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Abstract

Capacities in optical transmission networks must evolve to catch up with the recent
customers’ demand for high bandwidth services such as streaming video,
video-on-demand, and cloud-based storage/computing. The emerging demands for
bandwidth consuming services promote the development of digital signal processing
in coherent optical communication systems. In the receiver side, recent advances in
high order modulation detection requires future carrier phase estimation (CPE)
algorithms to be more robust, efficient and even adaptive. This thesis focuses on
developing three advanced carrier phase recovery techniques that are suitable for
various applications such as high efficient transmissions, elastic optical networks and
advanced data detection technologies with software-defined forward error correction.
In the second chapter, an advanced CPE technique suitable for hardware efficient
implementation in dual-polarization (DP)-16QAM system is proposed. The proposed
CPE use quadrature phase shift keying (QPSK) partitioning and maximum
likelihood detection to offer similar laser linewidth tolerance with much reduced
calculation complexity comparing to other CPE techniques reported in the literatures.
The impact of average length to the laser linewidth tolerance is numerically studied,
and the computational complexity is discussed in detail. We also experimentally
verified its tolerance to laser linewidth in a 200 Gb/s DP-16-QAM system. Due to its
feed-forward structure and reduced computation complexity, the algorithm is suitable

for future real-time recovery applications for 16-QAM signals.



For higher order modulation formats and elastic optical networks, a blind and
universal digital signal processing technique for the recovery of any square-shaped
QAM or time-domain hybrid QAM (TDHQ) signals is proposed. Without the aid of
training symbols, the algorithm provides fast and robust signal recovery that greatly
simplifies the receiver implementation for future dynamic or elastic optical networks.
The platform is consisted of several newly proposed techniques such as a
modulation-format-independent CPE (MFI-CPE) and a modulation independent joint
timing phase and frequency offset estimation module. The transmission performance
is fully studied both numerically and experimentally in 28Gbaud transmission systems
with various modulation formats. Comparing with traditional training symbol aided
technologies, the proposed MFI-CPE achieves similar performances.

Finally, a blind and universal cycle-slip detection and correction (CS-DC)
technique is proposed. We analytically derive the probability density function (pdf) of
cycle slip (CS) after CS-DC and analyzed the impact of detetion threshold to the
correction accuracy. The analytical model agrees well with the Mont-Carlo simulation
results and gives more accurate estimation when CS probability is extremely low.
Extensive simulation results suggest that the proposed CS-DC technique can
successfully reduce the CS probability by over one order of magnitude. In addition,
we also proposed to cascaded two CS-DC stages to drive the CS probability further
down by two order of magnitudes to 2x107 in 28 GBaud PM-QPSK and

PM-16-QAM transmission systems even with an extreme amount of fiber



nonlinearities. In the end, simulations results demonstrate that the proposed algorithm

is robust against residue frequency offset and inter-channel nonlinear distortions.
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Chapter 1 Introduction

The un-preceded demand for data capacity has fueled the development of fiber-optic
communication continuously over the last decade [1]. This insatiable and relentless
demand of modern optical transmission network requires transmission systems to
push the capacity to the limit while minimizing the system bandwidth. To this end,
advanced systems seek to encode the signal on every possible degree of freedom of an
optical carrier such as signal amplitude, frequency, optical phase as well as

polarization states.

1.1. Evolution of Optical Communication Systems

Before the era of coherent detection, most of the researchers in optical transmission
networks are focused on binary modulation and time domain multiplexing
technologies such as optical time domain multiplexing [2] or electrical domain
multiplexing [3]. However, the commercialization of both systems was not successful
since it is difficult to transmit such short optical pulses in the optical fiber. In addition,
the binary modulation has a low spectral efficiency (SE) and thus requires a large
bandwidth that imposed a great challenge for both the electrical and optical
components. Various multiplexing technologies have been introduced to reduce the
symbol rate and alleviate the stringent bandwidth requirements for the components.

One of the most adopted technologies in optical transmission networks is wavelength



division-multiplexing (WDM). In 1978, WDM was first published and were being
experimentally realized by 1980 with only two channels combined. At present,
modern WDM systems can handle up to 160 channels and can thereby expand the
system capacity of one single mode fiber (SMF) to well over 1.6 Thit/s.

On the other hand, high order modulation formats have been recently developed
to increase the spectral efficiency further and results in multifold growth in system
data rate. For current 100G channel designs, differential quadrature phase shift keying
(DQPSK) modulation format has been vigorously studied. Each DQPSK symbol has
four modulation levels representing two data bits, for this reason, the symbols rate can
be made half of the data rate. In experiments, a 107Gb/s DQPSK channel was
designed with a symbol rate of 53.5 Gbaud [4].

In the first decade of this century, the telecom industry selected one optimal 100G
signalling format for long haul optical transmission links - two single-carrier QPSK
channels on two orthogonal polarization states at the same time, e.g. polarization
multiplexed(PM)-QPSK [5]. With this design, the symbol rate is furhter reduced to
one-quarter of the data rate, around 30 Gbaud, which fits well within the bandwidth of
commercially available optical modulators. Fig. 1.1 summarizes a variety of
modulation and multiplexing possibilities in a single-mode optical fiber system,

which supports a single transverse mode in two polarizations.
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Fig. 1.1 Classification of the most important modulation formats and

multiplexing schemes discussed in recent optical communications [6].

Coherent detection enabled PM-QPSK at 100 Gb/s per channel transponders are
already in wide deployments. In 2010, OTU4 in ITU-T G.709 was finalized as the
standard for 100Gb/s transport channel capacity, and 100 GbE in IEEE 802.3ba was
the standard for 100Gb/s Ethernet port speed. In 2012, 400 Gb/s and 1 Tb/s per
channel transmission using 16-ary quadrature amplitude modulation (16-QAM)
formats and above are demonstrated and beginning to be commercialized for the next
generation systems. Table 1.1 shows the typical specifications of existing commercial

100G systems.



Table 1.1 Typical specifications of commercial 100G systems

Item Value
Optical band used C-band
Optical bandwidth 45THz
Number of 100G channels 90

Total system capacity 9Tb/s
Channel spacing 50 GHz
Modulation format PM-QPSK
Protocol and FEC overhead ratio 25%

Reach distance 2500 km
Chromatic dispersion tolerance 50,000 ps/nm

1.2. Coherent Detection

The high order modulation and advanced multiplexing technologies at the transmitter
side demands a new reception technology that can linearly handle the whole optical
signal and capable of down-conversion it to a baseband electrical signal. In late
1980’s and early 1990’s, coherent detection was extensively studied as one of the
promising technologies that is capable of both amplitude and phase detection by
beating the signal with another receiver-side laser output, i.e. local oscillator (LO). By
exploiting the beating term, coherent receivers allow detection of any advanced
modulation format and are regarded as a game changer in the modern OTN.

Coherent detection was heavily studied to enhance receiver sensitivity in the late
1980s and 1990s [7]. However, inline optical amplification proved to be a cheaper and
easier way to improve system performance. Although the coherent detection was then
criticized by adding some complexity to the receiver, it is still a giant leap given that

the whole information of an optical signal can be accessed which is essential in
4



promoting the system capacity especially in high spectral efficiency transmission
systems. In addition, with full information of the electrical field, the receiver tolerance
to noise can be greatly improved, and fiber propagation impairments can be
compensated using signal processing.

The fundamental concept behind coherent detection is to take the product of
electric fields of the modulated signal light and the continuous-wave LO as shown in
Fig. 1.2. At the transmitter side, the optical signal can be described by

E; = Agexp(jwgt) (0.2)
where Aq(t) is the complex signal and ws is the angular frequency. Similarly, the field
of the LO can be described by

Epo(t) = Arpexp(jwiot) (0.2)
where A o is the LO amplitude and w;, is the angular frequency of the LO. We note
here that the complex amplitudes As and Ao are related to the power of the optical
fields by P, = |Ag|?/2 and P,, = |ALo|?/2, where Ps and P o are the power of the

signal and LO, respectively.
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Fig. 1.2 Configuration of the phase/polarization diversity receiver.

In practical polarization multiplexed systems, polarization diversity coherent
receivers should be implemented because the SOP of the incoming signal is random
and is not likely to remain aligned to that LO all the time. The receiver employing
polarization diversity is shown in Fig. 1.2, where the two phase-diversity homodyne
receivers are combined with the polarization diversity configuration. After the
polarization beam splitter (PBS), the arbitrary state of polarization (SOP) of the signal
is separated into two linear polarization components. Let the x- and y-polarization
components after PBS be written as

Esx(t)] B l\/EAS(,ms
Eq, (O] V1 — al

l exp(jwst) 0.3)
where «a is the power splitting ratio of the two polarization components and ¢ is the
phase difference between them. These parameters are dependent on the birefringence

of the transmission fiber and is time varying in general. In contrast, the x- and

y-polarization components equally separated from the linearly polarized LO are

6



written as

5| = 2[4 emptionon 00

The 90 ° optical hybrids in Fig generate electric field E; g at the
double-balanced photodiodes PD1-PD4:

Erp=3(Exx £ Ep0) (0.5)

E34 = %(Esx * \/]_'EELO)J (0.6)

Ese =3 (Esy £ 5 Eu0) 0.7)

E7g = %(Esy T \/]_.EELO)J (0.8)

where E| 0=E 0 x=ELo,. Photocurrents from PD1 to PD4 are then given as

Ippy = R\/@ cos{f; — 0,0 + 5}, (0.9)
Ippy = R\/CZPS’ZESL'n{HS — 00 + 6}, (0.10)
Ipps = R,/M#COS{HS — 010}, (0.11)
Ipps = R /(l_@#sin{es —6,,). (0.12)

From (0.9) to (0.12), we find that the polarization-diversity receiver can
separately measure complex amplitudes of the two polarization components as

L, (t) = Ipp1(8) + jlpp2(0), (0.13)

L, (t) = Ipp3(t) + jlppa(t), (0.14)

from (0.13) and (0.14) we can reconstruct the complex polarization multiplexed signal

although they may suffer from polarization crosstalk at the moment.



1.3. Channel Impairments and Laser Phase Noise

The continuous demand for spectral efficient transmission system results in the
resurgence of coherent detection. However, the coherent detected optical field has
already experienced various channel impairments during fiber transmissions such as
chromatic dispersion, polarization mode dispersion, fiber nonlinearities and laser
phase noise. Fig. 1.3 depicts the standard basic model for a long-haul fiber-optic
channel consisting of major transmission impairments including chromatic dispersion
Hcp(w), polarization-mode dispersion Hpmp(@) and amplified spontaneous emission
(ASE) noise ny(t), ny(t) from inline optical amplifiers, which are typically modeled as
complex circularly symmetric zero-mean additive white Gaussian random process.
Practical laser imperfections include frequency offset Af between transmitter laser and
local oscillator and laser phase noise ¢(t), ¢.(t) modeled as a Wiener process [1]. In
this case, the received signal is given by (1.15) where »:denotes inverse Fourier

Transform and E,, ,, () is the Fourier Transform of E (t).

Er,x(t) _ -1 Et,x(w)
IEr,y(t) =F {HCD (w)Hppp(w) lEt,y(w)l} :

exp(jQTAft + ¢y (£) + ¢,(D))) + [Zgg (0.15)
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Fig. 1.3 Canonical channel model for polarization-multiplexed long-haul fiber-optic
communication systems with digital coherent receivers. The transmitted signal in the
X-(y-)polarization is Eix(t) and E;y(t) and major transmission impairments include CD
Hep(w), polarization mode dispersion (PMD) Hpywp(w), amplified spontaneous
emission noise ny(t), ny(t) as well as laser imperfection-induced impairments such as
carrier frequency offset ™" between transmitter laser and local oscillator and laser
phase noise e/®t®, ei®r(t) In this formulation, L, S, z denote fiber length, group
velocity dispersion (GVD) coefficient and differential group delay (DGD) between two
polarization modes respectively and 6, ¢ are angles relating the input signal’s state of
polarization (SOP) to the principal states of polarization (PSP) of the fiber.

Among these various impairments, laser phase noise, known as the fluctuation of
the optical carrier phase, is a challenging issue in coherent detection systems. Even for
a single-frequency laser, where essentially all power is in a single resonator mode, the
output will not exhibit a perfect sinusoidal oscillated electric field due to various
external influences. For simplicity, phase noise is described as the random phase of
photons with spontaneous emission and can be quantified by the power spectral
density (PSD) of the phase deviations. The width of the main peak in the PSD is
called laser linewidth that leads the optical phase ¢(t) that follows a Wiener process as

shown in Fig. 1.4. Here, the phase difference ¢(t2)- ¢(t1) is modelled as zero-mean

Gaussian random variable with variance 2zAv|t, —t,| where Av is the laser linewidth.
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Fig. 1.4 Evolution of laser phase noise in a 28GBaud coherent system with various

laser linewidths.
1.4. Digital Signal Processing and Its Function Blocks

A typical DSP platform for long-haul coherent detection usually includes chromatic
dispersion compensation, timing phase and frequency compensation, polarization
demultiplexing, carrier frequency and phase estimation, etc. Newly developed
high-speed analog-to-digital converters (ADC) with about 60-GS/s sampling rate help
in digitizing the coherently detected 100G channel for digital signal processing (DSP).
With the recent advances in high-speed digital-to-analog converter (DAC) and
field-programmable gate array (FPGA) technologies, the real-time recovery and
processing of digital signal in the electrical domain becomes reality. Thus, flexible
and accurate digital signal compensation techniques for these distortions in the

receiver side digital signal processing modules have received tremendous attention in
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recent years.
1.4.1. Chromatic Dispersion Compensation

In the absence of fiber nonlinearity, the chromatic dispersion effect on a pulse

envelope A(z,t) may be modeled by the following equation [8]

dA(zY) _ . [Pz 0%A(zt)

o )2 o (0.16)

where z is the distance of propagation, t is time variable in a frame moving with the
pulse, and S, is the GVD coefficient of the fiber.

