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Abstract

Internet data traffic within data centre, access and metro networks is experiencing
unprecedented growth driven by many data-intensive applications. Significant
efforts have been devoted to the design and implementation of low-complexity
digital signal processing (DSP) algorithms that are suitable for these short-reach
optical links. In this thesis, a novel low-complexity frequency-domain (FD)
multiple-input multiple-output (MIMO) equaliser with momentum-based gradient
descent algorithm is proposed, capable of mitigating both static and dynamic
impairments arising from the optical fibre. The proposed frequency-domain
equaliser (FDE) also improves the robustness of the adaptive equaliser against
feedback latencies which is the main disadvantage of FD adaptive equalisers under
rapid channel variations.

The development and maturity of optical fibre communication techniques over
the past few decades have also been beneficial to many other fields, especially
coherent light detection and ranging (LiDAR) techniques. Many applications
of coherent LiDAR are also cost-sensitive, e.g., autonomous vehicles (AVs).
Therefore, in this thesis, a low-cost and low-complexity single-photodiode-based
coherent LiDAR system is investigated. The receiver sensitivity performance of this
receiver architecture is assessed through both simulations and experiments, using
two ranging waveforms known as double-sideband (DSB) amplitude-modulated
chirp signal and single-sideband (SSB) frequency-modulated continuous-wave
(FMCW) signals. Besides, the impact of laser phase noise on the ranging precision
when operating within and beyond the laser coherence length is studied. Achievable

ranging precision beyond the laser coherence length is quantified.



Impact statement

Low-complexity digital signal processing (DSP) algorithms are desirable for
cost-sensitive intra- and inter-data centre connections. In this thesis, a novel
low-complexity frequency-domain equaliser (FDE) is proposed. It combines static
chromatic dispersion compensation and an adaptive multiple-input multiple-output
(MIMO) equaliser for mitigating time-varying effects, such as polarisation mode
dispersion (PMD) and state of polarisation (SOP) rotations, in one fast Fourier
transform (FFT) block processing. The interim FFT operations between individual
DSP stages can therefore be avoided, reducing computational complexity.
Additionally, the momentum-based gradient descent method is applied to the
frequency-domain adaptive MIMO equaliser for the first time. It is shown
to be capable of mitigating penalties arising from the feedback delays of the
adaptive equaliser, the major disadvantage in the adaptive frequency-domain
equalisation. Numerical simulations show that, compared to the conventional
gradient descent algorithm, the proposed momentum-based gradient descent
equaliser is significantly more tolerant to feedback latencies under rapid channel

variations.

Leveraging the maturity of optical fibre communication techniques, a low-cost
single-photodiode based coherent light detection and ranging (LiDAR) receiver,
suitable for LiDAR applications that require high cost-efficiency, is investigated
in this thesis. Through both experiments and simulations, it is shown that the
single-sideband (SSB) frequency-modulated continuous-wave (FMCW) signal is
a strong candidate for such coherent receivers. It does not suffer from laser

phase noise to amplitude noise conversion, as is the case with double-sideband
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(DSB) amplitude-modulated chirp signal, hence offering a better receiver sensitivity
performance. The system limitations and trade-offs in such single-photodiode based
coherent LiDAR systems are also identified.

Apart from the coherent receiver, the linewidth of the transmitter laser is
also critical for LiDAR performance. The dependence of ranging precision on
the laser linewidth and ranging distance is assessed through both experiments and
simulations in this thesis. The achievable ranging precision when operating within
and beyond the laser coherence length is identified.

In summary, the research work presented in this thesis makes significant
contributions to the understanding and implementation of low-complexity optical

communication and coherent LiDAR systems.
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Chapter 1

Introduction

1.1 Introduction to optical communication and

LiDAR technique

Data traffic today is experiencing an unprecedented rate of increase. It was
predicted that by 2023, two-thirds of the global population will have Internet access,
accounting for 5.6 billion Internet users [1]. In addition, there will be 3.6 networked
devices per capita by 2023, accelerated by the growth of Internet of Things (IoT)
where different kinds of devices are able to connect with each other and exchange
data over the network [1]. Among them, video devices, in particular, generate
a huge amount of data traffic, stimulated by ultra-high-definition (UHD) video
streaming, real-time gaming and so on. In fact, during the outbreak of the Covid-19
pandemic, the shift to remote working, lecturing, and social activities led to a
20% increase of Internet traffic within one week [2]. In order to help ease this
broadband strain, many streaming platforms reduced the default video quality or bit
rates of streams [3]. This (hopefully once-in-a-lifetime) global health crisis may
also change the way in which we communicate and collaborate over the long term,
as many companies announced that their employees can continue to work remotely
post-pandemic [4]. This continuing demand for high-quality and low-latency online
meetings and real-time communications will further add to the growth of Internet

data traffic.

In addition, the advances of augmented reality (AR) and virtual reality (VR)
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technologies in recent years, and the emergence of so-called ‘Metaverse’, with
which people are able to interact seamlessly using digital avatars, are expected to
push data usage by more than 20 times over the next decade [5-7]. While these
technologies open up our imagination about the future, all of them can only be made
possible by having a robust and reliable underlying communication infrastructure

with fast speed and low latency.

Such demand for high data rate transmission capacity motivated the
innovations and developments of optical fibre communications in the last few
decades, which essentially served as the backbone for Internet data traffic. The use
of optical fibre as the transmission medium was first proposed in 1966 [8]. The
fibre at that time suffered from high loss. The improvements in the manufacturing
process have significantly reduced the fibre attenuation, resulting in a low-loss
window of 0.2 dB/km around 1550 nm, which led to optical fibre becoming
the preferred communication medium [9]. In the early stage of optical fibre
transmission, only intensity-modulated signal formats with non-coherent detection
were utilised, known as intensity modulation (IM) / direct detection (DD). In such
schemes, only the amplitude is used for signalling and the signal phase information
is lost during the nonlinear square-law detection, which significantly limits the

transmission capacity.

To increase the system throughput, coherent optical fibre communication
attracted a lot of research interest in the 1980s [10, 11]. The presence of a
local oscillator (LO) improves the receiver sensitivity and allows more degrees of
freedom, including amplitude, phase and polarisation, to be employed for encoding
data. However, owing to the difficulty and complexity in implementing coherent
receivers at that time, especially the optical phase-lock loop (PLL) for aligning
the phase of the received signal and the LO, its popularity was overtaken by the
invention of optical amplifiers, i.e., Erbium-doped fibre amplifier (EDFA) [12]. The
EDFA can optically amplify the signal over a wide spectrum to compensate the loss
induced in the optical fibre. Together with the wavelength division multiplexing

(WDM) technique, in which independent channels can be transmitted at different
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Transmitter Receiver
Coding, ] @ ( Equalisation,
Datain Modulation, Demodulation, Data out
Pulse-shaping, J Decoding, ...

Figure 1.1: Basic schematic of a digital coherent transceiver with some of the main signal
processing modules at the transmitter and the receiver [17].

wavelengths, this led to a significant increase in the system throughput compared to
that with the traditional IM/DD technique [13, 14].

After 2000, the development of high-speed digital-to-analogue converter
(DAC) and analogue-to-digital converter (ADC) technologies, and advanced digital
signal processing (DSP) algorithms renewed interest in coherent detection. With
the LO serving as the phase reference at the receiver, the optical field can be fully
captured at photodetection. The detected electrical signal can then be digitised and
passed to DSP modules for mitigation of various linear and nonlinear impairments
arising from the optical channels. Such digital coherent transceivers lead to
significant enhancement of spectral efficiency. Fig.1.1 shows the schematic of
a digital coherent transceiver with the main signal processing modules at the
transmitter and the receiver. Nowadays, DSP-based coherent optical transceivers
with WDM and forward error correction (FEC), a data coding mechanism to
enhance the system throughput, have become a standard for long-distance optical
fibre communication systems [15, 16].

There have been a number of investigations on many other novel techniques to
further improve the system throughput in order to keep up with the growth of data
traffic, for instance, coded modulation schemes, where the position of constellation
points or the occurrence probability of the points, known as geometric shaping
(GS) and probabilistic shaping (PS) respectively, can be optimised to improve the
system’s tolerance to certain noise and hence enhance the spectral efficiency [18,
19]. Besides, extending the transmission bandwidth beyond conventional (C)
band (1530-1565 nm) and long (L) band (1565-1625 nm) has attracted a lot of
research interest [20-22]. Table.1.1 shows the wavelength range and the average

fibre loss of each transmission band in the SSMF [23]. Combining all the bands
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Wavelength Bandwidth in Average fibre

Band range frequency loss [dB/km)] Amplification
(0] 1260-1360 17.5 THz 0.36 PDFA
E 1360-1460 15.1 THz 0.28 BDFA
S 1460-1530 9.4 THz 0.22 TDFA
C 1530-1565 4.4 THz 0.18 EDFA
L 1565-1625 7.1 THz 0.18 EDFA

Table 1.1: Low loss transmission band of single mode fibre [23]. O band: original band; E
band: extended band; S band: short band; C band: conventional band; L band:
long band; PDFA: Praseodymium-doped fibre amplifier; BDFA: Bismuth-doped
fibre amplifier; TDFA: Thulium-doped fibre amplifier; EDFA: Erbium-doped
fibre amplifier.

together can give a total transmission bandwidth of 365 nm. With the assistance of
a variety of optical amplifiers, such as rare-earth-doped fibre amplifiers as shown in
Table.1.1, ultra-wideband transmission is proven to potentially play a leading role
in supporting high-capacity transmission [24-26]. Alternatively, multiple spatial
paths of the optical fibre can be utilised to carry information. This type of technique
is referred to as space division multiplexing (SDM) [27] [28]. SDM techniques
range from standard fibre bundles to multicore fibres or multimode fibres. Though
SSMF bundles do not require distinct associated fibre techniques, multicore fibres

and multimode fibres normally need a modified fibre design and profile [28].

More recently, the progress in the machine learning (ML) and deep learning
(DL) field has also motivated its application to optical fibre communication
systems [17,29,30]. A number of studies have explored the use of ML techniques
or neural networks to, for example, reduce the computational complexity of digital
back propagation (DBP) for mitigating linear and nonlinear impairments from
the optical fibre [31, 32] or to decrease the demodulation complexity of received

symbols in additive white Gaussian noise (AWGN) channels [33].

The rapid development and maturity of optical fibre communication techniques
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over the past few decades have also been beneficial to many other applications.
High-performance lasers and optical amplifiers, advanced modulators, coherent
receivers that are commonly used in telecommunications have found applications
in areas such as optical sensing, spectroscopy, chemical sensing and so on [34-38].
Among them, one of the emerging topics is light detection and ranging (LiDAR).
LiDAR is essentially the counterpart of the conventional technique radio detection
and ranging (Radar) in the optical domain. Instead of using radio frequency (RF)
waves to detect the distance and velocity of the object, LIDAR uses light at a much
higher frequency for sensing. The resulting shorter wavelength enables LiDAR to
generate the point cloud at a much higher resolution and precision compared to

Radar.

