fact is the main limiting impairment.
Therefore, it is important to consider only the B, term in representing the fiber

transfer function with chromatic dispersion.

The transfer function (2.2) can now be modified according to (2.3) as,

2
1 DLA
~iyp Lo? = 0?

H(w)=¢ e 4 (2.4)

In (2.4), A is the carrier wavelength, ¢ is the speed of light and the dispersion

parameter D is defined as,

2 atp _ 2mp

D= (2.5)
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Figure 2.3: Wavelength dependence of the chromatic dispersion parameter in

single-mode fibers [32].

The dependence of the chromatic dispersion parameter on wavelength in single-mode

fibers is shown in Figure 2.3. The marked 1550 nm wavelength in Figure 2.3 is in fact
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Chapter 2: Fundamentals of Digital Coherent Transmission

the common transmission wavelength in most optical transmission systems. The
dispersion parameter is approximately 16 ps/nm/km at around transmission wavelength
of 1550 nm. Besides, Figure 2.3 shows that the single-mode fibers have zero dispersion

parameter at 1310 nm wavelength.

In digital coherent transmission systems, CD can be efficiently compensated by using
digital equalizers [8-9]. These digital equalizers will be presented with details in

chapters 3 and 4 of this dissertation.

2.3 Polarization Mode Dispersion

Polarization Mode Dispersion results from the optical birefringence in the fiber [20,
34-37]. Ideal optical fiber cores have a perfectly circular cross-section and the two
orthogonal fundamental modes propagate at the same speed. However, the real fibers
have imperfections and circular asymmetries that result in different propagation speeds
(i.e. phase and group velocities) between the two orthogonal polarizations. Thus,
polarization mode dispersion of a birefringent fiber relates to the difference in
propagation time between the fast and slow axes over a fiber distance. 2m phase
retardation occurs between the two orthogonal components over the fiber distance
termed as ‘beat length’. PMD degrades the fiberoptic system performance, particularly
over long fiber links at very high data rates like CD.

The PMD in the optical fiber causes pulses to be received with a random delay as
shown in Figure 2.4. As a consequence, the optical pulses statistically spread and

overlap that results in ISI.

The instantaneous time difference AT between the fast (donated as X) and slow

(denoted as Y) polarization axes is defined as,
AT =[Bix By |= LAB;. (2.6)

Here, Ap; represents the difference between propagation constants Sy and Sy of

the two orthogonal axes. Both the axes have different refractive indices.
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Figure 2.4: DGD effect caused by the polarization mode dispersion effect in time

domain.

The axis with larger refractive index is referred to as a slow axis and the one with
smaller refractive index as fast axis. However, PMD is a random birefringence

phenomenon in the fiber so the delay must be described in terms of the statistical

parameter [34]. In this respect, the mean square value <( AT )2> = ai is given by,

O-i :2Aﬂ12|c2{e—L/|c +|£_1}’ (2.7)
c

where | denotes the correlation length. It is defined as the fiber length over which the

two orthogonal polarization components remain correlated. In general, a fiber link is
modelled to be composed of many sections of this correlation length. For the

assumption L >> |, which holds good for L>1 km, the root mean square (RMS) value

of AT approximates to

oo ~ AR 2lcL =Dy, (2.8)
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where Dp is the PMD parameter. The PMD parameter is measured in ps/Nkm. In
practical systems, the typical value of PMD parameter lies in the range of 0.1 ps/Nkm
to 1 ps/Vkm.

The PMD in optical fibers is often defined in terms of mean differential group delay
(DGD) value. The mean DGD value increases with the square root of fiber length and
follows a ‘Maxwellian distribution’. In digital coherent transmission systems, PMD
can be efficiently compensated by using digital MIMO equalizers [8-9]. These digital

equalizers will be presented in detail in chapter 5 of this dissertation.

2.4 Simulation Setup

The investigated and developed DSP techniques under this work have been supported
by simulation results, alongside the related text and mathematical models. This section
introduces the simulation setup and its parameters that are considered throughout this
dissertation. In this perspective, 112 Gb/s PDM-QPSK and 224 Gb/s PDM-16-QAM
fiberoptic systems have been simulated and analyzed using widely considered optical
fiber simulation software VPI TransmissionMaker™ to evaluate the performance of
this research work [38]. It is used along with its co-simulation feature to develop user
defined modules in MATLAB™ and Python™ [38-40]. At the transmitter, 2!°-1 PRBS
pattern based signals drive the two I and Q modulators at a rate of 28 Gbaud. Then the
generated optical data signals are polarization-multiplexed onto the standard single-

mode fiber (SSMF) channel.

The CD coefficient of the fiber channel is 16 ps/nm/km. For modelling PMD in the
fiber, many sections within the fiber length are used to emulate a Maxwellian
distribution of DGD values [38]. Hence, a mean DGD value can be inserted in the fiber
simulation module to generate statistically varying different instantaneous PMD
scenarios. An optical Gaussian 2"%-order 36 GHz bandpass filter limits the optical
bandwidth at the receiver and a 5%-order 19 GHz electrical LPF (Bessel filter) is used

after photo-detection.

At the receiver, the data is sampled at a sampling rate of 56 GS/s with 5-bit and 7-bit
ADCs for PDM-QPSK and PDM-16-QAM, respectively. The ADC resolutions are set
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according to [29] for PDM-QPSK and PDM-16-QAM, respectively. The ADC
sampling rate of twice the baud rate is employed in general. All the same, in some
sections of this dissertation reduced oversampling rates have been used, these sampling

rates will be specified accordingly.

Further processing of the sampled digital data takes place in the DSPU. The DSPU
comprises of CD equalizer, MIMO equalizer for PMD and residual CD compensation,
timing synchronizer, carrier and data recovery. The VPI TransmissionMaker™
incorporates a co-simulation feature that enables interfacing with MATLAB™ and
Python™. Thus, there is flexibility of developing and investigating user defined
DSP subsystems in VPI TransmissionMaker™. The co-simulation feature has been
extensively utilized in this Ph.D. work to simulate and verify the developed DSP

subsystems and their algorithms.

In this work, simulations have been carried out based on the Monte Carlo method [41-
42]. So a large number of bits are simulated in order have a reliable estimate of the
system characteristics. In this respect, the BER value is an important system
performance parameter. The Monte Carlo method based simulations can be used to
estimate BER as,

Np ——Ne

- (BER)’ 9)

where Npis the number of bits used in the simulation, Ng refers to the number of
bit errors in the recovered data and <BER> represents the expected BER for the

simulation model. In fiberoptic systems, BER value of 10 is, in general, considered to
be an acceptable value. Further reduction in the BER is possible by employing  the
available state-of-the-art forward error correction (FEC) techniques [43-45]. In order to
obtain system BER value of 10~ even 100 bit errors would give quite a reliable BER
estimate. This corresponds to the simulation 10° bits. However, even more reliable
BER value would be obtained if 1000 bit errors are to be considered. In this case, 10°
bits are required to be simulated. In this work, the system BER value is estimated

based on the simulation of at least 10° bits.
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Chapter 3

DSP based Chromatic Dispersion
Equalization

This chapter describes the work related to CD compensation in the digital domain.
Section 3.1 introduces and explains the DSP based CD compensation. Overlap-save
method based filtering is presented in section 3.2. Frequency domain based efficient
CD equalization is described in section 3.3. Furthermore, the use of the proposed FDE
at reduced sampling rates is described in section 3.4. Finally, section 3.5 discusses the

work, presented in this chapter, in terms of complexity and performance.

3.1 Digital Chromatic Dispersion Equalization

Optical chromatic dispersion compensation based on fiber Bragg gratings (FBGs)
[46] and dispersion compensating fibers (DCFs) [47] has been demonstrated
previously. However, the bulky size and high cost makes these optical CD equalization
techniques less attractive. Furthermore, optical CD compensation techniques lack the
capability to adapt to dynamic channel switching. Alternatively, this fiber transmission
impairment can be mitigated in electronic domain using digital coherent receivers.
Thus, the digital chromatic dispersion compensation can be performed with finite
impulse response (FIR) equalizers [48-49] in the time domain (TD) or else with
frequency domain equalizers [50-59]. Besides, infinite impulse response (IIR) filters
can also be employed to compensate CD in the DSPU [60]. However, these filters
require feedback for the computation of output signals. Therefore, IIR filters are

almost impossible to implement at high processing speed in the DSPU [61].
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The information of the fiber channel impulse response is used to implement TD-FIR
equalizer. Therefore, the discrete-time impulse response h(k) of the TD-FIR filter can

be modelled by performing the inverse Fourier transform on the reciprocal of (2.4) as

cT
jcTs? T Sz 2

h(k) = —Sze bLA= | (3.1)
DLA

where, K denotes the discrete-time indexk € {O,l,..., NTDE —1} , NTpg represents the

number of taps in the TD-FIR equalizer and Tg denotes the symbol duration. The TD-

FIR equalizer output signals are given by the discrete time linear convolution of the

impulse response (3.1) with the incoming signals,

er x (k) =ex (k) ®h(k) (3.2)
and
er.y (k) = ey (k) ® h(k) (3.3)

for the X and Y polarization, respectively. Where, ® is used to denote the convolution
operation. The signals in both polarizations undergo the same type of distortion due to
CD present in the fiber link. Therefore, it should be noted that the same equalizer
impulse response is used for both polarizations. The required number of equalizer taps

for the impulse response in (3.1) is given by
NTOE = (0.032321 , (3.4)

per 1000 ps/nm of chromatic dispersion for transmission in the 1550 nm window, at
B Gbaud and two samples per symbol [49]. Consequently, 101 equalizer taps would be
required to compensate 4000 ps/nm of fiber CD (i.e. 250 km) for a 28 Gbaud system.

Figure 3.1 shows the digital TD-FIR equalizer structure based on a delay tap scheme.
In the DSPU, two such structures are required to compensate CD separately for the
X and Y polarizations, respectively. The half symbol duration (Tg/2 ) delays
characterize this structure as a fractionally spaced equalizer (FSE). Note that the FSEs

with half symbol duration delays can more efficiently mitigate channel ISI compared

to the symbol spaced equalizers [62-69].
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Figure 3.1: Digital TD-FIR equalizer structure based on a delay tap scheme for

digital CD compensation.
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Figure 3.2: CD compensation using impulse response based digital TD-FIR

equalizer.

Figure 3.2 shows the BER performance of the TD-FIR equalization as an example. In
this respect, 41 and 243 taps are employed compensate the fiber CD of 1600 ps/nm and
9600 ps/nm, respectively. The simulated BER is shown against the required optical
signal-to-noise ratio (OSNR). The curves for two different amounts of fiber CD closely

match each other, without much penalty. Thus, any amount of fiber CD can be
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compensated without performance degradation, if sufficient number of equalizer taps

are employed (according to the relationship in (3.4)).

The TD-FIR equalizers do not require feedback signals for their implementation.
However, the use of TD-FIR equalizers is not beneficial for large number of taps (or
large fiber distances) because of their large complexity [52, 62-63]. This complexity
mainly results from the computational effort required for discrete time linear
convolution. Therefore, it would be difficult to implement TD-FIR with a large
number of taps in the FPGA based prototypes or in ASICs due to huge power
consumption and high gate density. Consequently, frequency domain equalization will

now be focused in the following sections for digital CD compensation.

