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Abstract

In recent years, the ever-emerging internet application has driven the
development of optical communication capacities. Other than meeting the current
demand, the increment of capacity will enable various applications which could
be or could not be imagined, including remote diagnosis and remote surgery.

To achieve this goal, effort needed to be made on both transmitter and
receiver side. On the transmitter side, most of the proposed spectral slicing
transmitters in previous journals included a key component named frequency
comb generator, which generates a series of carriers with different frequency by a
single monochromatic laser. The generated carriers will then be modulated
separately and multiplexed at transmitter output. Owing to the characteristics of
frequency comb generator, frequency as well as phase of carriers were locked, thus
larger bandwidth signal could be generated at ease.

We are proposing a different transmitter architecture, which replaced the
monochromatic laser and frequency comb generator with multiple sets of
monochromatic lasers, aiming to improve the flexibility achieving single carrier
transmission. However, given frequencies and phases of lasers were not locked in
the proposed setup, new symbol distortion was found in the research progress and
was discussed in this thesis.

To overcome distortion brought by the proposed transmitter, we also
proposed a digital signal processing (DSP) platform, which consists of modified
frequency offset estimation algorithm, conventional CMA, and BPS at the receiver.
Simulation result showed a transmission rate of 1 Th/s could be achieved with PM-

16-QAM format and 4 lasers.
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Chapter 1

Introduction

1.1 Motivation of the thesis

Considerable growth in Fiber-optic communications throughout the last
decade was mainly driven by consistently increasing needs for higher transmission
rate, where such trend is growing exponentially. Carrying capacity of optical
communication system has been increased by approximately 10000 times, while
traffic load only increased by 100 times over past 30 years. However, another
growth factor of 100 was predicted within 10 years [1]. Besides load of traffic,
increasing trend of number of users and averaged bandwidth consumed were
noticeable as well.

To satisfy the future needs of Internet traffic, Coherent optical fiber
communication was developed comprehensively in the 80s due to sensitivity in
receivers [2]. However, the emergence of wavelength-division multiplexed system
(WDM), erbium-doped fiber amplifier (EDFA) together with intensity-modulation,
direct detection (IMDD) once became researchers’ controversial issue, by enabling
higher capacity, transmission distance with loss compensated by EDFAs [3].
Carrier phase estimation algorithm proposed in 2005 made Coherent optical
communication comparable to WDM system, as modulation format with higher
spectral efficiency (SE), such as quadrature-amplitude modulation (QAM), could
be introduced to coherent optical communication system [4].

Development of high speed digital to analog converter (DAC), which

fueled by the demand towards high bandwidth internet traffic recently, has
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improved the overall symbol rate dramatically. However, as stated in [1], internet
traffic is expected to grow by a factor of 10 within this decade and corresponding
DAC development are still inadequate to fulfill the trend. Achieving high symbol
rate single carrier signals for Th/s transmission is currently one of the recent
research interest. As development of bandwidth provided by DAC is slow,
relatively to the increasing needs for internet traffic, providing high bandwidth
transmission simply by developing high speed DAC is unpractical. Introduction of
multiplexing technique ease the harsh bandwidth demand for DAC and achieving
high overall line rate meanwhile.

Digital signal processing (DSP) also played a major role throughout the
development of coherent optical transmission system. By compensating various
non-idealities throughout the channel, sophisticated and advance modulation
formats were attractive for next generation communication system as higher
degree of freedom, including space, time, frequency, polarization and phase [5]
[6], were ready to be exploited for encoding data, or used for estimation to
compensate channel impairments on the other hand. Both approach will eventually
improve channel capacity and spectral efficiency (SE) of fiber channels.

Other than multiplexing technique, which aimed to provide high
bandwidth transmission through working in time domain, another class of
approach called spectral stitching achieve the same goal via processing in
frequency domain. Frequency comb generator acted as a key system component
where single laser input was split down to multiple carriers with their
corresponding phase and frequency locked, where the locking property is crucial

to minimize inter-channel carrier interference (ICI). However, several proposed

10
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architectures were still not attractive and not commercially available for practical
implementation.

Hence, we are proposing a transmitter architecture achieving high
bandwidth transmission, by replacing the frequency comb generator to multiple
independent lasers, with a modified DSP algorithm in the receiver. The proposed
configuration enables flexible transmissions of spectral slicing super-channels and
conventional WDM signals, is valuable for future software-defined transmissions,

where both high channel capacity and flexibility is required.

1.2 Development in high bandwidth transmission

1.2.1 Digital to analog converter (DAC)

Rising needs for internet traffic leading to increasing demand for high
bandwidth transmission in near future, where 100Gb/s class optical data carrying
components have been examined extensively [7] [8] [9] [10], where achieving high
baud-rate is primary approach to accommodate this. Among different opto-
electronics components, digital to analog converters (DAC) and analog to digital
converters (ADC) are critical components that hindered the overall development.
Among DAC and ADC, bandwidth provided by DAC is crucial as bandwidth
narrowing that occurred in transmitter end will deteriorate overall signal quality.
1.2.2 Time division multiplexing (TDM)

An independent DAC provide acceptable bandwidth for general usage, but
not for high bandwidth transmission. Employing 6 bits, a SiGe DAC could achieve
100GSa/s sampling rate, with 40GHz 3 dB bandwidth [11]. Thus, multiplexing
techniques, by means of electronic or optical domain, were widely applied in DAC

structure to generate higher symbol rate. Using electronic time division

11
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multiplexing (ETDM) among SiGe DACs, transmission of 72GBd 64-QAM
signals was recorded [9]. Applying coarse bit resolution and combining DACs,
line rate of 1.08Tb/s in a single carrier could also be achieved with 90GBd 64QAM
signal [12]. Further higher symbol rate could be generated by multiplexing various
binary DACs, for instance 120GBd 16-QAM and 138GBd QPSK signal [13] [14].

On the other hand, similar approach could be applied in optical domain to
achieve optical time division multiplexing (OTDM) [15, 15] [16]. OTDM is still
under development and not available in market yet, as more optical carriers and
modulators were required, as well as precise phase matching to guarantee the

quality of symbol constellation.
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Fig. 1.1 Principle of TDM

1.2.3 Analog/Digital band interleaving (ABI/DBI)

Since numerous carriers and electro-optic modulators were required in

OTDM, as well as additional precise time delay control loop at each input of
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multiplexer, analog/digital band interleaving (ABI/DBI) were proposed to
generate larger bandwidth at DAC output, compared to TDM approaches.

Idea of ABI/DBI was proposed back in 2005 [17], which is a technique
which combines spectra in electronic manner to form a large electronic spectrum.
Exploiting multiple number of low bandwidth DACs, 100GBaud or even higher
symbol rate can be generated [18] [19] [20].

Figure 1.2 showing block diagram of ABI/DBI technique. Sub-bands were
separated in digital domain and passed to DACs, which were arranged in parallel
manner and responsible for a fraction of the entire spectrum. Each sub-band’s
digital signal was first passed to low speed DAC and converted to analog signal of
sub-bands respectively. An extra DAC was implemented to generate local
oscillator with accurate frequency, which were used for mixing converted
baseband analog signal to form sub-band signal with correct frequency. Edges of
up converted sub-bands were trimmed with band pass filter of selected frequency

and bandwidth, and eventually passed to mixer to generate a spectrum with large

bandwidth.
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Fig. 1.2 Block diagram of ABI/DBI technique
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1.3 Spectral slicing

1.3.1 Bottleneck met by ABI/DBI

With ABI/DBI technique, large bandwidth exceeds 100GHz can be
generated within a DAC. Figure 1.3 showed a general structure of transmitter and
showed the position of DAC. For general transmitter structure, a DAC is connected
to a Mach-Zehnder Modulator (MZM), along with an external cavity laser (ECL),
where signal output from DAC were modulated to designated format and carrier
frequency, depends on structure of MZM and linewidth of ECL used, hence
eliminated the requirement of frequency and time alignment and precise optical
phase control to prevent any superposition occurred in separately modulated
optical signals. However, to the best of our knowledge, there is no any individual
modulator commercially available or even under development in the laboratory
can support signal with bandwidth beyond 100GHz. For example, most of the
Lithium Niobate (LiNbO3) modulators which are commercially available, possess
3-dB electro-optic (E/O) bandwidth about 35GHz [21] [22]; Indium-phosphide
(InP), polymer and electro-absorption modulators developed in laboratory barely
meet the benchmark of 100GHz 3-dB E/O bandwidth [23] [24] [25]. Thus, spectral

slicing technique, or spectral synthesis, were proposed to overcome this issue.
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Fig. 1.3 General structure of transmitter with DAC employing ABI/DBI technique
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1.3.2 Bottleneck met by TDM
Figure 1.4 showing the conversion of short pulse between time and Fourier
domain. As observed, the shorter the pulse width in time domain, the wider

bandwidth is required in frequency domain.