Using a laser as the light source for sensing is not new. This technique was first
demonstrated in Massachusetts Institute of Technology (MIT) Lincoln Laboratory,
shortly after the invention of the laser in 1960 [39]. Since then, it has been developed
and applied across a wide range of areas including topography, anemometry and
biomedical sensing [38,40,41]. In 2005, the LiDAR sensor was applied for the
first time to autonomous driving vehicles in the 2nd Defense Advanced Research
Projects Agency (DARPA) Autonomous Vehicle Grand Challenge [42]. The
winner of this competition, Stanley from Stanford University, was equipped with
5 roof-mounted SICK LiDAR units to build a 3D map of the environment [43].
In the same race, the first version of Velodyne 360° scanning LiDAR, which is
now a key player in the LiDAR market, was introduced, capable of generating a
high-resolution point cloud at more than 100 meters [42, 44]. In the following
3rd Challenge in 2007, 5 out of 6 winning teams were equipped with Velodyne
LiDAR [44]. The booming of the autonomous vehicle (AV) market since then

rejuvenated industrial and research interest in LiDAR.

For applications in AVs, the optical wavelength at around 1550 nm is
particularly attractive. On the one hand, advanced lasers, optical modulators, and
coherent receivers can be bought off-the-shelf thanks to the development of optical

fibre communications. On the other hand, as human eyes are less sensitive to
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Parameter Short range Long range
Range 20-30 m 200-300 m
Axial/longitudinal

resolution @ few cm
oon 1 01015
Precision ~ mm ~ cm
Frame rate 10-25 Hz

FOV > 90 ° <90°
Temperature range ACE-Q100 grade 2
Reliability AEC-Q100

Laser safety IEC60825-1 Class 1
Size 100 cm? - 200 cm?
System cost $ 50 $ 100-200

Table 1.2: Suggested automotive LiDAR performance specifications [47, 48]. FOV:
field-of-view.

this wavelength, it can potentially alleviate eye safety issues when operating in
free space, allowing the possibility of transmitting the signal at a higher power
for detecting the target at a longer distance (200-300 m) [44]. Together with
well-established sensors such as Radar, ultrasonic sensors and cameras, LiDAR is

widely regarded as an excellent complement in self-driving cars [45, 46].

Apart from AVs, as mentioned earlier, LIDAR as an optical sensing technique
is useful for applications such as medical sensing, robotics and video gaming.
For different applications, the required LiDAR performance varies and different
trade-offs have to be made in the system design, carefully balancing cost, size,

performance and reliability. As the research work presented in this thesis focuses
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on the application to AVs, metrics for evaluating LiDAR’s performance in the short
and long-distance ranging are listed in Table 1.2, together with typical suggested
specifications [47, 48]. In this table, short-range usually refers to the case of
side-looking or rearview, while long-range refers to the scenario of forward-looking.
Axial/longitudinal resolution indicates the minimum resolvable distance in the
direction parallel to the beam direction while lateral/azimuthal resolution is for
assessing the resolution in the direction perpendicular to the beam. By scanning
horizontally and vertically, LIDAR can generate a 3D map, also known as a frame.
Typically, 10-25 frames are produced in one second, known as the frame rate. The
parameter precision, obtained by calculating the standard deviation of multiple
measurements of a target at a certain distance, suggests the confidence in the
measurement of the target location. The field-of-view (FOV) represents the beam

steering angle of the LiDAR sensor.

1.2 Research problem

Despite the exponential growth of Internet data traffic, it is reported that 86 % of
the data traffic is related to intra-data centre and inter-data centre communications,
where the transmission distance is below ~100 km [23, 49]. Unlike long-haul
optical transmission systems, for which the main objective is to support reliable
and high data rate communication, the primary goal for implementing short-reach
optical fibre communication links (i.e.,<100 km) is cost-efficiency. = Major
efforts have been put into investigations of low-complexity and cost-effective
transceivers and DSP algorithms for applications on short-reach systems. While
fibre nonlinearity has a major impact on long-haul transmissions as it accumulates
with the transmission distance, in short optical links, linear impairments such as
fibre loss, chromatic dispersion (CD), polarisation mode dispersion (PMD) and
state of polarisation (SOP) rotations are the main causes of system penalty. As the
research work presented in this thesis focuses on short distances for applications
in data centre, metro and access networks, the penalties arising from the optical

channel are confined to linear distortions.
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The fundamental causes of these impairments and various DSP algorithms
for their mitigation will be reviewed in detail in Chapter 2. While the fibre
loss due to material absorption and Rayleigh scattering is often compensated by
optical amplifiers, the other linear impairments need to be mitigated with the DSP.
In general, chromatic dispersion is often considered a static effect and can be
mitigated via a non-adaptive frequency-domain equaliser (FDE) by multiplying the
signal with the inverse transfer function of the dispersive link [50]. The latter two
effects, i.e., polarisation mode dispersion and state of polarisation rotation caused
by fibre birefringence, are non-static and typically vary with time. To mitigate the
resulting signal distortions, an adaptive equaliser is required, which uses an iterative
search algorithm to find the optimum filter coefficients to minimise the error and
recover the signal [51]. In the polarisation-division multiplexing (PDM) coherent
system, the adaptive equaliser is implemented in a butterfly structure, known
as an adaptive 2 x 2 multiple-input multiple-output (MIMO) equaliser [52-54].
Conventionally, the adaptive MIMO equaliser is processed in the time-domain (TD)
through sample-by-sample equalisation [54]. Together with a non-adaptive FDE
for chromatic dispersion compensation (CDC) preceding the MIMO equaliser, this

structure is mostly used in the receiver DSP for PDM coherent systems [55-58].

Nevertheless, the TD adaptive 2 x 2 MIMO equaliser is rather computationally
expensive and power-hungry, especially when the filter length is large [59]. In fact,
this adaptive MIMO equaliser is often found to be the most power-consuming
block in the coherent DSP chain for short-reach optical links in addition
to FEC [52]. Therefore, many advanced DSP algorithms propose to move
the adaptive time-domain equaliser (TDE) to the frequency domain [60-62].
Instead of performing sample-by-sample equalisation as in the time domain,
frequency-domain (FD) equalisers process a large block of samples together. Taking
advantage of the low calculation complexity offered by fast Fourier transform
(FFT), the computational complexity can be significantly reduced [63]. With
the filter length of N samples, the computational complexity per sample of a

FDE increases approximately proportional to O(log, N) while the TDE scales as
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O(N) [55]. Hence, with increased filter length, there is a great benefit of employing
FDEs due to the significant reductions in the computational complexity compared

to the TDE.

The low complexity and reduction in the power consumption offered by an
adaptive FDE come with the trade-off of feedback delays in the filter coefficients
update, which is the main disadvantage of adaptive FDE. This is due to the presence
of multiple FFTs/IFFTs and DSP operations involved in calculating errors and
updating gradients in the feedback loop [55, 64—66]. Such delays will degrade the
adaptive equaliser’s ability to track time-varying effects as the filter coefficients
are no longer up-to-date. This is particularly detrimental during rapid SOP
rotations, for instance when aerial fibres used in a transmission link are struck by
lightning, leading to SOP rotation frequencies on the order of a few Mrad/s [67-69].
Improving the robustness of the adaptive FDE against feedback latencies is hence

crucial to successfully recover the PDM signals.

Since it is possible to mitigate CD, PMD and SOP rotations together
in the frequency domain, it is beneficial to further combine these individual
DSP stages into one block, avoiding interim FFT/IFFT conversions to further
reduce the computational complexity. The design and implementation of such
a low-complexity FDE, combining static equaliser and adaptive MIMO equaliser
together, and the algorithm to improve the adaptive equaliser’s tolerance to feedback

latencies, have been investigated in this thesis.

For the implementation of LiDAR systems, minimising system cost while still
maintaining desirable performance is also important [47, 70]. Generally, there
are three categories of LiDAR, known as pulsed time-of-flight (ToF) LiDAR,
amplitude-modulated continuous-wave (AMCW) LiDAR and frequency-modulated
continuous-wave (FMCW) LiDAR. The operating principles and related literature
will be reviewed in Chapter 2. This thesis focuses on the investigation of FMCW
LiDAR, as it offers a higher receiver sensitivity, and higher ranging resolution and

precision over longer distances compared to the other two techniques.

There are two approaches to generate the FMCW signal. One is to directly
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modulate the laser which is simple and low cost [71,72]. The directly modulated
laser (DML) can offer a frequency tuning from tens of GHz to even THz, thus
enabling a high-ranging resolution in the LiDAR system [35,73,74]. However, such
lasers usually suffer from a larger laser phase noise, limiting the maximum ranging
distance [45,75]. This results in a system trade-off between ranging resolution
and ranging distance. Apart from the laser phase noise, obtaining a precise linear
frequency sweep is rather challenging in the case of directly modulating a laser, and
a linearisation technique is often required to optimise the signal waveform [76—78].
In addition, the frequency modulation of a laser by varying the injection current
into the gain section often comes with an unwanted intensity modulation which
cannot be compensated. To overcome these drawbacks, an alternative approach
is to externally modulate the laser source using an electro-optic modulator (EOM).
Apart from the possibility of using a low-linewidth laser source, this approach offers
a better modulation linearity and control of the frequency and amplitude of the chirp

signal.

When using an EOM to generate the chirp signal, there are two categories
of chirp signals that have been proposed for ranging, known as single-sideband
(SSB) frequency-modulated continuous-wave (FMCW) signal and double-sideband
(DSB) amplitude-modulated chirp signal [79, 80]. The DSB signal requires a
simpler transmitter design, as it is real-valued and can be generated using a
single-drive Mach-Zehnder modulator (MZM), while the SSB signal, which is
frequency/phase modulated, requires an in-phase and quadrature modulator (IQM)
based transmitter. The operating principle of these two waveforms will be discussed
in the research work presented in Chapter 4. Both signals have previously been
investigated in an optical 90° hybrid-based balanced phase-diversity coherent
receiver [79-81]. Nonetheless, this receiver architecture is rather complex and
expensive, limiting its practical implementations. Hence, a simplified receiver
architecture design for coherent LiDAR, which is desirable for cost-sensitive
applications such as autonomous vehicles, has been studied in this thesis, and the

performance of systems employing these two chirp waveforms has been assessed.
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Besides the coherent receiver, the transmitter laser is critical for LiDAR
performance. As mentioned earlier, the maximum ranging distance is commonly
assumed to be limited by the laser coherence length [74]. This is because the
ranging precision can be degraded by incoherent measurements. Hence, to enable
long-distance ranging of a few hundred meters, a low-linewidth laser is often
assumed to be necessary, which potentially increases the system cost. A number
of studies have explored the possibility of mitigating precision penalties from laser
phase noise. For instance, in [75], by exploiting the prior knowledge of the power
spectral density (PSD) of the received signal and using a least-squares estimation,
10x better-ranging precision can be realised when operating beyond the laser
coherence distance. Although a certain degradation in ranging precision would be
expected in the incoherent regime, its dependence on ranging distance and laser
linewidth has not been thoroughly assessed. If the performance is acceptable, the
use of a relatively high-linewidth laser source might be a compromise solution for

many cost-sensitive applications.