3.2 Overlap-Save based Frequency Domain Filtering

Frequency domain equalization (FDE) is found to be an efficient solution in terms of
complexity for uncompensated links with large channel memory [53-59]. In this
respect, the discrete Fourier transforms (DFTs) can be efficiently computed based on
fast Fourier transforms (FFTs). In FDEs, the FFTs are executed using radix-2 or radix-
4 algorithms. The frequency domain filtering of incoming digital signals can be

achieved by using overlap-save or overlap-add methods [62-65].

The overlap-save and overlap-add methods provide efficient frequency domain
filtering of long data sequences. Filtering based on these two methods is also often
referred to as ‘fast convolution’ in literature. The overlap-save and overlap-add
methods employ blockwise circular convolution to accomplish discrete linear
convolution. In the overlap-save method, no extra additions are required at the output
since the overlaps at the edges are simply discarded. However, the overlap-add method
needs addition of the overlap parts at the output [63-65]. Therefore, the overlap-save
method is computationally more efficient as compared to the overlap-add method. This
section describes the overlap-save method, which is considered for frequency domain
CD equalization in this work. The overlap-save scheme based frequency domain

filtering is illustrated in Figure 3.3.
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Block 1 | Block 2 | Block 3 | Block 4 | Block 5
Add
Overlap l Overlap
e
Block 1 | Block 2
N-Point FFTl Block 2 | Block 3
- Block 3 | Block 4
Compensating
Filter
N-Point IFFTl
Out 1
Out 2
Discard & l Out 3
Re-assemble
Out 1 Out 2 Out 3

Figure 3.3: Overlap-save method for frequency domain filtering.

The overlap-save is an efficient technique to evaluate the discrete time linear
convolution between a very long data sequence and a large FIR filter in the frequency
domain e.g. CD equalization. In this method, the received discrete time signals are
divided into several overlapping blocks. Each block is processed one by one and then

reassembled.

At first, the overlap part is concatenated with each incoming block. The length of each
block along with its overlap part is termed as FFT-size. The overlap part in fact
comprises of data from the next block. In the next step, each block and its overlap part
undergoes FFT operation. The frequency domain data is then multiplied with the
compensating filter (i.e. the equalizer transfer function). Now, the filtered data is
transformed back to the time domain by an inverse FFT (IFFT) operation. The overlap
samples on the both sides of these time domain blocks are discarded. In the final step

of overlap-save method, the equalized data blocks are reassembled at the output.
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Usually, 50 % overlap is considered suitable for this method [70-71]. In the overlap-
save method based FDE, the inter block interference (IBI) is removed because of the
overlap parts at the block edges. So, the guard intervals (Gls) are not required [56].
Hence, overlap-save enables spectrally efficient transmission without Gls. This
frequency domain filtering method will be discussed and applied for the compensation

of CD in the next section.

3.3 Frequency Domain Chromatic Dispersion
Equalization

Frequency domain equalization is a widely considered technique for the mitigation of
CD. FDE equalizers have low computational complexity even for large fiber CD. The
transfer function of the frequency domain CD equalizer can be written as the inverse of

the fiber transfer function (2.4),
2
.DLA*

.1 )
j-prleo® -]
Hiw)=e 2 ° =e 4% (3.5)

Now, (3.5) can be represented equivalently in the discrete-frequency domain transfer
function for DSP based CD compensation as follows,
2p 2
_ /DL 2RS 2
In (3.6), n represents the discrete-frequency i.e. n e{O,l,...,N —1}, Rs is the ADC

sampling frequency and N represents the FFT length. The incoming signals are

multiplied with the transfer function (3.6),

Er,x [n]=Ex [n]H[n] (3.7)
and

Er.y[n]=Ey[n]H'[n] (3.8)

for the X and Y polarization, respectively. In (3.7) and (3.8), Ex[n]and Ey[n]
represent the FFT blocks of the incoming discrete time signals ey (k) and ey (k) ,

respectively and Ep [n]and ErFy [n] represent the filtered signals in the X and Y
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polarizations, respectively. Equations (3.7) and (3.8) are computed using the overlap-

save scheme described in section 3.2.

The dispersion limited fiber distance varies inversely to the square of baud rate. So, the
need for employing a CD equalizer is mainly governed by this dispersion limited fiber
distance, or in other words the baud rate. As a rule of thumb, the dispersion limited
fiber distance is 80 km for 10 Gbaud [48-59]. Therefore, an increase by a factor of 4 in
baud rate to 40 Gbaud will reduce the dispersion limited fiber distance by a factor of

16 to 5 km fiber only.
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Figure 3.4: CD compensator transfer function at 2000 ps/nm computed over 1024

points (a) real part (b) imaginary part.
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Figure 3.5: CD compensator transfer function at 16000 ps/nm computer over

1024 points (a) real part (b) imaginary part.

The simulated transfer function of the CD equalizer, in order to compensate 2000
ps/nm fiber CD, is shown in Figure 3.4. The real and imaginary parts are plotted in
Figure 3.4 (a) and Figure 3.4 (b), respectively. Similarly, transfer function of the CD
equalizer, in order to compensate 16000 ps/nm fiber CD, is shown in Figure 3.5. It can
be noticed that the real and imaginary components of the equalizer transfer function

have more frequent transitions as the fiber length increases.

The received constellations for both QPSK and 16-QAM signals are significantly
distorted by CD present in the fiber, which results in ISI, as shown in Figures 3.6 (a)
and 3.7 (a). In this case, the fiber link has 4000 ps/nm fiber CD. This corresponds to
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fiber length of 250 km. However, the proposed FDE can compensate the ISI caused
due to CD by using a sufficient number of FFT points for both PDM-QPSK and PDM-
16-QAM systems. The constellation diagrams of the equalized QPSK and 16-QAM
signals, using a 1024-point FFT based FDE, are shown in Figures 3.6 (b) and 3.7 (b).

Figure 3.6: Received constellation diagram for QPSK (a) before CD equalizer (b)

after CD equalizer.

Figure 3.7: Received constellation diagram for 16-QAM (a) before CD equalizer
(b) after CD equalizer.
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Furthermore, in order to verify the long-haul performance, extended simulations have
been conducted for different lengths of fiber (i.e. different amounts of fiber CD).
Figure 3.8 shows the OSNR penalty for a BER of 107 at different transmission
distances, described in terms of accumulated CD, for 256, 512 and 1024-point FFT
processing in a 112 Gb/s PDM-QPSK system. It has been observed that FDE shows
robust performance over large transmission distances. It is has been shown that 256,
512 and 1024-point FFT based FDEs can easily compensate up to 10000 ps/nm, 20000
ps/nm and 40000 ps/nm fiber CD, respectively, with a small OSNR penalty up to 0.7
dB or less. This corresponds to CD tolerance over fiber link distances of 625 km, 1250
km and 2500 km, respectively. With approximately 3 dB penalty, 256, 512 and 1024-
point FFT based FDEs can easily compensate up to 12000 ps/nm, 24000 ps/nm and
48000 ps/nm fiber CD, respectively. This corresponds to fiber link distances of 750
km, 1500 km and 3000 km, respectively. Besides, it has been observed that when the
FFT length of CD equalizer changes to the next power of 2, the CD tolerance of the

equalizer also increases by two-fold.
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Figure 3.8: Chromatic dispersion tolerance of FDE for 112 Gb/s PDM-QPSK at

different transmission distances (i.e. accumulated fiber CD).

Figure 3.9 compares the performance of FDE based CD equalization for 112 Gb/s
PDM-QPSK and 224 Gb/s PDM-16-QAM systems. It can be seen that a 512-point
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FFT based FDE can easily compensate up to 20000 ps/nm fiber CD for both 112 Gb/s
PDM-QPSK and 224 Gb/s PDM-16-QAM systems. This corresponds to CD tolerance
over fiber link distances of 1250 km with almost no or small OSNR penalty. As
observed, FDE can easily be employed to 16-QAM. It is easily scalable to even higher
order QAM formats.

224 Gb/s PDM-16-QAM, N= 512

<112 Gb/s PDM-QPSK, N= 512 /

(6F)

N

OSNR Penalty [dB]

—

7

: i i
0 5000 10000 15000 20000 25000
Chromatic Dispersion [ps/nm]

Figure 3.9: Comparison of the chromatic dispersion tolerance between 112 Gb/s
PDM-QPSK and 224 Gb/s PDM-16-QAM at different transmission distances (i.e.
accumulated fiber CD).

Figure 3.10 shows the FDE performance at different values of laser sum-linewidth-

times-symbol-duration product (AfTg) for QPSK and 16-QAM signals. Viterbi and

Viterbi (V&V) and QPSK partitioning (QPSKP) carrier phase estimation schemes
have been employed for the QPSK and 16-QAM signals, respectively [26-31]. The
fiber link has 4000 ps/nm fiber CD. This corresponds to fiber length of 250 km. FDE
with 512 FFT points is employed for CD compensation. K represents the carrier phase
estimator filter length. It has been observed that the shorter filter length i.e. K=9 is

suitable for high values of AfTg. As expected, the QPSK signals are more linewidth

tolerant than 16-QAM signals. Furthermore, it is evident that FDE is robust against

large laser linewidths, for moderate fiber CD value of 4000 ps/nm. Laser sum-
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linewidth-times-symbol-duration product up to 10 can be tolerated with small OSNR

penalty.

#+K=9, N= 512, PDM-QPSK
4K=15, N= 512, PDM-QPSK
4-K=9, N= 512, PDM-16-QAM
@ K=15, N= 512, PDM-16-QAM

[¢8)

OSNR Penalty [dB]
N

—_

Figure 3.10: Linewidth tolerance of FDE for 112 Gb/s PDM-QPSK and 224 Gb/s
PDM-16-QAM at 4000 ps/nm fiber CD.

3.4 Frequency Domain CD Equalization at Reduced
Sampling Rates

Higher oversampling is usually employed to reduce the penalty that occurs in case of
compensating a large amount of ISI [66-67]. On the contrary, the equalizer
performance becomes dispersion limited at symbol rate sampling [68]. Therefore,
frequency domain equalizers based on two samples per symbol are generally employed

for ISI compensation.

Alternatively, the equalizer can be operated at reduced ADC oversampling rates (i.e.
less than twice the baud rate) [69-71]. In this respect, one option is to interpolate the
data at the output of ADCs to 2 samples per symbol. In this case, MATLAB™
function ‘spline’ is employed here that performs a cubic spline interpolation at the
output of ADCs [39]. Consequently, the real and imaginary components of the

incoming discrete time signals ey (K)andey (k), sampled at less than twice the baud

rate, are interpolated to the new set of samples with data positions corresponding to 2
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samples per symbol. So, the data at the output of ADCs at K number of discrete time

positons, i.e. k times Tg,
kTs €{0,Ts.2Ts,....(K =T } (3.9)

for an oversampling rate Ry =1/Tg (less than 2 samples per symbol) is interpolated to
new discrete time positons

kT €{0,T4,2T¢,....(K' =1)T¢ }. (3.10)
Here, Rg =1/Tg¢ corresponds to two times the symbol rate and K’ = K(Rg /Rg) are the

number of discrete time positons in the interpolated data.
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Figure 3.11: Spline interpolation applied to the ADC outputs for operating FDE

at reduced ADC oversampling rates.