For CD compensation, one of the widely deployed approaches is the conventional
frequency domain equalization (FDE) for a channel with frequency domain transfer
function that model (0.16) given by

G(z,w) = exp (—j%a)z) (0.17)
where g, is the GVD parameter and z is the length of transmission. The frequency
response of dispersion compensation filter is thus given by the all-pass filter

H(w) = ﬁ = exp (j%wz) (0.18)
truncated to half of sampling frequency fs. In particular, overlap frequency domain
equalization (OFDE) is chosen for practical implementation considerations [9]. It has
also been proved that the FDE is more computational efficient than the time domain
equalization. In OFDE implementation, the data is first divided into overlapping

blocks then transformed to the frequency domain where the CD is compensated

block-by-block as shown in Fig. 1.5.
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Fig. 1.5 CD compensation using OFDE. Overlapping blocks of data are transformed to

frequency domain where the effect of CD is equalized.

1.4.2. Timing Phase Recovery

After compensation of the chromatic dispersion, the timing phase error can be
detected by several digital timing phase recovery algorithms for correcting the timing
phase error in the data samples, such as Gardner’s timing recovery [10], digital filter
and square timing recovery [11] or Mueller-Muller timing recovery [12], etc.

In particular, Gardner’s algorithm is attractive due to its simplicity and only
requiring 2 samples/symbol. This algorithm applies a zero-crossing timing error
detector with function of

e(k) =x(k—1/2)(x(k) —x(k — 1)) (0.19)
where k is the index of symbol and linear interpolation with feedback structure to

perform the timing phase recovery as shown in Fig. 1.6
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Fig. 1.6 Feedback structure of Gardner’s timing error detector

The interpolator generates additional samples based on the needs of the timing
error detector. As implemented in our code, the interpolator uses linear interpolation
between pairs of points. Cubic or piecewise parabolic interpolators are also applicable.
After the timing phase error has been corrected, the data is output at the symbol rate,

i.e., 1 sample/symbol with optimal sampling position (or sampling phase).

1.4.3. Polarization Demultiplexing

Polarization-division multiplexed (PDM) signals can also be demultiplexed by digital
signal processing without using optical dynamic polarization control at the receiver. A
Jones matrix representation may model the impact of polarization dependent effects
on the propagation. In contrast to the CD, which may be considered constant, the
Jones matrix may evolve in time due to effects such as rapid polarization rotation.
Therefore, adaptive compensation schemes must be used, such as constant modulus

algorithm (CMA) etc., to correctly demultiplex the two orthogonal polarizations while
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compensate other possible polarization dependent distortions such as polarization
mode dispersion (PMD), polarization dependent loss (PDL), etc. The goal of
polarization demultiplexing is to estimate the inverse Jones matrix by using digital
filters with tap coefficients constantly updated by a specific error function. It has
been shown that optical communications using PDM is analogous to wireless
communications using multiple-input-multiple-output (MIMO) antennae and so the
algorithms for channel equalization in wireless communications can be readily
applied to optical communications [13].

Among the numerous algorithms, CMA proposed by D. N. Godard is one of the
most preferred due to its good performance and simplicity stucture [14]. As compared
to the decision-directed least-mean-square (DD-LMS) algorithm, the CMA is
decision-independent. It allows us to separate the task of polarization de-multiplexing
and carrier phase recovery in different functional blocks, which cannot be realized by
using a decision-dependent algorithm such as the DD-LMS.

Although the classic CMA is quite appropriate for square QAM signals in
Nyquist WDM systems, several modified versions have been employed such as
cascaded multi-modulus algorithm (CMMA) [15] and multi-modulus algorithm
(MMA) [16], etc., to achieve better optical signal-to-noise ratio (OSNR) performance

in the cost of slower convergence speed and higher computational complexity.
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1.4.4. Frequency Offset Estimation

A typical temperature-stabilized wavelength locker for WDM systems has a
wavelength accuracy of about 245 GHz [17], which is much larger than the tolerance
of typical carrier phase estimation technologies. Thus, digital frequency estimation
techniques and corrections have to be implemented to limit the residue frequency
offset within the CPE tolerance.

In order to accurately estimate the carrier frequency offset the modulation
information needs to be first eliminated either in a data-aided (DA) or a
non-data-aided (NDA) manner. Usually, NDA based frequency offset estimation (FOE)
is more widely implemented than DA methods. The most utilized technique finds the
FO by locating the maximum power in the Fourier transform of the signal spectrum
after it has been processed by an M-th power operation [18] (1.20)

z, = ()M = e CMRAFKT+0) 4 (0.20)
where X, is the input, Af denotes frequency offset, T is the symbol period, @ is carrier
phase noise and n is the zero-mean additive noise.  After the fourth-power operation,
the maximum likelihood (ML) estimate of the carrier frequency offset Af is the
location of the maximum amplitude of in tis spectrum i.e.

i k
—_— 1 _ 2 77._
Af = argmax{|zz,ﬁ=(1)zke] TN

} (0.21)
1.4.5. Carrier Phase Estimation

CPE is an important component of coherent communications. In radio communication
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a system, phase synchronization is typically achieved by a phase-lock loop (PLL)
employing a one-tap least-mean square (LMS) filter to implement decision-directed
phase estimation in a feedback manner. Feedback techniques rely on calculating the
phase estimate #(k) from r...(k)and the symbol decision $(k) and use it as the
initial estimate for ¢@(k + L) where L denotes the total feedback delay. L is determined
by the degree of parallelization P and pipelining (number of steps in an algorithm).

Unfortunately, in high-speed optical communications, required ASIC
parallelizations may create a large feedback delay and considerably limit practical use
of feedback algorithms. On the other hand, phase noise in optical communications is
typically much larger than that in wireless communications which makes phase
estimation a more serious issue especially for higher order modulation formats. To
this end, one can either use feedforward algorithms avoiding feedback loops or
develop new algorithmic and hardware feedback structures that can somehow reduce
P and/or L.

One of the most widely deployed feedforward algorithms for phase estimation in
coherent detection systems is the Viterbi & Viterbi phase estimation (VVPE) [19].
After preceding DSP that compensate other impairments and down sampled to symbol
rate, let the k™ symbol in one polarization going into the CPE unit be

repp(k) = s(k) - e/®®) 4+ n(k) (0.22)
where @(k) =4 (k) + ¢, (k) is the combined transmitter and receiver phase noise and

n(k) is the additive ASE noise. For quadrature phase-shift keying (QPSK) signal,
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signal s(k) can be expressed as

s(k) = A-exp(jO(k)) (0.23)
where A denotes the signal amplitude which could be normalized to be 1 for
simplicity and 6 = 0,+m/2,m which can be eliminated by raising rcpg to its
fourth power, we obtain

repe (k) = exp(j40 (k). (0.24)
The carrier phase can then be estimated and compensated from the phase of the

received signal as shown in Fig. 1.7.

fepe =S exp(jo)
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-
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Fig. 1.7 Schematic of phase estimation algorithm for QPSK [20].

For higher-order modulation formats, blind-phase-search [21] is considered as
one of the most popular methods which was originally introduced for more general
synchronous communication systems [22]. BPS estimator features good tolerance to
laser linewidth, blind feedforward manner, and universality to arbitrary QAM formats,
however, at expense of huge hardware implementation complexity. Such complexity
can be somewhat lowered by reducing the number of ‘test phases’ using multi-stage
approaches [23], [24].

For most of the power efficient modulation formats, constellations distribute
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symmetrically around the origin including the widely employed QPSK modulation.
This phenomenon is called phase ambiguity. As for the QPSK symbols, all the

transmitted symbols locate in the four symmetric quadrants as shown in Fig. 1.8.
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Fig. 1.8 Cycle slip demonstration with slip phases of (a) 0 and (b) m/2.

Due to phase ambiguity, the QPSK symbols distribute remains the same after
/2 rotation thus is not detectable for most of the existing CPE methods. However,
the rotated symbols convey different bit information from the transmitted ones and
will introduce catastrophic error burst.

A cycle slip happens when the CPE output deviate from the actual phase noise by
more than half of the ambiguous phase, e.g. m/2 for QPSK so that the phase
ambiguity cannot be corrected. Cycle slips are caused mainly by two different
mechanisms. In the first case, the laser phase noise changes too fast for the CPE to
catch up with since most of the CPEs are designed to track a slowing varying random
walk process. This is possible given a laser output has an unlimited spectral
distribution function. Most of the time, the laser phase noise does not change that fast,

and contrarily, it is the phase estimate that has been impaired to experience an abrupt
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Fig. 1.9 Phase unwrap for QPSK symbols whose ambiguous phase is /2. The laser

linewidth is 10 MHz.

Without the redundant aiding symbols, the phase estimation range is confined
from 0 to /2 as described in [21], and so the output needs to be unwrapped as is
illustrated in Fig. 1.9. The CPE unwraps its output whenever it crosses the estimation
boundaries based on the slow varying assumption of laser phase noise as illustrated in
Fig. 1.4. However, the received phase noise after transmission may experience cycle
slip effects due to the additional phase noise induced by ASE noise, residue frequency
offset or inter-channel nonlinearities, etc. Although at a very rare rate, a single cycle
slip may undermine all the date transmission afterwards since a wrong phase estimate
persists until redundant symbols are received which causes large error burst that could

not be corrected by forward error correction (FEC) technologies.
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1.5. Elastic Optical Network

It is envisioned that future Internet traffic will be much more dynamic, unpredictable
and heterogeneous in all aspects due to the emergence of large content providers with
dynamic traffic demands across optical networks. Consequently, researches enabling
flexible/adaptive transmissions or elastic optical networking (EON) to maximize
network efficiency have recently attracted a lot of attention [25]. Continued global
traffic growth at an exponential rate around 40% per year is posing major challenges
for the service provider (SP) networks. These challenges imply that the optical layer
will have to be low cost, flexible, and reconfigurable:

Low cost: the future network must be as spectrally efficient as possible as the result of
the increased pressure on SP margins. Today’s network is developing a streamlined
system in which only two layers can be afforded: a transport layer and a service layer.
Flexible: the dynamic service provisioning requires the network will have to be
realized in a flexible manner. The existing “one size fits all” approach widely adopted
in previous generation DWDM systems will no longer work, and software
configuration will have to be accommodated instead.

Configurable: to cope with the unpredictable traffic patterns, connection should be
set up for any source/destination and any available resources should be utilized.
Reconfigurable: to avoid resource idling and increase resources utilization efficiency,
capabilities of fast release, redeployment and re-optimization have to be incorporated

in future dynamic networks. In terms of the physical layer, we would favor a single
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and universal software-defined bandwidth-variable transceiver (BVT) [26] that is
applicable to different carrier wavelength, bit rate, symbol rate, modulation format
and coding and/or path of transmission across the network.

To address the conflict between service provider’s limited provisioning capacity
and clients’ increasing demands for higher bandwidth, a new “elastic” networking
design [27] has been proposed enabling SPs to update their system without frequently
overhauling it. In a recent two years, 100 Gb/s-based transmission systems have been
rapidly deployed since they fit well with the existing ITU grid of 50 GHz without
breaking any grid boundaries. For the next generation considerations, both the
Telecom and Datacom industries are looking forward to a physical layer design
beyond 100Gb/s, and 400 Gb/s is one of the most promising candidates. Unfortunately,
it is hard for the 400Gb/s to be fitted into the 50GHz ITU grid using reasonable
modulation formats since a higher spectral efficiency modulation format would
greatly reduce the maximum transmission reach.

Fig. 1.10 shows an existing ITU grid (top) vs. a flexible grid (bottom). The fixed
grid does not support bit rates of 400 Gb/s and 1 Th/s at standard modulation formats
as they overlap with at least one 50 GHz grid boundary. Also, the existing grid
stardard has more idle bandwidth which is a huge waste of the precious bandwidth
resources. For different requirements, e.g. distance and capacity, ect., the agile
modulation format adjustment technique could also be introduced to minimize the

bandwidth consumption of future EON systems.
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1.6. New challenges for Carrier Phase Estimation

As we move from QPSK to higher order QAM formats (e.g. 16-QAM) and
commensurate baud rates, several impairments impose unique and extremely stringent
constraints on system performance that are unforeseen in wireless/copper-wire
systems. This situation has led to a series of new challenges in the CPE research for
long-haul coherent optical systems:

The sampling rate for optical systems is of the order of tens of Giga-samples per
second while current Application Specific Integrated Circuit (ASIC) technologies
support serial processing speeds of approximately 1 GHz [28]. Therefore, while
massive algorithmic/hardware parallelization is required, this approach can exacerbate
laser phase noise-induced impairments in feedforward as well as feedback algorithms.
Considering larger oscillator phase noise compared with wireless systems, CPE and
its hardware structures for high speed optical applications need to be optimized to

reduce such parallelization penalties with low computation complexity.
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Moving forward, 400 Gb/s and 1 Th/s per channel transmission using 16-QAM
and above were demonstrated and commercialized in 2012. The next generation of
hardware (e.g. Digital to Analog Converters) and software (e.g. programmability)
advances will enable EON. One of the key challenges in enabling EONSs is the need to
employ adaptive/flexible receiver CPE supporting multiple baud rates, bandwidths,
and modulation formats.