It should be noted that the research work carried out in this thesis focuses on the
LiDAR subsystem designs and evaluations. Immense efforts have been made across
industry and academia to fully integrate the LiDAR system on chip in order to make
it more power-efficient, compact and easily scalable for mass production [48, 70,
82—-87]. Readers are referred to the aforementioned references for more exhaustive

discussion and review of various integrated LiDAR systems.

1.3 Thesis outline

The remainder of the thesis is organised as follows:

Chapter 2 presents the requisite theory for linear impairments that arise from
the optical fibre, including CD, PMD, and SOP rotations. Various DSP techniques
that have been proposed in the literature for the mitigation of these impairments are
reviewed. The second half of this chapter focuses on LiDAR systems. The operating
principle of different LIDAR techniques, i.e., pulsed TOF LiDAR, AMCW LiDAR

and FMCW LiDAR are discussed. Achievable performance in commercialised
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products are presented. As coherent FMCW LiDAR is the focus of this thesis,
its related literature is reviewed in more detail.

In chapter 3, a novel low-complexity frequency-domain MIMO equaliser
employing a momentum-based gradient descent algorithm is proposed. The
principles of the proposed FD MIMO equaliser are presented first. Its performance
is evaluated through numerical simulations of varying feedback delays and SOP
rotation speeds. The simulation results are discussed and compared with those
obtained using the conventional gradient descent algorithm.

Chapter 4 compares the performance of two categories of chirp signals,
namely DSB amplitude-modulated signal and SSB FMCW signal, in a low-cost and
low-complexity single-photodiode based coherent LiDAR system. The impact of
direct detection (DD) beating distortions arising from single-photodiode detection,
and penalties in receiver sensitivity due to laser phase noise are mathematically
studied first with expressions to calculate this being derived. Both simulations and
experiments are then performed for verification, followed by a detailed discussion
and comparison between simulation and experiment results.

Chapter 5 investigates the impact of laser phase noise on the ranging precision
when operating within and beyond the laser coherence length. Experimental results
comparing the ranging precision of 100 kHz and 1.2 MHz laser sources at various
ranging distances are discussed first, following which simulation results, sweeping
across a wide range of ranging distances and laser linewidths, are presented.

Chapter 6 summarises the research work presented in Chapters 3, 4 and 5.

Suggestions for future work are also proposed.

1.4 Key contributions

The key contributions from the research work presented in this thesis are as follows:

* A novel low-complexity frequency-domain equalisation technique, combining
chromatic dispersion compensation and an adaptive MIMO equaliser in
one FFT block is proposed (Section 3.1). The proposed equaliser has the

advantage of saving intermediate FFTs/IFFTs between individual DSP stages.
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The algorithm was published in VII as listed below in Section 1.5.

A momentum-based gradient descent algorithm is applied to the FD adaptive
MIMO equaliser for the first time in order to improve its robustness against
adaptive filter feedback delays and dynamic SOP rotations (Section 3.1).
Through numerical assessments, the momentum-based gradient descent is
shown to outperform the conventional gradient descent algorithm, capable
of mitigating penalties from high feedback delays in the presence of rapid

SOP rotations (Section 3.3). The results were published in VII.

Theoretical equations for desired beat signal, direct detection beating
interference, and the impact of laser phase noise on the receiver sensitivity
when employing SSB FMCW signal and DSB amplitude-modulated signal
in single-photodiode based coherent LiDAR systems are derived and

analysed (Section 4.1). This led to the publication of III.

Numerical simulations and experimental verifications are performed
to compare the receiver sensitivity performance with SSB and DSB
signals (Section 4.3). System limitations and trade-offs in this single
photodiode based coherent LiDAR receiver are discussed. The results were

published in III.

The penalties arising from the laser phase noise on the ranging precision
when operating within and beyond the laser coherence length are investigated.
Experiments are carried out comparing the ranging precision of 1.2 MHz
and 100 kHz linewidth lasers for a variety of ranging distances (Section 5.1).

Results were reported in 1.

Numerical assessments are performed across a wide range of distances and
laser linewidths (Section 5.2). Achievable ranging precision with varying

laser linewidths and ranging distances is identified and reported in I.
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Chapter 2

Theory and literature review

This chapter presents the requisite theory and literature review for the research
described in this thesis. Sec.2.1 focuses on the linear impairments arising from
the optical channel, and DSP algorithms that have been proposed to mitigate these
distortions. Sec.2.2 introduces the LiDAR technique. Three types of commonly
used LiDAR systems are discussed, namely, pulsed time-of-flight (ToF) LiDAR,
amplitude-modulated continuous-wave (AMCW) LiDAR and frequency-modulated
continuous-wave (FMCW) LiDAR, followed by a summary and comparison of

these different LiIDAR systems in Sec.2.2.4.

2.1 Linear optical fibre impairments and DSP
mitigation algorithms

2.1.1 Chromatic dispersion

The refractive index of the optical fibre is frequency-dependent, resulting in
different frequency components of the optical pulse travelling at different speeds.
This phenomenon is referred to as chromatic dispersion (CD). The main penalty
caused by chromatic dispersion in an optical communication system arises from the
pulse broadening as shown in Fig.2.1. In the time domain, the broadened pulses
may interfere with neighbouring pulses and induce inter-symbol interference (ISI).
This is particularly detrimental to high-speed transmission systems, as the symbol

period becomes rather short.
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Figure 2.1: Inter-symbol interference (a) transmitted symbol; (b) broadened symbol.

From the mathematical perspective, if the amplitude of the optical signal is
denoted as A, the propagation of each frequency component of the signal through

standard single-mode fibre (SSMF) over a distance z can be described as [88]:

Az, 0) = A(0, ®) exp(jBz) 2.1

where  is the angular frequency and 8 represents the mode-propagation constant.

Expanding 3 as the Taylor series around the optical frequency ay gives [88]:

B(a)):n(a))%:[30+[31(a)—wo)+%[32(w—a)o)2+..., 2.2)

where the parameter n is the refractive index, ¢ denotes the speed of light and f is

the propagation constant at frequency @y.

The parameter 31 specifies the velocity at which the optical pulse propagates
in the fibre, known as the group velocity v,. They are related to each other

through [88]:
dp I ng 1 dn
= —= = — = - _— 2_4
A do vg c c(n+wdw) 24

where ng is the group refractive index. The parameter 3, denotes the 2nd-order
dispersion, representing the dispersion of group velocity, and thus is responsible for

pulse broadening [88]:

_db_ d

5 [1(+wdn)] 1 _dn d*n
2T do  dole dw

=2 to—s
c( do dw?

) 2.5)

This phenomenon is referred to as group velocity dispersion (GVD). The dispersion
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of optical fibre is commonly specified by the chromatic dispersion parameter D (ps -

nm_lkmfl), which is related to 3, through [88]:

dﬁl 21ce dﬁl 21e
D= = — =— 2.6
2 A% do 7 P2 (2.6)
where A represents the reference wavelength and dA = —%dw. For SSMF

operating at 1550 nm, D ~ 17 ps-nm~'km~! [89,90].

The higher-order dispersion plays a critical role in the propagation of ultrashort
pulses (around tens of fs) or at wavelengths approaching the zero-dispersion
wavelength at around 1.27 pym [88]. As the research work in this thesis considers

systems operating at 1.55 um, the impact of higher-order dispersion is neglected.

With negligible contribution to distortion from fibre nonlinearity, usually the
case in short-reach optical links, the impact of chromatic dispersion on the signal’s

envelope A(z,t) at time instance ¢ and distance z can be modelled as [53]:

A(z)  DA2IAX(z1)
92 ame o 27

where j = +/—1. Taking the Fourier transform of Eq.2.7 yields the frequency

domain transfer function of the dispersive link, which is given by [53]:

DA?
G(z, ) = exp (— j 47[; a)z) (2.8)

Hence, chromatic dispersion can be modelled simply by multiplying the signal,

represented in the frequency domain, with the transfer function G(z, ®).

Multiple DSP algorithms have been proposed to mitigate penalties induced
by CD. For example, it has been proposed to design a finite impulse response
(FIR) filter to approximate the inverse of the frequency response of chromatic
dispersion [53]. The FIR filter can be implemented through a tap-delay line [91].

The filter tap weights are expressed as [53]:

;chsz —jmcT? 2
k= DlzzeXp( YE k 2.9)
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where T represents the sampling interval. The parameter k is the index for filter tap

weights, which is defined as [53]:

N N ID|A2z
— = <k<|= = )
{ZJ—k—{ZJ and N 2L2CTS2J+1 (2.10)

where the parameter N defines the filter length required for chromatic dispersion
compensation (CDC).

It can be seen from Eq.2.10 that filter length N increases proportionally with
the transmission distance z and inversely proportional to the square of the sampling
period T, which indicates that, for a high-speed transmission system over a long
distance, the filter length needs to be sufficiently high in order to compensate CD
effectively. This leads to a rapid increase in computational complexity due to
the linear time-domain convolution for implementing the FIR filter [92,93]. One
approach to reduce the computational cost is to leverage the pulse shaping [94].
Since pulse shaping can effectively reduce the signal bandwidth, the FIR filter
length can be designed to cover only the signal bandwidth, rather than the whole
frequency band, limited by Nyquist frequency as in Eq. 2.10. Therefore, the FIR
filter length, and hence the computational cost, can be reduced.

In contrast to implementing CDC in the time domain using FIR filters, it is
possible to perform the equalisation in the frequency domain at a much-reduced
calculation complexity thanks to the low calculation complexity of the fast Fourier
transform (FFT) as mentioned in Chapter 1. The frequency-domain equaliser
(FDE) is implemented by transferring the signal into the frequency domain,
multiplying the signal with the inverse of the dispersive link’s transfer function
G(z,0) (Eq.2.8), and then transforming the equalised signal back into the time
domain. While the time-domain equalisation is a continuous sample-by-sample
process, frequency-domain equalisation is based on block processing where a block
of samples are collected and processed together [93]. There are two main categories
for implementing block-based frequency-domain (FD) equalisation, known as
overlap-add and overlap-save methods. Readers are referred to [63,95] for detailed

analysis and comparison between these two methods, but the general operating
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Figure 2.2: Frequency-domain equalisation with (a) overlap-save method and (b)
overlap-add method. K is the block index; M denotes the number of useful
samples in one block, together with added overlap samples comprising one
FFT block with Nprr samples. FFT: fast Fourier transform; IFFT: inverse fast

Fourier transform; FDE: frequency-domain equaliser.
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principle is shown in Fig. 2.2. Since directly transferring the signal into the
frequency domain and multiplying it with the frequency-domain filter response
yields a circular convolution after inverse fast Fourier transform (IFFT), a certain
overlap should be added to the block of useful samples to form each FFT block. The
linear convolution between the input signal and the filter response can be extracted
from a subset of the IFFT output samples. Specifically, the overlap-save method
divides the signal sequence into multiple blocks with a certain overlap of samples
from the previous block while overlap-add method divides the signal sequence
into blocks with overlap composed of zeros. After frequency-domain equalisation,
the overlap-save method combines the signal in the time domain and discards the
overlap samples. In contrast, the overlap-add method adds up the overlap samples.
Both methods can achieve similar performance but the overlap-save method has
been shown to be more computationally efficient and has been widely adopted for
equalisation [50, 96, 97], and hence is employed in the research work presented in

this thesis. Its operating principle will be presented in detail in Chapter 3.