The spline interpolation can be employed to the ADC outputs for operating FDE at
reduced oversampling rates as shown in Figure 3.11. Alternatively, the ADC outputs
which are oversampled at less than 2 samples per symbol can be directly processed
without any interpolation before the frequency domain equalizers. In this case, the
equalizer transfer function (3.6) is modified accordingly for the new sampling rate Rs.
It shall be noted that the concept of performing frequency domain equalization without
interpolation strictly relates to the case of not applying interpolation at the ADC
outputs, as shown in Fig. 3.11. For the ‘without interpolation’ case, the interpolator

block in Figure 3.11 is eliminated and the filter sampling frequency changes.
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However, this does not relate here to the timing recovery process and, in fact,

interpolation will be needed at the timing synchronization module.

The FDE’s performance against reduced oversampling rates of the ADC is shown in
Figure 3.12, for QPSK and 16-QAM data at 4000 ps/nm fiber CD. A 512-point FFT
based FDE is employed for CD compensation. The equalization performance is
observed for both cases, without interpolation and with spline interpolation at the
output of ADCs. The FDE performs marginally better with spline interpolation for
QPSK and 16-QAM signals. Besides, it has been observed that the 16-QAM signals

are more sensitive against reduced ADC sampling rates.

4 \
< Without Interpolation (PDM-QPSK, N=512)

R 4 Spline Interpolation (PDM-QPSK, N= 512)
— “© Without Interpolation (PDM-16-QAM, N= 512)
% 4= Spline Interpolation (PDM-16-QAM, N= 512)
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Figure 3.12: FDE performance for reduced oversampling rates of the ADC for
112 Gb/s PDM-QPSK and 224 Gb/s PDM-16-QAM systems at 4000 ps/nm
fiber CD.

Furthermore, Figure 3.13 compares the performance of FDE based CD equalization at
reduced ADC oversampling rate of 1.5 samples per symbol (with and without
interpolation at the output of ADCs) at different fiber link lengths for 112 Gb/s PDM-
QPSK. It can be observed that although there is a slight OSNR penalty in employing
reduced oversampling rate, but without interpolation the robustness of the FDE is
extended over larger fiber distance. Thus, without interpolation more accumulated

fiber CD can be tolerated. So, this somehow is an advantage which is attained
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obviously as a result of a tradeoff. Consequently, in this case, the FFT size of the
frequency domain equalizer needs not to be increased to the next power of 2 (for much
larger fiber distance) that leads to a reduction in the computational effort. Whereas, at
1.5 samples per symbol, with spline interpolation the ONSR penalty is just marginally

less than without interpolation.
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Figure 3.13: Comparison of the chromatic dispersion tolerance for reduced ADC
oversampling rate (1.5 samples per symbol) at different transmission distances

(i.e. accumulated fiber CD).

Since the demand for high data-rates is ever increasing, ADCs with high sampling
rates are required at the input of DSPUs. However, the use of reduced oversampling
rates in FDEs with low performance degradation can enable use of low-cost ADCs
with low sampling rates. In this respect, 1.5 samples per symbol or even lower ADC
oversampling rates can be used with small OSNR penalty. Furthermore, it also lowers
the sampling rate demand for real-time sampling oscilloscopes (RTOs). These RTOs
are an important tool for the performance analysis and offline digital signal processing
of high capacity fiberoptic systems. However, it must be remembered that the spline
interpolation requires additional computational effort in the equalization process.
There is in fact a trade-off between computational effort and a marginal performance

improvement. It might be preferred to sacrifice, by having a marginal OSNR penalty,
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for a reduced computational effort. For this reason, investigation related to spline
interpolation has been kept limited to this section only and it is not considered in the

following sections of this dissertation.

3.5 Discussion on Computational Effort and
Performance

The TD-FIR based CD equalizer uses discrete time convolution. In terms of

computational effort a TD-FIR based CD equalizer requires,

2
Cm =N1pg (3.9)
complex multiplications and
Ca =N7pe(Ntpg 1) (3.10)

complex additions for processing incoming data block of length Nypg. So, as an
example, a 243 tap TD-FIR equalizer requires 59049 complex multiplications and
58806 complex additions for processing data of block of length 243. For only a 243 tap
equalizer the computational complexity is already very high. Moreover, it can equalize
only up to 10000 ps/nm fiber CD. In terms of computational effort per sample, this
corresponds to 243 complex multiplications and 242 complex additions. Therefore,
TD-FIR is not suitable for the compensation of large amount of fiber CD because large
number of equalizer taps would be required. Consequently, the computational

complexity of the CD equalizer will also increase.

In case of FDE based CD compensation, the FFT implementation employing the radix-

2 algorithm requires

Cm =(N/2)logr N (3.12)
complex multiplications and

Ca =Nlogy N (3.13)

complex additions. Hence, the overlap-save method based FDE requires

(N/2)logy N complex multiplications for the FFT operation at the input, N complex
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multiplications to realize filtering and (N /2)log, N complex multiplications for the

IFFT operation at the output. Overall,
Cm =Nlogr, N+N (3.14)

complex multiplications are required for the processing of one data block of length N

in the FDE. Furthermore, the overlap-save method based FDE requires N log, N
complex additions for the FFT operation at the input and Nlogy, N complex

multiplications for the IFFT operation at the output. So,
Ca=2Nlogy N (3.15)

complex additions are required for the processing of one data block of length N in the
FDE. Therefore, as an example, a 1024 point FFT based FDE would require 11264
complex multiplications and 20480 complex additions to equalize one data block of
length 1024. This 1024-point based FDE is capable of compensating 48000 ps/nm of
fiber CD, as seen in section 3.3. It enables robust data transmission over 3000 km fiber
link without the need of any inline dispersion compensation. In terms of number of
operations per sample, this corresponds to 22 complex multiplications and 40 complex

additions.

The TD-FIR equalizer has a linearly increasing complexity as the number of required
taps increase [50]. On the other hand, FDEs require much lower computational effort.
Hence, based on the above discussion, it is confirmed that FDE is a better option than

the TD-FIR equalizer for fiber links with large CD.
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Chapter 4

Adaptive Blind FD Chromatic
Dispersion Equalization

This chapter extends the work related to CD compensation in the digital domain to
include blind adaptation feature. Section 4.1 introduces the blind CD equalization.
Adaptive search based frequency domain (FD) CD estimation technique is presented in
section 4.2. Adaptive CD estimation in the presence of PMD is presented in section
4.3. The blind CD estimation performance at reduced sampling rates is presented in
section 4.4. Section 4.5 discusses the work, presented in this chapter, in terms of
complexity and performance. Overall, this chapter presents the work done related to
blind adaptive CD compensation along with the performance analysis and simulation

results.

4.1 Blind Chromatic Dispersion Equalization

In digital CD equalizers, the fiber CD has been commonly considered to be known a
priori [48-49]. However, the future optical networks need to adaptively reconfigure to
dynamic CD changes in the channel. So, it is essential that the CD equalizers
adaptively compensate CD present in the channel. In this perspective, the fiber CD can
either be estimated using pilot symbols [72-73] or estimated blindly [74-86]. The
training symbols based CD estimation techniques have additional overhead and
therefore there is an inherent reduction in spectral efficiency. So, the blind FD CD
estimation technique is considered here. CD can be estimated as a side process since it
1s a quasi-static fiber transmission impairment. In this respect, it is essential that the
blind CD estimation is fast enough, that is less than 5 ms, to enable fast re-routing in

the optical network [83].
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Blind (non-data aided) CD estimation algorithms normally require some cost function
to be computed using a filter function over a range of possible CD values.
Consequently, there would be undesired computational complexity or latency in the
CD estimation process. FD techniques have simplified the blind CD estimation to
some extent by using the Godard clock-tone (CT) algorithm [78-80]. Furthermore, FD
CD estimation techniques can make use of FFTs of the incoming signals. These FFTs
will be available in any case if the CD equalizer is implemented in frequency domain.
In this technique, for each CD value one point of the autocorrelation function of a
product spectrum is calculated, the product of received signal spectrum and applicable
CD filter function. So, in terms of DSP a lot of additions, multiplications, and a large

look-up table (memory resources) would still be needed.

Recently, there have been efforts for finding minimum complexity CD estimation
algorithms [82-83]. In this respect, a simplified CD estimation technique based on the
autocorrelation of the signal power waveform is presented in [82], but it is limited by
the bandwidth of the optical bandpass filter at the RX. Also, a CD estimation technique
employing an FFT-based mapping has been presented in [83] to simplify these
hardware resources consuming heuristic approaches. However, there is very limited
control over the adjustment of minimum and maximum fiber CD values and the

resolution of these values.

Therefore, a two-step adaptive approach for blind estimation of fiber CD in the
frequency domain is proposed. In this respect, it is essential that the CD estimation
algorithm is computationally efficient and modulation format transparent i.e. it can be

implemented for different modulation formats.

4.2 Adaptive Search based FD CD Estimation

In the DSP enabled coherent receivers, the fiber CD is estimated blindly as a side
process and then fed to the FDE. Figure 4.1 shows the block diagram of a digital
coherent PDM system and its DSP unit. The DSP unit also includes the blind FD CD
estimator module incorporated with CD equalizer module. Depending upon the
switching speed of channel, this side process updates the accumulated fiber CD

information from time to time.
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Figure 4.1: Digital coherent PDM system along with the modular depiction of the
DSP unit (including the Blind FD CD Estimator).

The RX data blocks at the input of the FDE are converted into the frequency domain
by an FFT of size N. Blind FD CD estimation takes place based on the N-point FFT
data blocks. In order to determine the actual CD compensator filter function to be used
for FDE, Godard’s CT based estimation is applied [87]. Godard’s CT component

occurs at the frequency index

N’ = E_SB , 4.1)
where B is the symbol rate. The presence of fiber CD affects the magnitude of CT. In
fact, its magnitude is found to be inversely proportional to the amount of CD present in
the channel [78, 86]. For the case when there is no fiber CD present in the channel, a
reliable BER is obtained at the initial signal acquisition. Therefore, CD estimation and
equalization is not needed in this case. This phenomenon is utilized here, by employing
the compensating filter function, to restore the clock tone component. In this chapter, it
will be demonstrated with simulations that a correct choice of compensating function
mitigates the accumulated CD and thus will result in a CT, even if the value of fiber
CD is very large. For a two-fold oversampled signal (which is considered in this
section) the digital clock tone component is detected at index N'= N /2. Godard’s CT

can be observed only with oversampling of the RX signals at the input ADCs.

The CD compensator filter function, according to (3.6), can be written as
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2p 2
_ P RCD;

Hepiln]—e  oN? (4.2)

In (4.2), CDiis the applied CD, which ideally is the negative of the fiber CD to be
compensated. It may be noted that the CD compensator filter functions can be stored in
a look-up table from the hardware implementation point of view. For the purpose of

later estimating the necessary compensator CD an index i is defined by
CD; =As-i (4.3)

where Asrepresents the stepsize of the CD scan range. So, the estimator cost function
can scan over the negative of the minimum and maximum possible fiber CD values in

that scan region using (4.3).