Most CPE techniques suffer from the problem of cycle slips (CS) in which the
received signal are phase rotated by any integer multiple of n/2 and leads to
catastrophic detection error. To cope with this problem, one can use differential
encoding (DE) where information is encoded in the difference between neighboring
bits/symbols. On the other hand, we are moving towards soft decision — forward error
correction (SD-FEC)-based transmission system, enabling a higher pre-FEC bit error
ratio (BER) but at the same time not favor DE. Numerous techniques have been
proposed to suppress CSs without DE which basically involves either inserting pilot
tones or inserting pilot symbols at regular intervals in the expense of increased
transmitter complexity. Thus, it is highly desirable to develop a non-data-aided

CS-DC technology applicable to any modulation format.

1.7. Dissertation Outline

Chapter 1 briefly introduces the recent progress of recent advances in optical

transmission systems over the past decade. Coherent detection and several major
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digital signal processing modules are reviewed. As one of the unique signal
processing module in the receiver side recovery platform, the motivation of
developing carrier phase estimation algorithms for different optical transmission
applications is highlighted. The objective of this dissertation is to propose, design, and
analyze three advanced carrier phase estimation technologies that is suitable for
long-haul optical transmission links with different modulation formats and spectral
efficiency.

In chapter 2, a low-complexity and laser phase noise tolerant carrier phase
estimation using QPSK partitioning and maximum likelihood detection is proposed
for polarization multiplexed 16-QAM transmission systems. The optimum
configurations with respect to various combinations of OSNR and laser linewidth are
statistically studied. The maximum phase noise tolerance of the proposed algorithm
analyzed based on simulation results. To verify its performance, the QPSK
partitioning + ML CPE is also experimentally tested in a 200 Gb/s DP-16-QAM
system. In addition, the computation complexity of the proposed algorithm is also
analyzed indicating its simplicity and advantage in future high speed and computation
efficient real-time digital coherent receivers.

In chapter 3, a modulation-format-independent carrier phase estimation
technique is proposed for the future elastic optical transmission system in which a
great variety of modulation formats are adopted for maximizing system capacity. To

accurately estimate phase noise for different modulation format without frequently
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adjusting the estimating module, a new cost function for laser phase noise detection is
proposed based on a common constellation feature shared by all the most widely used
square-shaped QAM signals. To demonstrate a modulation-format-independent signal
reception in a real EON transmission system, we have also proposed a blind and
universal DSP platform for the recovery of arbitrary modulation formats and even
time domain hybrid QAM transmissions. The proposed DSP platform is comprised of
two stages, e.g. an initialization stage and a tracking stage, to achieve rapid, robust
initialization of the transmission links meanwhile maintaining a steady, accurate
tracking ability. To avoid the use of training symbols several format-universal
algorithms has been developed for the initialization stage such as the joint timing
phase estimation and frequency offset estimation and modulation-format-independent
carrier phase estimation.

In chapter 4, a simple non-data-aided (or unsupervised) and universal cycle slip
detection and correction (CS-DC) technique based on locating the minimum of the
sliding average of twice estimated phase noise is proposed. We analytically derive the
probability density function of the CS detection metric and study how the sliding
window length and detection threshold affects CS detection performance. Simulation
results reveal significant cycle slips reduction for various modulation formats with a
residual CS probability of 2x 10~7for single carrier system even in unrealistic highly
nonlinear system setups. In addition, we show that a second stage of CS-DC with a

different sliding window length can further reduce the cycle slip probability (CSP) by
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at least an order of magnitude. We also show that CS-DC is tolerant to inter-channel
nonlinearities and residue frequency offset effects.
The conclusion is then made and possible research directions in the future are

discussed.
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Chapter 2 Low-Complexity and Phase Noise Tolerant
Carrier Phase Estimation for Dual-Polarization
16-QAM Systems

2.1. Introduction

The increasing demand for data traffic has continued to motivate research on more
spectrally efficient optical transmission systems to better utilize the valuable
bandwidth resources of the optical fiber [29], [30]. DP-QPSK operating at 100 Gb/s
with receiver digital signal processing (DSP) are now commercially available
[31]-[33]. In addition, 16-QAM with its higher SE of 4 bit/s’THz has become the
natural choice and thus promising candidate for next generation optical transmission
system beyond 100Gb/s per channel [34]-[36].

Carrier phase estimation is an integral part of DSP-based receiver through which
laser phase noise is compensated. For DSP-based receivers, blind and feed-forward
CPE are more desirable due to their algorithmic and implementation simplicity [37].
The tolerance of laser phase noise and hence performance of CPE generally degrades
for systems using high spectral efficient modulation formats and/or lasers with large
linewidths. Consequently, the vast majority of 16-QAM transmission experiments
demonstrated in recent years used external cavity lasers (ECL) instead of the more
cost effective distributed-feedback (DFB) lasers because of their narrow linewidths

[35]. Consequently, linewidth-tolerant and low-complexity CPE is critical for
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practical realization of 16-QAM transmission systems in future optical
communication systems. To this end, various feed-forward CPE algorithms for
16-QAM systems proposed to date stems from two fundamental approaches: 1) QPSK
partitioning schemes [38], [39] which were derived from classical Viterbi and Viterbi
phase estimation (VVPE) approach for QPSK signals [19]. However, QPSK
partitioning for 16-QAM systems introduces a more stringent linewidth requirement
compared to VVPE for QPSK systems; 2) blind-phase-search (BPS, also called the
minimum distance method) [21] that was originally introduced for more general
synchronous communication systems [22], [40]. BPS demonstrates higher linewidth
tolerance but comes with an expense of high computational complexity. Such
complexity can be somewhat lowered by reducing the number of ‘trial phases’
[41]-[44]. In these papers, two-stage strategies have been reported where BPS is used
in only one of the two stages as fine [41] or coarse [42] carrier phase estimator or
both stages [23], [43]. However, the computational complexity of such modified BPS
is not reduced significantly [44].

In this thesis, we extend our previous work [45] and propose a low-complexity
and phase-noise tolerant feed-forward CPE for DP-16-QAM systems by using QPSK
partitioning with maximum likelihood (ML) detection. In addition, as signals from
both polarizations are impaired by identical laser phase noise (up to a constant phase
offset due to path differences travelled by signals in different polarizations) in a

canonical DP system [46], [47], phase information from both polarizations are jointly

28



processed for better carrier phase estimation accuracy and hence improved overall
transmission performance. Simulation results for a 200 Gb/s DP-16-QAM system
demonstrates similar linewidth tolerance and a computational complexity reduction by
a factor of at least three compared with other feed-forward CPE techniques with large
linewidth tolerance reported in the literature. The performance of the proposed and
other feed-forward CPE techniques are also experimentally verified and compared
with. Such comparisons also serve as a good experimental assessment of various

feed-forward CPE for practical 16-QAM implementation of transmission systems.

2.2. Algorithm Design

Consider a DP-16-QAM system where the received signal is sampled and processed
in a DSP. After CD (and possibly nonlinearity compensation), timing recovery,
polarization demultiplexing, re-sampling to one sample per symbol and frequency
offset compensation, the n™ received symbol of the x-polariztion (y-polarization) can
be expressed as

Snx(y) = Pnx(y) - exp(jOnx(y)) + Znx(y) (2.1)
where byy = {+1+j,+3 +3j,+1+3j,+3 + )} are the DP-16-QAM signals,
Onxy) 1S the combined phase noise of the transmitter laser and LO at the receiver and
Znx) Models the collective ASE noise generated from inline amplifiers which are
complex circularly symmetric Gaussian random processes. Laser phase noise is

typically modeled as a Wiener process in which the phase difference between two
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adjacent symbols 6,11 x(y) — Onx() Can be modeled as zero-mean Gaussian random
variable with variance o2 = 2mAv - T, where T is the symbol period, Av is the
combined linewidths of the transmitter laser and LO.

The proposed CPE is a multi-stage algorithm consisting of QPSK partitioning,
phase offset (between signals in different polarization) compensation followed by an

ML detection. The block diagram of the CPE is shown in Fig. 2.1.
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Fig. 2.1 Block diagram of the first stage estimator of the proposed two-stage CPE composed of a

VVPE and a phase-offset cancellation block.

2.2.1. QPSK Partitioning for 16-QAM signals

For a 16-QAM constellation, only the part of the symbols whose modulation phases

can be eliminated by raising them to the 4™ power are suitable for the commonly used
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Viterbi and Viterbi phase estimation (VVPE) for QPSK systems. The identification of
such symbols for CPE is known as QPSK partitioning and is illustrated in Fig. 2.2
[39]. The symbols are classified into three rings (Class I (C1), Class 11 (C;) and Class
Il (C3)) according to their amplitudes. In the inner and outer rings, the symbols
belonging to C; for C3 can be viewed as two QPSK constellation sets and their

modulated phase can be eliminated by VVVPE and carrier phase can be estimated [19].
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Fig. 2.2 QPSK partitioning for 16-QAM signals based on the received signal amplitude. The initial

/o @
\o

estimate of the laser phase can be obtained by VVPE for Class | and Class 11 symbols.

To recover the phase of the n™ symbol Snx(y), @ vector of 2N+1 symbols Sy.n ...
Sn+n,x(y) are first normalized and partitioned and N is referred to as the filter half width
for the rest of the paper. If the symbols belong to Class | symbols (C;) or Class Il
symbols (Cs), they are first selected to be processed by modified VVPE [38]. Since
the outcomes of the two VVPEs from both polarizations should suffer from identical
phase noise up to a constant phase offset [47], this phase offset can be easily estimated

and compensated without much increase in computational complexity. The VVPE
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results from both polarizations are then summed up to reduce the effect of ASE noise.

The first stage carrier phase estimate 825tis then given by

4

, Six JOBoffset . Y, Siy
HﬁStl — % -arg <Zl:si,xEC1U63 +e Zl:si,yeclug ’ (2.2)

L,
|S:l:x| |Slfl:y

ie{n—N,..,n+ N}

where 0,¢s¢ is the phase offset estimate between two polarizations, and N is the
filter half width of a sliding summing window. It should be noticed that our QPSK
partitioning scheme does not require phase rotations on the Class Il symbols,
suggested in [39], and those symbols will be processed in a subsequent ML estimators

instead.
2.2.2. Phase-Offset Estimation

The phase-offset results in catastrophic error when signals on both polarizations are
summed up to estimate the phase noise [47]. Fortunately, this phase-offset can be
interpreted by simply observing VVPE outcome difference between x and vy
polarizations. However, ASE noise and incorrectly partitioned symbols can severely
worsen the phase offset estimates. One way of eliminating these two impairments is

by using the following recursive equation [47]

S4x S4x *
Qe = a [ls’;—l] : le’z—' + -1 - (1 — a), k: (s € CUC3)N(sky € CUC3) (2.3)

Qoffset = arg(Qk)/4 (2.4)
where a is a constant parameter, g, is the current phase-offset estimation. Note that

the phase offset estimation technique requires received symbols from both x and y
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polarizations at the same time slot to belong to C; or C3, which means only 1/4 of the
symbols, on average, are used to estimate O,rs.. As pointed out in [47], the
phase-offset is a constant or slow varying value, which is much longer than estimation

convergence time, so it is not unnecessary to continuously process the phase-offset

estimation.
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Fig. 2.3 Residue phase-offset and BER versus convergence length.
Fifty trials has been performed for each point, OSNR penalty is
1dB @ BER=1e-3 & Av - T,=2E-4.

In Fig. 2.3, both residue phase offset and BER versus convergence time are
plotted. The linewidth times symbol period product and SNR was set to be 2e-4 and
17.54dB, respectively, which are the same value to achieve BER of 1e-3 when there is
no phase—offset. Simulations of fifty trials with 2e18 symbols on each polarization are
performed. Both the residue phase offset and BER are well converged even only after
500 symbols. Thus, it is safe to set the convergence length to be 1000 symbols. After

the convergence, the slow time varying feature of phase-offset is experimentally
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studied. We experimentally investigated three possible methods: 1. continuously
updating 6., ; 2. periodically updating 6., in a longer time slot; 3. only updating
O at the beginning. In Fig. 2.4, method 2 updates 6. using the first 1000
symbols in every 10000 symbol block, while phase-offset is only estimated using the
first 1000-symbol time slot. As shown in the inset of Fig. 2.4, the residue phase-offset
is within negligible =+ 1.5e-2 rad for all the three methods, which is so small that the
three methods achieved the same OSNR penalty with the BER difference to be 2e-5 at
maximum, as shown in Fig. 2.5. Since the performance is the same, however method

3 favors the simplest complexity, we choose to use method 3 in the rest of the paper.
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Fig. 2.4 Estimated phase offset for various methods. (Method 1: Continuous, Method 2: Periodical,

Method 3: One True)
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2.2.3. Maximum Likelihood Detection

After all the received symbols are compensated by the estimated phase ¢*" and
6,.., they are fed into the second stage ML phase estimator. The 2" stage of the

proposed CPE is an ML estimator shown as in Fig. 2.6. The ML estimation of the

carrier phase ¢ is given by
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Fig. 2.6 Second stage ML estimator to improve estimation accuracy.

35



2.3. Simulation Results and Discussions

Simulations are conducted to study and compare the performance of the proposed
CPE with others reported in the literature. In particular, 2*® 16-QAM symbol
sequences on each polarization were used to obtain the bit error ratio (BER). The two
most significant bits of each symbol are differentially encoded to avoid cycle slips
[21]. The laser phase noise is modeled as a Wiener process, and different amount of

ASE noise is loaded to realize different OSNRs.
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Fig. 2.7 Optimal filter half width N for the first stage estimator vs. OSNR for different linewidth
times symbol duration products (Av - T). The symbol rate is 25 GBaud and each data point is
obtained by averaging the result of 10 independent trials.