x(t) XN

X(1) XU

A

t ),

) 1/8 3/8 5/8

Fig. 1.4 Conversion of short pulse with pulse length & between time and frequency domain

With high switching speed in a single DAC, high switching loss and other
unwanted effect may become noticeable, which indirectly stated the bottleneck
met by TDM approach development. Besides, TDM shared a similar drawback to
ADI/DBI technique, which is their locality. Both techniques could manufacture
DAC with bandwidth higher than 100GHz, but generated signal were restricted to
be modulated by a single modulator for most of the time. Offline modifications
will be required if data transmission rate demanded by client is changed, which
limited the flexibility, one of the key component in next generation software

defined network (SDN).
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1.3.3 Principle of spectral slicing

Comparing to other ABI/DBI technique mentioned earlier, spectral slicing
technique ease the need of ultra-high speed DAC and bandwidth requirement in
other opto-electronic component such as modulators. A general setup of spectral

sliced transmitter was shown in Fig. 1.5.
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Fig. 1.5 Setup of spectral slice transmitter

Overall signal to be transmitted is preprocessed with Transmitter DSP and
split into several parts, depends on number of sub-band is used to regenerate the
entire signal. For example, 4 30GHz DACs and MZMs were used to reconstruct a
signal with a bandwidth of 120GHz. Like ABI/DBI techniques, signal in DACs
were treated as baseband signal and split into 4 sub-bands, hence lower speed DAC
can be applied. Sliced sub-band signal from DACSs output were passed to separate
individual MZM modulators, where each of them will be modulated to correct
carrier frequency. Modulated sub-bands went through corresponding delay line to
maintain precise optical time alignment and eventually coupled to regenerate a
signal of 120GHz overall bandwidth, from 4 30GHz DACs and separate

modulators.
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1.3.4 Principle, application and drawbacks of optical frequency comb

generator (OFCG)

A set of ECL, MZM and de-multiplexer was shown in the Figure 1.5,
which was known as optical frequency comb generator (OFCG), based on the teeth
of comb waveform shown in the screen of spectral analyzer. Figure 1.6 showed
the simplified block diagram of OFCG. The ECL was first injected into the optics
box and phase modulated by the E/O phase modulator. Erbium doped fiber
amplifier (EDFA) was applied within the optical loop to compensate insertion loss
between components and guarantee high Q-factor throughout the process. After
several circulations around the box, with amplifier and WDM coupler, a comb of
frequency spikes was generated and could be found on the screen of optical
spectral analyzer, an example is shown in Figure 1.7. Frequency spacing between
carriers were determined by the effective length of fiber within the ring, which can
be adjusted by the adjustable delay line. Theoretically, an OFCG can generate
comb of carriers with various selected frequency spacing, with corresponding
frequency and phase locked. Hence, it became a popular optical equipment for
several applications, including dense wavelength division multiplexing (DWDM)

[26], frequency measurement [27] and spectral slicing [7].
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Fig. 1.7 Optical spectrum generated from OFCG in Morohashi’s study [27]

Both frequency and phase locking characteristics of OFCG making it a

popular component for different applications. Although recent research progress

has improved flatness mismatch between comb-lines, making it able to handle

stringent amplitude and phase matching requirement between sub-bands’

spectrum, all comb-lines has to be generated by OFCG locally and eventually

hindered the overall flexibility of architecture. Therefore, OFCG is widely adopted

in WDM system rather than spectral slicing transmitter.
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1.3.5 Spectral slicing receiver with independent lasers
Based on the drawbacks of OFCG, we are proposing a new architecture for
spectral slicing transmitter, which may improve system’s flexibility and

performance as well. Proposed setup could be found in Figure 1.8.
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Fig. 1.8 Proposed setup of spectral slice transmitter

Comparing to Figure 1.7, OFCG was removed in our proposed setup.
Instead of using single laser and other external hardware like de-multiplexer,
frequency comb generator or frequency shifter, multiple lasers were used and
modulated separately to form several sub-bands beforehand. Number of carrier
used N in transmitter depends on number of sub-bands were used to reconstruct a
large bandwidth signal S(f). For convenience in spectral slicing and frequency
offset compensation, N was recommended to be 29, where q is any positive integer
and such configuration will become conventional transmitter scheme when q = 0.
Each laser was modulated separately with preprocessed slice of data from desired
signal S(t), which were simply inverse Fourier transform of fraction of Si(f), where
i = [1, N], forming sub-band spectra S(f), Sx(f), ... Sn(f). These spectra were then
mixed at the output of transmitter, regenerating S(f).

Once S(f) was received at receiver, it will then be passed to our modified

frequency offset compensation algorithm, along with constant modulus algorithm
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(CMA) and carrier phase estimation (CPE) to retrieve clear constellation for

decision.
1.4 Thesis outline

Given the complexity of the problem, this thesis will be divided into
several chapters, each of them will address one issue at a time.

Chapter 2 introduced laser impairments. Origin of major impairments
including laser phase noise (LPN) and frequency offset (FO), were discussed.
Mathematical expressions of the impairments were also studied, showing
impairments behavior and finding out major parameters contributing to signal
distortions, thus stating the importance of digital signal processing.

Chapter 3 discussed the development of digital signal processing (DSP)
and studied several classic widely adopted DSP algorithm for compensating FO
and LPN. Their motivation, working principle, as well as corresponding algorithm
performance, were studied via different perspectives.

With adequate understanding of major laser impairments and
corresponding DSP algorithm for compensation, proposed configuration of
spectral slicing transmitter was shown in chapter 4. Based on classic DSP
algorithms and recent researches on frequency offset compensation, a DSP
platform was proposed specially designed for spectral slicing transmitter
composing of multiple independent lasers. Feasibility of the proposed
configuration was first studied without influence of frequency offset, and
performance of proposed DSP platform was studied with the proposed setup

together later, with presence of independent FO in each transmitter lasers.

20



Spectral Sub-Band Synthesis using Multiple Independent Lasers and
Receiver DSP for High Baud-Rate Single-Carrier Tbh/s Transmissions

The final chapter concluded the entire thesis by summarizing discussions
in chapter 2 & 3, achievement completed in chapter 4 and corresponding
implication brought by the proposed configuration. A paragraph discussing

possible future research directions was inserted in the final part.
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Chapter 2

Laser Impairments in Fiber optic transmissions

2.1 Introduction

Increasing requirement for high bandwidth transmission has pushed the
development of coherent communication components, especially opto-electronics
components in transmitter as they were the major limiting factor, where signal
degradation in transmitter has worse impact towards to signal quality than that in
receiver. There are several linear impairments within transmitter and channel
which could degrade the signal, such as frequency offset, laser phase noise and

amplified spontaneous emission noise (ASE noise).

2.2 Simplified mathematical model of coherent communication

systems

Figure 2.1 is a simplified block diagram showing some major impairments

in coherent communication system which will be discussed in the following thesis.

Loox(t) : /T : s(t)
el (Pe+2mAft) n(t) el(@®r)
Transmitter Fiber channel Receiver

Fig. 2.1 Simplified block diagram of coherent communication system, where several impairments
within fiber channel, such as chromatic dispersion (CD), polarization mode dispersion (PMD),

were assumed completely compensated.
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In above figure, laser phase noise ¢ and ¢, occurred in transmitter and
receiver’s local oscillator respectively. Along with ¢, frequency offset Af was also
found in transmitter laser as well. Since laser beam was often amplified before
being used in transmitter or receiver, ASE noise n(t) was included in our model as

well. At transmitter output, transmitted signal x¢(t) could be written as:
x,(t) = x(t) e/(@e2mAfD) 2.1)
Considering that ASE noise behaving similarly to Additive White
Gaussian Noise (AWGN), it can be extracted from the equation and simplified as

a separate term. With the presence of laser phase noise in receiver end, received

signal s(t) could be written as below:
s(t) = x(t) /(@2 i (¢r) 4 n(t) (2.2)
which could be further derived into:
s(t) = x(t) SOH2T e 4 (1) (2.3)
where all terms in above expressions are in time domain, x(t) and s(t) are
both complex signals, depending on modulation format; Laser phase noise in both
transmitter and receiver, ¢ and ¢y, are in units of radian (rad) and frequency offset

Af is in unit of Hertz (Hz).
2.3  Laser phase noise (LPN)

Phase noise is one of the critical linear impairment within coherent
communication system as it leaded to carrier synchronizing issues. Back in the
days where IM-DD is popular, laser phase noise (LPN) was not attractive as only

light intensity was detected and measured in receivers. However, for modulation
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format applied in coherent communications, especially QAM and PSK signals,
phase is used for encoding data. Thus, LPN may cause transmission error and
introducing the requirement of low linewidth laser for communication usage.