The stepsize As in (4.3) must be carefully and optimally selected. A large value of As
above 400 ps/nm would not result in an optimal execution of Godard’s CT detection,
thus estimating CD erroneously. On the other hand, a small value of As would lead to
better precision of the blind CD estimator. However, a large number of the

compensating filter functions 1.e. (4.2) would need to be processed in the DSP, thereby
driving up the number of computations. The equalized spectrum Ef [n] filtered by the

CD compensator (4.2) is given by
Er[n]=E[nHep; [n] (44)

where E[n] is the received signal spectrum in X or Y polarization. Here, these signal
spectra correspond to FET blocks of ex (k) and ey (k), i.e. Ex [n]: FFT{ex (k)} and
Ey [n] = FFT{ey (k)}. These FFTs have N points.

So, Godard’s CT-based cost function

Ierlil= (4.5)

N'—1
S Exfnlerln+N]
n=0

is obtained by the N-cyclic autocorrelation of the received signal spectrum after its

filtering by the CD equalizer function. It shall be noted that (4.5) contains the sum of

the multiplied (filtered) spectra E;[n]EF[n+ N'| upto N’'—1 only. In general, one
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might compute this sum upto N —1. However, as observed from the simulation results
that will be presented in the following part of this chapter, computation of sum in (4.5)
only upto N'—1 provides sufficient estimation. Thus, the computational effort in this
case can be reduced. The shift N’ in the filtered spectrum Eg[n] relating to Godard’s
CT is computed using (4.1). * means the complex conjugate. The physical meaning is
that Godard’s timing recovery properties are observed at the clock tone. In theory the
presence of fiber CD deteriorates the clock recovery. So, the matching filter function in
(4.5) restores Godard’s clock tone component. Consequently, the matching filter

function indicates the compensator CD to be applied.

It is clear from (4.5) that it requires computations over the index i i.e. heuristic
cost function computations over a range of CD compensator filter functions.
Consequently, (4.5) can be altered and simplified into an expression [83] where

multiplication with different filter functions is not required

Jeern]= ‘FFT{E*[n]E[n +N)

. (4.6)

The FFT in (4.6) has N’ points. This spectrum allows estimating the needed

compensator CD as

arg(max J gt [n'])c
n(

CDppr =- (4.7)

2*B?
By arg(max Jge7 [n']) that index n’ is meant which corresponds to the maximum
nl

value of Jppt . Initially, (4.6) is used as the FFT-based mapping over a range of CD

values in steps of size

As; = —5—. (4.8)

This corresponds to CD search resolution of 159 ps/nm for the simulated 28 Gbaud
system. The FFT bin n" corresponding to the maximum value of JggT is used to
initially estimate CDgp1. Here n’ is mapped to this initial CD estimate CDgp7 by

(4.7). This single FFT brings us in a first step close to the true CD, however, not yet

with sufficient resolution.
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For the second step a new region ACD =-400 ps/nm around CDgpt is defined with
scan steps of ASp= 40 ps/nm. In general, AS; might theoretically attain any value less
than As; and greater than or equal to 1 ps/nm. However, we find that for high CD
search resolutions, i.e. values of AS,that are smaller than 40 ps/nm, the cost function
becomes mostly insensitive to changing values of i. Hence, we set AS,= 40 ps/nm for
simulations considered in this chapter. An optimized index search based on the CT
expression is performed using (4.5), but with a normalized threshold (NT). In order to
obtain it, all the values computed by (4.5) are normalized by the maximum value
detected by (4.6). The optimized and precise CD estimate is given by a search (for
convenience in negative direction) through the indices

(CDEET —ACD/2) (CD|:|:T +ACD/2)

i =
ASy Asy

. (4.9)

in conjunction with (4.3). That index icT is chosen which yields the maximum value

of JcT ; the corresponding CD is
CDcT =AS) -icT - (4.10)

The optimized and precise estimated CD value CDc1 would correspond to the index

of (4.5) where the absolute value of the cost function exceeds the NT. Besides, it must

also satisfy JcT [I] >JeT [i + 1] as a condition to obtain a global maximum and avoid

erroneous CD estimation. Figure 4.2 enumerates the steps required for blind FD CD
estimation. As observed in (4.5) and (4.6), the cost functions can estimate CD for even
higher order QAM modulation formats because they do not depend on the power rings
associated with QAM signals. This is contrary to [74], where the CD estimator utilizes
a TD cost function that works well for QPSK only and needs modifications to estimate

CD for higher order QAM modulation formats.
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Figure 4.2: Schematic of the blind FD CD estimation algorithm incorporated with

a CD equalization subsystem.

Therefore, the proposed algorithm yields two advantages. Firstly, the usage of JcT1 as

a second step search gives control over the CD search resolution, which is not provided
in [83]. Because [83] adopts an approach where the stepsize AS; is defined according
to (4.8), so in this case the resolution can only be varied by changing B. Secondly, in
this case, there is no need to search all possible JoT values because of the NT based
search, unlike algorithms in [77-80]. A scanning resolution of 200-1000 ps/nm has
been employed in recent work [79, 81]. However, for the proposed algorithm a high
resolution stepsize of 40 ps/nm is employed while achieving a significantly lower

complexity.

In order to merit the performance of the CD estimator, a higher laser sum-linewidth-

times-symbol-duration product ( AfTg) of 10 is used. This is compatible with
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linewidths of available distributed feedback lasers. The blind CD estimator computes
over 5 FFT-blocks of the received data in order to average and reduce the effect of
noise. Therefore, 2560 symbols per polarization are used for the CD estimation. Due to
the overlap-and-save method the FFT size is 1024. The number of symbols used here
for CD estimation is lower than in other such techniques [80-81]. 3072 and 24360

symbols have been used for CD estimation in [80] and [81], respectively.
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Figure 4.3: Initial search based on the FFT mapping expression around the fiber

CD values of 12000 ps/nm, 14000 ps/nm and 16000 ps/nm.

The performance of the estimation technique is evaluated for different fiber CD values.
The initial CD search based on the FFT mapping expression (4.6) with fiber CD values
of 12000 ps/nm, 14000 ps/nm and 16000 ps/nm is shown in Figure 4.3 as an example
for return-to-zero (RZ)-PDM-QPSK. There is an apparent deviation of estimated CD
values in the initial search. The maxima occur at -12057 ps/nm, -13960 ps/nm and -

16023 ps/nm for fiber CD of 12000 ps/nm, 14000 ps/nm and 16000 ps/nm,

respectively.
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Figure 4.4: Optimized search based on the CT threshold for fiber CD values of
12000 ps/nm, 14000 ps/nm and 16000 ps/nm. Vicinity is scanned in negative

direction with 40 ps/nm resolution by varying the applied compensator CD.

However, precise CD estimates are obtained after the index search using (4.5) based on
the CT threshold (Figure 4.4). It scans for maxima having an NT exceeding 0.8 and
satisfying the global maximum condition. Once the global maximum condition
corresponding to the accurate CD estimate is obtained, the blind CD estimator stops

the search process immediately.

In order to further verify the performance of this algorithm, histograms of the CD
estimation error have been computed over different scenarios. So, 6000 random
independent channels with different fiber CD values have been generated for each
TX/RX scenario. In this respect, the values of fiber CD are randomly varied in
the range of 40000 ps/nm with a uniform distribution. An FFT size of 1024 is
sufficient to estimate CD in this range. Figure 4.5(a) shows the CD estimation error
histogram at different OSNR values for non-return-to-zero (NRZ)- and RZ-PDM-
QPSK. Similarly, the CD estimation error histogram at different OSNR values for
NRZ- and RZ-PDM-16-QAM is shown in Figure 4.5(b).
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Figure 4.5: CD estimation error histogram at different OSNR values for (a)

112 Gb/s NRZ- and RZ-PDM-QPSK (b) 224 Gb/s NRZ- and RZ-PDM-16-QAM.

Figures 4.6 (a) and 4.6 (b) show the CD estimation error histogram at different values

of AfTg for NRZ- and RZ-PDM-QPSK and NRZ- and RZ-PDM-16-QAM. There is

negligible performance degradation in the CD estimation for NRZ compared to RZ

data (Figures 4.5 and 4.6). This is because RZ data has a strong clock component in the

modulation spectrum. However, it is evident that the maximum CD estimation error

remains confined to the region of £50 ps/nm (Figures 4.5 and 4.6) for all the TX/RX

scenarios. This CD estimation error is negligible because the second stage MIMO

equalizer (presented in the next chapter) will also compensate the residual CD.

Consequently, the proposed non-data aided CD estimation algorithm can efficiently

and accurately work for different modulation formats and pulse shapes, even in the

presence of noise.
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Figure 4.6: CD estimation error histogram at different values of AfT for (a)

112 Gb/s NRZ- and RZ-PDM-QPSK (b) 224 Gb/s NRZ- and RZ-PDM-16-QAM.

4.3

Blind FD CD Estimation in the Presence of PMD

This section presents the performance analysis of blind FD CD estimation in the

presence of large DGD values. Using (4.5), the cost functions i.e. autocorrelations for

the X and Y polarization spectra can be computed separately and then their respective

contributions can be added. However, for channels with polarization distortions such

as high mean DGD values, it is proposed that cost functions for the crosscorrelations of

the X/Y polarization spectra must also be computed and their respective contribution

can be added [85]. This refers to summations

[nEF x n+N4 z Ery[nERy |

N'-1

n=0

n+N]+ Z E|: NaLL ]EF’Y[I’]+N']+

The first step FFT mapping based CD search with fiber CD value of 22000 ps/nm is

shown in Figure 4.7 as an example for RZ-PDM-QPSK at mean DGD values of 25 ps,

50 ps and 75 ps, respectively. The maxima occur with an apparent deviation in the
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estimated CD values. In this initial CD search, like last section, the stepsize is
As; =159 ps/nm for the setup. It is can be observed that the width of the detected peak

increases slightly with an increase in the mean DGD value.
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0.8 //
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Figure 4.7: FFT mapping expression based initial search at different mean DGD

values around the fiber CD value of 22000 ps/nm as an example.

Furthermore, precise and optimized CD estimates are obtained after the second step
search as shown in Figure 4.8. As observed, the CD estimation algorithm shows

resilience against large mean DGD values present in the fiber.