It turns out that for the 1% stage estimator there exists an optimal filter half width
that minimizes the BER. The optimal width is determined by a trade-off between
additive ASE noise and laser phase noise: A larger filter width is preferred to average

out the additive noise while the de-correlation of laser phase noise over different
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symbols favors a short filter width. To determine the optimal filter width, we
performed extensive Monte Carlo simulations for different combination of laser
linewidths and OSNR and the results are shown in Fig. 2.7. The linewidth-symbol
duration product Av - T, ranges from le-6 to 5e-4 which covered the typical range of
currently used lasers in long haul transmission systems. Here, Av denotes the
combined linewidths of the transmitter and receiver lasers and Ts denotes the symbol
period.

Fig. 2.7 suggests that the optimum width decreases when linewidths and/or SNR
get larger and vice versa, in agreement with theoretical predictions. For Av - T as
large as 5e-4, the optimal filter half width N is found to be around six and vary
slightly with SNR. On the other hand, the optimal N becomes larger and more
sensitive to ASE noise when they are dominant, e.g. the optimal N ranges from 46 to
91 when Av-T,= le-6. For BER=1E-3 with 1dB penalty (compared to a system
using perfect laser with zero linewidth and gray encoding), the filter half width is
found to be N=12 when Av - T; is as large as 2E-4. Similarly, we can optimize the
second-stage filter half width M using the same approach. However, since a
considerate amount of the phase noise has already been compensated in the first stage
estimator, the optimal half width M of the 2" stage estimator is found to be quite
insensitive to Av - T, and/or OSNR. Consequently, we set the optimal N and M to be

12 and 3 for all the simulation and experimental results for the rest of the paper.
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Fig. 2.8 OSNR penalties versus linewidth times symbol duration product (Av - T) for

various feed-forward CPE techniques for 16-QAM systems.

In Fig. 2.8, various CPEs of single/dual polarization, sliding/block averaging and
gray/differential encoded approaches are simulated either to be consistent with their
original work or for ease of comparison. Unless specifically stated, the performances
represent single polarization, sliding averaging or differentially encoded approaches.
For fair comparisons, we mainly focus on sliding and differentially encoded
techniques. As shown in Fig. 2.8, that our proposed algorithm can tolerate (Av - Ts =

2e — 4 with OSNR penalty of 1dB.

2.4. Experimental Results

The experimental setup for the investigation of the proposed CPE for a 200 Gb/s
DP-16-QAM is shown in Fig. 2.9. External cavity lasers (ECL) or distributed

feedback (DFB) lasers with different linewidths ranging from 150kHz to 2.81MHz are
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used to investigate the linewidth-tolerance of various CPE algorithms. The linewidths
of the lasers are measured using self-heterodyne spectrum measurement technique
[48]. The laser source is split and used as LO as well for self-homodyne detection.
Here, a 12.5 Gb/s binary pseudo-random bit sequence (PRBS) of length 2'>-1 is
obtained by driving an Anristu MP1763B pulse pattern generator with one RF
synthesizer operating at 12.5 GHz. The signals are then split by a 3dB electrical
splitter, one delay line and a 2:1 Anritsu MU182020A-013 25Gbit/s Multiplexer to
generate two 25G two-level PRBS signals D and D, which are further attenuated,
relatively delayed and combined to generate two independent four-level signals to
drive an integrated LiNbO3 Mach-Zehnder (1/Q) modulator.

An erbium-doped fiber amplifiers (EDFA) and a frequency-variable band-pass
filter with 1nm bandwidth followed by a second amplifier and variable attenuator
were used to generate variable amount of ASE noise to realize different OSNR values.
An OSNR monitoring device comprising of one PC, one polarizer and an OSA is used
to monitor the OSNR. With the appropriate amount of ASE noise, the single
polarization 16-QAM signal is fed into a polarization multiplexer consisting of a PBS
and polarization beam combiner (PBC) and with a path length difference of 116.83ps
between polarizations, corresponding to 2.92 symbol period delays. It should be noted
that to resemble real transmission system, the path length difference between signals
in two polarizations are chosen to be relatively short so that one can obtain

statistically independent information symbols but the laser phase noise are correlated
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across different polarizations. The polarization-multiplexed signals are then
transmitted through 5km of SMF to de-correlate the laser phase between the

transmitter and local oscillator in our self-homodyne detection scheme.
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Fig. 2.9 Experimental setup for CPE performance investigation for a 200Gb/s
DP-16-QAM system. The 16-QAM signal is generated by applying two four-level
electrical signals to 1Q modulator, which are generated by combining two 25G/s
two-level signals with different amplitudes. PC: polarization controller; EDFA:
Erbium-doped optical fiber amplifier; OSA: optical spectrum analyzer; OBPF: optical
band-pass filter; SMF: single mode fiber; Pol. Mux: polarization multiplexer; PBS:

polarization beam splitter; PBC: polarization beam combiner.

At the receiver, the dual-polarization signals are sampled by a 50G Sample/s
real-time sampling scope at two samples per symbol and then processed offline by

DSP. The block diagram for the DSP algorithms is shown in Fig. 2.10. The samples
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are first processed with orthogonalization [49] for quadrature imbalance compensation
and four fractionally-spaced (Ts/2) 13-taps time domain finite impulse response (FIR)
adaptive filters for timing phase recovery, polarization de-multiplexing, DGD
mitigation and down-sampled to one sample per symbol. The FIR taps are updated
using the standard constant modulus algorithm (CMA), which is simple, robust, and
works independent of carrier phase. Since we used a self-homodyne scheme,
frequency offset compensation can be omitted. The signals are then passed into

various CPE techniques followed by symbol detection and BER calculation.
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Fig. 2.10 Receiver DSP block diagram for a 200 Gb/s DP-16-QAM system using
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self-homodyne detection. Two samples per symbol sequences from both polarizations
(I, Qx 1y, Qy) are first fed into orthogonalization algorithms to equalize quadrature
imbalance in modulator and detector imperfections, followed by a 13 taps T/2-spaced
FIR filters for timing phase recovery and polarization de-multiplexing. The output is
then down-sampled to one sample per symbol and passes into five different carrier
phase estimation techniques: BPS, BPS+ML, QPSK partitioning, single and dual

polarization QPSK partitioning+ML. The CPE outputs are then detected and BER is

calculated.

We experimentally compare the performance of five feed-forward CPEs including
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QPSK partitioning [39], single polarization BPS [21], single polarization BPS+ML
[42], our proposed single polarization QPSK partitioning+ML and dual polarization
QPSK partitioning+ML. For comparison, we utilized one ECL laser with linewidth of
150 kHz and five cost-effective DFB lasers with linewidths measured to be 0.45MHz,

1MHz, 1.5MHz, 2MHz and 2.81MHz [48].
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Fig. 2.11 OSNR vs. laser linewidth times symbol duration product (Av-Ty) for a
200Gb/s DP-16-QAM system obtained from experiments. The combined linewidth of
the transmitter laser and local oscillator are 0.3 MHz, 0.9 MHz, 2 MHz, 3 MHz, 4
MHz, and 5.63 MHz. At large laser linewidth, a BER of 1E-3 can only be achieved by

dual pol. QPSK paritioning+ML.

The OSNR penalties at BER of 1e-3 for different lasers with different linewidths
are shown in Fig. 2.11. The OSNR penalties are obtained by varying the amount of
ASE noise and recording the OSNR from the OSNR monitoring module when the
BER equals to le-3. The penalty difference between BPS and dual pol. QPSK

partitioning+ML increases from 0.01dB to 1.21 dB when Av - T, increases from
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1.2e-5to 1.7e-4. When Av - Ty is increased to 2.25e-4 (corresponding to a combined
laser linewidth of 5.63 MHz), a BER of 1e-3 can only be achieved using
dual-polarization QPSK partitioning+ML and dual-polarization BPS. No other CPEs

can achieve a BER of 1le-3 even at the highest OSNR (37.2dB) allowed in our setup.
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Fig. 2.12 Received signal distributions for Av - T, of 2.25e-4 and OSNR of 37.2 dB

using (@) QPSK partitioning (BER=2.8e-3), (b) BPS (BER=1.2¢-3), (c) BPS + ML

(BER=1.7e-3), (d) single pol. QPSK partitioning+ML (BER=1.4e-3), (e) dual pol.

QPSK partitioning+ML (BER=9.8e-4), (f) dual pol. BPS (BER=8.76¢-4).

Fig. 2.12 shows the received signal distributions using various CPE techniques
when the combined laser linewidth is 5.63 MHz and the OSNR is 37.2 dB. For QPSK
partitioning, BPS, BPS+ML and the single polarization QPSK partitioning+ML, the

received signal distributions have more residue phase noise as the outermost four

distributions are more ellipse-like. On the contrary, the proposed dual polarization
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QPSK partitioning+ML and the dual-polarization BPS demonstrate the good

performance and result in the BER below 1e-3.

2.5. Computational Complexity

The required hardware complexity of dual/single polarization BPS, BPS/ML, two
stage BPS, QPSK partitioning and the proposed method is compared. Except for the
QPSK partitioning method (originally proposed as block-based algorithm), all the
methods are implemented using interleaving parallel and sliding averaging scheme for
ease of comparison. Block-based complexity of our proposed technique can be found
in the Appendix. Here, P represents the number of parallelization paths, B is the
number of trial phases for the BPS-like methods [50]. In addition, although the
second-stage half filter length M is always smaller than N in the proposed CPE, we
still consider the worst case scenario and set 2*M+1=2*N+1=L, L denotes the
smoothing filter length. Without losing generosity and fair comparisons, we assume
the same 2P symbols for all the CPE techniques considered, i.e. P symbols on x
polarization and P symbols on y polarization are processed. To explicitly calculate the
complexity of proposed algorithm, the diagram of interleaving parallelization and

sliding based averaging is plotted in Fig. 2.13.
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Fig. 2.13 Block diagram of sliding based dual pol. QPSK partitioning+ML CPE.

Table 2.1 shows the complexity comparisons of the various feed-forward
algorithms studied in this paper. When discussing the complexity in comparison with
the BPS and BPS+ML schemes, we assume B=32 and 11 test phases respectively
(suggested by the original publications [21] and [42]), for 1dB sensitivity penalty at
BER=1e-3. For the two-stage BPS scheme, the numbers of trial phases (B) are
assumed to be 8 and 4 for the first and second estimation stages following [44]. From
Table 2.1, it can be seen that for various types of operations, the proposed dual
polarization QPSK partitioning+ML algorithm requires less than one third the real

multipliers used in two-stage BPS [44] and BPS+ML [50] and nearly one ninth of
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those used in dual polarization BPS and single polarization BPS. For other operations,
the proposed technique requires much less computations than other CPEs. Although
the QPSK partitioning method [39] is slightly simpler in terms of real adders, slicers,
memory units and LUTS, it is evident from previous section that the performance of
QPSK partitioning alone is noticeably worse than other feed-forward CPE techniques

studied here.

Table 2.1 Number of operations required for various feed-forward CPE techniques

Operations Dual Pol. BPS BPS+ML Two-stage QPSK Dual Pol. QPSK
BPS BPS partitionin  partitioning+ML
g block  sliding avg.

avg.

Real Multiplier — 12BP+4P 12BP 12BP+16P 12BP 60P 43P

Real Adder 2(2L-1)BP  2(2L-1)BP  2(2L-1)BP 2(2L-1)BP 3P-1 4LP-20P
+4(L-1)P

Slicer 2BP 2BP 2P(B+1) 2BP 2P 4P

Memory 2LBP 2LBP 2LP(B+1) 2LBP - 4LP

LUT - - 2P - 2P+2 3P

Comparators 2P 2P 2P 4P 5P 3P

LUT: look-up tables, P: number of parallel paths, L: smoothing filter length for sliding average methods, B: trial phases for

BPS-like algorithms (B=32, 11 and 12 for dual/signal pol. BPS, BPS+ML and two-stage BPS).

2.6. Summary

In this paper, we proposed a low-complexity and phase noise tolerant feed-forward
carrier phase estimation technique for DP-16-QAM systems using QPSK partitioning,
estimation of phase offsets between signals in different polarizations, and ML
detection. Convergence and time varying performance of phase-offset estimation has
been studied and experimentally verified. Simulation and experimental results showed

that the proposed CPE can tolerate a linewidth times symbol duration product
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comparable with the best feed-forward CPE techniques while the computational
complexity is at least one third time lower than the simplest feed-forward CPE
reported in the literature. High performance and simple techniques will favor
real-time implementation of advanced feed-forward carrier phase estimation

techniques in future systems using high SE modulation formats.
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Chapter 3 Modulation-Format-Independent Carrier
Phase Estimation and Universal Digital Signal

Processing for Elastic Optical Networks

3.1. Introduction

Extensive studies have already been conducted on feed-forward or feedback CPE for
different modulation formats including QPSK [19], 16-QAM [39][51][52] and
higher-order QAM signals such as 64- and 256-QAM [21][42]. On the other hand,
since the future Internet traffic is expected to be much more dynamic in all aspects,
research to enable flexible or elastic optical networking (EON) have recently
attracted a lot of attention [25][53].