The origin of LPN was quantum noise, especially spontaneous emission in lasers’
resonators, same origin as ASE noise [28]. Evolution of LPN could be viewed as
Wiener process [29]. Consider a laser suffering from LPN only, where transmitted

signal x;pn (t) will be distorted from original signal x(t):
X pn(t) = x(t)e/ 2O 2. 4)
where ¢(t) is instantaneous phase noise of laser, x(t) and x.pn (t) are

complex signals. ¢(t) development could be regarded as Wiener process and could

be written as follow:

$(0) = j so(ndz 2.5)

where Sw(t) denotes frequency noise, with zero mean and variance of
2mAvdt. Av and dt indicating 3 dB laser linewidth of Lorentzian-shape spectrum
laser (in Hz) and symbol period (or reciprocal of baud rate) respectively.

Through investigating the expression in equation 2.5, it can be summarized
that instantaneous phase noise of laser is accumulated sum of frequency noise
increment. Together with the property of Wiener process, where §@(0) is set to
zero as initial point. Summarizing above conditions of Wiener process helped us

to model LPN, where several examples were included in Figure 2.2.
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Fig. 2.2: Relation between evolution of LPN and respective parameters: (a) Laser linewidth; (b)

Baud rate. Baud rate was set at 125 GBaud in (2) and laser linewidth was set to 50kHz in (b).

Equation 2.5 stated the instantaneous phase noise, or LPN for certain time
index, was based on phase shift of the previous time index. Increment from
previous time index was Gaussian distributed with zero mean and variance
proportional to laser linewidth and symbol period. From figure 2.2 (a), larger
increment of phase shift could be observed when laser linewidth increased from
50 to 500kHz. Meanwhile, same phenomenon could be observed in figure 2.2 (b),

when symbol rate was reduced, increasing symbol period, would leaded to larger
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variance in distribution as well as larger increment, thus drifting away from initial

zero position.

+ Symbol with LPN (b)
X_ Original Symbol

T
\

e

In-Phase In-Phase

- Symbol with LPN
X_ Original Symbol

Quadrature
Quadrature

Fig. 2.3 Constellation plot of QPSK signal, comparing original position and corresponding
distribution after suffering from transmitter LPN: (a) Without ASE noise; (b) With ASE noise.
Linewidth, baud rate and OSNR were set to 100 kHz, 125 GBaud and 22 dB respectively.

Receiver LPN and frequency offset were absent.

Figure 2.3 showing impact brought to symbol distribution brought by
transmitter LPN. As stated in equation 2.4, LPN could be treated as a simple
rotation and keeping same radius, if was considered independently. The degree of
rotation is totally random and can be considered as an accumulated sum with
starting at zero. The size of its increment is Gaussian distributed, with zero mean
and variance depends on laser linewidth and symbol period. Although rotation in
this figure is mild and no any distorted symbols fell to neighbor decision region,
this may happen if other parameters were considered, such as receiver LPN and

frequency offset, resulting in decision error and eventually bit error.
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2.4  Frequency offset (FO)

Compared to Laser phase noise (LPN), discussed in session 2.3, which
causing continuous random phase rotation in time domain or continuous frequency
shift in frequency domain, frequency offset (FO) comes with different origin and
different properties as well.

Generally, FO arise from several factors, such as operating temperature,
frequency locking in lasers, frequency mismatch between transmitter and receiver
lasers, or even Doppler effect for moving transmitter or receiver.

For given original complex signal x(t), transmitted signal x;ro (t) will be

distorted as follows:
Xt Fo (t) = x(¢t) eJ (2mAft) (2. 6)

where Af denotes the frequency offset from designated carrier frequency
(in units of Hz) and t denotes time elapsed for the complex symbol transmission.

Comparing equation 2.4 and 2.6, similar behavior of LPN and FO can be
concluded, where original symbols experienced a constant modulus rotation.
However, rotation induced by LPN was a Wiener process, where instantaneous
phase noise of certain symbol depends on instantaneous phase noise of the
previous symbol and corresponding increment was decided by laser linewidth and
symbol period. Instead of a continuous, random process, FO is a rotation which
entirely depends on the frequency mismatch. Considering the phase shift term
within the bracket in equation 2.6 and differentiate with respect to time, evolution

of phase shift due to FO could be realized, which is linear with a slope of 2rzAf.
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Fig. 2.4 Development of phase shift due to different frequency offset (FO): (a) 500 MHz; (b) 1

GHz

Comparison on phase shift development based on different frequency
offset was shown in figure 2.4. As stated above, it developed linearly instead of
randomly with Gaussian distributed increment. Besides, comparing y-axis value
in figure 2.4 to that of 2.2, FO brought greater impact on symbol distortion than
LPN. With a several thousands of radians rotation on symbols, it is difficult for
receiver to perform direct decision on received symbols without any frequency
offset compensation. Constellation plot showing symbols suffering from FO was
shown in figure 2.5.

Although evolution of FO induced phase shift is linear, it is difficult to
completely compensate FO with presence of other distortion sources, such as LPN
and ASE noise. Figure 2.6 showed the difference of phase shift evolution from one
and multiple distortion source. Above figure suggested that retrieval of FO simply
by calculating phase shift in pilot symbol with LMS fitting may induce great error,

which eventually lead to detection error.
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In-Phase

Fig. 2.5 Constellation plot of QPSK signal, comparing original position and corresponding
distribution after suffering from FO. FO was set to 500 MHz. Transmitter and receiver LPN, ASE

noise were absent.
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Fig. 2.6 Comparison of FO development: (a) With FO only; (b) Sum of several signal distortion
source, including transmitter and receiver LPN, FO and ASE noise. ASE noise was set to 22 dB;

laser linewidth was set to 100 kHz and baud rate was set to 125 GBaud.
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Chapter 3
Digital Signal Processing Algorithm for Linear

Impairment

3.1 Introduction

Previous chapter explained various distortion investigated throughout the
entire thesis. Though most of those distortions are uniform rotation, it will be
difficult to compensate to acceptable level if all of them were considered,
including transmitter and receiver LPN, FO, and ASE noise, where comparison of
phase shift development between multi source distortion and single source
distortion were shown in figure 2.6.

Besides, as discussed in previous chapter, adopting advance modulation
format may ease the demand on DAC bandwidth. Though we have lasers in the
laboratory possessing linewidth of around 10 kHz and 1 kHz [30] [31], most
commercially available continuous wave (CW) laser having a linewidth of 50 —
100 kHz linewidth for external cavity lasers (ECL). Higher order modulation
format usually requires more robust and adaptive DSP algorithm due to smaller
error margin. Figure 3.1 showed constellation plot of QPSK and 16QAM. Though

16-QAM can provide double bit rate under same symbol rate, QPSK symbols has

higher phase noise tolerance of % while middle ring of 16-QAM symbols can only

withstand % rotation, showing the importance of DSP algorithm development.
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Fig. 3.1 Constellation plot of different modulation format: (a) QPSK; (b) 16QAM

3.2  Constant modulus algorithm (CMA)

Being one of the blind adaptive equalization approaches, CMA does not
require any training or pilot symbols, making it popular for linear time invariant
(LTI) channels. Besides LPN and FO, distortions caused by lasers, inter symbol
interference (ISI) is also an important distortion in coherent communication
systems. ISl is a phenomenon where a symbol was distorted by one another,
mainly due to limited bandwidth of channel, or imperfect fiber which eventually
causing polarization mode dispersion (PMD). To tackle channel distortions, CMA
is often used, through numerical approaches, to linearly approximate and mimic a
filter which similar to inverse of channel’s transfer function. Moreover, the
adaptive characteristics of CMA allowed it to track changes in transfer function,
which varies slowly. CMA was first investigated by Godard in the 80s [32] for
equalization of QPSK signal in the beginning and application on polarization
multiplexed (Pol-Mux) signal was left open. Subsequently, it was applied to Pol-

Mux signal with a 4 by 4 matrix which act as a MIMO equalizer.
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Under the family of adaptive equalizers, there are other algorithms beside
CMA as well, such as least mean square (LMS), recursive least squares (RLS).
Although their structures were simpler, training symbols are required for both
LMS and RLS, which reduced system throughput eventually. Hence, absence of
training is preferred for adaptive equalization and received signal properties is
often taken for channel estimation and saved overhead.