Besides, the performance of this two-step algorithm is further verified by computing
histograms of CD estimation error over 6000 random independent channels with PMD
for each TX/RX scenario. As previously, the fiber CD is randomly varied in the range
of £40000 ps/nm. Figure 4.9 (a) shows the CD estimation error histogram at 25 ps, 50
ps and 75 ps DGD for NRZ- and RZ-PDM-QPSK. Similarly, Figure 4.9 (b) shows the
CD estimation error histogram for NRZ- and RZ-PDM-16-QAM. Therefore, this blind
CD estimation algorithm is robust against high DGD values for PDM-QPSK and 16-
QAM systems.
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Figure 4.8: NT based optimized search at different mean DGD values around the

fiber CD value of 22000 ps/nm as an example. It is scanned in negative direction

with 40 ps/nm resolution by varying the applied compensator CD.
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Figure 4.9: CD estimation error histogram at different mean DGD values for (a)

112 Gb/s NRZ- and RZ-PDM-QPSK (b) 224 Gb/s NRZ- and RZ-PDM-16-QAM.
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4.4 Blind FD CD Estimation at Reduced Sampling
Rates

In this section, the two-step blind CD estimation algorithm is generalized to be
applicable to reduced ADC oversampling rates. In (4.6), N’ is non-power of 2 for
reduced oversampling rates yielding non-optimal FFT implementation. In such cases,
N"—N'zeros are padded to attain FFT blocks with next power of 2 points [86] as

shown in Figure 4.10.
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Figure 4.10: Schematic of the blind FD CD estimation algorithm for reduced

ADC oversampling rates.

The fiber CD can now be estimated for reduced ADC oversampling rates using the

zero padded signal blocks,
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N'arg(max J ge7 [n'])e
nf

CDpp7 =- (4.11)

N "22 B 2
Here N" is the FFT size that refers to the next power of 2 greater than N'. That
means N” = N’ for the special case when N'itself is a power of 2. Initially, (4.11) is
used as the FFT mapping based coarse CD search over a range of CD values. The

coarse CD search resolution can be defined as

N'c
AS| =——. (4.12)
N" 22 B 2
A specific definition of coarse CD search resolution for two times oversampling has
been presented in section 4.2. Whereas, equation (4.12) is a general definition of the

coarse CD search resolution that is applicable to any ADC oversampling rates

e.g. 159 ps/nm atRg = 2B holds as in (4.8). However, (4.12) can be employed only if

the ADC oversampling rate is greater than one sample per symbol. The clock tone

component cannot be detected for ADC sampling at baud rate.
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Figure 4.11: FFT mapping expression based initial search at different sampling

rates around the fiber CD value of 15000 ps/nm as an example.

The first step CD search by employing (4.11) around fiber CD of 15000 ps/nm is
shown in Figure 4.11 as an example for 112 Gb/s RZ-PDM-QPSK. The maxima occur
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at -14972 ps/nm, -15026 ps/nm and -15071 ps/nm for 1.25, 1.5 and 2 samples per
symbol, respectively with an apparent deviation in estimated CD values. It is can be
observed that the width of the detected peak increases with reduction in the
oversampling rate. Besides, it can also be observed that the sidelobes particularly
increase at 1.25 samples per symbol. The autocorrelation function demonstrates
sidelobes because of the non-optimum sample instances at low sampling rate.
However, it does not lead to any estimation error because of the second step CD
search. As shown in Figure 4.12, more precise CD estimates are obtained after second

step optimized search.
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Figure 4.12: NT based optimized search at different sampling rates around the
fiber CD value of 15000 ps/nm as an example. Vicinity is scanned in negative

direction with 40 ps/nm resolution by varying the applied compensator CD.

Like last section, performance of the algorithm is further verified and analyzed
by computing histograms of CD estimation error over 6000 random independent
channels for each TX/RX scenario, at reduced ADC oversampling rates. The fiber
CD is varied in the range of +40000 ps/nm. Figure 4.13 (a) shows the CD
estimation error histogram at 1.25, 1.5 and 2 samples per symbol for NRZ- and RZ-
PDM-QPSK. Similarly, Figure 4.13 (b) shows the same for NRZ- and RZ-PDM-16-

QAM. The algorithm is robust in all cases and the error is within £50 ps/nm even
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at reduced oversampling rates. Hence, the requirement for high sampling rate ADCs is
lowered.
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Figure 4.13: CD estimation error histogram at different sampling rates for (a)

112 Gb/s NRZ- and RZ-PDM-QPSK (b) 224 Gb/s NRZ- and RZ-PDM-16-QAM.

4.5 Discussion on Computational Effort and
Performance

The proposed two-step FD CD estimation algorithm computes (4.6) only once. This is

equivalent to one FFT operation of length N’ . In this case, (4.6) requires

Cm =(N'/2)log, N’ (4.13)
complex multiplications and

Ca =N'logy N’ (4.14)
complex additions for the radix-2 algorithm. Furthermore, 11 FD filtering operations

(in the worst case) are required in (4.5) at a stepsize of 40 ps/nm. This requires

Cyp =1IN (4.15)

complex multiplications and
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Ca=11(N-1) (4.16)

complex additions. Therefore, for estimating CD in the range of £40000 ps/nm as an
example at N =1024, 2304 complex multiplications and 4608 complex additions are
required for computing (4.6). Moreover, 11264 complex multiplications and 11253
complex additions are required for computing (4.5). In comparison, the state-of-the-art

[79-81] would require 401 filtering operations, i.e.

Cm =401IN (4.17)
complex multiplications and

Cp =401(N-1) (4.18)

complex additions. to estimate CD in the range of +40000 ps/nm, and that at a worse
resolution of 200 ps/nm. So, in this case, 410624 complex multiplications and 410223

complex additions are required.

Therefore, the proposed two-step FD CD estimation algorithm is not only

computationally efficient but it also enables CD estimation at much finer resolution.
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Chapter 5

DSP based MIMO Equalization

This chapter presents digital MIMO equalization and its related algorithms. Section 5.1
explains the MIMO equalization technique for digital compensation of PMD and
residual CD. The standard constant modulus algorithm (CMA) based MIMO
equalization of QPSK signals is presented in section 5.2. Section 5.3 describes the
CMA adaptation for the multi-level QAM signals. Partial update based efficient
impulse response updating patterns are developed in section 5.4 for CMA-QAM based
MIMO equalization. Section 5.5 presents the DD-LMS based equalization. The partial
update DD-LMS based MIMO equalization is presented in section 5.6. Section 5.7
discusses the work, presented in this chapter, in terms of complexity and performance.
Overall, this chapter presents the work on the development and optimization of
efficient MIMO equalization schemes along with their performance analysis based on

simulation results.

5.1 MIMO Equalization for PMD and Residual CD
Compensation

PMD is the second main source of ISI, after CD, in the data that is received over high-
speed long-haul transmission [88-93]. A two-stage equalization approach is needed for
efficient compensation of these channel impairments in the digital domain. In the first
stage, as seen in chapters 3 and 4, frequency domain equalization of CD with blind
adaptation is a hardware-efficient solution for uncompensated links with large amount
of CD. Furthermore, as the second stage, a 2x2, hence MIMO equalizer is required for
residual CD and PMD compensation. It also performs the polarization demultiplexing.
Unlike CD, which is a quasi-static fiber channel impairment (at least for non-

dynamic/non-switching channels), the PMD changes are abrupt. Therefore, there is a

Doctoral Dissertation 50



Chapter 5: DSP based MIMO Equalization

need for an adaptive MIMO structure based second stage PMD equalizer in the DSP
enabled receiver. For performance analysis based on simulation results, the statistical
channel model employed for the PMD effect is modelled in VPI TransmissionMaker™

[38].

Figure 5.1 depicts the 2x2 MIMO equalizer schematic. It employs four FIR filters
hyx ,hxy , hyx and hyy . The impulse responses hyxy and hyy represent the
interference of two orthogonal polarizations with each other. Further details and
algorithms for updating these four impulse responses of a digital MIMO equalizer are

described in the following sections of this chapter.

Figure 5.1: 2x2 MIMO equalizer schematic.

5.2 Standard CMA based MIMO Equalization for
QPSK Signals

Standard CMA utilizes the constant modularity property of the signals. So, it treats any
variations in signal amplitude as a distortion. Therefore, the algorithm tries to force the
equalizer to follow a constant amplitude level and thus the equalizer converges. The
CMA based equalizer adapts blindly, without the need of any training symbols.
Therefore, the CMA based MIMO equalization can be applied for demultiplexing of
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two orthogonal polarizations, PMD and residual CD compensation in PDM-QPSK
systems [94-101].

The two outputs of the CMA based MIMO equalizer, by employing FIR filters hxx ,
hyy , hyx and hyy having length N1, can be represented as,
_ Tao Teu:
exo(K) =hxx "exj +hyxy ey (5.1

eyo (k) = hyy | exi +hyy " eyi (5.2)

where ey and eyjare the equalizer input vectors of length Nt with respect to the

reference sample (main sample) k for the X and Y polarizations, respectively and

exo(K) and eyq(K) represent the output signals at the reference sample k for the X

and Y polarizations, respectively.

The standard CMA based MIMO equalizer employs a simple gradient search algorithm

to minimize the cost functions [102-103],

hxx (K+1)=hxx (K) = 22V (Joma x (K) (5.3)
hxy (K +1) =hxy (K) = 29 Vi o (Ioma x () (5.4)
hyx (k+1) =hyx (k)= 29V, (Jomay () (5.5)
hyy (k+1) = hyy (K) = g Viyy Jemay () (5.6)

where g represents the MIMO equalizer update gain and thx () , Vh Xy (),
Vhyy () and Vhyy () represent the gradient operators with respect to impulse

responses hxx ,hxy, hyx and hyy respectively. According to Widrow et al. [109],
channel update equations can be derived by taking derivative of the cost functions with
respect to impulse response vectors. This approach is adopted here to derive the update
equations for MIMO equalizers that are considered and analyzed in this chapter. The

cost functions of the standard CMA based MIMO equalizer are given as,

2
Jemax (K) =§E{(1—|ex()<k)|2) } (5.7)
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2
Jemay (K Z%E{(l—|eYo(k)|2j } (53)

for the X and Y polarizations, respectively. Here, E{} represents the expectation

operator. Based on complex matrix calculus, the gradient operations in (5.3)-(5.6) are

given as,
Vhyx (J CMA, X (k))= —(1 _|eX0(k)|2jeXO(k)e’;(i (5.9)
Vhyy (J CMA, X (k))= —(1 _|eX0(k)|2jeXO(k)e;i (5.10)
Vi Bomay 00) = 1-[evo 0 Jevolcky (5.11)
Vayy Doma v 00)=~{1-[evo (0 Jevo (k1ely (5.12)

where * represents the complex conjugate operation. Henceforth, the update of four

impulse responses for the CMA based MIMO equalizer can be represented as,

hyx (k+1)=hyy (k) +ugDx exo (K)ex (5.13)
hyy (k+1)=hxy (k) + g Dx exo (K)eyi (5.14)
hyx (k +1) = hyy (k) + g Dy eyq (K)e; (5.15)
hyy (k+1) = hyy (k) + pg Dy eyo (K)evj - (5.16)

The equations (5.13)-(5.16) aim at minimizing the power errors

2
Dx =1-[exo((K)| (5.17)
and
DY =1—|eY0 (k)|2 (518)

with reference to a constant level (i.e. ‘1’ in this case of QPSK modulation) in X and Y

polarizations, respectively.
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Once the taps of the MIMO equalizer have converged, the power differences (5.17)-
(5.18) would tend to be zero. Figure 5.2 depicts the schematic of CMA based MIMO
equalizer. As shown in this schematic, the output signals of FIR filters are used to
compute the CMA based error signals. Then the impulse responses (5.13)-(5.16) are
updated based on these CMA error signals, accordingly. Henceforth, the output signals
of the FIR filters are subsequently fed to the carrier and data recovery block.