In such systems, one of the key enabling technologies is software-defined
bandwidth-variable transceiver (BVT) capable of adjusting modulation formats
occupying different optical spectrum [54]. In addition to adjusting among a lot of
common modulation formats, BVT can be also used to generate time-domain hybrid
QAM (TDHQ) to realize full rate-adaptability [55][56]. From the perspectives of
receiver DSP design, a single, universal DSP platform that can accommodate all
formats including TDHQ during link initialization and tracking stages is highly
desired. In general, the flexible generation and reception of different modulation
formats with different spectral efficiencies using a single transponder will allow one

to optimize network efficiencies under dynamic bandwidth demands [57][58].
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Therefore, a common digital signal processing (DSP) platform applicable to all
modulation formats is instrumental and most desirable to facilitate future EON. To
this end, most of the DSP algorithms in a standard coherent receiver such as blind
estimation of link CD [59][60] and its compensation, frequency domain frequency
offset estimation [17] and constant modulus algorithm (CMA) are modulation format
independent. However, currently available carrier phase estimation techniques are
quite dependent on the modulation format and can range from the simple Viterbi
Viberbi phase estimation (VVPE) [19] or decision-directed phase lock loop (DD-PLL)
for QPSK signals to complex multi-stage blind phase search and maximum likelihood
(BPS +ML) for 64-QAM systems [42]. Therefore, it would be very desirable if a
common and universal CPE can adequately function for any M-QAM signals.

In this thesis, we propose a modulation-format-independent or universal CPE for
general square M-QAM systems based on a feedback architecture and derive a cost
function for phase estimation update that is independent of the signal modulation
format. For QPSK, 16-QAM, 64-QAM and 256-QAM signals, the proposed
MFI-CPE demonstrates similar OSNR performance, and laser linewidth tolerance to a
standard DD-PLL (S-DD-PLL) that requires the knowledge of the modulation format.
In addition, the proposed MFI-CPE outperforms a modulation-format-oblivious
(MFO)-DD-PLL that simply assumes QPSK decision rules irrespective of the actual
modulation format. In addition, we first propose a joint timing phase estimation(TPE)

and frequency offset estimation(FOE) algorithm based on examining the spectrum of
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received signal raised to the 4™ power and estimating the location and phase
differences between the spectral tones. The joint TPE/FOE will then be integrated
with the standard Constant Modulus Algorithm(CMA) and MFI-CPE [61] to form an
overall blind and universal DSP(U-DSP) platform. The blind U-DSP does not induce
any overhead, can accommodate modulation formats ranging from QPSK up to
256-QAM as well as TDHQ formats, and the convergence time is comparable with
other pilot symbols-based techniques. Tracking algorithms such as
decision-directed(DD)-least mean squares(LMS) and DD-phase lock loop(PLL) can
adequately function after initial convergence and thus the proposed blind U-DSP can
be a good candidate for fast link initialization and dynamic lightpath provisioning in

future flexible transmissions.

3.2. Operating Principles of Universal Carrier Phase Estimation and

Digital Signal Processing

The signal recovery platform is composed of two stages: i) an initialization stage that
can perform a blind, fast and universal data recovery; ii) a standard tracking stage to
track the slow varying channel distortions. Here, the vital issue is how to compensate
for the phase noise in the initialization stage since most of the existing CPE
technologies are modulation format specific. Also, the laser phase noise changes faster
than  other  distortions  making  the invention of the  novel

modulation-format-independent (MFI) CPE technique a necessity [61]. In addition,
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we also propose a joint TPE/FOE that can be combined with other
modulation-format-independent blocks such as CMA and MFI-CPE to form a blind
and universal DSP configuration as shown in Fig. 3.1. In the initialization stage, the
joint TPE/FOE is followed by standard CMA and then MFI-CPE for pre-convergence.
In the tracking stage, we will use DD-LMS and DD-PLL for 2"-stage convergence (if

necessary), data detection and BER calculation.

v

Initialization ‘/‘f—’ Tracking

TPR & FOE

Fig. 3.1 Block diagram of the proposed blind and universal DSP for rapid link

initialization.

3.2.1. Joint Timing Phase Estimation and Frequency Offset Estimation

We assume that received signals are coherently detected, sampled and first passed

through DSP blocks such as front-end corrections, CD estimation [60] and

compensation, which are blind and modulation-format-independent.  In one
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polarization, let
r(t) = e/ @ rot+*) 3 s p(t — IT — €T) (3.1)
be the equivalent continuous-time signal after CD compensation where
s, p(t), T, fo, s and ¢ are the information symbols, pulse shape, symbol period,
frequency offset, timing error and laser phase (assumed to be approximately constant
over a block of symbols) respectively. The block diagram of the proposed joint TPE
and FOE is shown in Fig. 3.2. The signal r(t) is first up sampled to 4 samples per
symbol, raised to the 4™ power and undergo Fourier Transform to obtain
V(f) = Flr* ()} = e/*PPy(f — 4fpo) - /27U~ ro)eT
. (lel‘leJ'Zﬂ(f—‘l-fpo)lT) (3.2)
where P, (f)is the Fourier Transform of p*(t) . A sample spectrum of v (f)is shown
in Fig. 3.2 for non-return-to-zero (NRZ) pulse transmissions. Like [17], the location
of the central tone can be used as a frequency offset estimate. To estimate the timing
error ¢ , we study the phases ¢, and ¢, of the tones at f =4f_ and f=4f__+1/T
respectively. In particular, as p(t), p*(t)and hence P,(f)are real and even in any
practical communication system, arg{P,(f)} =0. The phases ¢, and ¢, are given by
01 = arg{V (4fro)} = 4¢ + arg{},; s} (3.3)
@, = arg{V(4fro + 1/T)} = 21e + 4¢ + arg{y, se/*™} (3.4)
and hence the timing phase error can be estimated through

A__ P2—P1
€= (3.5
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Fig. 3.2 Proposed joint TPE and FOE and the spectrum of received signal raised to the

4" power for NRZ transmissions.

3.2.2. Modulation-Format-Independent Carrier Phase Estimation for Square

M-QAM Systems

Consider an M-QAM system where the received signal is sampled and processed in a
DSP unit. For simplicity purpose, we assume that all linear impairments, such as
chromatic dispersion, timing error, polarization impairments and frequency offset are
assumed to be perfectly compensated before carrier phase estimation. The n™ input
signal to the CPE can be expressed as

r(n) = s(n) - e/ + z(n) (3.6)
where s(n) denotes M-QAM signals, 6(n) is the combined transmitter and receiver
phase noise and z(n) models the collective ASE noise following complex circularly
symmetric Gaussian random process. The power of r(n) = s(n) - e/2™ + z(n) is

assumed to be normalized to 1 for simplicity. The laser phase noise is typically
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modeled as a Wiener process with a variance o2 = 2mAvT, where T, is the symbol
period, and Av is the combined linewidth of the transmitter laser and local oscillator
at the receiver.

An important task in the estimation of (n) is to remove the phase of the data.
Applying a power law nonlinearity [19][39][51] or decision-directed phase
estimates [21][52] are two common techniques used to eliminate the signal
modulation phase. The block diagram of standard decision-directed phase lock loop
(S-DD-PLL) for carrier phase estimation in [52] is aiven in Fig. 3.3. The
decision-directed carrier recovery loop uses the error between the output of the
equalizer and the corresponding decision and the phase update equation is given by

O(n+1) =0(n) —p-Imly(n)e*(n)] @.7)

where u is the step-size parameter, e(n) is the error signal and y(n) is the symbol to be

decided given by
e(n) =yn) —an) (3.8)
and
y(n) =r(n) - e~ o™ (3.9)
r(n) y(n) —Ja(n)
%@» Decision >
o)
A e
Delay e(n)

A v

S O(n+1) = 6(n) - wIm[ y(n)e™(n) ]
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Fig. 3.3 Block diagram of the standard decision-directed phase-lock-loop (S-DD-PLL)

for carrier phase estimation.

The S-DD-PLL gives an accurate carrier phase estimate but similar to the
majority of feed-forward CPE techniques, requires a-priori knowledge of the

modulation format so that the decision blocks can function properly.
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Fig. 3.4 Normalized M-QAM constellation and its distance from the ‘center of gravity’

d for MFI-CPE when the phase estimation error is (a) 9-6=0.(b) 6—o=10". Noted is
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that the different signals have common signal power but different central point. (c)

Cost function j (é, 9,0,5) versus phase estimation errorg—¢.

In contrast, to facilitate modulation format independent or universal CPE, one

would need to derive a cost function and the corresponding phase update equation that

A~

is common to all modulation formats and optimized when the phase estimate &

approaches the true phaseo. If we assume that only square-shaped constellation
formats such as QPSK, 16-QAM, 64-QAM and above are used in practice, the only
information to the U-CPE is that incoming signal should have a common

square-shaped constellation. In this case, we study the real and imaginary part of the
received signal y, =Re{y(n)} and vy, =Im{y(n)} and consider the cost function
J(0,6,d) = E[((Iyg]* = D)* + (Iy,|* = D)»?] (3.10)
where d somewhat represents the ‘center of gravity’ of the constellation in one
quadrant as depicted in Fig. 3.4(a) and (b). Now, for a given information symbol, one
can show that
Z ((yl2 = ) + Iy = d)*) =0 =d =05 (3.11)
i.e J is minimized d =0.5 irrespective of modulation format and estimation error
é-o0. Furthermore, as shown numerically in Fig. 3.4(c), J(é,g,o,s)is minimized at

é-o=oirrespective of the modulation format, thus illustrating thatj(é,g,o,s)Wi|| be a

suitable cost function to realize U-CPE. In this case, the corresponding phase update
equation is given by

2 2 0](m)
O(n+1)=8(n) — 5=

56



6(n) — ul(lyrl* — )* + (Iyi1* = D2lyr(M)y; (M) [yr(M)? — y1(n)?] (3.12)

where the ux, & and L are step size, error signal and feedback loop delay

respectively. The block diagram of proposed U-CPE technique is depicted in Fig. 3.5.

y(n) = r(n)-exp(-jo(n))

r(n) H(? i i >

a0
4 Re(.) Im(.)

Delay i Yr (N) iy. ()
A 2 2
Hwdn+ L) = H(n) — y[(yé (M)—05)" +(y?(n)—0.5) }

Ve (MY, (M] Y2 (M) -y (n) ]

Fig. 3.5 Block diagram of the proposed U-CPE. The ‘Delay’ block represents the total

number of symbol delays L due to possible number of parallelization paths [62]

multiplied by number of clock cycles needed for phase estimations.

3.3. Simulation Results

Fig. 3.6 and Fig. 3.7 show the FOE and TPE performance for 16-QAM signals at 20
dB OSNR. 4096 samples are used to generate v () and the transmitter and receiver
linewidth is 100 kHz. The frequency offset and timing phase can be accurately
estimated with residual frequency error as low as 1 MHz. Similar performance can be
achieved for other modulation formats as well. To improve its tolerance and
robustness to polarization and PMD effects, one can process 7,(t) +7,(t) and
1 (t) + jr, () in addition to 7,(t) and 7,(¢t) [63] to identify the polarization state

that gives the most prominent tones inv (f)for TPE and FOE. The robustness is
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evident from Fig. 3.6 and Fig. 3.7 as different angles between signal PSP and
polarization axis and different differential group delay(DGD) gives nearly identical

FOE and TPE results.

4 i i i T
—O—PSP=0 Degrees,DGD=0Ts
3|1 —8— PSP=22.5 Degrees,DGD=Ts/4
PSP=45 Degrees,DGD=Ts/2

Estimated FO (GHz)

True FO (GHz)

Fig. 3.6 Estimated vs. true timing phase offsets.
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Fig. 3.7 Estimated vs. true frequency offset for 16 QAM signals for difference signal

polarization states.

The performance of the proposed U-CPE is studied through simulations and
compared with S-DD-PLL in which the decision process assumes the knowledge of
the modulation format and MFO-DD-PLL in which QPSK decision process is used
irrespective of the actual modulation format of the input signal. In particular, 10x 22

symbol sequences were used to calculate the bit error ratio (BER) for 28 Gbaud/s
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QPSK, 32 Gbaud/s 16-QAM and 32 Gbaud/s 64-QAM systems and the BER vs.
OSNR (in dB/0.1nm) are shown in Fig. 3.8 using the three CPE techniques concerned.
The combined laser linewidths are selected as practical values, that is 1IMHz for
QPSK, 500kHz for 16-QAM and 100kHz for 64-QAM. The two most significant bits
of each symbol are differentially encoded to avoid cycle slips and different amount of
ASE noise is loaded to realize different OSNRs. The feedback delay L is set to be 10.
It is obvious from the figure that U-CPE performs better than MFO-DD-PLL but not
as good as S-DD-PLL. This is to be expected as S-DD-PLL does assume the
knowledge of modulation format. For a hard-decision-forward error correction(FEC)
threshold of 1E-3 and soft-decision(SD-FEC) threshold of 2E-2, U-CPE incurs
penalty of less than 1.5dB compared with S-DD-PLL while MFO-DD-PLL requires
an additional OSNR of 10.1 to more than 2 dB for 16- or 64-ary QAM signals with

BER larger than le-3.
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Fig. 3.8 BER vs. OSNR for QPSK, 16-QAM and 64QAM signals. Combined laser
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linewidth are 1MHz for QPSK, 500kHz for 16-QAM and 100kHz for 64-QAM signals.

The feedback delay L is set to be 10.

The OSNR penalties for 28GBaud/s QPSK systems with different linewidths and
feedback delays using S-DD-PLL and the proposed U-CPE are shown in Fig. 3.9. For
1dB OSNR penalty, S-DD-PLL can tolerate linewidths of 5.5MHz, 1.4MHz and 350
kHz when the feedback loop delay is 1, 10 and 50 symbols respectively while U-CPE
can only tolerate linewidths of 1MHz, 420kHz and 150 kHz for the same feedback
delays. This is most likely attributed to the fact that the cost function used in
S-DD-PLL assumes the knowledge of the modulation format and therefore is more
direct and give better performance while the cost function J(8,6) used in U-CPE
needs to incorporate a wide range of modulation formats. Noted is that the shortest
feedback loop delay can be reduced to 5 for both methods by using superscalar

technique [62].