The number of overlap samples in the FDE is determined by the pulse
broadening induced by chromatic dispersion. Similarly to the FIR filter length in the
TDE, the number of overlap samples is critical for performing accurate CDC [98].
The FFT size, on the other hand, is more flexible provided it is longer than the
minimum number of overlap samples. Depending on the implementation of FFT
algorithms in the field-programmable gate array (FPGA) or application-specific
integrated circuit (ASIC), the FFT size can be configured to optimise the calculation

complexity and power consumption [93,96].

In most cases, it is assumed that the amount of CD that is accumulated from the
optical fibre is known to the receiver. Therefore, a simple static frequency-domain
equalisation is sufficient for CDC as discussed above. However, there are some
scenarios in which the chromatic dispersion may vary due to external perturbations
such as temperature changes or dynamic light path changes between two nodes
in a network. As a result, the receiver may not have prior knowledge of the

amount of chromatic dispersion that has accumulated in the link. Several adaptive
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equalisation schemes have been proposed to cope with such dynamic chromatic
dispersion variations, for instance, using a frequency-domain blind look-up table
in which transfer functions for various amounts of dispersion are stored in
memory [92]. The equaliser goes through a coarse and then a fine search of
dispersion, until a certain error criterion is satisfied. Alternatively, it was proposed
to employ an adaptive time-domain least mean square (LMS) equaliser [94, 98].
It is shown to be very robust in dynamic dispersive optical links; however, the
computation is rather cumbersome due to the need for multiple iterations and the
complex update procedure of the adaptive filter coefficients. In addition, it is
possible to combine both time-domain and frequency-domain equaliser together
for mitigating chromatic dispersion, which is referred to as a hybrid FD/TD
equaliser [99]. The idea behind this algorithm is to apply a frequency-domain
equaliser first to compensate the majority of chromatic dispersion, and then
employ a small time-domain adaptive equaliser for mitigating residual CD,
and time-varying impairments such as polarisation mode dispersion (PMD) and
polarisation rotations [97, 100].

It should be noted that in this thesis, the static transmission link is assumed,
where the accumulated chromatic dispersion is known to the receiver, and thus, a
non-adaptive frequency-domain equaliser is sufficient to achieve accurate chromatic

dispersion compensation.

2.1.2 Polarisation mode dispersion and state of polarisation

rotation

In contrast to chromatic dispersion, polarisation mode dispersion (PMD) and state
of polarisation (SOP) rotations typically vary with time. In the ideal case with
cylindrical fibre, the refractive indices for x and y polarisations are identical, as
shown in Fig.2.3(a), and thus the two polarisations travel at the same speed in the
fibre. However, in reality, the manufacturing imperfections and mechanical stress
during fibre fabrication, cabling and deployment result in an unsymmetrical core
of the fibre. The fibre refractive indices for the two polarisations are therefore

different as shown in Fig.2.3(b). This is known as fibre birefringence [88]. The fibre
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Figure 2.3: (a) The ideal-symmetric fibre with the same refractive index for x and y
polarisation; (b) The fibre with non-symmetric core. n, and n, denote the
refractive indices for the x and y polarisations. v, and v, represent the velocities
at which the signal travels with the two polarisations. ¢ denotes the speed of

light.
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Figure 2.4: Differential group delay (DGD) between x and y polarisation as they propagate
along the fibre.

birefringence leads to two orthogonal polarisations travelling at different speeds and
with random SOP rotations. At the fibre output, the optical pulse is broadened and

the signals on the two polarisations are mixed.

The accumulated time delay 7 between the two polarisation modes as they
propagate along the fibre is known as differential group delay (DGD) as shown
in Fig.2.4 [101]. The measured instantaneous DGD changes in a random manner
due to random fibre birefringence, but in general, it can be approximated by
a Maxwellian probability distribution [102]. The root-mean-square value of
instantaneous DGD is known as the PMD of the fibre, usually measured in ps [88,

102]. Further dividing PMD by the square-root of the fibre length L (km) gives the
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PMD coefficient (ps/+/km), and it is usually a specified parameter for commercially
available fibres [89,90]. For most commercial fibres, the PMD parameter is within
the range of 0.1 to 1 ps/+/km [88]. As PMD scales proportionally to v/L, the impact

of induced pulse broadening is relatively small compared to that of CD [103].

The analytical description of PMD is rather complex due to its statistical
nature [102]. A numerical model of PMD considers the fibre as a concatenated
series of random birefringence sections [103]. For a given section, the fibre
birefringence remains constant but varies randomly from section to section. The
resulting impact on PMD and SOP rotations between two polarisations due to this
random fibre birefingence can be modelled by multiplying the signal with a 2x2
complex matrix, known as the Jones matrix. For section i, the Jones matrix R; and

D; are given by [88]:

cos B¢ /%  sin6; e /7 0
R, D, = @.11)

—sin®;  cosB;e/? 0 e/®2

where 6; and ¢; refer to the random rotation and random phase shift between
two polarisations, 7; denotes the local DGD, and @ is the angular frequency.
Typically, variables 6; and ¢; follow the uniform distribution between [—7, ] and
[—m/2,m/2] [88]. Given that the total fibre is modeled by m cascaded sections,
the effect of the fibre on the signal can be modelled using the Jones matrix

J=R,;D,...RD;...R;D; [103].

The PMD and SOP rotations are time-varying effects, and an adaptive equaliser
is required to undo polarisation rotation and recover the signal. Normally, an
adaptive equaliser is composed of three steps [51]. The first step is referred to as
filtering, where the digital filter is linearly convolved with the input signal. The next
step, known as the error estimation, is to compute the deviation between the desired
output and the filter output. The final step is the updating of the filter coefficients

by examining the obtained errors from the previous step.
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Figure 2.5: Schematic of a 2 x 2 MIMO equaliser. X;, and y,, denote the input signal
vectors for x and y polarisations. hy,, hy, h,, h,, represent the time-domain
filter vectors. x,,, and y,,, are the output signal samples after equalisation.

With two polarisation modes propagating in the optical fibre, the adaptive
equaliser is constructed as a 2 X 2 multiple-input multiple-output (MIMO), shown
in Fig.2.5 [53]. hy,, hyy, hy,, hy, represent the time-domain filters. Considering the
input signal vector x;, and y,, with L samples, the n — th equalised signals for the
two polarisations are given by [54]:

Xout (n) = h){xxin + hzc;;yin 2.12)

Yout (I’l) = h;xxin + hyTinn

where T denotes the transpose of the vector. Both input signals and filter coefficients

are represented by an L by 1 vector. For instance,

Xin(n) = [xin(n), Xin(n—1), ..., xip(n—L+1)]T

hi(n) = [huo(n), hea(n), ..., hxx(L—l)(n)]T

(2.13)

Similar expressions can be obtained for input signal vector y;,, and other filter

coefficients.

After filtering, the next step is to calculate the errors. For the modulation
format of phase shift keying (PSK) where all symbols lie on the same ring in the
constellation (i.e., having a constant radius of 1), the constant modulus algorithm
(CMA) is often employed to calculate the deviation of the equalised sample from

the constant radius [104, 105]. For higher-order modulation formats, such as
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Error estimation

ex(n)=1- !Xom(””z

CMA
eY(n) =1- bJout(n)‘z

ex(”) = R;Zc - |x0ut<”) |2

RDE
ey(n) = R = [you (n)|”

ppLms ()

Table 2.1: Error estimation in adaptive equalisers [53]. CMA: constant modulus algorithm;
RDE: radially-directed equalise; DD-LMS: decision-directed least mean square.
n is the sample index. e,(n) and e,(n) denote the estimated errors for x and
y polarisations respectively. x,, and y,, are the output signal samples after
equalisation. R, and Ry, represent the nearest constellation radii for x,,; and you;.

xou;(n) and you; (n) denote the symbols that are closest to the equaliser output
after decision.

M-ary quadrature amplitude modulation (QAM) where the different symbols have
a variety of amplitudes, the deviation is obtained by subtracting the filter output
from its nearest constellation ring. This algorithm is known as radially-directed
equaliser (RDE) [106]. Alternatively, instead of bringing the received symbol to
the closest radius, the receiver can also directly make hard decisions on equalised
symbols, known as decision-directed least mean square (DD-LMS) algorithm. It
should be noted that, in contrast to CMA or RDE, DD-LMS is very sensitive to laser
phase noise as it makes an estimate of what the transmitted symbol might be after
adaptive equalisation [57]. Hence, DD-LMS often requires an accurate carrier phase
recovery before equalisation to eliminate the penalty from laser phase noise (e.g.,
through the use pilot symbols [107]). Otherwise, it might lead to unstable operation.
In many cases of using higher-order modulation schemes, CMA is often chosen
for pre-convergence before switching to RDE or DD-LMS for more accurate error
estimation [108]. The error calculations for these three methods are summarised in

Table 2.1.

The objective of the adaptive equalisation is essentially to minimise the

mean squared error (MSE) E[|e(n)|?], which is also referred to as the cost
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function [105]. As the cost function is related to adaptive filter coefficients (see
Eq.2.12 and Table 2.1), minimising the errors requires searching for the optimum
filter coefficients. Employing the stochastic gradient descent algorithm by taking
the instantaneous value of the gradient (i.e., replacing E[|e(n)|?] by |e(n)[*), the cost
function can be minimised by setting the partial derivative of |e(n)|* with respect to

every filter tap weight (see Eq. 2.13) to zero, given by [51]:

dle(n)|”
dhi(n)

=0, where 0<i<L-1 (2.14)

where i denotes the index for each individual filter tap weight in the filter coefficient

vector h(n). Collectively, Eq.2.14 can be written as [51]:
Vhle(n)* =0 (2.15)

where V}, denotes the gradient operator with respect to filter coefficient vector h(n).
The obtained gradient is then used to update the adaptive filter tap weights given
by [51]:

h(n+1) =h(n) — uVple(n) (2.16)

where U is the convergence parameter which determines the convergence rate of the

equaliser, also known as the step size.