N
exi . €xo
FIR Filters Ca;:i;fe?;ta —
€yi €yo

€xi

€yi

CMA Error

1- ey’

Figure 5.2: Schematic of the CMA based MIMO equalizer.

2 4 6 8
Tap No. Tap No.

Figure 5.3: Initialized impulse responses of the standard CMA based MIMO

equalizer.

The taps of the standard CMA based MIMO equalizer are initialized as shown in

Figure 5.3. The impulse responses h yx and hyy are initialized by setting the center
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taps to 1, while all other taps are set to zero. However, all the taps of impulse
responses h yy and hyy are set to zero. After initialization of the taps, the equalizer
converges using (5.13)-(5.16). Figure 5.4 shows the exemplary impulse responses of a
converged 9-tap MIMO equalizer based on standard CMA for 112 Gb/s PDM-QPSK

setup. It can be observed that the impulse responses h yyx and hyy have higher power

compared to h yy and hyy .

The received constellation diagram for 112 Gb/s PDM-QPSK (without MIMO
equalizer) is significantly distorted due to PMD present in the fiber, which results in
ISI, as shown in Figure 5.5 (a). The ISI that is induced due to CD is removed at this
stage by employing a frequency domain equalizer. The constellation diagram of the
compensated QPSK data, by employing CMA based MIMO equalization, is shown in
Figure 5.5 (b). The distortions are now removed by the MIMO equalizer.

After some introduction on standard CMA, the focus shall now be on efficient
algorithms for MIMO equalization of even higher order QAM signals (such as 16-
QAM) in the following sections of this chapter.

Tap No. Tap No.

Figure 5.4: Converged impulse responses of the standard CMA based MIMO

equalizer.
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Figure 5.5: Received constellation diagram for QPSK (a) before CMA based
MIMO equalizer (b) after CMA based MIMO equalizer.

5.3 CMA Adaptation for the MIMO Equalization of
QAM Signals

The standard CMA based MIMO equalization, presented in section 5.2, could be
applied on the PDM-16-QAM systems. However, in this case, the cost function error
would never become zero, i.e. the steady-state of the MIMO equalizer would not be
reached. As a consequence, a CMA-QAM based MIMO equalization is proposed as a
QAM adaptation of the standard CMA based MIMO equalization technique. This is
based on the earlier proposal of CMA-QAM for simple broadband polarization control
[104]. The CMA-QAM equalizers are based on computing the cost function separately
for the three power levels (rings) of the PDM-16-QAM signals. After initialization of
the taps, the MIMO equalizer converges using same equations (5.13)-(5.16). However,
in this case, the cost functions of the CMA-QAM based MIMO equalizer are

represented as,

2
Jema —oam |, x (k) =%E{(Pj —|eXO(k)|2) } (5.19)

2
Jema —gam Ly (K) :%E{(Pj —|eY0(k)|2) } (5.20)
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for the X and Y polarizations, respectively. Therefore, in this case, the equations

(5.13)-(5.16) would tend to minimize the power errors

Dy = min( Pj ~|exo (K)|°) (5.21)
and

Dy = min( Pj - [eyo (K)|°) (5.22)

in X and Y polarizations, respectively. The term Pj represents all three possible power

levels of the 16-QAM signal. These power levels can be regarded as three rings (at
levels 2, 10 and 18) of the 16-QAM constellation diagram, where the index is
j € {1,2,3}. Once the algorithm has converged, all power differences would tend to be
zero. Figure 5.6 shows the schematic of CMA-QAM based MIMO equalizer. In this
case, the impulse responses (5.13)-(5.16) are updated based on the CMA-QAM error

signals with reference to the three possible power levels of 16-QAM.

A
ex; . €xo
FIR Filters Ca;r;i:)‘s;e?;lta A—
€y; €yo

€yi

min(P;- |ey,|)

Figure 5.6: Schematic of the CMA-QAM based MIMO equalizer.

The taps of the CMA-QAM based MIMO equalizer are initialized as shown in Figure
5.7. As in section 5.2, the impulse responses h yyx and hyy are initialized by setting
the center taps to 1, while all other taps are set to zero. Figure 5.8 shows the exemplary

impulse responses of a converged 9-tap MIMO equalizer based on CMA-QAM for a
224 Gb/s PDM-16-QAM setup.
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Figure 5.7: Initialized impulse responses of the CMA-QAM based MIMO

equalizer.

Tap No.

Figure 5.8: Converged impulse responses of the CMA-QAM based MIMO

equalizer.

The constellation diagram for the received 224 Gb/s PDM-16-QAM data is shown in
Figure 5.9 (a). It shows a lot of distortions due to PMD of the fiber. These distortion
can be compensated by employing CMA-QAM based MIMO equalization as shown in
Figure 5.9 (b). Note that this CMA-QAM based MIMO equalization may also be
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applied easily to even higher order QAM signals. However, slightly more

computations would be needed due to more number of power rings Pj .

Figure 5.9: Received constellation diagram for 16-QAM (a) before CMA-QAM
based MIMO equalizer (b) after CMA-QAM based MIMO equalizer.

A broader statistical basis is required for a detailed performance analysis of these
MIMO equalizers, i.e. simulations over a large number of PMD scenarios must be
performed. Consequently, the performance of the CMA-QAM based MIMO equalizer
is further evaluated by computing histograms of the BER, for different equalizer
update gains, based on 1000 PMD scenarios changing every 4096 symbols (iterations)
at mean DGD value corresponding to half symbol duration i.e. <DGD>= 18 ps. In
order to change the PMD scenario every 4096 symbols, two random number seeds
controlling the fiber birefringence and polarization axis rotation are changed every
4096 symbols within the fiber model in VPI TransmissionMaker ™. Therefore, the
instantaneous DGD values change every 4096 symbols in this case. In order to obtain
somewhat reasonable BER values (i.e. to avoid bad BER spikes), the BER counting
starts after 1500 symbols in each scenario that changes after every 4096 symbols. For a
reliable comparison, this same procedure will be considered for the performance
analysis of all the algorithms considered in this chapter. Figure 5.10 shows the
histograms for update gains of 5x10™, 102, 5x10~ and 102, respectively. It can be

observed from these results that 5x107 is a suitable equalizer update gain for CMA-
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QAM. Besides, 12000 ps/nm fiber CD and a laser sum-linewidth-times-symbol-

duration product (AfTS ) of 107 is considered for all simulations in this chapter.
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Figure 5.10: CMA-QAM based MIMO equalizer’s BER performance for
different update gains. Histograms are computed based on 1000 PMD scenarios

changing every 4096 symbols at <DGD>= 18 ps.

Therefore, further performance analysis is done by computing histograms of the BER
over 1000 PMD scenarios changing every 4096 and 8192 symbols at mean DGD
values of 18 ps and 36 ps for an equalizer update gain of 5x107 (Figure 5.11). For the
case when the PMD scenario changes every 8192 symbols, the BER counting starts
after 4096 symbols. This shall really indicate the equalizer convergence improvement
and consequently the BER improvement (if any) between the symbols 4097 to 8192.
For a reliable comparison, this same procedure will also be considered for the
performance analysis of all the algorithms considered in this chapter. It has been
observed that higher BER values are observed when the PMD changes quickly, i.e.
after every 4096 symbols, at large mean DGD value of 36 ps. This happens because
the MIMO equalizer does not get to a proper steady state within this duration of 4096

symbols, for large instantaneous DGD values.
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Figure 5.11: CMA-QAM based MIMO equalizer’s BER performance for
<DGD>= 18 ps and <DGD>= 36 ps. Histograms are computed based on 1000
PMD scenarios changing every 4096 and 8192 symbols.

5.4 PU-CMA-QAM based MIMO Equalization of
QAM Signals

The partial update (PU) based adaptive filtering can reduce the complexity of MIMO
equalization algorithms [105-108]. The main concept of the PU based MIMO
equalization is to partially update the impulse responses of the MIMO equalizer rather
than a full update. In this regard, a variety of patterns may be adapted to partially
optimize each part of the impulse response. Updating a subset of the taps reduces the
computational complexity. In this section, two different partial updating patterns

employing CMA-QAM are presented along with their performance evaluation.

Consider a MIMO equalizer of length Nt =PNp, ie. k e {0,1,.., Ny —1} is divided
into P parts of length N p . The PU-CMA-QAM algorithm updates the subsets of the
impulse responses of FIR filters (5.13)-(5.16) given by the indices,

SSp €{pNp, pNp +1.....pNp +Np —1} (5.23)

where integer p € {0,1,.., P — 1} refers to the different parts or subsets of the impulse

responses in this case. So, all the coefficients are not updated at a time because all
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updates are not computed at that time. In this respect, PU-CMA-QAM (Pattern 1)
updates the impulse responses in sequential order such that each part P is updated at

the same frequency. Whereas, PU-CMA-QAM (Pattern 2) updates the central part

(NI_P/ 2-|—1) of the impulse responses Q times more frequently.

So, considering the case of a 9-tap MIMO equalizer, employed in this chapter, which is
divided in to three subsets P=3 of length N p =3. Consequently, the PU-CMA-QAM

(Pattern 1) updates the three subsets consisting of impulse response indices
SSQ 6{0,1,2} , SSI 6{3,4,,5} and SSZ 6{6,7,8} in  sequential order (i.e.

550,831,582,830,531,832,---). In case of PU-CMA-QAM (Pattern 2), for the
considered 9-tap equalizer, Q =5is found to be a suitable value. Therefore, the PU-

CMA-QAM (Pattern 2) updates the central subset of the impulse responses 5 times

more frequently than the other two subsets of the impulse responses (i.e.

$%,55, 55,55, 55,55, 55, 5%, 5, S5, 5, 55,55, $S....).

Figure 5.12 shows the schematic of PU-CMA-QAM based MIMO equalizer. It is clear
that the PU-CMA-QAM based MIMO equalization algorithms reduce the complexity
by a factor of P, compared to the full update CMA-QAM based MIMO equalization

algorithms. It can be seen that the update block will updates only a subset of indices.

Like last section, the performance of the PU-CMA-QAM (Pattern 1) based MIMO
equalizer is further evaluated by computing histograms of the BER, for different
equalizer update gains, based on 1000 PMD scenarios changing every 4096 symbols at
<DGD>= 18 ps. Figure 5.13 shows the BER histograms for equalizer update gains of
5x10™, 1073, 5x107 and 1072, respectively. It can be observed from these results that
5x10° performs best amongst the considered equalizer update gain for PU-CMA-
QAM. Furthermore, the performance of the PU-CMA-QAM (Pattern 1) based MIMO
equalizer is now analyzed by computing histograms of the BER over 1000 PMD
scenarios changing every 4096 and 8192 symbols at mean DGD values of 18 ps and 36
ps for an update gain of 5x107 (Figure 5.14). It can be observed from Figures 5.13 and
5.14 that there is a slight performance degradation as compared to the full update
CMA-QAM based MIMO equalizer.
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Figure 5.12: Schematic of the PU-CMA-QAM based MIMO equalizer.
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Figure 5.13: PU-CMA-QAM (Pattern 1) based MIMO equalizer’s BER
performance for different update gains. Histograms are computed based on 1000

PMD scenarios changing every 4096 symbols at <DGD>= 18 ps.