4o soorLL ,
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Fig. 3.9 OSNR penalty vs. laser linewidth for 28GBaud/s QPSK systems using

S-DD-PLL and U-CPE for different feedback delays
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Fig. 3.10 OSNR penalty vs. laser linewidth for 32GBaud/s 16-QAM systems using

S-DD-PLL, U-CPE and MFO-DD-PLL for different feedback delays

The performance and OSNR penalties of S-DD-PLL, U-CPE and MFO-DD-PLL
for 16-QAM systems are shown in Fig. 3.10 for SD-FEC threshold of 2E-2. For
feedback delay of 1, 10 and 50 symbols and 2 dB OSNR penalty, S-DD-PLL can
tolerate linewidths of 3.38MHz, 1.43MHz and 390kHz, U-CPE can tolerate 2.03MHz,
1.02MHz and 310kHz while those of MFO-DD-PLL are 1MHz, 640kHz and 230kHz.
For all the linewidths and delay time combination, the OSNR penalties of U-CPE are
always below 0.5 dB comparing with S-DD-PLL while those of MFO-CPE become
larger with increased linewidth and delay time. To be noted is that U-CPE even
outperforms S-DD-PLL in the case when linwidth is larger than 1.4MHz (Delay=10)

and 1MHz (Delay=50).
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Fig. 3.11 OSNR penalty vs. laser linewidth for 32GBaud/s 64-QAM systems using

S-DD-PLL, U-CPE and MFO-DD-PLL for different feedback delays.

For 64-QAM systems, U-CPE can tolerate up to 420kHz, 270kHz and 120 kHz
linewidth when the feedback delay is 1, 10 and 50 symbols respectively while those
of MFO-DD-PLL are 80kHz, 60kHz and 55kHz as shown in Fig. 3.11. The OSNR
penalties of U-CPE are below 1 dB comparing with S-DD-PLL while those of
MFO-CPE exceed 1dB when the combined linewidths is larger than 100kHz for all
three delay lengths. Similar to the 16-QAM cases, if we increase linewidth larger than
1.2 MHz (Delay=10) or 200kHz (Delay=50), OSNR penalty of U-CPE become even
smaller than S-DD-PLL. The overall performance results indicate that with a fairly
small penalty, the proposed modulation-format-independent U-CPE performs closely
with S-DD-PLL that requires the knowledge of the modulation format. The tolerable
linewidths of the proposed U-CPE are summarized in Table 3.1 for various

modulation formats and feedback delays.
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Table 3.1 Linewidth tolerances for 2 dB OSNR penalty (1 dB for QPSK system) of the

proposed U-CPE for 28 GBaud/s QPSK and 32GBaud/s 16- and 64- QAM systems.

QPSK(28GBaud/s) 16-QAM(32GBaud/s) 64QAM(32GBaud/s)

Delay L=1 1MHz 2.03MHz 420 kHz
Delay L=10 420kHz 1.02MHz 270 kHz
Delay L=50 150kHz 310 kHz 120 kHz

We then study the performance of the three methods in presence of nonlinear
effects. Without loss of generosity, we study 64-QAM signal for example. The signals
is launched into a 4>80km standard single mode fiber with nonlinear index of 2.6°.
After reception with coherent receiver, the digitized signal is processed with
chromatic dispersion compensation, 31-taps butterfly filters updated with constant
modulus algorithm and the three CPE algorithm mentioned above. The output is
evaluated by counting BER using Monte Carlo method. Fig. 3.12 illustrates the
launch power versus BER. The maximum launch power are 2.19, 3.15 and 3.4 dBm

for Blind PLL, U-CPE and S-DD-PLL at BER=2e-2.
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Fig. 3.12 Launch power vs. BER for 64-QAM system. Linewidth is 100 kHz.

Another issue of CPE algorithms are their computation complexity. The
operations needed by U-CPE is 12 real multipliers, 6 real adders comparing with
S-DD-PLL’s 7 real multipliers, 5 real adders and 2 decision blocks. Although the
complexity is roughly two times that of S-DD-PLL, it is negligible considering the
resources occupied by CD compensation or other feedfoward CPEs.

The back-to-back performance of the proposed blind U-DSP for various
modulation formats are shown in Fig. 3.13. Around 4000 symbols are used for the
blind U-DSP to converge before BER calculation. An additional 1000 symbols for
DD-LMS/DD-PLL refines the filter taps and BER especially for 64-QAM signals and
above. In total, the blind U-DSP enables receiver DSP initialization in merely around
5000 symbols for any modulation format. The results presented here represent worst

case scenarios with timing error of¢=7/4, half-symbol period DGD and 45 degrees
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between signal PSP and polarization axis and similar results are obtained for other

timing errors and polarization states.
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Fig. 3.13 BER vs. OSNR for various modulation formats using the blind U-DSP

3.4. Experimental Results

Fig. 3.14 shows the schematic of the experimental setup. Two high speed Micram
DACs with 6 bit resolution together with two field-programmable gate array (FPGA)
boards were used to generate the electrical TDHQ signals. We conducted transmission
of 28 Gbaud NRZ signals applicable in the current 50 GHz ITU grid based systems.
The DACs were operated with one sample per symbol, i.e., 28 GS/s, and one external
cavity laser (ECL) was used as the light source for 1Q modulation. The modulated
optical signal was then passed through a PBS and a PBC with one branch delayed
in-between for a full de-correlation of the dual-polarization signal. After being

boosted, the signal was launched into a re-circulating loop, which consisted of four
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spans of 80 km standard single-mode fiber (SSMF) and four erbium-doped fiber
amplifiers (EDFA). At the receiver, a 0.4 nm optical filter and an ECL were tuned to
coherently receive the signal, followed by two real-time scopes with 80 GS/s

sampling rates to digitize the four-channel signals for offline processing.

Transmitter Coherent receiver

DP emulator |
PC A PBS PBC Pre-Amp [ . Real-Time
Laser |o [000) [ee'e) A & Q| Scope |
Source = ] 90° —% |
Hybrid -% y -
Q00 1 = Real-Time
4 Q[ Scope |
&
FPGA| FPGA

Fig. 3.14 Experimental setup for TDHQ transmission. ODL.: optical delay line; PC:

polarization controller; SW: switch.

Fig. 3.15 shows BER vs. OSNR for QPSK/8-QAM (2.5 bits/symbol) and
8-QAM/16-QAM (3.5 bits/symbols) TDHQ transmissions for various transmission
distances using the proposed blind U-DSP + DD-LMS/DD-PLL and training
symbols(TS)-LMS + DD-LMS/DD-PLL. The method in [60] is used for CD
estimation and for each transmission distance, the proposed blind U-DSP can
successfully initialize the receiver and the final BER performance is identical to
training symbol (TS)-LMS with DD-LMS/DD-PLL for 2"-stage convergence and
subsequent tracking. Furthermore, both the proposed blind U-DSP +
DD-LMS/DD-PLL and the TS-based technique requires 4096 symbols for
convergence, thus suggesting that the proposed blind U-DSP can be used for fast link

initialization even for TDHQ transmissions.
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Fig. 3.16 BER vs. distance for 28 Gbuad 8-QAM/16-QAM TDHQ transmissions.
3.5. Summary

In this paper, we proposed a modulation-format-independent or universal CPE
(U-CPE) technique based on a feedback architecture with a cost function for phase
estimation update suitable for all square-shaped constellations. Comparing with the
standard S-DD-PLL, the proposed U-CPE only require less than 1dB OSNR penalty

to achieve the same BER for various formats up to 256-QAM. For different feedback
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delays and laser linewidths, it is shown that the proposed U-CPE performs closely
with S-DD-PLL and gives distinctively better results compared with a DD-PLL
without prior knowledge of the modulation format. We also proposed a joint TPR and
FOE that is combined with modulation-format-independent CPE to form a blind and
universal DSP platform applicable to arbitrary modulation formats and TDHQ
transmissions. The initialization time for the blind and universal DSP is comparable
with other techniques using training symbols. The proposed blind U-DSP can be used

for rapid link initializations in future EONs.
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Chapter 4 Non-data-aided and Universal Cycle Slip
Detection and Correction for Coherent

Communication Systems

4.1. Introduction

Over the past few years, numerous digital signal processing (DSP) techniques have
been developed to estimate and recover the laser phase for QPSK, 16-QAM systems
and beyond. However, most CPE techniques suffer from the problem of cycle slips
(CS) in which the received signal are phase rotated by integer multiples of z/2 and can
potentially lead to catastrophic detection errors.

To cope with this problem, one can use differential encoding where information is
encoded in the difference between neighboring bits/symbols. On the other hand, as
soft decision-forward error correction (SD-FEC)-based transmission system become
the standard choice for systems beyond 100Gb/s, differential encoding is not preferred
as it induces an extra OSNR penalty for signals entering into the SD-FEC decoder
[37][64][65]. To this end, turbo decoding was proposed to reduce the extra differential
encoding penalty [66]. However, it was also shown that the correction capability of
FEC depends on the CS occurrence probability. For example, turbo decoding exhibits
an error floor when CS probability exceeds 10 and might cause total decoder failure.

Alternatively, numerous other differential-encoding-free techniques were

proposed which basically involves either inserting pilot tones or pilot symbols at
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regular intervals [67][68]. Pilot symbols are slightly easier to be incorporated while
inserting pilot tones may require additional transmitter complexity and inevitably
sacrifices signal power. However, trade-off has to be made between CS robustness
and spectral efficiency. In most recent high SE system demonstrations, the amount of
pilot symbols are kept sufficiently low to minimize the impact to SE, rendering the
system susceptible to burst errors and hence require more robust FECs with increased
code interleaving depth [69]. Several pilot-aided CPEs have already been modified in
an attempt to mitigate the CS-induced burst-error impact [70][71][72]. In addition, a
fully blind or non-data-aided CS compensation technique has recently been proposed
by using block polarization coding which, however, is only applicable to BPSK
systems [69]. This is becoming a serious drawback as optical communications are
moving towards flexible transmissions and elastic optical networks(EON) which
simultaneously support signal transmissions with multiple modulation formats.
Modulation-format independence or universality has become an important attribute to
any digital signal processing(DSP) algorithm in next generation transceivers [73].
Thus, it would be highly desirable to have a non-data-aided and universal CS
detection and correction technique with minimal additional transceiver complexities.
In [74], we have proposed a blind CS detection and correction (CS-DC) technique
that can be appended to any CPE algorithm. The CS-DC examines the sliding average
of twice estimated phase noise e/’ and it is shown numerically that the magnitude of

such average undergo an abrupt drop when CS occurs. Therefore, locating the abrupt
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drops and studying the corresponding phase evolution at that time allow one to detect
and correct CS. In this thesis, we extend our investigation and analytically derive the
probability density function of the sliding average, which allow us to optimize the
sliding window length and threshold for CS detection. Simulation results show that
even for unrealistic long-haul systems with high nonlinearity, the proposed CS-DC
can substantially reduce the CS probability in both single carrier and Nyquist
wavelength division multiplexing (WDM) systems. Furthermore, we show that
cascading a second stage of CS-DC can successfully detect and correct multiple cycle
slips that are close to each other and further reduce the CS probability by at least one
order of magnitude. In the end, the tolerance of CS-DC to residue frequency offset
(FO) is also studied. The proposed CS-DC is simple, non-data-aided and universal
and can be used in conjunction with turbo differential decoding [66] or other pilot

symbol/tone based techniques to mitigate CS to the largest possible extent.

4.2. Principle of Non-data-aided and Universal Cycle Slip Detection

and Correction

Consider a digital coherent system using QPSK, 16-QAM or other common
single-carrier modulation formats. For simplicity purpose, we neglect fiber
nonlinearity and WDM effects and assume that linear transmission impairments such
as chromatic dispersion and polarization-mode dispersion has been compensated by

appropriate signal processing algorithms preceding the CPE. With symbol-rate
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sampling, the i signal in one polarization going into the CPE unit of the overall DSP
platform is given by

1 = s;e/% + n; (4.1)
where s; denotes the information signal, ¢, is the combined phase noise of the
transmitter laser and local oscillator at the receiver with linewidth Av and n;
collectively models ASE noise generated from inline amplifiers which are complex
circularly symmetric Gaussian random processes. Laser phase noise is typically
modeled as a Wiener process in which the phase differences between two adjacent
symbols ¢, —¢ are modeled as zero-mean Gaussian random variables with variance

o*=2zAvT, and symbol period Ts.

r ®;
> Any CPE > Decision
— Cycle slip detection |€€ > d.
1
l & 4

Cycle slip correction Revised 3

Decision

Fig. 4.1 Block diagram of the proposed CS-DC technique. The received signal r, and
decided symbol d; are used to formy and the magnitude of its sliding averagez. When
CS occurs at ics, z,undergo an abrupt drop and this very feature can be used to identify

the presence of CS. To correct the CS, one can then evaluate the evolution of estimated

phase 4 around ics to determine if 5 should be rotated by z/20r—z/2.

The block diagram of cycle-slip detection and correction is shown in Fig. 4.1. For

practical 100Gb/s, 400Gb/s and super-channel transmission systems, o’=27AvT, is
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small enough such that the laser phase e!” can be considered as a slowly varying
process. When a cycle slip occurs, however, the estimated phase noise ¢ will
considerably deviate from its true value ¢ . In particular, let d; be the detected
symbols from the CPE output and consider

= BN~ g = o et @2
where M is an integer determined by the degree of symmetry of the signal
constellation. For instance, M is 4 if a 8-phase shift keying (8-PSK) constellation is
used. Without loss of generality, we focus on square-shaped QAM signal with a phase
ambiguity of n/2 and the corresponding M is set to be 2 for the rest of this paper.
Therefore, if a cycle slip occurs at ic, yi will approximately be the negative of itself
before and after ic. Thus, if we consider the summation of y; over a window length

K+1, i.e.