Employing CMA or RDE as the cost function, the equations for updating the

four sets of filter taps are given by [54, 105]:

hee(n+1) = hue(n) + pex(n)xou (n)x, (1)
hyy(n+ 1) = hyy(n) + e (n)xou (n)y;, (1) 2.17)
hy,(n+1) = hy(n) + ey (n)you (n)x;, (n)
hyy(n+ 1) = hyy(n) + pey(n)you (n)y;, (n)

where the asterisk denotes the complex conjugate. Similarly, the filter update in the
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case of DD-LMS is calculated as [53]:

(2.18)

The most complex step in these 3-step adaptive equalisation methods is
the filter coefficients update, which accounts for almost half of the calculation
complexity of the algorithm itself. @ A few techniques for reducing the
calculation complexity in the filter update have been investigated in [52]. In
particular, the proposed multiplier-free tap weight update algorithm is shown
to significantly reduce the complexity since multiplications are usually more
computationally intensive than additions. In the experimental verification of 3
Gbaud polarisation-division multiplexing (PDM)-quadrature phase shift keying
(QPSK) system in transmission over 100 km SSMEF, it was shown to be capable
of achieving similar performance to that of using the conventional filter update
algorithm. Alternatively, one can reduce the filter length via sample pruning [59].
Normally, the adaptive equaliser is performed at two samples per symbol. Using
sample pruning, the input signal to the adaptive equaliser is downsampled to one
sample per symbol and calculations are only performed for the required samples for
the output symbols. In the simulation, the sample pruning method was shown
to offer a greater than 50% reduction in power dissipation in a 28 nm ASIC
implementation. Such a reduction is achieved at the expense of a small penalty
on the equaliser’s tracking ability due to a noiser gradient estimation.

Similarly to FD CDC discussed in the last section, the adaptive time-domain
equaliser can also be implemented in the frequency domain to reduce the calculation
complexity and power consumption [63]. In [60], an adaptive FDE comprised of
two sub-equalisers for odd and even samples was evaluated in a 40 Gbit/s dual
polarisation QPSK system. The performance is shown to be equivalent to TDE

but with reduced computation cost. In particular, a constrained gradient estimation
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Figure 2.6: Schematic of adaptive frequency-domain equalisation with constrained
gradient estimation based on overlap-save method. The red-dash box displays
the implementation of constrained gradient estimation [63]. x;,(K) and
Xy (K) represent the time-domain and frequency-domain input signal vector
respectively. H denotes the frequency-domain filter coefficients. X, (K)
is the time-domain output signal after equalisation. d(K) and e(K) are the
time-domain desired signal vector and error vector respectively. G(K) is the
frequency-domain gradient vector. V denotes the gradient.

is employed in the proposed FDE [60, 63]. A schematic of the overlap-save
method-based adaptive frequency-domain equalisation with constrained gradient
estimation is shown in Fig.2.6. As with the static frequency-domain equalisation
shown in Fig.2.2(a), the adaptive FDE also requires a block of samples (x;,(K)
as shown in Fig.2.6) added with certain overlaps to be converted to the frequency
domain first (X;,(K)). Following this, the frequency-domain equalisation (H) is
performed and the signal is then transformed back to the time domain to obtain
the equalised output signal (X,,;(K)). The main difference compared to the static
FDE is that the adaptive FDE involves two more steps for calculating errors
(e(K)) and updating the adaptive filter coefficients using the obtained G(K). The
red-dash box displays the implementation of constrained gradient estimation where
a time-domain constraint is imposed on the frequency-domain gradient vector by

converting it back to the time domain, discarding the last set of samples of the



2.1. Linear optical fibre impairments and DSP mitigation algorithms 44

gradient vector and padding the same number of zeros before converting it back to
the frequency domain again for updating filter coefficients [63]. This time-domain
constraint is imposed to ensure that the calculated frequency-domain gradient vector
is the result of a correct linear correlation between the error signal and the input

signal vector [63].

It can be seen that constrained gradient estimation used in adaptive
frequency-domain equalisation adds some computational complexity to the
feedback loop in the filter update. Compared to a static (i.e., non-adaptive) FDE
used in CDC, the adaptive FDE with constrained gradient estimation for mitigating
PMD and SOP rotations in one polarisation increases the computation complexity
by 250 % (five more FFTs/IFFTs, with four from constrained gradient estimation
since equalising one polarisation involves two adaptive filter coefficient updates,
and one from error calculation). It is possible to reduce the computation complexity
by omitting the time-domain constraint and hence saving four FFTs/IFFTs for
recovering one polarisation [109]. This approach is known as unconstrained
gradient descent algorithm [63]. In this case, the calculation complexity increases
by only 50 % compared to the static FDE. Nonetheless, this comes with small
penalties in the performance of the adaptive equaliser as demonstrated in [110].
Therefore, the constrained gradient descent estimation has also been adopted for

the research work presented in Chapter 3.

The above-mentioned adaptive equalisation algorithms are all blind, which
means that the receiver has no knowledge of what signal has been transmitted.
In some situations, it might be challenging for the blind adaptive equaliser to
converge quickly and to be able to track dynamic effects. For example, the
rapid SOP rotations caused by lightning strikes on aerial fibres can lead to rapid
SOP rotations at the order of a few Mrad/s [67-69]. These fast changes of SOP
rotations make it almost impossible for most commercial DSPs in polarisation
multiplexed transmission systems to successfully de-multiplex the signal as the
adaptive equaliser is only capable of tracking SOP rotations at rates of up to a few

hundred krad/s [65, 111]. Hence, a number of studies explored the possibility of
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Figure 2.7: Overview of a LIDAR system. Tx: transmitter; Rx: receiver.

training-based feed-forward equalisation technique where part of the transmitted
signal is known to the receiver [65, 112]. In this case, pilot symbols are inserted
periodically. Comparing transmitted and received pilot symbols, the inverse of the
Jones matrix of the optical channel can be obtained without the filter update process.
Moreover, in [113], it was proposed to update the adaptive equaliser only based
on pilot symbols. The filter coefficients were then kept constant for the following
payload until the next pilot symbol. This type of feed-forward equalisation is shown
to have a faster convergence speed than blind equalisation and is capable of tracking
higher-speed SOP rotations. Nonetheless, the insertion of training or pilot symbols

will inevitably add a certain overhead [56].

2.2 LiDAR architecture

Fig.2.7 shows an overview of a typical LiDAR system. It consists of a transmitter
generating a modulated LiDAR signal. The signal is then collimated and illuminates
the target. After being reflected back from the target, the signal is focused
onto the photodiode for detection [114]. Signal processing is applied to the
detected signal to extract the range and velocity information. Fig.2.8 shows three
types of LiDAR that can be applied for ranging, known as pulsed time-of-flight
(ToF) LiDAR, amplitude-modulated continuous-wave (AMCW) LiDAR and
frequency-modulated continuous-wave (FMCW) LiDAR. While the pulsed TOF
LiDAR directly measures the distance to the target by measuring the time delay,
AMCW LiDAR and FMCW LiDAR encode the distance information into phase

shift and beat frequency respectively.
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Figure 2.8: LiDAR sub-systems. ToF: time-of-flight; AMCW: amplitude-modulated
continuous-wave; FMCW: frequency-modulated continuous-wave; MEMS:
micro-electromechanical system; OPA: optical phased array.

The main advantage of LiDAR over conventionally remote sensing techniques
such as radio detection and ranging (Radar) is its ability to generate a
high-resolution 3D point cloud. This imaging ability can be realised through
a non-scanning approach, for instance flashing the entire field-of-view (FOV)
simultaneously, or various beam scanning techniques as shown in Fig.2.8. The
working principle of flash LiDAR is very similar to the flash light used in camera.
The entire FOV of interest is illuminated at once, and all the reflections are received
by a detector matrix at the receiver [45, 115]. Since the entire scene is measured
at once, this approach enables faster data acquisition and is more resistant to
vibrations and movements when taking the measurements. On the other hand, as
the light is dispersed in all directions in the flash LiDAR, this approach significantly
reduces the signal optical power and thus constrains the ranging distance to tens of

meters [46].

To extend the ranging distance, a focused beam can be used instead,
concentrating light at one point and generating one pixel at a time. The entire
FOV is then scanned sequentially. This method is referred to as beam scanning.

A number of techniques have been developed to achieve beam scanning, e.g.,
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mechanical beam steering technique [116], optical phased array (OPA) [84, 117],
micro-electromechanical system (MEMS) mirrors [118] and so forth. Mechanical
beam scanning includes a galvanometer-driven mirror, to rotate the beam to
different angles. It usually works in combination with pulsed TOF LiDAR system
and is currently prevalent in the automotive industry, with leading sensor providers
such as Velodyne, Ouster and Hesai [42, 119]. Despite its popularity, such system
still presents a few drawbacks. First, it is usually very bulky and power hungry, and
the inertia of the rotating module limits the scanning speed to 100 Hz [46]. Besides,
the system is very susceptible to vibrations which might lead to misalignment and

raise questions about their long-term reliability.

The other two beam scanning techniques, namely MEMS mirrors and OPAs,
have received growing research and industrial interest in recent years and have
proven to be appealing alternatives to mechanical beam steering [85, 114, 119].
MEMS systems replace external rotating mirrors with micromirrors to adjust the
direction of the incoming light. These micromirrors with diameters of just a
few millimeters are tilted to different angles in response to the stimulus such as
electrostatic, electromagnetic or piezoelectric [120]. MEMS beam steering systems
tend to be compact and have a low power consumption. However, as the system still

involves moving components, it is sensitive to shocks and vibrations.

The OPA is the alternative solid-state beam steering technique, consisting of
multiple phase modulators to adjust the delay of the light as it travels through phase
modulators. The constructive and destructive interference of the light emerging
from the phase modulators changes the optical wave-front shape and hence the
beam steering angle [85]. Combined with integrated photonic circuits, OPAs have
the potential to achieve a chip-scale system. The main drawback of OPAs is their
high insertion loss of the laser power, limiting the transmitter’s maximum emission
power and hence the ranging distance [42, 84]. As both flash LiDAR and beam
scanning LiDAR come with their own features and shortcomings when in use to
generate a 3D representation of the environment, hybrid approaches to combine the

strength of each are being explored and many other emerging scanning techniques
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are under development to potentially provide better optical sensing performance and

reliability [42].

After the LiDAR signal has been generated and directed at the target, the
back-scattered signal needs to be detected and processed at the receiver. In the
flash LiDAR, a detector matrix is used to collect all the light reflected back from
the FOV of interest with each detector corresponding to one pixel [46]. In terms
of beam scanning where a single point is measured at a time, it is possible to use
detector arrays, each responsible for a certain direction, in order to accelerate the

data acquisition speed [82].