After PU-CMA-QAM (Pattern 1), now the performance of the PU-CMA-QAM
(Pattern 2) based MIMO equalizer is evaluated by computing histograms of the BER,
for equalizer update gains of 5x10, 103, 5x10 and 102, based on 1000 PMD

scenarios changing every 4096 symbols at <DGD>= 18 ps. These BER histograms are
depicted in Figure 5.15.
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Figure 5.14: PU-CMA-QAM (Pattern 1) based MIMO equalizer’s BER
performance for <DGD>= 18 ps and <DGD>= 36 ps. Histograms are computed
based on 1000 PMD scenarios changing every 4096 and 8192 symbols.

Furthermore, histograms of the BER are computed over 1000 PMD scenarios changing
every 4096 and 8192 symbols at mean DGD values of 18 ps and 36 ps for an update
gain of 5x107 (Figure 5.16). It can be observed that compared to PU-CMA-QAM
(Pattern 1) represented with dashed lines, lower BER values are obtained for PU-
CMA-QAM (Pattern 2). Besides, the performance of the PU-CMA-QAM (Pattern 2)

based MIMO equalizer closely matches to that of full update CMA-QAM based
MIMO equalizer.

Therefore, the PU-CMA-QAM (Pattern 2) based MIMO equalizer comes out to be an
optimal equalization technique in terms of low complexity and high convergence speed
compared to the one based on PU-CMA-QAM (Pattern 1). Furthermore, it has also
been proved that the proposed PU based MIMO equalization algorithms are also robust
against any residual CD (due to blind CD estimation).
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Figure 5.15: PU-CMA-QAM (Pattern 2) based MIMO equalizer’s BER
performance for different update gains. Histograms are computed based on 1000
PMD scenarios changing every 4096 symbols at <DGD>= 18 ps. For comparison,

dashed lines depict the corresponding results with PU-CMA-QAM (Pattern 1).
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Figure 5.16: PU-CMA-QAM (Pattern 2) based MIMO equalizer’s BER
performance for <DGD>= 18 ps and <DGD>= 36 ps. Histograms are computed
based on 1000 PMD scenarios changing every 4096 and 8192 symbols. For
comparison, dashed lines depict the corresponding results with PU-CMA-QAM
(Pattern 1).
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5.5 DD-LMS based MIMO Equalization of QAM
Signals

The decision directed least mean square (DD-LMS) algorithm based MIMO
equalization employs the complex-amplitude error between symbol decisions at the
output and incoming reference signal to the equalizer [109-113]. It is easily applicable
to the 16-QAM signals or even further higher order QAM. The DD-LMS based
equalizer adapts blindly, without the need of any training symbols. The DD-LMS
based MIMO equalizer employs a simple gradient search algorithm to minimize the

cost functions [109],

hxx (k+1) =hyx (K) = 16V o (IDD-L s, x (K)) (5.24)
hxy (K+1) =hxy (K) - g Vi vy (IDD-LMS X () (5.25)
hyx (K +1) =hyx (k)= 11 Vhyy (IDD-LMSY (K)) (5.26)
hyy (k+1) =hyy (K) 229 Vhyy (IDD-LMs Y (K)). (5.27)

Whereas, the cost functions of the DD-LMS based MIMO equalizer can be represented

as,

JDD—LMS,X(k)=%E{éXO(k)_eXo,r(k)F} (5.28)

Jpp-Lms,y (K) :%E{éYo(k)—eYo,r(k)‘z} (5.29)

for the X and Y polarizations, respectively. Here, €y, (k) and éyq(K) represent the
symbol decisions at the reference sample (main sample) k, in X and Y polarizations,

respectively. exqr(K) and eyqr(k) represent the output signals after carrier phase

estimation and back rotation for the X and Y polarizations, respectively. Based on

complex matrix calculus, the gradient operations in (5.24)-(5.27) are expressed as,
Vi xx (3pp - Lms X (k)= —(exo (k) - €Xo,r () 'xi (5.30)

Vh XY (‘] DD -LMS, X (k)): _(éXo (k) - €Xo,r (k))e% (5.31)
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Viyy (30D s v (€)= {6y (K) — eyo ¢ (K) i (5.32)
Vhyy (J DD - LMS .Y (k))= _(éYo (k) —evyor (k))E§i : (5.33)

Here, €Xj and €yj are the equalizer input vectors of length Ny with respect to

reference sample k for the X and Y polarizations, respectively. Therefore, the four FIR

filters h xx ,h xy , hyx and hyy of the DD-LMS based MIMO equalizer can be

represented as,

hxx (k+1) = hxx (k) + gDy exi (5.34)
hyy (k+1) = hyy (k) + g Dx evj (5.35)
hyy (k+1) = hyx (k) + ug Dy eyi (5.36)
hyy (k +1) = hyy (k) + g Dy ey; (5.37)

where, the update equations (5.34)-(5.37) aim at minimizing the complex error signals

with respect to symbol decisions, i.e.

Dx =€xdk)—exork) (5.38)

and

By =&/dk)—eyqr(k) (5.39)

in X and Y polarizations, respectively.

Carrier & Data
Recovery

€y

A A
eXo, eXa,r €Yo y eYo,r

Error

A
€yo = eYo,r

Figure 5.17: Schematic of the DD-LMS based MIMO equalizer.
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One particular issue, in DD-LMS based MIMO equalizers, is the availability of symbol
decisions based on feedforward carrier recovery. So, a feedback for the symbol
decisions is required. Figure 5.17 depicts the schematic of DD-LMS based MIMO
equalizer. As shown in this schematic, the output signals of the carrier and data
recovery module are used to compute the DD-LMS based error signals. Then the
impulse responses (5.34)-(5.37) are updated based on these complex error signals,

accordingly.

2 4 6 8
Tap No. Tap No.

Figure 5.18: Initialized impulse responses of the DD-LMS based MIMO

equalizer.

The taps of the DD-LMS based MIMO equalizer are initialized as shown in Figure
5.18. Impulse responses h yx and hyy are initialized by setting the center taps to 1,
while all other taps are set to zero. Figure 5.19 shows the exemplary impulse responses
of a converged 9-tap MIMO equalizer based on DD-LMS for a 224 Gb/s PDM-16-
QAM setup.

Furthermore, the constellation diagram for the received 224 Gb/s PDM-16-QAM data
is shown in Figure 5.20 (a). Whereas, Figure 5.20 (b) shows the data compensated by
employing DD-LMS based MIMO equalization.
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Figure 5.19: Converged impulse responses of the DD-LMS based MIMO

equalizer.

Figure 5.20: Received constellation diagram for 16-QAM (a) before DD-LMS
based MIMO equalizer (b) after DD-LMS based MIMO equalizer.

DD-LMS based MIMO equalizer’s performance is analyzed by computing histograms
of the BER, for update gains of 5x10, 1073, 5x103 and 1072, based on 1000 PMD
scenarios changing every 4096 symbols at <DGD>= 18 ps as shown in Figure 5.21.
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Figure 5.21: DD-LMS based MIMO equalizer’s BER performance for different
update gains. Histograms are computed based on 1000 PMD scenarios changing
every 4096 symbols at <DGD>= 18 ps. For comparison, dashed lines depict the
corresponding results with CMA-QAM.
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Figure 5.22: DD-LMS based MIMO equalizer’s BER performance for <DGD>=
18 ps and <DGD>= 36 ps. Histograms are computed based on 1000 PMD
scenarios changing every 4096 and 8192 symbols. For comparison, dashed lines

depict the corresponding results with CMA-QAM.
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Furthermore, histograms of the BER are computed over 1000 PMD scenarios changing
every 4096 and 8192 symbols at mean DGD values of 18 ps and 36 ps for an update
gain of 5x107 (Figure 5.22). It is observed that lower BER values are obtained for DD-
LMS compared to CMA-QAM (dashed lines). Hence, it is clear from Figures 5.21 and
5.22 that DD-LMS based MIMO equalizer performs better than the CMA-QAM based
MIMO equalizer.

5.6 PU-DD-LMS based MIMO Equalization of QAM
Signals

As seen in section 5.4, updating a subset of the taps reduces the computational
complexity of MIMO equalizer. In this section, the two effective partial updating
patterns presented in section 5.4 are employed on DD-LMS for MIMO equalization.
Figure 5.23 depicts the schematic of the PU-DD-LMS based MIMO equalizer.

N
. €x
€xi . €Xo Carrier & Data ’
s FIR Filters | ——————— .
Cyi €yo vy ey,

€x; €x0,€x0,r fl €Yo, Cy0,r

€y

A
€xo- eXo,r

NpTap

Partial Update 2 e
Yo~ €Yo,
i o o,r

Index S,

Figure 5.23: Schematic of the PU-DD-LMS algorithm based MIMO equalizer.

Like last sections, the performance of the DD-LMS (Pattern 1) based MIMO equalizer
is evaluated by computing histograms of the BER, for update gains of 5x10, 107,
5x10° and 102, based on 1000 PMD scenarios changing every 4096 symbols at
<DGD>= 18 ps (Figure 5.24). Besides, histograms of the BER are computed over 1000
PMD scenarios changing every 4096 and 8192 symbols at mean DGD values of 18 ps
and 36 ps for an update gain of 5x107 (Figure 5.25). As observed from Figures 5.24
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and 5.25, there is a slight performance degradation as compared to the full update DD-
LMS based MIMO equalizer.
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Figure 5.24: PU-DD-LMS (Pattern 1) based MIMO equalizer’s BER performance
for different update gains. Histograms are computed based on 1000 PMD
scenarios changing every 4096 symbols at <DGD>= 18 ps.
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Figure 5.25: PU-DD-LMS (Pattern 1) based MIMO equalizer’s BER performance

for <DGD>= 18 ps and <DGD>= 36 ps. Histograms are computed based on 1000
PMD scenarios changing every 4096 and 8192 symbols.
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Performance of the PU-DD-LMS (Pattern 2) based MIMO equalizer is evaluated by
computing histograms of the BER, for update gains of 5x10*%, 10, 5x103 and 107,
based on 1000 PMD scenarios changing every 4096 symbols at <DGD>= 18 ps
(Figure 5.26). Besides, histograms of the BER are computed over 1000 PMD scenarios
changing every 4096 and 8192 symbols at mean DGD values of 18 ps and 36 ps for an
update gain of 5x107 as shown in Figure 5.27. Compared to PU-DD-LMS (Pattern 1)
represented with dashed lines, lower BER values are obtained for PU-DD-LMS
(Pattern 2). Furthermore, the performance of the PU-DD-LMS (Pattern 2) based
MIMO equalizer closely matches to that of full update DD-LMS based MIMO

equalizer.