K
i+

j— 2
zi =X % kVk
k=l—;

J(K+1)

o J(K+1) (4.3)

. K
+—- fo
2 2
Z ._E e] Pk
2

z; should have a minimum at ics as shown in Fig. 4.2. Such minimum can be used to
detect cycle slips. To correct such cycle slips, one can study the evolution of the
estimate phase e around ics and determine whether the CPE has incorrectly rotated

the signals by —z/2 or #/2.
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Fig. 4.2 Estimated phase evolution indicating the presence of cycle-slips and (b)

evolution of the corresponding parameter z; for CS-DC.
4.3. Theory Analysis of Cycle Slip Detection and Correction

We will begin our analysis with the summation of y; over a window with length K+1.
Since K+1 is typically larger than 50, the effect of ASE noise will be considerably
averaged out and suppressed and hence can be neglected. In this analysis, nonlinear
effects are not considered for simplicity purposes and simulation results on nonlinear

transmission systems (described in the next section) show that nonlinear impairments
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are second-order effects of the analytical insights developed herein. In addition, we
assume no detection errors in the window of K+1 symbols except when a cycle slip
occurred at the center of the window, which will be followed by catastrophic detection
errors till the end. When there are no cycle slips, the sum of y; over a window with
length K+1 is given by
XKk+1 = Zf;’ffi/z Y = Zii’ffi/z el2%k (4.4)
which can also be expressed as
Xyqq = €I2Pi-K/2 ( (1 +e/b2(1+ ej¢1))> (4.5)
where ¢, = 2(<pi+§_k+1 — <pi+§_k) are independent identically distributed (i.i.d.)
zero-mean Gaussian random variable with variance o2 = 8mAvT;. For the purpose of
studying the magnitude of x.,, we can set the phase ¢, ,,, =0 without loss of
generality. Furthermore, xx+1 can also be recursively expressed as
Xper1 = /PR (1 + x) (4.6)

withx =e’ . The probability density function (pdf) f, (r.6)of x will then be given

by

rsinf

frrar 1 0) = fr, (\/1 + 12 — 2rcosf, tan™?! (—) * fo (9)) 4.7)

rcosf—1

where f4(8) is the pdf of ¢ and+denotes convolution. The pdf of the magnitude is

Zgtimocs = |Xk41l/(K + 1) (4.8)

which is the quantity of interest, is obtained from marginalizing f,_ (r,6)over ¢and

scaled by K+1 i.e.

Frcormocs@ = K+ 1) [ oo (K + Dr,0)do (4.9)
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When a cycle slip occurs at the center of the summing window followed by

catastrophic detection errors, one can set ¢, = 0 without loss of generality and

ZK+1|cS =

i+§ eJ'Z(wkiTz—r)

Z;;li—ﬁ e+ 143, % J(K+1)
2
S g0t 1 -3 2 ekl /(K + 1), (4.10)

2

In this case, the two summation terms in (4.10) are i.i.d. with pdf+, (r,¢)and the

pdf of zx.qcs can be

obtained by similar derivations outlined above. Fig. 4.3 (a) and

(b) depicts the pdf of xe; with and without CS and compared with Monte Carlo

simulation results obta

and zgq|cs are shown

ined from 10° independent realizations and the pdf of Zg1|nocCs

in Fig. 4.4. It can be seen that the analytical derivations agree

well with simulation results. Also, the analytical derivations are particularly useful for

our CS analysis as they enable us to study scenarios with low CS occurrences, which

are otherwise prohibited by simulations that require excessively long times.

Im{Xy. 1}
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Fig. 4.4 Probability density function of zgqcsand Zgqjnocs- The linewidth duration
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The proposed CS-DC technique detects cycle slips by examining whetherz, is
smaller than a threshold Z,, . The threshold should be set to minimize the cycle slip

probability P, after CS-DC, given by
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Ppost = Ppre * Priss + (1 + Ppre) “ Pry (4-11)

Where B, isthe CS probability before applying CS-DC,

Pea = I Frrcapmo s (6)dS (4.12)
is the probability of misidentifying a CS when there is none (referred to as false alarm
probability hereafter), and

Prniss = Jy. Friunics(9)dS (4.13)
is the probability of failing to identify a CS when there is one.

Fig. 4.5 shows the CS probability Py after CS-DC for different thresholds z, and
K. It can be seen that the optimum threshold becomes smaller with increasing
averaged window length. With Py of 10, for example, the optimum threshold
decreases from 0.6 to 0.5 when the average window length doubled from 41 to 81.
Also, Pyost increases with K as the laser phase noise correlation weakens with time.
The results further suggest that the optimum threshold does not change drastically
with respect to window length and thus we can fix our threshold to be 0.5 for the rest

of this paper.
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Fig. 4.5 Peeg versus Z, with different Per for (a) K+1=41, (b) K+1=61 and (c) K+1=81.
4.4. Simulation Results

Simulations are conducted to investigate the performance of the proposed CS-DC
technique for PM-QPSK and PM-16-QAM systems. The CS occurrence probability
before and after CS-DC is shown in Fig. 6 for 112 Gb/s PM-QPSK transmissions over
2400km and 7200 km with various optical signal to noise ratio (OSNR, in dB/0.1nm)
and CPE lengths. In particular, 340M symbol sequences for each data point with
gray coding were transmitted through a link consisting of multiple spans of 80-km

SMF with inline optical amplifiers. The signal launched power is chosen to be 4 dBm,
79



significantly more than the typical launch power of 0 dBm or below so as to increase
the amount of CS occurring instances. The laser linewidths of both transmitter and
local oscillator are 100kHz which is typical for external cavity lasers(ECL). The
receiver DSP unit includes chromatic dispersion compensation [75], polarization
de-multiplexing [75] and CPE using Viterbi & Viterbi phase estimation (VVPE)
method [19]. The window length for CS-DC is K+1=401. The missed cycle slips are
identified by examining the bit errors patterns in a 200-symbol sliding window after
carrier phase recovery or CS-DC. If the BER in the window is more than expected, i.e.
0.1, a cycle slip is assumed to have ocurred in this window. Then, the correction
algorithm de-rotates the recovered data at the middle of the window with three other
possible ambiguous phases and assumes the one with lowest BER to be the actual
phase estimate. The whole process is carried out until the whole set of data is
correctly decoded. The cycle slip probability (CSP) is calculated by dividing the
amount of missed CSs with the length of the whole data set. It is obvious from Fig. 6
that CS-DC can appropriately detect and correct cycle slips and substantially reduce
the CS probability by nearly two orders of magnitudes. In addition, when the CPE
half-length exceeds 50, no CS has been identified except for the case of 16dB OSNR
at 7200km in which the BER is as high as 5x102, an impractical system setup. In
more realistic system configurations with moderate launch power and adequate OSNR
for a given transmission distance, all cycle slips are perfectly detected and corrected

through CS-DC.

80



10°- k L | - OSNR=12dB
-=--OSNR=14dB
o --+--OSNR=16dB
210" OSNR=18dB
I N OSNR=20dB
I N wio CS-DC
S 10%, N e —w/ CS-DC
= E“\ Ny o 2 stage CS-DC
L) ‘\\‘ ss\‘ A
Q -6 AN \.
> 105 AN
O] ™ \\
™ o
-7 . . . . . . .
10 10 15 20 25 30 35 40
CPE half-filter length
(@)
10— -+~ OSNR=16dB

-=--OSNR=18dB

&)
T

10 -+~ OSNR=20dB
T OSNR=22dB
10°E ‘:::::EEEZ::ZQ ____________ w/o CS-DC
*=::8222] —w/ CS-DC

] o 2 stage CS-DC
\\ B

20 25 3 35 40 45 50
CPE half-filter length
(b)

&

Cycle slip probability
=
(=)

>

i
O‘

4

N
o.

Fig. 4.6 CSP with and without the proposed CS-DC technique for a single carrier
112Gh/s PM-QPSK system with various OSNR and CPE lengths over a (a) 2400 km
and (b) 7200 km link. The signal launched power is 4 dBm and the laser linewidths are
100kHz. Without CS-DC, the amount of CS for each data point ranges from 10s to
more than 1200. With two-stage CS-DC, the CS probability is driven down to 0 most

of the time and at most 10-6 under highly unrealistic system conditions.

The performance of the proposed CS-DC technique for 224bit/s PM-16QAM
transmissions over 1200 km and 2400 km are shown in Fig. 7. 340M 16-QAM
symbols are generated and the receiver DSP include CD compensation [75], constant
modulus algorithm for pre-convergence followed by the cascaded multi-modulus
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algorithm [76] and the CPE used is QPSK partitioning + maximum likelihood phase
estimation method [51]. Other 16-QAM CPE techniques such as blind phase search
[77][78] also gives similar CS-DC occurrences. The window length for CS-DC is
K+1=301. The proposed CS-DC technique can reduce CS probability by at least an
order of magnitude and essentially eliminate all cycle slips as long as the CPE

half-filter length exceeds 30 taps.
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Fig. 4.7 CSP with and without the proposed CS-DC technique for a single carrier 224
Gb/s PM-16-QAM system with various OSNR and CPE lengths over a (a) 1200 km

and (b) 2400 km link. The launched power is 4 dBm and the laser linewidths are
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100kHz. Without CS-DC, the amount of CS for each data point ranges from 10s to
more than 1700. With the proposed two-stage CS-DC, the CS probability is driven

down to 0 most of the time and at most 310" under highly unrealistic conditions.

To study the impact of inter-channel nonlinearities, simulations have been
conducted for a 5x112Gbit/s PM-QPSK Nyquist-WDM system over a 2400km SMF
link and a 5>224Gbit/s Nyquist-WDM PM-16QAM system over a 1200km SMF link.
The channel spacing and bandwidth are set to be 50GHz and 40GHz respectively. The
launch power for each channel is 4dBm and the laser linewidths are 100 kHz. Fig. 4.8
(@) shows the CSP versus CPE half-filter length for the middle channel. Although
more CSs have been observed comparing with single channel cases, the CS-DC
algorithm still achieves notable CS reduction of at least one- and two-orders of
magnitudes respectively for the one-stage and two-stage strategies. Without CS-DC,
the amount of CS for each data point ranges from 10s to more than 2400. With 2-stage
CS-DC, the CSP is driven down to 0 most of the time and at most 8<10°® under highly
unrealistic system conditions. Fig. 4.8 (b) shows the CSP versus CPE half-filter length.
Comparing with single-carrier systems. Without CS-DC, the amount of CS for each
data point ranges from 10s to more than 1700. With the proposed 2-stage CS-DC, the
CSP is driven down to 0 most of the time and at most 7x10® under highly unrealistic
conditions. This proves that the algorithm works effectively for the PM-QPSK signal

in presence of inter-channel nonlinearities.
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Fig. 4.8 CSP without CS-DC, with 1-stage CS-DC and with 2-stage CS-DC techniques

for (a) 5x112Ghit/s PM-QPSK Nyquist-WDM system over 2400km SMF link and (b)
5>224Gbit/s PM-16QAM Nyquist-WDM system over 1200km SMF link with various
OSNR and CPE lengths. The signal launched power is 4dBm per channel and the laser
linewidths are 100kHz. Without CS-DC, the amount of CS for each data point ranges
from 10s to more than 2400. With two-stage CS-DC, the CSP is driven down to 0 most
of the time and at most 810 and 7x10°® respectively for QPSK and 16QAM signals

under highly unrealistic system conditions.

To further improve the CS mitigation performance, we can cascade an additional
stage of CS-DC with a different window length K,+1 after a first stage of CS-DC with
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window length K;+1 as shown in Fig. 4.9. This helps to detect and correct multiple
cycle-slips that occurred close to each other and a first stage of CS-DC fail to
correctly identify and correct all of them. With the two-stage CS-DC, Fig. 4.6-Fig. 4.8
show the final CS probability for QPSK and 16-QAM transmissions can be further
reduced by ten times to below 10 and 10 for single channel and WDM systems
respectively. The window length for the second-stage CS-DC is 600 and 450 for
QPSK and 16-QAM transmissions respectively. Furthermore, the required CPE
average length to achieve zero CS probability is shortened. This offers more
flexibility for CPE length design and is beneficial to the systems with large laser
linewidths. We emphasize that we intended to exemplify CS occurrences by studying
highly non-linear and unrealistic system setups and the proposed CS-DC can virtually

detect and correct all CS for more realistic and practical scenarios.
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Fig. 4.9 Block diagram of two-stage CS-DC with different window lengths K;+1 and
K,+1. The structure can help detect and correct multiple cycle-slips that occurred close

to each other such that a single CS-DC may fail to identity all the cycle slips correctly.
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It is unquestionably clear from the simulation results above that a longer CPE
filter length is desirable in suppressing cycle slip occurrences. However, it is also
known that increasing CPE filter length affects phase tracking capability especially in
the highly nonlinear transmission scenarios [66]. To this end, Bisplinghoff et al.
proposed to use a shorter CPE filter with half-filter length Ny in addition to a longer
one in parallel to form a slip-reduced CPE (SR-CPE) [77]. We can show that one can
append CS-DC to another other algorithms to further improve CS mitigation
performance. We reproduced the channel model in [77], simulate a single channel 112
Gbit/s PM-QPSK system with 210M symbols on each polarization and compare the
performance between SR-CPE and SR-CPE+CS-DC. For various Nj, the required
OSNR for a differentially decoded BER of 0.04 (target for turbo decoding) [77] and
the CS probability is studied and shown in Fig. 4.10. Combined laser linewidth is set
to be 200 kHz and the correlated nonlinear phase noise standard deviation is set from
0.2 rad to 0.8 rad [77] to investigate worst case scenarios. Compared with SR-CPE,
the CS probability of SR-CPE+CS-DC is reduced by more than 10 times to well
below 2x107 which is much lower than the upper tolerance of turbo differential
decoding of 10™ [66]. In addition, the best OSNR can be achieved by optimizing N; to

be 4.
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Fig. 4.10 CSP and required OSNR at BER of 0.04 for VVPE, SR-CPE and
SR-CPE+CS-DC. N; and N, are half-filter lengths of short and long filers respectively

in SR-CPE.