In the following sections, the operating principles of three optical sensing
techniques, i.e., the pulsed TOF LiDAR, AMCW LiDAR and FMCW LiDAR,
are presented in Sec. 2.2.1, 2.2.2 and 2.2.3 respectively. The unique strengths
and drawbacks of each, and the system trade-offs are discussed. As coherent
FMCW LiDAR was investigated in the research work presented in Chapter 4,
its operating principle and related literature, including various signal generation
techniques, detection mechanisms, are reviewed in more detail. Readers are referred
to [121-124] for more comprehensive discussions on pulsed TOF LiDAR and
AMCW LiDAR. Section 2.2.4 presents a summary and comparison of these three
LiDAR techniques.

2.2.1 Pulsed time-of-flight (TOF) LiDAR

The pulsed TOF LiDAR is the most-commonly used type of laser range finder and
currently prevails in the LiDAR market due to its simple modulation principle and
low-cost, low-complexity architecture [125]. It directly measures the time delay
between the emission and the arrival of the optical pulse after being reflected back
by the target as shown in Fig.2.9. Hence, the target distance L can be obtained by

multiplying this time difference 7 and the speed of light in the air ¢ given by:

cT
L=— 2.19
> (2.19)
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Figure 2.9: Schematic for pulsed TOF LiDAR.

The factor of two maps the round-trip delay to one-way distance. In practice,
this time delay is often measured by a high-speed and high-precision timing
discriminator.  The start of the emission pulse triggers the timer and the
back-reflected pulse stops it [126]. In practice, the jitter of the timing circuit,
variation of the pulse shape and amplitude due to transmission together with other
typical noise sources such as electronics, shot noise, background noise, will affect

the precision of timing, hence impacting the ranging precision [77].

Ranging resolution is another important parameter which determines a
LiDAR’s ability to differentiate two closely located targets in space. A higher
resolution is desirable as it captures more details when generating a 3D point cloud.
In the TOF LiDAR, the ranging resolution is related to the pulse duration 7, given
by [127]:

Ryes = —— (2.20)

Therefore, a shorter pulse can provide a finer ranging resolution. A typical pulse
duration of a few nanoseconds enables a ranging resolution of tens of centimeters

(e.g., 5 ns pulse gives a ranging resolution of 0.75 m) [128].

Another important system metric is the maximum ranging distance. In the TOF
LiDAR, if the timing interval of the timing discriminator is sufficiently long, the
maximum ranging distance is limited by the following factors. First, the ambiguity
distance which refers to the scenario that the echo of the first pulse returns after the

emission of the second pulse. This causes ambiguity of identifying the correct time
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delay and thus induces errors in the distance measurement. The longest distance
the pulse can travel without inducing aliasing from other pulses is known as the
maximum unambiguous range [129]. It is obvious that the unambiguous range
is associated with the pulse repetition rate. The higher the pulse repetition rate,
the shorter the unambiguous range. In addition, the optical power of the pulse
is critical in defining the maximum ranging distance. Under the condition that
the eye-safety requirement is always met, the pulsed LiDAR can be operated at
a shorter pulse duration of a few nanoseconds or even picoseconds to increase
the optical peak power [77]. The high optical peak power offsets the loss in free
space when travelling long distances. The corresponding system trade-off is the
increase of the required receiver bandwidth (< 1/7},), introducing more noise into
the system, and thus degrading the signal-to-noise ratio (SNR) [127, 129]. The
constant high-peak-power operation may also cause damage to the laser source,

potentially reducing its lifetime [77].

Apart from sending shorter pulses to increase the optical peak power at
the transmitter, one can also use highly-sensitive detectors at the receiver, for
instance, the single-photon avalanche detector (APD) [130], to improve its ability
of successfully detecting weak signals. APDs normally operate in the reverse-bias
mode (Geiger mode), under which a single photon can generate an electron-hole
pair that triggers the avalanche process and leads to a large current [45]. The large
amplitude of the current triggers the timing circuit. Nonetheless, the APDs are very

susceptible to ambient light and scattering and may cause false detections [45,115].

As mentioned earlier, TOF LiDAR prevails in the current LIDAR market. Most
commercial TOF LiDAR systems work at 905 nm, as pulsed diode lasers are readily
available at a low cost, as are the photodetectors. In addition, this wavelength range
is within the detection range of silicon, so it is compatible with complementary
metal-oxide semiconductor (CMOS) techniques [42,47]. The main drawback
associated with this wavelength is the eye-safety issue. As light with the wavelength
of 905 nm can penetrate human eyes and reach the retina, the maximum emission

power needs to be kept low which limits its ranging distance to tens of meters [44].
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Nowadays, most commercially available products can achieve a ranging resolution
and precision of a few centimeters at these distances [121, 131-133].

In addition to applications in range-finding, the pulsed TOF LiDAR has also
been used for anemometry to detect the wind velocity [134]. Such detection
technique is also referred to as Doppler Wind LiDAR, in which the light is
backscattered by aerosols and introduces a Doppler frequency on the carrier
frequency [135]. In contrast to the direct detection scheme used in ranging, coherent
detection is required in anemometry in order to resolve the Doppler ambiguity [40].
At the receiver, by mixing the Rx signal with the local oscillator (LO) and applying
the Fourier transform after digitisation, a Doppler frequency can be found through
a peak search [134]. The radial velocity v, can be determined from the identified

Doppler frequency f; by [134]:

C

=37

Ja (2.21)

Vr

where f. is the carrier frequency. The velocity resolution is defined as [134]:

C

= — 2.22
Vres 2. Tp ( )

As Ty, refers to the pulse duration as shown in Fig.2.9, Eq.2.22 suggests that a longer
pulse duration enables a better velocity resolution. On the other hand, a shorter
pulse duration offers a finer ranging resolution as shown in Eq.2.20. The selection
of pulse duration involves the trade-off between range and velocity resolution in the

Doppler Wind LiDAR [81].

2.2.2 Amplitude-modulated continuous-wave (AMCW) LiDAR

In AMCW LiDAR, the light intensity is modulated by a sinusoidal wave of
frequency f,, [45]. The target distance information is extracted by measuring
the relative phase shift A® between the backscattered Rx signal and the reference
signal as displayed in Fig.2.10 [46]. Therefore, this method is also known as phase
measurement [77] or continuous wave intensity modulation [136].

There are a number of techniques to extract this phase shift. One approach
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Figure 2.11: Measurement of phase shift in the AMCW LiDAR with ‘four-bucket’
sampling [124].

is to use the amplitude of the Rx signal as shown in Fig.2.11. By measuring the
amplitude at four equally spaced offsets of 90°, the phase shift A® can be calculated
by [124,137]:

Az —A
A®D = arctan <A(3J —Al) (2.23)

where Ag, Ay, Ay and A3 denote the measured amplitudes. As the Rx signal is
sampled at four points in each modulation cycle, this phase demodulation method

is also known as ‘four-bucket’ sampling [124].

Alternatively, one can use mixers and low-pass filters to remove the modulation
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Figure 2.12: Measurement of phase shift in the AMCW LiDAR using mixers and low-pass
filters [138].

frequency and then filter out the desired phase change that is associated with the
target distance as shown in Fig.2.12. Nonetheless, this technique involves rather

complex circuitry for implementing mixers and low-pass filters [138].
With the phase shift A® being measured, the round-trip delay can be obtained
through [126]:
AD =27 f,T (2.24)

where the time delay 7 = ZTL Hence, the target distance L is described as [126]:

cAD
L= 2.25
AT fn ( )

The ranging resolution of AMCW LiDAR varies inversely proportional to
the modulation frequency f;, [139]. A higher modulation frequency leads to a
better ranging resolution [140]. The maximum unambiguous ranging distance
in the AMCW LiDAR is limited by the 27 phase shift due to the periodicity
of the modulated signal (i.e., L;;qx = ﬁ) [77,138]. As the signal modulation
frequency increases to improve the resolution, the ranging distance decreases
accordingly. Normally, the modulation frequency f,, is of a few tens of MHz,
allowing a maximum ranging distance of a few meters and a resolution of a few

centimeters [124, 141].

AMCW LiDAR has been used in products since the 1990s and is often referred

to as TOF cameras with parallel arrays of emitters and detectors [124]. Numerous



2.2. LiDAR architecture 54

studies have been carried out on the design of low-cost TOF cameras using
complementary metal-oxide semiconductor (CMOS) pixel array with an active
modulated light source [142-144]. In contrast to pulsed TOF LiDAR or FMCW
LiDAR which normally use lasers as the light source, AWCW LiDAR more often
uses near-infrared light-emitting diodes (LEDs) with wavelength around 630 nm
- 950 nm [141, 145]. The non-concentrated light emitted by LEDs, in addition
to the finite unambiguous range limited by 27 phase shift, constrains the AMCW
LiDAR to short-distance applications (normally below 10 m), mostly indoors such
as video gaming and robotics [45, 122, 136]. Currently, ranging resolution of a few
centimeters and precision at ~cm or ~mm level have been achieved in commercial

TOF cameras [141, 142,144, 146].

2.2.3 Frequency-modulated continuous-wave (FMCW) LiDAR

Both pulsed ToF LiDAR and AMCW LiDAR are intensity modulated as
discussed above. Frequency-modulated chirp signal, more commonly known as
frequency-modulated continuous-wave (FMCW), employs frequency modulation
of the lightwave while keeping its amplitude constant [45]. The operating principle
of FMCW LIiDAR is based on the interference between the reference signal and the
back-reflected signal, generating a beat frequency that varies proportionally to the

target distance.

The sawtooth waveform of the optical frequency, which is commonly used for
ranging in the FMCW LiDAR systems is shown in Fig.2.13. The instantaneous
frequency starts from f; and linearly increases over the modulation period of 7,

with a chirping bandwidth of B. It can be mathematically described as:

2
cos(@(t)) = cos (27rf1t + ﬂTi> (2.26)

m

where @(¢) denotes the phase of the chirp signal, and ¢ is the time instance. The

back-reflected signal is time delayed by 7, and beats with the reference signal at the
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Figure 2.13: Schematic for FMCW LiDAR using a sawtooth chirp waveform.

receiver, producing a beat frequency fj:

cos(@(t) —@(t—1)) =cos (27rfbt +2nfiT— §—sz> (2.27)

where f;, = ?—;. In Eq. 2.27, while the last two terms are of constant values, the first
term is associated with time # and varies proportionally with time delay 7. Usually,
the beat frequency is identified by a peak search in the frequency domain after taking
the Fourier transform of the detected beat signal (i.e., applying Fourier transform to

Eq.2.27). By detecting f;, the one-way ranging distance can be obtained:
cTy,
L=-"" 2.28
25 T (2.28)

This sawtooth chirp signal has been used in the research work presented in Chapter 4
and Chapter 5 for laser ranging. Detailed derivations regarding the modulation of

the chirp signal and the detection of the beat frequency can be found in Chapter 4.