Figure 3.2 showed a MIMO equalizer for Pol-Mux signal equalization.
Consider a Pol-Mux signal where x and y polarization containing independent
signal. This MIMO equalizer is mainly used for equalizing channel distortion h,
including PMD, which can be regarded as rotation of polarization axis. Hence to
retrieve x and y polarization’s signal, a 2 input, 2 output MIMO equalizer with 4
filter tap weights (hxx, hyy, hyx and hyy) is adopted and corresponding outputs are:

— hH x. Hyi
{XOut (k] = hyxXin (k] + hxy}’m K] (3.1)

Youtlkl = hf xin[k] + by, (K]
where each filter tap weight is 1xN matrix and equalizing x and y
polarization input signal in a block by block manner that N symbols from both
polarization ~ was  taken, hence x;,[k] = [xi.lk], xinlk — 1], xi [k —
2], .., xin[k — NJJ.
Consider a 2 by 2 matrix H containing the four filter tap weights, which
tried to approximate the rotational condition:

_'¢ . 9
H=| cos® e¥sin 3.2
e 1®sin @ cos @ (3.2)

where 26 and ¢ denoted horizontal and elevation angle of rotation
respectively. Both equal to zero in ideal condition. Thus, the k™ element in initial

tap weight of hy and hyy were set to 1, while hyy and hyy were set to 0.
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Yin " hyy LAw, “Your = Byin + hyyYin

Fig. 3.2 MIMO equalizer

As CMA’s objective is to blind equalize signal based on constant modulus
criterion, which was often set to 1 for simplicity, cost function can be generated as

follow:

2 _ _ |42 2
{ E':x - (1 |x0ut|) (3 3)

€ = (1 - [y5u)?

Although various update algorithm was proposed in the past [33],
stochastic gradient descent method was the majority as it provides global
convergence. For simplicity, we only investigated stochastic gradient descent
update algorithm in this section. By selecting proper step size p, filter taps could

be updated as follows:

hxx = hxx - 2,ugxx_inxout
hxy = hxy - Zlusxmxout (3 4)
hyx = hyx - zlusyx_inyout .

hy, :=h,, — Zﬂsymyout
With above signal modelling and filter tap update equation, symbols could
be equalized to constant modulus. Figure 3.3 showed CMA result of QPSK and
16QAM, showing CMA’s convergence and format independent ability. Global

convergence property of CMA made itself aa popular blind adaptive equalizer for
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channel estimation and high performance is guaranteed. However, CMA

employed constant modulus criterion that equalize symbols through adjusting

power ratio of two polarizations, and % ambiguity in equalized symbols were

shown by Savory [34]. Such ambiguity will rotate a series of symbols, behaves
similar to cycle slip and difficult to be detected.

(a) — CMA Input
b ; CMA Input
CMA Output (v) CMA Output
L . o ."
; G %
3 - " 3
3 3 i3

In-Phase In-Phase

Quadrature

Quadrature

Fig. 3.3 CMA input and output of (a) QPSK signals and (b) 16QAM signals. Laser linewidth was

set to 100kHz and ASE noise was absent.

3.3  Frequency offset estimation algorithm (FOE)

Recent advance in laser technologies reduced noise from various origins.
Consider an external cavity laser (ECL) for telecommunication applications, its
frequency resolution is as small as about 375MHz with proper frequency locking
and temperature stabilization [35], which is a considerable improvement where 1
GHz offset was often set for simulation in the past. Although frequency offset was
reduced compared to past, it is still greater than the tolerance stated by most of the
CPE algorithms, thus accurate phase estimation could not be performed under such
conditions. Hence, proper FOE is required before CPE to compensate carrier

frequency offset to reduce residual FO within CPES’ tolerance range.
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Like CPE, modulation format need to be removed for most FOE
algorithms, before frequency offset estimation, which can be classified as data
aided or non-data aided approach. Generally, non-data aided approach is more
popular as no overhead is needed, preserving spectral efficiency. One of the classic
approaches is to search for the spike in the spectrum of M™ power processed signal,
which indicates the maximum power, and calculate offset from original position
[36]. Processed signal can be expressed as follows:

z, = (x )M = e/ CMTAKT+) | (k) (3.5)

where xy denotes received signal from receiver, Af is frequency offset, T
indicating symbol period, ¢ and n are LPN and AWGN respectively. Considering
a QPSK signal was received, x was raised to the power of four, removing
modulation and leaving series of error vector z. Maximum likelihood (ML)
estimator with feedback delay L can then be implemented to approximate FO Af
through finding maximum position of overall spectrum and compare to original

position (carrier frequency). Calculation of FO is expressed below:

1 L-1 i k
LY e
L n=0

ATkzargmax{ },kz 1,2,..,L-1 (3.6)

3.3.1 Non-data aided FOE

With years of development in FOE algorithms, they could be classified into
Non-Data and data aided FOE today. Acting as base of signal demodulation, NDA
FOE having an advantage of no pilot symbols or any information are needed,
hence suitable for different applications, like satellite communications.

Maximum likelihood (ML) estimator was often used in NDA FOE

algorithms [37] [38] [39]. Although NDA ML estimator having higher Cramer-
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Rao Lower Bound (CRLB) than DA ML estimators, NDA ML estimator is proved
able to attain corresponding lower bound due to absence of pilot symbols, making
the estimator unbiased and achieving the lower bound only if sufficient length of
symbols was included or sufficient SNR [40].

Besides implementation of ML estimator, others approaches were adopted
to achieve non-data aided estimation, including offset estimation exploiting
received symbols’ instantaneous phase noise and corresponding probability
density function [41]. Another method, proposed by Leven [42] and corresponding
block diagram shown in figure 3.4, eliminated modulation format by powering
received symbols to M-power and retrieving corresponding argument, which is
similar to equation 1.18. The major difference is calculation of FO is based on
differential summation where multiplication of complex conjugate was included.
Such method brought great influence to development of FOE algorithms, where
variants were proposed, including dual stage FOE of modified Leven approach

[43].

{0
Xk @ @ @

Fig. 3.4 Block diagram of FOE algorithm proposed by Leven [42]

Through raising the entire signal to the power of four and finding average
value of phase difference of the current received and the previous symbol,
modulation was removed and FO was estimated. However, principle behind this

algorithm implied it could not be applied to higher order format, like 16-QAM or
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32-QAM, as it based on symbols’ % offset from the axis. Improvement on such

algorithm was needed to overcome the more stringent requirement on FO tracking
ability with higher order modulation format.

To tackle drawbacks of Leven’s approach [42], two stages FOE algorithm
was proposed. Figure 3.5 showed the schematics of the proposed FOE method
[43]. The first stage provided a rough estimate of FO by calculating phase
discrepancy among received symbol and the previous symbol, where the entire
signal was roughly compensated according to the approximate value. Second stage
was then implemented with similar approach, while average value was calculated
using received symbol and another symbol with delay L, hence providing an
accurate estimate of FO. Both stages were developed based on symbols’ phase
discrepancy, where the first stage calculate with two consecutive symbols, and the
second stage employed symbols with L symbol distance between after coarse
compensation in the first stage. Implementation of the second stage provided
accurate FO estimation, as well as noise tolerance originating from imperfect
compensation of other signal distortions and AWGN. With these advantages, such
approach was proven to be able to be applied on 16-QAM as well, by treating the

middle ring symbols as QPSK signals with extra LPN.
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Fig. 3.5 Block diagram of two stage FOC algorithm proposed in [43]
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3.3.2 Data aided FOE

Although Non-data aided FOE save spectral efficiency and can be applied
in different application where pilot symbols are not available. However, NDA
FOE shared a common problem where their tolerance of estimation range limited
by constellation stages and symbol period [44]. Hence, data-aided FOE was not
completely replaced yet as it can provide even higher accuracy and enables
channel estimation through exploiting pilot symbols or pilot tones. For single
carrier coherent optical communication systems, method was proposed to
compensate CFO with the presence of pilot tone [45]. Drawback of such method
is extra laser is needed for pilot tone, which eventually hindered flexibility of
system.