In the practical systems, frequency offset cannot be fully compensated before
carrier phase recovery. Thus, it is of great importance to study CS-DC’s tolerance to
residue FO. For residue-FO tolerance investigation, tens of normally distributed
frequency offsets are added to the input signal of carrier phase recovery. Here, the
mean square error (MSE) of residue FO is defined as [78]

MSE = E[|Af - T,|?] (4.14)
where T denotes the symbol duration and Af denotes the difference between the actual
frequency offset and the estimated frequency offset.

Fig. 4.11 (a) shows the CSP versus the MSE of residue frequency offset for a
112Gbit/s PM-QPSK system over 7200km SMF link. The MSE of the residue FO is

swept from 107 to 710°. The launch power is 4dBm. The OSNR is set to be 16 dB
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which is the worst case scenario. For the 1-stage CS-DC, no penalty has been noticed
until the MSE becomes larger than 6x10°°. For the 2-stage CS-DC, the missed CS rate
does not change much until MSE is larger than 4x10°. This is equivalent to a FO
estimation error of 1.77 MHz for a 28GBaud system. Since the achievable MSE is
around 10 it is safe to conclude that CS-DC is robust against residue FO [78]. We
have also studied the impact of residue FO on the optimum average length. Extensive
simulations with average lengths of 100, 200, 300 and 400 symbols have been
conducted. Due to the residue FO, the best average length is 100 for the 1-stage
CS-DC while the optimum length for the 2-stage CS-DC is found to be 200. This is
because the phase noise evolution dynamics of most of the missed CS after the first
stage CS-DC happens gradually, and therefore, average window with a length of 100
is not sufficient anymore. It also explains why the 2-stage CS-DC is more susceptible
to residue FO.

Then, the same investigation has been conducted for a 224 Gbit/s PM-16QAM
transmission system over 2400km SMF link as shown in Fig. 4.11 (b). The launch
power is 4dBm and the OSNR is set to be 18 dB. The tolerable residue FO is
compromised as the modulation order becomes higher. Nonetheless, the 1-stage
CS-DC s still quite robust when the MSE is smaller than 10® while the 2-stage
CS-DC can tolerate residue FO with MSE up to 10”°. This is still 1000 times larger
than the tolerable MSE considered in [78], and is equivalent to a FO estimation error

of 885 kHz for a 28GBaud system. The best filter length is 100 for the 1-stage CS-DC
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while the optimum filter length for 2-stage CS-DC is 200.
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Fig. 4.11 CSP without CS-DC, with 1-stage CS-DC and with 2-stage CS-DC for (a)
112Gbit/s QPSK transmission system over 7200km SMF link and (b) 224Gbit/s
16QAM transmission systems over 2400km SMF link with various residue FO MSE.
The CPE half-filter lengths are set to be 10 and 15 for QPSK and 16QAM respectively.
The launch power is 4dBm. The OSNRs are set to be 16 dB and 18dB respectively for
QPSK and 16QAM. K denotes the average length of CS-DC. The best average lengths

are 100 and 200 for 1-stage and 2-stage CS-DC respectively.
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4.5. Summary

We proposed a non-data-aided (or unsupervised) and universal CS-DC technique
based on locating the minimum of the sliding average of twice estimated phase noise.
The technique is independent of modulation format and choice of preceding CPE
algorithms, which potentially enable the use of soft decision-forward error correction
(SD-FEC) without regularly inserted pilot symbols. We analytically derived the
probability density function of the CS identification metric and characterize the
amount of CS reduction with the proposed CS-DC technique. Simulation results show
that the CS-DC can reduce CS occurrence probability by orders of magnitudes even in
systems with excessive noise and nonlinear impairments. In addition, the proposed
CS-DC technique is tolerant to inter-channel nonlinearities and residue frequency
offset effects and can be appended to other CS mitigation techniques reported in the
literature. As CS mitigation is the primary objective of regularly inserting pilot
symbols in practice, the blindness and universality of the proposed CS-DC technique
may hold key to finally break such conventional wisdom and pave the way to
practical implementation of non-data-aided and universal transceivers for coherent

communications.
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Chapter 5 Conclusions

The dissertation investigated and developed two advanced carrier phase estimation
techniques each for high spectral efficiency transmission and elastic optical networks.
In addition, a cycle slip detection and correction technique is also proposed for future
long-haul coherent optical transmission systems. All the proposed techniques are
numerically or experimentally investigated to investigate their tolerance to various
system impairments such as polarization state rotation, polarization mode dispersion,
frequency offset, laser linewidth, and fiber nonlinearities.

For the spectral efficient systems using PM 16-QAM signal, a low-complexity
feed-forward carrier phase estimation technique is presented in chapter 2. By
combining QPSK partitioning, maximum likelihood detection, and phase offset
estimation between signal in different polarizations, simulation and experimental
results for 200 Gb/s DP-16-QAM system demonstrate similar linewidth tolerance to
the best feed-forward CPE reported while the computational complexity is at least one
third time lower compared with other simplified feed-forward CPE techniques.
Simulation and experimental results showed that the proposed CPE can tolerate a
linewidth times symbol duration product comparable with the best feed-forward CPE
techniques while the computational complexity is at least one third time lower than
the simplest feed-forward CPE reported in the literature.

A modulation-format-independent or universal carrier phase estimation technique

is proposed for 4-, 16-, 64- and 256-QAM transmission systems for the future elastic
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optical networks in chapter 3. The proposed U-CPE eliminates the need to know the
signal modulation format by using a cost function in the phase estimation update that
is common to all square-shaped constellations. The U-CPE maintains close OSNR
performance and linewidth tolerance with standard decision-directed phase lock loop
that requires the knowledge of the modulation format and outperforms a
modulation-format-oblivious-DD-PLL in which QPSK decision rules are used
irrespective of actual modulation format of the signals. Simulation results show that
the proposed technique has a reasonable laser linewidth tolerance for all the
modulation formats even the higher order formats like 64-QAM. To demonstrate a
complete modulation-format-independent signal reception system, a blind and
universal DSP platform containing a new joint timing phase and frequency offset
estimation technique and proposed MFI-CPE is proposed. The platform has been
numerically investigated in terms of its tolerance to sampling timing offset, carrier
frequency offset, polarization state rotation as well as polarization mode dispersion.
Compared with the conventional training symbol aided techniques, the proposed DSP
platform is capable of recovering multiple high-order modulation formats as well as
the TDHQ signal only using similar initialization time as demonstrated by the
experiment results indicating its effectiveness in future fast and flexible elastic optical
networks.

The fourth chapter proposes a cycle slip detection and correction technique for

compensating the catastrophic phase slip problem in the future coherent transmission
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systems employing advanced software-defined forward error corrections. The
proposed CS-DC is a simple non-data-aided or unsupervised technique based on
locating the minimum of the sliding average of twice estimated phase noise. As it is
blind to modulation format and CPE techniques used, the proposed CS-DC can be
appended to any CPE and other cycle slip mitigation technologies. In order to
evaluate the post corrected cycle slip ratio, we have numerically investigated the
missed cycle slips through extensive Mont-Carlo simulations for 112Gb/s PM-QPSK
and 224Gb/s PM-16-QAM systems with various OSNR, CPE averaging length,
residue frequency offsets, and inter-channel nonlinearities. We also build up an
analytical model to describe the post-correction cycle slip probability (CSP). In the
end, a two-stage CS-DC technique is proposed with two CS-DCs cascaded together.
With this modified CS-DC the post-correction CSP can be further reduced by one
order of magnitude down to nearly 1x10"". Overall, the proposed CS-DC technique
can be used to maximize the ability of CS mitigation in the next generation

high-speed and high spectral efficiency optical transceivers.
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Chapter 6 Future Perspectives

Recently, spectrum efficient transmission systems using advanced modulation
techniques beyond 16-QAM begin to be deployed. For the QAM signals higher than
16-QAM, QPSK partitioning techniques are less effective as the radius difference
between neighbor rings are much closer, and therefore, developing new metric to
eliminate modulation phase for advanced modulation format would become a
necessity. Meanwhile, the reduction of computation complexity in carrier phase
estimation remains to be another challenging issue especially for higher-order
modulation formats.

For elastic optical networks, the proposed blind and universal DSP platform can
be modified to be more flexible by adding several identification modules. For the
detection of the signal with various transmission impairments, the optical
performance monitoring (OPM) techniques can be incorporated such as chromatic
dispersion monitoring, OSNR monitoring, and signal identification techniques, etc.
With these advanced techniques, the future DSP platform can be envisioned to be
more spontaneous, automatic, and intelligent.

For the cycle slip detection and correction, the ASE noise and nonlinear phase
noise is not considered when the analytical module is derived since they are the
second order effects to be considered. This is true when the averaging length is
sufficiently long. However, the averaging length is limited in some extreme

circumstances, i.e. cost efficient transmissions using DFB lasers with large laser
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linewidth, and thereby, a theoretical study with fiber nonlinearities would become a
meaningful investigation. Also, an experimental investigation of the proposed

technique in a single carrier or super-channel transmission system would be an

interesting topic in the future.
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Appendix

A. Complexity in interleaving parallelization structure using slide

averaging

The required processing complexity for the proposed DP QPSK partitioning+ML
scheme can be derived from Fig. 2.1 and Fig. 2.6 and separately calculated for each
functional block. Here, we can separate the proposed algorithm mainly into 4 parts:
partitions, VVPEs, first stage compensation and ML estimators. As discussed above
the phase-offset estimation is only attributed to the first 1000 symbols, approximately
0.25% of the symbols in our experiment, we omit its complexity calculation.
Computation complexity can be evaluated by counting the required operations to
process 2P paralleled symbols from both polarizations. Without losing generosity, we
let x=a+ib be a received complex symbol to better illustrate the required operations, a
and b represent its real and imagine parts.
1. To achieve the partition for 2P symbols, it requires 2P amplitude calculations and

2P amplitude comparisons with ring boundaries as shown in Fig. 2.2:

1) Amplitude calculation require 4P real multipliers and 2P real adders:

X?=a-a+b-b;

2) Amplitude comparison: 2P comparators.

2. In the two VVPEs, the P C1 or C3 symbols (on average) from both polarizations

require to be raised to their fourth power and normalized.
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1) Each of the P fourth power operations is composed of two cascaded power
operations. Thus, requiring 8P real multipliers and 4P real adders, as
illustrated below:

real(x?) =a-a—b-b=c;imag(x?) =a-b+b-a=d;
real(x*)=c-c—d-d =e;imag(x*) =c-d +d-c = f.

2) The P normalization operations require P absolute value calculations realized
by 2P real multipliers, P real adders and P root square operations (look-up
tables), then divided with themselves using 2P real multipliers. The absolute
value calculation is illustrated below:

3. In the first stage carrier phase compensation, the P outcoms from y symbols need

exp(j-6,

to be rotated by the phase-offset ﬁset), which cost 4P real multipliers and

2P real adders. Afterwards, 2P x and y polarization results of first stage estimation

estl
are summed up. P 0" are calculated, unwrapped and utilized to compensate the

2P x and y symbols:
1) First stage results summation: 2LP memory unites and (2L-1)P real adders;
2) o calculations for P x and y pairs: P ‘arg(.)/4” operations which are realized
by P look-up tables and P real multipliers;
3) Unwrapping: P comparators and P real adders;
4) First stage compensation: 8P real multipliers and 4P real adders.

4. In the ML estimator, 2P outcomes from the first stage estimation are multiplied
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with their conjugated decisions and summed up to calculate the second stage
phase noise estimation. After the 2P symbols be compensated, final decisions will
be made:

1) First stage decision: 2P slicers;

2) Multiply with first stage decision: 8P real multipliers and 4P real adders;

3) Second stage results summation: (2L-1)P real adders and 2LP memory unites;

€S|

4) i calculation: P arg(.) realized by P look-up tables;

5) Second stage compensation: 8P real multipliers and 4P real adders;

6) Final decision: 2P slicers.

The computation complexity of dual polarization QPSK partitioning+ML CPE
should be 43P real multipliers, 4LP+20P real adders, 4P slicers, 4LP memory unites,

3P comparators, 3P LUTs.

B. Complexity of the proposed CPE in interleaving structure using

block averaging

The complexity computation of block averaging is almost the same except for the
summing process and phase noise calculations, since block averaging only compute
one estimated phase noise for each block. For a block of 2P symbols, to calculate ™
or 6 only require (2P-1) adders and 1 arg(.), realized by look-up table. Unwrap is
also reduced to 1 comparator and 1 real adder. In addition, the memory units for

summation are also not needed anymore.
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The computation complexity of block based dual polarization QPSK
partitioning+ML CPE should be: 40P+1 real multipliers, 23P-1 real adders, 4P slicers,

2P+1comparators, P+2 LUTSs.
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