In the presence of a moving target, the Doppler frequency f; will be
superimposed onto the distance-dependent beat frequency fj, introducing errors
in the distance measurement. Hence, in this case, the sawtooth waveform is no
longer suitable. Triangular frequency modulation can be utilised instead to resolve
the distance and velocity ambiguity as shown in Fig.2.14. Two beat frequencies, f,,
and f;,,n, are measured separately from the upward and downward ramps. While

the Doppler frequency f, is one half of the frequency difference between f,, and
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Figure 2.14: Schematic for FMCW LiDAR using a triangular waveform.

faown, distance-dependent beat frequency f;, is the average of the two [147]:

1
fd = E’fup_fdown|

1 (2.29)
fb = Elfup +fd0wn|
The target distance and radial velocity are related to fj and f; by [147]:
T
L=
c (2.30)
V= Z_fcf d

The same notations as before are used. c¢ denotes the speed of light, 7, is the
modulation period, B is the chirping bandwidth, f, represents the transmitter laser
carrier frequency. The direction of the velocity is estimated by comparing the
relative frequency at the upward and downward ramp. For the positive Doppler
frequency with the target moving closer, f,, obtained with the upward ramp is
smaller than fy,,,, measured with the downward ramp (i.e., fup < faown) as shown
in Fig.2.14. Conversely, if the target is moving away, producing a negative Doppler

frequency, then f,;, > fuown-

The maximum unambiguous range in the case of a sawtooth waveform

corresponds to half of the modulation period. Otherwise, the second beating tone
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caused by the discontinuity of the sawtooth waveform will introduce errors [148].
In addition to the modulation period which sets a limit on the ranging distance, the
laser coherence length plays a major role as well. It is commonly assumed that
the reference beam and the time-delayed beam due to the back-reflection from the
target should be within the laser coherence length [75,77]. When operating beyond
the laser coherence length, the laser phase noise causes certain spectral broadening
in the frequency domain, and therefore, the distance measurement precision is
degraded. The laser coherence length L., is normally defined as the inverse of

the laser linewidth given by [75]:

C

= — 2.31
coh TAY ( )

where Av is the laser linewidth. Therefore, a narrower laser linewidth is beneficial

for long-distance ranging.

The ranging resolution of FMCW LiDAR is related to the chirping bandwidth.
Taking a single signal period, the Fourier transform-limited ranging resolution is

defined as [76]:
c

Ar= -5
Y

(2.32)

where ¢ denotes the speed-of-light and B is the chirping bandwidth. Hence, it
is usually desirable to have a large chirping bandwidth in order to achieve a
higher resolution. The simplest approach to generate such a wide-bandwidth
frequency-modulated chirp signal is to directly modulate the laser [71, 72].
Commercially available directly modulated laser (DML) such as vertical-cavity
surface-emitting laser (VCSEL) can offer over THz level modulation bandwidth,
enabling a ranging resolution of a few micrometers [35, 73, 74, 149]. Distributed
feedback (DFB) lasers, can achieve a slightly lower tuning bandwidth, usually of a
few hundred GHz [73,116]. A few techniques have been proposed in the literature
to increase the total modulation bandwidth of DFB lasers. For instance, it was
proposed to spectrally stitch the optical spectrum of multiple laser sources, e.g.,

using DFB arrays to replicate a single wide frequency scan, capable of achieving
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a ~ um scale ranging resolution [73, 150]. The main challenge of implementing
such coherent stitching of multiple uncorrelated laser sources is to ensure the phase
continuity across the sweep, which usually requires an external reference signal and

thus slightly complicates the system.

Though widely tunable lasers can enhance the ranging resolution, they often
suffer from greater laser phase noise. Laser phase noise is the broadband stochastic
frequency noise, normally caused by intrinsic spontaneous emission noise and
1/f noise caused by fluctuations in the laser cavity and noise from the driving
circuits [151]. This will lead to an increased laser linewidth [45,75]. As discussed
earlier, a high laser linewidth limits the ranging distance in coherent FMCW LiDAR
systems. Using DFB lasers for example, typically with ~1 MHz linewidth, limits

the maximum ranging distance to tens of meters [75].

In this case of directly modulating the laser to generate the FMCW LiDAR
signal, the trade-off between modulation bandwidth and laser phase noise (and
consequently the raging resolution and ranging distance) becomes a fundamental
issue. Besides, generating a perfect linear chirp using a tunable laser is challenging
due to the inherent nonlinear relation between the output frequency and the driving
waveform. A linearisation technique is often required to optimise the signal
waveform [77,78]. For example, this can be implemented by using an iterative
learning pre-distortion circuit which predistorts the laser driving waveform in order
to obtain a linear frequency modulation [76]. Nonetheless, this pre-estimated
driving waveform is susceptible to external changes, e.g., temperature variations,
and needs to be updated accordingly. To alleviate this environmental dependence,
it was proposed to use a femtosecond fibre laser to generate the frequency comb
as a reference [152]. The modulation rate of the tunable laser is then measured
against the comb’s repetition rate simultaneously with the LiDAR signal to suppress

environmental influence.

An alternative approach to generate the linear frequency-modulated chirp
signal is to use an external modulator. Though the modulation bandwidth

offered by external modulators are usually tens of GHz, not as wide as many
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DMLs, this approach gives a better control of the signal waveforms which
can be generated independently using an arbitrary waveform generator (AWG).
Advanced modulators, such as Mach-Zehnder modulator (MZM) and in-phase and
quadrature modulator (IQM), can provide more degrees of freedom in terms of
signal modulation. Besides, low-linewidth lasers operating in CW mode can be
used as light source, for instance, an external cavity laser (ECL) which normally
has a linewidth below ~100 kHz, enabling a coherence length of a few hundred

meters [153, 154].

A number of novel and complex signal waveforms generated by external
modulators have been proposed in the literature. For example, in order to
have fast data acquisition when detecting a moving target, a double sideband
signal of opposite chirping, generated by MZM, was proposed in [155]. The
distance-dependent beat frequency and Doppler frequency can be detected at the
same time, instead of separately from the up and down ramp as conventionally used
with the triangular frequency modulation. In [81], it was proposed to modulate
individual RF signals onto the upper and lower optical sidebands via an IQM. In this
case, a single frequency is loaded to the lower sideband of the carrier to measure the
velocity of the target, and a wide frequency-modulated signal is loaded to the upper
sideband to measure the distance at a high resolution. As the velocity and distance
are measured separately using different signals, this approach resolves the ranging
and velocity resolution trade-off in pulsed Doppler Wind LiDAR as discussed in
Sec. 2.2.1. The IQM can also be used to extend the chirping bandwidth. It was
shown that by continuously sweeping the frequency from the lower optical sideband
to the upper optical sideband, provided that the phase is continuous across the
band, the total chirping bandwidth can be doubled and hence improves the ranging
resolution by a factor of two [156, 157]. In addition to complex modulation of the
lightwave, one can also modulate information onto the orthogonal polarisation using
a dual-polarisation IQM to obtain a polarisation-division multiplexing system [158].
Apart from measuring distance and velocity from two polarisations separately, this

technique allows detection of the depolarisation ratio of the target by examining the
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Figure 2.15: Generation of the beat frequency in coherent FMCW LiDAR through (a)
electrical mixing, and (b) optical mixing. Rx refers to the received signal
and f,, denotes the detected beat frequency. LO: local oscillator.

intensity of the reflected signal on two polarisations.

At the receiver side, the FMCW LiDAR requires beating with a reference
signal in order to produce a beat tone as mentioned earlier. There are two main
approaches to generate this beat frequency at the receiver, known as electrical
mixing and optical mixing. In the case of electrical mixing, the LO is a continuous
wave (CW) laser as shown in Fig.2.15(a). It can be generated from either splitting
a portion from the Tx laser, or using a separate laser source in addition to the
Tx laser [156]. Naturally, taking a fraction of the Tx laser as the LO would be
more efficient and cost-effective in the LiDAR system as the transmiter and the
receiver are co-located. The LO’s function in this electrical mixing is mainly to
amplify the Rx signal and down-convert the signal to the baseband [81, 155]. The
detected photocurrent is a delayed chirp signal, following which an electrical mixer
is used for de-chirping and to get the beat frequency [155, 159]. However, in this
case, additional noise and nonlinearity are induced during frequency mixing and

lead to a degraded receiver sensitivity [79]. Such drawbacks of electrical mixing
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can be avoided by optical mixing where an optical splitter is used to obtain two
copies of the modulated chirp signal, transmitting one and using the other as the
LO [79, 156] as displayed in Fig.2.15(b). The desired beat signal is produced
when the LO beats with the Rx signal during photodetection. Apart from the
benefit of removing penalties from electrical mixing and simplifying the receiver
configuration, this approach relaxes the bandwidth requirement for the photodiode
as the beat frequency is generally smaller than the chirp bandwidth. Due to these
advantages, optical mixing has been adopted in the receiver configuration in the

research work presented in Chapter 4 and Chapter 5.

There are mainly three types of coherent receivers that have been employed
in FMCW LiDAR, namely 1) a balanced phase-diversity coherent receiver based
on an optical 90° hybrid [80], 2) 3-dB coupler-based balanced detection [75], and
3) 3-dB coupler-based receiver employing a single-ended photodiode [76]. Among
them, the balanced phase-diversity coherent receiver is the most complicated as it
requires a 90° optical hybrid and two pairs of balanced photodiodes (BPDs) and
two transimpedance amplifiers (TIAs) for one polarisation. However, as it allows
the detection of both the in-phase and the quadrature components of the signal,
this receiver architecture can be used in combination with the IQM at the Tx to
generate many advanced signal waveforms for improving the distance and velocity
estimation performance [81, 157]. A 3-dB coupler-based receiver employing a
single-ended photodiode offers the simplest coherent receiver solution. It replaces
the 90° optical hybrid with a simple 3-dB coupler, and reduces two pairs of BPDs
and TIAs to just a single photodiode. The system trade-off is the reduction on
the receiver sensitivity as the system performance is affected by unwanted direct
detection (DD) beating distortions. One possible approach to mitigate DD beating
distortions is to use balanced detectors, provided that there is a good length match
and the common mode rejection ratio (CMRR) is sufficiently high. Alternatively,
a wide spectral guard band can be inserted to separate the DD beating distortions
from the desired signal at the expense of requiring a larger electrical and optical

bandwidth.
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Most FMCW LiDAR systems that have been demonstrated in the literature
work at the wavelength of 1550 nm. As mentioned in the introduction, this
wavelength can alleviate the eye-safety issue, and is suitable for long-distance
ranging of a few hundred meters. The shortcomings associated with this wavelength
are first, the laser and the detection technique are relatively expensive as materials
such as InP or InGaAs need to be utilised [44]. Besides, since the light at 1550 nm
is subject to water absorption, it can potentially degrade the LiDAR’s ability to
function in rainy or foggy weather [160]. In terms of commercial products, FMCW
LiDAR is not yet as mature as TOF or AMCW LiDAR, and there are not many
products that can be bought off-the-shelf. Blackmore (now acquired by Aurora)
was the first company that introduced FMCW LiDAR into the market [161]. In
2019, they demonstrated ranging up to 450 m and velocity measurements of up
to 150 m/s [162]. More recently, SiLC and AEVA announced chip-integrated 4D
LiDAR (3D environment and velocity) [163, 164]. Ranging distance up to 500 m

and ~mm scale precision are claimed to be possible.