As such, improved FOE was proposed to tackle problem brought by
employing an extra pilot tone [46]. Figure 3.6 showed data frame structure to
create pilot tone. Consider certain frame within the entire transmitted signal, where
a string of pilot symbols, for FOE, were inserted before transmission of payload,
containing information to be transmitted. Through choosing a non-zero symbol of
designated modulation format arbitrarily and repeat it for several times, depends
on length of pilot symbols inserted, will generate a pilot tone-like spike on

transmitted spectrum which was then retrieved for FOE.
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Fig. 3.6 DA FOE based on pilot tone approach [46] (a) Data frame structure; (b) Constellation
plots of popular modulation format
Based on the band selecting characteristics of channel, pilot symbols were
inserted intentionally in a periodic manner, such that harmonics of pilot tone was
filtered and only DC component of pilot tone was remained for FO calculation.
Transmitted payload and pilot tone were depicted in figure 3.7, showing effect of

CFO to the overall transmitted spectrum.

P(f) T Pilot

Payload

h 0 f2 f

Fig. 3.7 Effect of Frequency offset done to transmitted spectrum. Solid line represented ideal
transmission, while dashed lines represented transmitter spectrum experienced FO of Af, either

left or right.

39



Spectral Sub-Band Synthesis using Multiple Independent Lasers and
Receiver DSP for High Baud-Rate Single-Carrier Tbh/s Transmissions

3.4  Carrier phase estimation algorithm (CPE)

Given that LPN was one of the major linear impairment causing bit error
in coherent communication systems, carrier phase estimation algorithm, or CPE,
was considered as a key component in DSP algorithm family in coherent
communication systems for combating LPN in both transmitter and receiver.

Consider a radio communication system, where usually a phase lock loop
(PLL) together with a single tap least mean square (LMS) filter were implemented
to achieve phase synchronization. Modulation format was removed from received
symbol, thus corresponding phase rotation can be estimated. Various approaches
could be adopted to perform phase estimation in PLL, including raising power of
received signal to M-th power for M-PSK signals [47]. With control signal from
the feedback loop, decision directed phase estimation was employed to perform
phase synchronization in radio communication system. Based on the similarity
between optical coherent communication system and radio communication
system, same principle could be applied in optical coherent communication system
as well. Figure 3.8 showed a block diagram of single tap LMS filter for phase
synchronization. Received symbol r(k) with certain phase angle ¢(k) was received
and undergo decision as decided symbol rgec(k) with predefined angle dgec(K).
Phase difference between ¢(k) and ¢gec(K) was treated as phase noise for symbol
r(k) and was feedback to correct later receiver symbols r(k+N), where N was
defined as feedback delay and depended on the hardware structure of feedback

loop and algorithm architecture.
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Fig. 3.8 Block diagram of single tap LMS filter for phase synchronization

However, given that most of the integrated chip can only provide a fraction
of required processing speed, parallelization is often required, which ended up in
increasing system complexity as well as feedback delay. Besides, LPN-induced
distortion may be occurred in the feedback loop due to hardware and algorithm
architecture. Hence, CPE algorithms like Viterbi-Viterbi phase estimation was
commonly used in receiver end to reduce number of ASIC, to reduce hardware or
software complexity and eventually reducing feedback delay in receiver.

3.4.1 Viterbi-Viterbi phase estimation (VVPE)

Among various CPE algorithm, Viterbi-Viterbi phase estimation is
regarded as one of the popular algorithm [48]. Considering a train of symbols with
other impairments compensated, including chromatic dispersion (CD),
polarization mode dispersion (PMD), FO, and was down-sampled to original baud
rate. Assuming the K" symbol r(k) was transmitted along certain polarization and
was fed to CPE algorithm, could be expressed as follows:

r(k) = x(k)e/@®) 4 n(k) (3.7)

where x(K) was the k-th complex symbol transmitted from transmitter, n(k)
indicating ASE noise which behaves as a two-dimensional random vector; ¢ (k)
is a sum of LPN, which originates from both transmitter and receiver LPN, ¢, (k)

and ¢, (k) separately.
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Considering a Quadrature Phase Shift keying (QPSK) Signal, the k™ signal
x(K) was written as follow:
x(k) = Ae/@t)+¢) (3.8)
where A is the amplitude, or modulus, of the QPSK symbol, which usually
is v/2 or can be normalized to 1, while 8(k) denotes the argument of QPSK signal

and equal to + /4 or + 31 /4, based on the format definition.

Given the fact that these phase offsets are factors of = and g received

symbol’s format could be removed, by applying De Moivre’s Theorem and raising
x(k) to the power of 4. Thus, the following expression could be found:
rt(k) = e/(#90+16(0) = oi(19(0) (3.9)
At this point, modulation has been removed and ideal demodulated
symbols will lie on the In-Phase axis. If any impairments in symbols causing
rotation, angle will be formed between unmodulated received symbols and In-
Phase axis, as shown in Figure 3.9. Once the angle is formed, phase noise of the
k™ symbol could be retrieved and used for carrier phase compensation, by dividing
4, the power raised on symbols in earlier stage. Figure 3.10 showed a detailed

block diagram showing the flow of VVPE.
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Fig. 3.9 Output of VVVPE, indicating angle between symbols and in-phase axis, in case of any

distortion occurs
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Fig. 3.10 Block diagram of VVPE
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Though VVPE eased the complexity in receiver structure as well as
feedback delay, VVPE is only limited for synchronizing QPSK signal as it
exploited the argument and position of symbols. If advance formats were adopted
like 16 or 64-QAM, VVPE cannot estimate phase noise of symbols precisely. To
handle this drawback, researchers made several modifications on VVPE to allow
it to be applied on higher order square QAM format as well, such as VVPE with
(enhanced) maximum likelihood estimator (VVPE-ML) for 16-QAM and 64-
QAM symbols, together with QPSK-Partitioning Approach [49], [50], and VVPE
with Extended Kalman filter (VVVPE-EKL) for 16-QAM symbols [51].

3.4.2 Blind phase searching algorithm (BPS)

Besides VVPE, different variants of VVVPE, other feedforward or feedback
and other CPE algorithms [52] were researched extensively to synchronize carrier
with different modulation formats, such as QPSK [48], [53], 16-QAM [54] [55]
[56] [57] [58] [59], and higher order QAM signals [59] [60] [61]. As mentioned in
the introduction section, exponential increase of internet traffic in the following
decade is predicted and higher flexibility is expected, extensive researched has
been conducted on elastic optical networking and software defined networking
[62] [63] [64].

Thus, a format independent DSP platform is expected and desired for next
generation software defined networking, which researchers had to develop novel
approaches and ideas to facilitate this demand. There are format independent DSP
algorithms for several distortions, including blind estimation of chromatic
dispersion (CD) [65] [66], FFT-based frequency offset estimation [67] and CMA,

while format independent CPE like BPS was not proposed until 2014 [68], which
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could be applied to a general M-QAM format instead of limited to particular QAM
format, like QPSK partitioning for 16 or 64-QAM signal [49] [50], or VVPE with
Extended Kalman filter for 16-QAM signal only [51].

Generally, a DSP platform could be divided into two parts. The first part
included a rapid, format independent impairment compensation, while the second
part composed of a tracking mechanism which enables the tracking of gently
evolving distortions. BPS belongs to the early one as it also helped format
identification after pre-convergence, hence respective DSP algorithm could be
selected to compensate the slow varying distortions. Comparing other distortions,
LPN possessed relatively larger variation over certain amount of time, indicating
the needs for format independent CPE [69].

BPS adopted the concept of parallelization, which was shown in figure
3.11. In practical application, available equipment could not process received data
in high speed to achieve low feedback delay. Through arranging a set of low speed
parallel modules in receiver, received data could be de-multiplexed, forwarded and
handled by modules, thus reducing feedback delay.

Figure 3.12 showed a block diagram of BPS. Consider a set of test carrier
phase was set, as an analogy to parallel modules in receiver, received symbol was
duplicated and rotated by different angle of the test carrier phase set. These rotated
symbols were then passed to a decision circuit and distance between each rotated
symbol and corresponding closest constellation point was calculated. To reduce
performance degradation due to other sources of distortion, estimated distance of
consecutive symbols were added improve BPS’s noise tolerance. By comparing

the summed distance values within the set, optimum laser phase noise could be
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approximated by picking the minimum value. Given that decision circuit was used
in early stage of the algorithm, compensated symbols could be picked from the
decision output of the optimum test carrier phase value.