Therefore, the PU-DD-LMS (Pattern 2) based MIMO equalizer comes out to be an
optimal equalization technique in terms of low complexity and high convergence speed

compared to the PU-DD-LMS (Pattern 1) and PU-CMA-QAM (Pattern 2) based
MIMO equalizers.
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Figure 5.26: PU-DD-LMS (Pattern 2) based MIMO equalizer’s BER performance
for different update gains. Histograms are computed based on 1000 PMD
scenarios changing every 4096 symbols at <DGD>= 18 ps. For comparison,

dashed lines depict the corresponding results with PU-DD-LMS (Pattern 1).
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Figure 5.27: PU-DD-LMS (Pattern 2) based MIMO equalizer’s BER performance
for <DGD>= 18 ps and <DGD>= 36 ps. Histograms are computed based on 1000
PMD scenarios changing every 4096 and 8192 symbols. For comparison, dashed

lines depict the corresponding results with PU-DD-LMS (Pattern 1).

5.7 Discussion on Computational Effort and
Performance

The computational complexity of MIMO equalizers presented in sections 5.2 to 5.6

depends on 2x2 FIR filtering and the update process of the impulse responses. The four
FIR filters require
Cm = 4N72
M =4NT (5.40)
complex multiplications and
Ca=4N7(NT —1) (5.41)

complex additions to equalize data block of length N ; . The computational complexity
due to FIR filtering remains the same for all MIMO equalizers presented in sections
5.2 to 5.6. However, the overall computational complexity of these MIMO equalizers

will vary due to different complexity in the update process of the impulse responses. A

single update of the impulse responses (5.13) to (5.16) requires

CM = 4(NT +1) (542)
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complex multiplications and
Ca=4NT (5.43)

complex additions in standard CMA based MIMO equalizer. The CMA-QAM based
MIMO equalizer also requires the same number of complex multiplications, complex
additions and three additional real additions to compute power differences of the three
rings for 16-QAM. However, in case of PU-CMA-QAM, a single update of the

impulse responses requires

4(NT +1
Cm :% (5.44)
complex multiplications and
4N
Ca= TT (5.45)

complex additions. So, the computational complexity of the update process is reduced

by a factor of P. As an example atN; =15, 900 complex multiplications and 840

complex additions would be needed for FIR filtering in MIMO equalizers presented in
sections 5.2 to 5.6. Furthermore, a single update of the impulse responses (5.13) to
(5.16) would require 64 complex multiplications and 60 complex additions in CMA-
QAM based MIMO equalizer. However, in case of a PU-CMA-QAM based MIMO
equalizer with P=3, a single update of the impulse responses would require
approximately 22 complex multiplications and 20 complex additions in CMA-QAM
based MIMO equalizer.

A single update of the impulse responses (5.34) to (5.37) requires

Cym =4NT (5.46)
complex multiplications and

Ca=4(NT +1) (5.47)
complex additions in DD-LMS based MIMO equalizer. In case of PU-DD-LMS, a

single update of the impulse responses requires

Cy =N (5.48)
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complex multiplications and

_ANT +D)

Ca="—F

(5.49)

complex additions. As an example at Nt =15, a single update of the impulse
responses (5.34)-(5.37) would require 60 complex multiplications and 64 complex
additions in DD-LMS based MIMO equalizer. However, in case of a PU-DD-LMS
based MIMO equalizer with P =3, a single update of the impulse responses would
require approximately 20 complex multiplications and 22 complex additions in CMA-

QAM based MIMO equalizer.

As observed here, the computational complexity of the CMA-QAM and DD-LMS
based MIMO equalizers is similar. But, the DD-LMS based MIMO equalizer has a
clear advantage in terms of convergence performance. In this perspective, PU-DD-
LMS (Pattern 2) based MIMO equalizer would be the most feasible option in terms of

both performance and low computational complexity.
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Chapter 6

Summary and Future Prospects

This last chapter concludes this dissertation with some final comments. A precise
summary of the work done in this thesis is given in section 6.1. Furthermore, some

future prospects based on this work are discussed in section 6.2.

6.1 Summary

The equalization techniques of two main sources of ISI in fiberoptic systems, i.e. CD
and PMD, have been investigated, developed and optimized in this doctoral
dissertation. Computationally-efficient CD and PMD equalization techniques have
been proposed based on the obtained simulation results and performance analysis of

112 Gb/s PDM-QPSK and 224 Gb/s PDM-16-QAM systems.

In this work, FDEs have been analyzed and proposed as the most efficient solution
for CD compensation in long-haul fiber links with a large amount CD. In this
respect, performance analysis shows that a 1024-point FFT based FDE can easily
compensate up to 48000 ps/nm of fiber CD (i.e. 3000 km fiber link). Besides, FDE
performance at reduced ADC oversampling rates has also been analyzed. ADC
oversampling rates as low as 1.25 samples per symbol can be employed, with small

OSNR penalty.

A two-step FD blind CD estimation algorithm is presented that enables CD estimation
at lower complexity than in the state-of-the-art approaches. It enables precise CD
estimation with very high resolution even at lower computational complexity. The FD
CD estimator can efficiently adapt to any CD search resolution, as low as 40 ps/nm is
possible. Furthermore, it is shows robust performance in the presence of high DGD

values. It shows a marginal CD estimation error of approximately +50 ps/nm. This
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error is negligible because a second stage MIMO equalizer can easily compensate this

residual CD.

Moreover, MIMO equalization techniques have been investigated and optimized for
polarization demultiplexing, PMD and residual CD compensation. The partial update
based MIMO equalizers are proposed to reduce computational complexity. In this
regard, the computational complexity of the update process is reduced by a factor of P.
DD-LMS based MIMO equalizer performs better than the CMA-QAM based MIMO
equalizer. In this respect, PU-DD-LMS (Pattern 2) based MIMO equalizer is the most

feasible option in terms of both performance and low computational complexity.

Furthermore, the joint interoperability of different DSP based subsystems, i.e. CD
equalizers, MIMO equalizers and the laser phase noise tolerant feedforward carrier

recovery schemes, has been investigated and verified.

6.2 Future Prospects

e Blind adaptive CD and PMD equalizers consume massive computational
resources. The proposed work in this dissertation enables high performance and

computationally efficient CD and MIMO equalization.

e The proposed equalization schemes are based on blind adaptation according to

the requirements of modern dynamic channel switching concept.

e The reduction in computational complexity enables the proposed equalizers to
be implementable on FPGAs or ASICs in an efficient manner. Therefore, this
would enable consumption of less number of their available hardware resources
e.g. in terms of multiplications, additions or look-up tables. So, importantly the

energy consumption would also be reduced.

e Both, CD and MIMO equalization techniques, have been simulated for QPSK
and 16-QAM signals. They are even applicable to higher order m-QAM

modulation schemes.

e The possibility of employing reduced oversampling rates decreases the

requirement of high-speed ADCs.
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e Use of state-of-the-art FEC schemes will further enable robust and error-free
transmission.

e Presented DSP based subsystems have been simulated to achieve 112 Gb/s
and 224 Gb/s for QPSK and 16QAM modulation formats, respectively.
Furthermore, these DSP based subsystems are scalable to higher bit rates in the

Tb/s range.
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Appendix A: List of Notations and
Abbreviations

List of Notations

a (o)

B(@)

i
Vip)

AB

(BER)

CD Fer

Cler

CO

Convolution operation
Complex conjugate operation

Fiber loss (attenuation)

Mode-propagation constant

Phase delay per unit length

Group delay per unit length

Group velocity dispersion

Difference between the propagation constants the two orthogonal axes

Symbol rate

Expected BER for the simulation model

Velocity of light

Initial FFT mapping based CD estimate

Optimized and precise estimated CD value

Applied compensator CD
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h(k)

Chromatic dispersion parameter
Polarization mode dispersion parameter

MIMO equalizer error in the X polarization
MIMO equalizer error in the Y polarization
Received signal in X polarization

Received signal in Y polarization

Input signal to MIMO equalizer in X polarization

Input signal to MIMO equalizer in Y polarization

Output signal of the MIMO equalizer in X polarization

Output signal of the MIMO equalizer in Y polarization

Output signal after carrier and data recovery in X polarization

Output signal after carrier and data recovery in Y polarization

Equalized signal in X polarization

Equalized signal in Y polarization

Equalized discrete-frequency signal
Received discrete-frequency signal in X polarization

Received discrete-frequency signal in Y polarization

Laser sum-linewidth-times-symbol-duration product

Discrete time impulse response
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H(w) Fiber transfer function

H'(w) Inverse fiber transfer function

H'[n] Inverse discrete fiber transfer function
Jem, Constant modulus algorithm cost function

Jem A-QAM Constant modulus algorithm cost function for QAM

JeT1 Clock-tone based cost function

JDD_LMS Decision directed least mean square cost function

JFET FFT mapping based cost function
k Discrete time index
SSp Subset indices in PU algorithm
K Carrier phase estimator filter length.
A Carrier wavelength
IC Correlation length
L Length of the fiber
Hg MIMO equalizer update gain
n Discrete-frequency index
N FFT length
N’ Index of the clock-tone component
N b Number of bits used in the simulation
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N e Number of bit errors in the recovered data

Nt MIMO equalizer length

N p Partial update length

P Number of subsets or parts of the impulse response
Pj Power levels of the QAM signal

R5 ADC sampling frequency

o1 Mean differential group delay

As Stepsize of the CD scan range

AT Instantaneous time difference between the fast and slow axes
TS Symbol duration

) Center frequency
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List of Abbreviations

ADC

ASIC

BER

CD

CIX-DE

CMA

CT

DCF

DFT

DGD

DD

DSP

DSPU

EDFA

FBG

FD

FDE

FEC

FFT

FIR

Analog-to-digital convertor
Application-specific integrated circuit
Bit error rate

Chromatic dispersion

German Commercial Internet Exchange
Constant modulus algorithm
Clock-tone

Dispersion compensating fiber
Discrete Fourier transform
Differential group delay

Decision directed

Digital signal processing

Digital signal processing unit

Erbium doped fiber amplifier

Fiber Bragg grating

Frequency domain

Frequency domain equalization
Forward error correction

Fast Fourier transform

Finite impulse response
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FPGA

FSE

GI

GVD

IBI

IFFT

IIR

ISI

LMS

LO

LPF

MAN

MATLAB

MIMO

NRZ

NT

OBPF

OFDM

OSNR

PBC

PBS

PD

PDF

Field-programmable gate array
Fractionally spaced equalizer
Guard interval

Group velocity dispersion
Inphase

Inter block interference
Inverse fast Fourier transform
Infinite impulse response
Inter-symbol interference
Least mean square

Local oscillator

Low-pass filter

Metropolitan area network
Matrix laboratory
Multiple-input multiple-output
Non-return-to-zero
Normalized threshold

Optical bandpass filter

Orthogonal frequency division multiplexing

Optical signal-to-noise ratio
Polarization beam combiner
Polarization beam splitter
Photo-detector

Probability density function
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PDM
PMD
PRBS
PSD
PU

Q
QAM
QPSK
QPSKP
RMS

RTO

SDM
SSMF
TD
X
V&V

WDM

Polarization-division multiplex
Polarization mode dispersion
Pseudo-random binary sequence
Power spectral density

Partial update

Quadrature

Quadrature amplitude modulation
Quadrature phase shift keying
Quadrature phase shift keying partitioning
Root mean square

Real-time sampling oscilloscope
Receiver

Return-to-zero

Space division multiplexing
Standard single-mode optical fiber
Time domain

Transmitter

Viterbi and Viterbi

Wavelength division multiplexing
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