Due to the feedforward characteristics of BPS, feedback loop was avoided
and result in relatively higher phase noise tolerance and lower penalty than other

CPE algorithm like VVPE and QPSK partitioning.
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Fig. 3.12 Block diagram of BPS, showing the estimation of LPN
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Chapter 4
Single Carrier Transmission with Multiple Independent

Lasers

4.1 Introduction

High symbol rate single carrier signal for Tb/s transmission has become a
popular research in coherent optical communication recently. However, as
mentioned in previous sections, bandwidth provided by opto-electronics
components had been a hurdle for further development and researchers needed to
develop novel approaches to overcome this limitation. Besides ETDM and OTDM
methods to generate single carrier signal [15] [70] [71], spectral slicing techniques
is another way to generate single carrier signal with high symbol rate. With a set
of carriers of different frequencies and modulators, a large bandwidth signal was
first sliced into multiple pieces, modulated separately and eventually combined
precisely at transmitter output. When signal was received in receiver end, it could
be treated as a wide bandwidth signal from a single carrier, thus this approach
named single carrier transmission.

To perform precise mixing of sub-bands at transmitter, optical frequency
comb generator [7] [72] [73] was often used to generate set of carriers with
uniform frequency spacing and locked phase. However, some architecture of the
proposed frequency comb generator was not so attractive for practical use yet,
based on the stability and flatness requirement for commercial communication

systems.
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To tackle drawbacks of optical comb generators, we are proposing a new
transmitter architecture for single carrier transmission, which replace the comb
generator with a set of independent lasers with different lasing frequencies.
Recently, commercially available lasers are possessing Lorentzian linewidth of 50
to 200 kHz generally and keep improving over years.

With our proposed frequency offset estimation technique, as well as
conventional CMA and CPE, FO of each laser could be compensated to an

acceptable level for transmission.

4.2  Operating principle

Consider a transmitter employing spectral slicing technique to generate
single carrier signal, but using multiple independent lasers instead of single laser
with an optical frequency comb generator, as shown in figure 4.1. Given that
multiple independent lasers were used to replace the conventional setup, MZM
modulator for frequency combs generation and de-multiplexer for carrier
separation was no longer required. Assume s(t) be the generated high symbol rate
single carrier signal, which possessed an overall bandwidth of B, corresponding
spectrum of s(t), S(f), was first sliced into K sub-bands, hence producing S;(f),
Sa(f), ..., Sk(f). Time domain counterpart of these sub-bands sk(t) were used for
modulating the k™ laser.

To avoid overlapping of sub-bands during mixing, lasing frequency
intervals of lasers were set to be B/K Hz. Furthermore, independent lasers were
applied to replace single laser and the comb generator, thus each of these lasers

should possess statistically independent LPN ¢, (t), ¢, (t), ..., ¢k (t) and constant
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FO Af;, Af,, ..., Afx . Hence, the generated high baud rate signal could be

expressed as follow:

K
s(t) = z 5, (£) - 2T EKBI . I GTAfictpi®) 4.1)

=
5~
~
N ®

G~
N AN LN
[ECL ]—>[ MZM F 2 c—
:
T ® HM ® \/
<
o o
_______________________ , e e e
: JST) ! : :
: R R v B e B e W e B
1 | Laser1 [—{ I/Qmod. | ! | ) i
: s,(t) —2 : si(f) S - (Sl : g || g || || _:
1 f | ﬂh 1 =1 = o o 1
1 [ Laser2 | 1/Q mod. } EB. @ 3 s Ml
: sl =2 ! v |sHH3H H
! [ Laser N —{1/Qmod. |—— | ! 3 o !
1 sdt) —2 S(f) : 1 — =
: > : . .
L Spectral sub-band synthesis Transmitter ! - - . Digital coherent receiver,

Fig. 4.1 Comparison of spectral slicing transmitter architecture. Up: Conventional spectral slicing
transmitter configuration; Down: Proposed spectral slicing configuration and receiver DSP

blocks for spectral sub-band synthesis using multiple independent lasers.

As mentioned in section 2, presence of LPN in conventional coherent
communication system could be treated as a unitary rotation on symbols of
corresponding format, leading to change in argument between original and
received symbol. In our proposed configuration, multiple lasers and modulators

were employed. Each transmitted symbol is made up of K vectors, which do not
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belong to any modulation format and have no any default constellation points for
any generated symbols. Thus, each of these symbol’s component from different
sub-band will suffer a unitary rotation, where rotation on each sub-band’s
component is statistically independent. Figure 4.2 showed the evolution of phase
noise in a 2-band transmission system. As observed, initial phase noise for sub-
conventional coherent system, as phase between two lasers were not synchronized.

Figure 4.3 comparing behavior of LPN towards (a) Conventional coherent
communication, and (b) Spectral slicing technique with multiple independent
lasers. In the proposed setup, the entire signal spectrum was divided into parts,
depending on lasers used. Passing through corresponding MZM and vector
components of different modulus were generated due to equal division of overall
spectrum bandwidth. Independent LPN from lasers will contribute to unique
rotation angles in vector components. When components were added up in
transmitter output, the resultant vector is no longer suffering from a constant
modulus rotation, common distortion in conventional coherent communication,
but a two-dimensional dispersion instead.

As vector components from modulators’ output do not fall into any
modulation format like QPSK or 16QAM, CPE needed to be applied to overall
received symbol instead of each vector components. In our configuration, symbols
were made up of multiple vectors, where each of them suffered from
corresponding distortions including LPN and FO, received symbols will receive a
two-dimensional distortion even ASE noise was not considered, which could be

observed in figure 4.3(b).
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Fig. 4.2 Evolution of LPN in a 2-band communication system
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Proposed spectral slicing configuration with 2 independent lasers
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Figure 4.4 shows the distortion of original symbols, under presence of laser
phase noise in transmitter end. The constellation plot showing a “tail” and a “head”
in each QPSK region. A “tail” would be found with similar phase noise in all sub-
bands, while a “head” could be found when phase noise in sub-bands did not agree.
The tail part behaves similarly to unitary rotation in symbols, which was found in
single band transmission. The head part behaves similarly to AWGN channel,
where random vector was added to original symbols, causing symbols to leave the
constant modulus circle. The head part of symbols implying a hypothesis that
symbols dispersing from the constant modulus circle is inevitable in this proposed
architecture, even with high OSNR. Degree of such dispersion depends on number

of sub-bands, laser linewidth and baud rate.

- Symbol with Phase Noise
% Original Symbol

Quadrature

In-Phase

Fig. 4.4 Comparison of original symbols and received symbols, in a 2-bands QPSK system, under
LPN distortion. ASE noise and receiver LPN were absent. Laser linewidth of sub-bands were set

to 100 kHz.
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As discussed in chapter 2, FO is also an important distortion besides LPN
which also cause rotations to symbols. However, the major difference is that FO
totally depends on frequency mismatch between transmitter and receiver, while
LPN follows Wiener process and behaved in a random manner. Comparing figure
2.2 and 2.4, one may observed FO may induced larger phase rotation, or greater
distortion, on transmitted symbols. Hence, we may expect FO will also contribute
to larger proportion of distortion of symbols in our proposed configuration.

Each transmitted symbol of certain modulation format is composed of K
vectors of different modulus without any format. Consider a long stream of data,
where symbols suffered from FO will rotate around 27r. Given symbols were made
up of multiple smaller vectors in our proposed architecture, compared to
conventional coherent optical system, each of these small vector components will
rotate by 2. When these distorted vectors were added together at transmitter
output, symbols will further disperse from the original designated point, as shown

in figure 4.5, as if transmitting with very low OSNR.
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Transmitted Symbols
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Fig. 4.5 Comparison of original symbols and transmitted symbols, in a 2-bands QPSK system,
under FO distortion with 500MHz at each band and overall bit rate of 125GBaud. ASE noise and

all LPN were absent.

Comparing figure 4.4 and 4.5, one may spot FO induced greater distortion
to symbols than LPN, which could be explained through investigating signal
spectrum in figure 4.6. The exponential term in time domain equaled to shift in
frequency in frequency domain. Compared to e /¢(® ¢=/2mA/throught larger
shift in frequency for most cases, hence FO contributes more for frequency
mismatch in receiver side. Moreover, given that sub-bands were suffering
independent FO in transmitter and may shift in random direction, one should also
consider inter-carrier interference between sub-bands as no spaces were left
between sub-bands, where the overlapped part was added up together and further

distorted transmitted signal.
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Fig. 4.6 Transmitted spectrum of 2 band system with proposed configuration. FO of each
band was set to 500 MHz away from the adjacent band, LPN and ASE noise were absent for

clarity.

4.3 Digital signal processing platform (DSP Platform)

4.3.1 Without frequency offset

In previous session, symbol distortions under single or multi independent
lasers and corresponding proposed DSP platform were discussed. For better
illustration, it would be better to investigate the whole configuration in multiple
steps. With absence of FO, received signal were assumed to have undergone CD,
1/Q imbalance, de-skew and retiming compensation. According to our proposed
DSP platform, received symbols were passed directly to the CMA filter. CMA
filter is a blind, format independent numerical DSP algorithm, which equalizes
signal through following the constant modulus criterion to mimic the channel
response and compensate distortions with inverse of channel response. In our
proposed setup, a 101-tap CMA filter was employed to treat distorted signal.

Figure 4.7 shows the signal constellation before and after filter’s convergence for
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125 GBaud PM-QPSK and PM-16QAM signals, where they were synthesized
from different number of independent lasers. Linewidth of each laser was set to
100kHz, and ASE noise was absent from the simulation. The CMA filter was
considered to function effectively as received symbol’s constellation distributions
were improved in most of the cases, except for the single band PM-16-QAM signal
as CMA was not optimized for it. Furthermore, such result could be explained as
other than polarization de-multiplexing, CMA filter could also be used for exerting
various phase shift to each sub-band, in attempt to synchronize each lasers’ phase

across the entire signal spectrum.

(b) CMA Input
CMA Output

In-Phase

In-Phase

Fig. 4.7 Received signal distributions before and after CMA for 125 GBaud PM-QPSK signals

synthesized from (a) 1 sub-band (b) 2 sub-bands (c) 4 sub-bands and (d) 8 sub-bands and
received signal distributions before and after CMA for 125 GBaud PM-16-QAM signals
synthesized from (e) 1 sub-band (f) 2 sub-bands (g) 4 sub-bands and (h) 8 sub-bands. The laser

linewidth is 100 kHz and no laser frequency offsets and ASE noise are present.

To further investigate performance of the CMA filter on both PM-QPSK
and PM-16-QAM signal, evolution of CMA filter cost function and resulting bit —

error ratio (BER) against OSNR were plot and shown in figure 4.8 for 125 GBaud
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PM-QPSK and PM-16QAM signals, with BPS applied as CPE after CMA
convergence. In figure 4.8 (a), Cost function of 125 GBaud PM-QPSK signal
synthesized from 2, 4 and 8 bands were compared. Determining from the shape
and change in cost function, more iterations were required for CMA filter to
converge for signal synthesized from more independent lasers, which matched our
expectations as more time was required to align all the laser phase if more lasers
were used. Given complexity of signal increased with more sub-bands, it is more
difficult for CMA filter to align numerous lasers’ phase. Hence, the cost function
at convergence is higher with more sub-bands used, indicating a better
constellation distribution improvement at CMA convergence with less number of
lasers.

Figure 4.8 (b) and (c) investigated the relation between number of sub-
bands and corresponding performance with different modulation format, without
influence of frequency offset. 65536 PRBS was transmitted under double
sampling. As stated in figure 4.8 (a), as increasing number of sub-bands also
indicating increasing difficulty in laser phase alignment of each sub-band, leading
to increasing OSNR penalty with increasing number of sub-bands, which valid for
both QPSK and 16-QAM format. For QPSK signal synthesized by less lasers, like
2 bands QPSK signal, linewidth contributed negligible OSNR penalty compared
to penalty due to multiple lasers configuration. However, as the system become
more complex, contribution to OSNR penalty by laser linewidth become
considerable, which was found more noticing when format was switched from
QPSK to 16-QAM, having more stringent requirement on number of sub-bands

and linewidth of each independent laser.
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When 16-QAM was used as modulation format for synthesized signal,
OSNR penalty between setups under same laser linewidth slightly increased
(About 0.5 and 1dB at BER = 1e-3 for QPSK and 16-QAM, with 50kHz laser
linewidth), but still acceptable. However, if 100 kHz laser linewidth was adopted
in all lasers, one may notice system performance degraded drastically with
increasing number of lasers. 16-QAM signal synthesized by 2 lasers of 100 kHz
reach the threshold of 2e-2 at around 26.5 dB, with about 1.5 dB penalty compared
to its single band theoretical setup, which also reached a BER floor at around

log(BER) = -2.2517.

CMA Cost Function

(a) 8 Bands
16 4 Bands
2 Bands

CMA Cost Function

0 0.5 1 1.5 2 25 3 3.5 4
Ilterations x10°
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Fig. 4.8 (a) CMA Cost function for 125 GBaud PM-QPSK signals synthesized from 2, 4

25 26 27

and 8 sub-bands; BER vs. OSNR for (b) 125 GBaud PM-QPSK and (c) 125 GBaud PM-

16QAM signals synthesized by various number of sub-bands with various levels of linewidth.

Based on these figures, we showed proposed configuration performance

related to three major factors, they are system complexity (number of sub-bands),

laser linewidth and modulation format. As happened in conventional coherent

optical transmission, advanced modulation format usually provides higher symbol

rate, but also require better hardware. Increasing number of sub-bands may

allowed user to maintain same symbol rate with lower cost DACs, at the expense

of larger OSNR penalty due to increasing difficulty in laser phase alignment for
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all sub-band lasers at CMA filter convergence. Although laser linewidth did not
show any direct impact on system performance, through lower the variance of
instantaneous phase noise and suppressed LPN increment, better laser phase
alignment could be achieved after CMA filter convergence, and eventually
improved system performance by reducing OSNR penalty, which is critical for
realistic application usually having a tight power budget. Although 50 kHz lasers
were used in simulation, it is still acceptable as there are 50kHz ECLs available on
market already [74].
4.3.2 With frequency offset

Given the difficulty in recovering distorted signal under effect of FO and
LPN, a pilot-aided frequency offset compensation algorithm was proposed, with
corresponding block diagram shown in figure 4.9. Assuming symbols had
undergone CD, I/Q imbalance and de-skew compensation, signal will first be

passed to FOE, followed by CMA and BPS as CPE.

X - Polarization

Y - Polarization

UOIIBWIIS® 04 954E0)
uoIeWIISd 04 duld
VIAD
Sd4

Fig. 4.9 Block diagram of proposed DSP platform at receiver end

The proposed FOE algorithm was developed based on the idea by Zhao

[46]. Zhao’s idea exploited characteristics of time-frequency domain
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transformation. As shown in figure 3.6 and 3.7, a designated constellation point of
certain format was selected, take 1+1j in QPSK format for example. A stream of
designated point was sent repeatedly, acting as pilot symbols, with padded zeros
inserted between switching of pilot and payload to smoothen the process. By the
nature of Fourier transform, a constant, steady stream of data possessed zero
frequency and creating a spike at the baseband of signal spectrum. The spike acting
as pilot tone for the spectrum and facilitated calculation of FO simply by observing
distance shifted away from original carrier frequency. Making use of this idea, we
applied it in our two-band transmission, with padded zeros removed. When sub-
bands experienced FO and shifting away from original position, the spike at base
band will move together will the rest of the signal spectrum, hence split into two
pilot tones if the original one is sharp enough, one at each sub band as shown in
figure 4.6.

Based on the basic principle above, we may modify and further developed
data structure for spectral slicing single carrier transmission with more sub-bands,
such as 4 bands. To achieve this, we first pick two pre-defined constellation point
of certain modulation format, and generated it with an alternating pattern of half
the baud rate. For example, a switching stream of 1+1j and 1-1j at 62.5 GHz was
inserted as pilot for signal transmitted at 125 GBaud. As such, two pilot tones were
formed at the position of +62.5 GHz and split into 4 pilot tones when FO shifted
all four sub-bands.

However, the proposed configuration required stringent alignment of sub-
bands position, or residual frequency offset. Figure 4.10 showed impact of

different residual FOs toward processed signal. Consider a two bands system, even
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small amount of FO as 1MHz, which was considered as negligible and could be
handled by conventional VVVPE system in ordinary coherent optical system, may
still distorted symbols greatly and causing bit error rate (BER) does not meet the
threshold of 1e-3 or even 2e-2.

(@) Distorted Symbols Distorted Symbols
% Original Symbols (b) * O’v\gmal Sylynbols

Quadrature
Quadrature

In-Phase In-Phase
Fig. 4.10 Impact of residual of residual FO towards processed symbols: (a) 50kHz/sub-band; (b)

1MHz/sub band. OSNR and laser linewidth were set to 30dB and 100kHz respectively.

Considering a 125 GBaud system transmitting 2*° symbols at double
sampling, frequency resolution df will be around 2MHz if signal undergoes a 2t
points discrete Fourier transform (DFT), is not enough for our proposed method
to compensate FO to an acceptable level.

To solve the residual FO problem, we introduced application of error
vector magnitude (EVM) in FO estimation. The first section of data stream was
defined as pilot symbols, which were set to an arbitrary constellation point of the
modulation format and known by receiver. Although does not follow any
modulation format, we still knew pilot symbols’ vector components from sub-
bands through performing fast Fourier transform (FFT) on pilot symbols and
investigate each sub band signal. The following algorithm is based on the principle

of maximum absolute error. Consider a coarse estimation of f; .,q4.se DY finding
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shift in pilot tone in k™ sub band, the error of fi coarse €qualed to half of the

frequency resolution df, which equals to:

_ baud rate

where N equaled to number of symbols transmitted.

Once df is known, one may found the true value of carrier frequency of
sub band K fi coarse lying within the range of [ficoarse — 0-52f, ficoarse +
0.5df]. Per accuracy needed, which based on number of sub bands or modulation

format used, we can then set up fine steps within the range of [f coarse —

0.5df, ficoarse + 0.5df], creating a frequency test set like A = [ficoarse —

0.5df, ficoarse = 0-250f, ficoarses fecoarse + 0.25df, ficcoarse + 0.5df] , the
simplest set available. Considering elements of A, the maximum absolute error
was now decreased to 0.125 df, which is equivalent to 250kHz of FO between
adjacent elements in our proposed setup.

With all frequency test sets were made, we could generate combinations of
frequency sets for sub bands, where these sets were applied to sub bands in attempt
to correct pilot symbols and calculate corresponding EVM, where the calculation

of EVM is as follow:

P
EVM(%) = x100% (4.3)

where Peror denoted average amplitude of error vector, while Ppii IS

average amplitude of reference pilot symbol.
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Consider a 2 bands QPSK system, with 1GHz FO at each band, the
simplest frequency test sets A were established for each sub band. Testing EVM
of corrected pilot symbols with combinations of FO, an EVM map was shown in
figure 4.11. The closer the combination to the true FO is, the lower the EVM is. It
is worth noticing that an EVM ‘trough’ is formed in a line near the true FO

combination and maintaining a condition of:

|f1,flne| + IfZ,flneI = Ifll + |fl 4.4)

where fk/,j;e denoted the fine approximation FO of the k™ sub band from

the proposed EVM approach. f;, denoted the true FO in the k™ sub-band.

If relation in equation 4.4 is maintained, resultant EVM will be kept at the
trough position, which significantly lower than other adjacent points and stating
the FOC solution need not to close to the true value. Solution other than exact FO
values for sub bands could be viewed as successful recovery in the overall spectral
shape with a small FO, which based on the step size of frequency test set, or
frequency resolution fundamentally, in the overall spectrum.

Once the fine estimation of FO was done, positions of sub bands were
recovered and in acceptable alignment in terms of spectral position. However, one
should also consider distortions due to inter-carrier interference, which could not
be recovered through FO estimation in the proposed algorithm as spectrum was
already mixed up in transmitter. To alleviate distortion of symbols due to inter-
carrier interference, we simply divided the overlapped part by V2, attempting to
retrieve spectral power of the overlapped part. The slightly shifted spectrum was
then passed to an accurate two stage FOC algorithm developed by Huang which

was originally designed for conventional coherent optical system instead of
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spectral slicing transmitter [43]. After the two stage FOC, the residual FO at sub
bands or FO in overall spectrum are both negligibly small, at the order of kHz,
which did fall within the tolerance range of CPEs, implying CPEs will able to
perform their own tasks and treat residual FO distortions as an additional phase

noise on symbols.

EVM Map for QPSK

22.5

19.5 |
-9.98 ‘
-9.985
-9.99

Sub Band 2 FO 9%

10 10.005

9.995

(X 108 HZ) --1100.005 ~pidb 9.985 — Sub Band 1
FO (x 10® Hz)

Fig. 4.11 EVM map of a 2 bands QPSK system. FOs were set as 1 GHz at each sub band, laser

linewidth was set to 100kHz and ASE noise was included.

Proposed algorithm was applied in transmitting both PM-QPSK and PM-
16-QAM signal with different configurations, including laser linewidth and FO in
each sub-band. Performance of configurations were plot as BER curves and
compared in figure 4.12, with two thresholds set at BER = 2e-2 and le-3
respectively.

Figure 4.12 (a) and (b) compared PM-QPSK system performance of

different configuration with 50 and 100 kHz laser linewidth respectively, while 2
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and 10% of pilot symbols were applied for 2 and 4 sub-band cases separately to
maintain sharpness of pilot tones after suffering from frequency offset in each sub-
band. For PM-QPSK system, the proposed approach showed negligible penalty at
both threshold of BER = 2e-2 and 1e-3, except for those composed of 4 sub-bands
with 100 kHz laser linewidth and the 2 sub-bands case with 100 kHz laser
linewidth and 1 GHz FO in each sub-band. Simulation results showed such
approach is feasible for PM-QPSK systems with up to 4 sub-bands and 1 GHz FO
in each sub-band.

Figure 4.12 (c) showed performance of 2 sub-band PM-16-QAM system
under various FO settings. Result showed system performance degraded largely
when moving from PM-QPSK towards PM-16-QAM. Multi sub-band system
never reach the threshold of 1e-3 and suffering from 1 and 2 dB penalty at the
threshold of BER = 2e-2, when 500 MHz and 1 GHz FO were presented in each
sub-band. The reason behind this degradation could be accounted to stringent
requirement of noise compensation and the poorly compensated spectral portion
which was overlapped with adjacent sub-band prior to FO compensation.

Although proposed configuration suffered from great degradation, result
showed the proposed configuration able to perform single carrier transmission

with multiple independent lasers.
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Fig. 4.12 BER performance of proposed configurations with different laser linewidths: (a) PM-
QPSK signal with 50 kHz laser linewidth; (b) PM-QPSK signal with 100 kHz laser linewidth,

and (c) PM-16-QAM signal with 50 kHz laser linewidth. BPS was used as the CPE.
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Chapter 5

Conclusions and Future Directions

This thesis investigated major impairments in coherent communications
and corresponding DSP algorithm for compensation. In addition, a transmitter
configuration employed multiple independent lasers and modulators, which could
achieve 1 Th/s transmission, was proposed with a new DSP platform specifically
designed for such configuration. The proposed platform was studied numerically
to verify platform’s performance, under different modulation format and
impairments parameters, including FO and LPN.

Considering a coherent optical communication system, respective laser
impairments like FO and LPN were studied in chapter 2. Through investigating
how laser impairments distort signal transmission, importance of DSP algorithm
was show essential for recovering symbols of various modulation formats.

Based on the understanding of laser impairments mentioned above, various
DSP algorithms were introduced in chapter 3. These algorithms were proposed for
compensating different origin of noise, thus their development and corresponding
performance were discussed, showing pros and cons of each algorithm and realize
suitable algorithms for our proposed configuration.

The proposed configuration of spectral slicing transmitter using multiple
independent lasers was introduced in chapter 4. Such configuration was
investigated mathematically and showing properties of distortions to be
encountered. Investigations showed the transmitted symbols behaved as a
summation of vectors with unequal energy distribution and unique rotation among

vector components due to properties of spectral slicing and multiple independent
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lasers. FO also exhibits in lasers together with LPN, thus each sub-band
contributing to vector components also suffered from a frequency shift in Fourier
domain, and eventually may lead to non-alignment of sub-bands. To deal with sub-
bands non-alignment, a receiver DSP platform was also proposed and investigated
numerically, aiming to compensate symbol distortions to achieve the threshold of
log10 (BER) = 1e-3 or 2e-2.

To end with, a spectral sliced transmitter using multiple independent lasers
and a receiver DSP platform were proposed. 1 Th/s transmission of PM-16-QAM
signal was achieved with 2 sub-bands transmission at a penalty of about 1.5 db.
Such configuration showed another approach to construct spectral slicing
transmitter is possible, improved flexibility of traditional WDM system as well as
benefitting software-defined transmissions.

In future, transmission performance of various modulation formats could
be further studied. Moreover, improvement could be made on the algorithm
retrieving the overlapped parts or sub-band alignment of receiver spectrum, as well

as preserving current system performance with less pilot symbols.
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