2.2.4 Comparison of LiDAR systems

In the last three sections, the operating principles of three LiDAR techniques are
presented. Due to the simplicity and low-cost of TOF LiDAR, it is currently
the most popular and commercially available product in the market [125]. The
AMCW LiDAR measures the relative phase shift between the Rx signal and the
reference signal to estimate the distance, and has been mostly applied for indoor
applications such as robotics and video gaming. The FMCW LiDAR encodes the
target distance and velocity into beat frequencies. The utilisation of wide optical
bandwidth enables a much better ranging resolution compared to the other two
techniques. The presence of a strong LO at the coherent receiver also significantly
improves the receiver sensitivity and allows for long-distance ranging.

Table 2.2 summarises the properties of these three types of LiDAR systems
together with some achieved ranging resolution and precision in commercially
available products [121, 131-133, 141, 145, 146, 161, 162, 165]. It should be noted

that this table presents the parameters that are commonly used, and they are not
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Pulsed TOF AMCW FMCW

Wavelength 905 nm 850 nm 1550 nm

Parameter Pulse delay Phase shift Beat frequency

measured

Detection Direct/Coherent Direct Coherent

Rangmg ~cm ~cm ~mm

resolution

Ranging precision ~cm ~cm ~ mm

Ranging distance < 100 m < 10m > 100 m

Application Indoor/Outdoor Indoor Indoor/Outdoor
High resolution

Advantage Simplicity Simplicity and resistance to
background noise

. e Short ranging Complemty and
Limitation Poor sensitivity . relatively high
distance cost

Table 2.2: Comparison of pulsed TOF LiDAR, AMCW LiDAR and FMCW LiDAR.
TOF: time-of-flight; AMCW: amplitude-modulated continuous-wave; FMCW:
frequency-modulated continuous-wave.

absolute nor exhaustive. For example, TOF LiDARs are mostly seen working at

around 905 nm [165, 166], but commercial products at 1550 nm or 940 nm are also

available [167, 168].



Chapter 3

Adaptive frequency-domain MIMO

equaliser

This chapter presents a novel frequency-domain (FD) multiple-input multiple-output
(MIMO) equaliser which combines static chromatic dispersion compensation
(CDC), and adaptive MIMO equalisation for mitigating polarisation mode
dispersion (PMD) and state of polarisation (SOP) rotations together in the frequency
domain. The frequency-domain equaliser (FDE) offers a much lower computational
complexity compared to the time-domain (TD) equalisation as discussed in the last
chapter. Nonetheless, the main disadvantage regarding the adaptive FD equalisation
is the feedback latency. This is due to the presence of multiple FFTs/IFFTs and DSP
operations in the feedback loop which may require multiple clock cycles [169]. This
gives rise to a delay in the update of adaptive filter coefficients, and consequently

degrades the tracking ability of adaptive equalisers [55,64].

In order to improve the adaptive FD equaliser’s tolerance to feedback delays,
a momentum-based gradient descent algorithm is introduced for the first time to
the adaptive FDE. The operating principle of the proposed FD-MIMO equaliser is
presented in Sec. 3.1. Sec. 3.2 describes the simulation setup used to evaluate the
performance of the proposed adaptive equaliser. Following this, simulation results
comparing momentum-based gradient descent and conventional gradient descent
are discussed in Sec. 3.3. Sec. 3.4 summarises the research work presented in this

chapter.
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Figure 3.1: Block processing of FD-MIMO equaliser with overlap-save method. The
notations are summarised in Table 3.1.  CDC: chromatic dispersion
compensation; AE: adaptive equaliser; FD-MIMO: frequency-domain
multiple-input multiple-output.

3.1 Operating principle of frequency-domain MIMO

equaliser

Fig.3.1 shows the block processing of the proposed FD-MIMO equaliser. The
notations used in the following explanation are summarised in Table 3.1. As
discussed in Ch.2, the overlap-save method has a lower computational complexity
compared to the overlap-add approach, and hence has been used in the equaliser
studied in this work [63,170]. The input time-domain signal is first partitioned into
blocks of M samples. In the overlap-save method, the overlap is achieved by taking
L samples from the last block, giving a total block length of L +M = Nppr. After
performing FD-MIMO equalisation, the output blocks are combined together in the

time domain with overlap samples being removed.

The schematic of the proposed FD-MIMO equaliser is shown in Fig.3.2. It

is composed of two static equalisers and an adaptive equaliser. As Nyquist pulse
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Description Notation
Frequency-domain vector Bold uppercase letter
Time-domain vector Bold lowercase letter
Scalar Non-bold letter
Index of the block K
Signal length M
Filter length of CDC Lcpe
Filter length of adaptive equaliser LapEo
Total filter length L(L = Lepc+ Lapeg)
Block length (i.e., FFT size) Nppr(Nppr =L+ M)
x /'y polarisation xly
Element-by-element multiplication ®
Complex conjugate *
A column vector of all zeros Or

Table 3.1: Notations used in the derivation of proposed FD-MIMO equaliser. The size of
the zero column vector O will be specified in the derivation.

shaping is widely employed in optical communications to maximise the bandwidth
efficiency and minimise inter-symbol interference (ISI), a frequency-domain
matched filtering using a root-raised cosine (RRC) filter is performed after static
CDC [171]. The following adaptive equaliser mitigates PMD and tracks SOP
rotations. The input time-domain signal, sampled at 2 samples per symbol, is
transformed into the frequency domain using a pair of FFTs. As the chromatic
dispersion is a static effect, it can be mitigated by multiplying the signal with the
inverse transfer function of the dispersive link given in Eq.2.8 in Sec. 2.1. Hence,

the transfer function for CDC is given by:

DA%z
Gepe = exp <J w2> (3.1)

4mce

where D denotes the dispersion parameter, A is the reference wavelength, z
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Figure 3.2: Schematic of the proposed FD-MIMO equaliser with two static equalisers for
chromatic dispersion compensation and matched filtering, and one adaptive
equaliser for mitigating time-varying distortions. The red-dash box displays
the implementation of momentum-based gradient descent and the yellow-dash
box shows pilot-based carrier phase estimation. The Oy, denotes a L by 1 zero
vector. CDC: chromatic dispersion compensation; RRC: root-raised cosine;
FFT: fast Fourier transform; IFFT: inverse fast Fourier transform.

represents the transmission distance, ¢ is the speed of light and @ denotes the
angular frequency. As discussed in Sec. 2.1, the number of overlap samples is
critical for effective chromatic dispersion compensation in the frequency-domain
block processing [170]. Using the approximation of Gaussian pulse broadening,

the minimum overlap is calculated as [170]:

2
T, = \/n2 2T4 1 424D22
p ECTS ¢ N + <

Lepe = 2 X Ty +2
CDC — ZTS

(3.2)

where T), refers to the width of the broadened Gaussian pulse and 7 is the sample
duration. Directly multiplying the frequency-domain signal with Gepc, the first
LC% and last LC% samples should be discarded after converting back to the time
domain, which accounts for inter-block interference (IBI) [97, 172]. For the

convenience of implementation, a time delay (i.e., corresponds to a frequency shift
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exp (— jLCTDC X w)) is added to the normal CDC transfer function (i.e., G¢pc), so
that the first Lcpe samples are now responsible for IBI and should be removed after

equalisation. This time-delayed CDC is described as:

.Lcpe
Hcpe = Gepe < exp (—JTD(U)

DA%z Lcpe
(0 20)

Following CDC, the matched filtering is performed using a RRC filter as shown

(3.3)

in Fig.3.2. It is often employed together with the transmitter RRC filter, giving a
raised cosine (RC) shaped pulse. Depending on the roll-off factor of the RC filter,
the shaped signal can have a near-rectangular spectrum which is desirable in terms
of maximising the bandwidth efficiency [91]. In the frequency domain, the response

of RC filter can be described as [171]:

1 < 72
H - T:ys — — 3.4
D2 e (- g])] << O
0 otherwise

\

where f represents the frequency, o is the roll-off factor usually taking values from
[0,1] and Ty, denotes the symbol period. Taking the square-root of the frequency
response of RC filter gives the transfer function of the RRC filter [171]:

Hgre(f) = v/ [Hre (f)] (3.5

Hence, the matched filtering is achieved by a complex multiplication between the

frequency-domain transfer function of the RRC filter and the signal spectrum [14].

For implementing the adaptive MIMO equaliser, four sets of filter tap weights

are initialised in the time domain, each of length Lypgo to accommodate the pulse
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broadening induced by PMD. The adaptive equaliser is operated with constrained
gradient descent algorithm as it offers a stable equalisation as discussed previously
in Sec.2.1.2. The decision-directed least mean square (DD-LMS) algorithm is
employed to update the filter coefficients [54]. In order to make correct decisions
on symbols using the DD-LMS algorithm, phase noise needs to be removed first.
In the implementation, QPSK pilot symbols inserted at the rate of % are used for
carrier phase estimation, giving an overhead of 3.1% [107]. The first few QPSK
pilots with known phase and polarisation state at the transmitter are used to obtain
an initial estimation of the polarisation rotation, and used to set the center tap of
the filter coefficients, with the rest of taps being set to zero. Following this, FFTs
are applied to convert the time-domain filter coefficients into the corresponding
frequency response. After using pilot symbols for initialisation of the adaptive filter

coefficients, the adaptive equaliser is updated in a blind manner.

The equalisation process for two polarisations is described by:

Vi(K) = He(K) @ Ux(K) + Hyy (K) © Uy (K) (3.6)

Vy(K) = Hy(K) @ Ux(K) + Hyy (K) © Uy (K)
where Hy,, Hyy, Hy, and H,, are the frequency-domain filter coefficients, Uy and U,
are the frequency-domain input signals, V, and V), are the frequency-domain output
signals, K is the block number and ® denotes element-by-element multiplication as

illustrated in Table.3.1.

After converting the equalised signal back to the time domain and
down-sampling to 1 sample per symbol, the phase noise is estimated by comparing
the phase rotation between transmitted and received pilot symbols. It is then linearly
interpolated with the Wiener filter coefficients which can give a minimum-mean
square estimation of the original phase noise [173]. The inverse of the estimated
phase noise profile (i.e., e~/?) is then applied to the time-domain output signal to
remove the laser phase noise, as shown in the yellow-dash box in Fig.3.2. Following
this, the time-domain error vectors are calculated by comparing the deviation of

equalised output signal from the desired signal. Considering only the payload



3.1. Operating principle of frequency-domain MIMO equaliser 70

symbols, this is given by:
exy(K) = (dey(K) — e Pviy(K))e'? (3.7)

where v, ,(K) denotes the time-domain adaptive equaliser output after down-sampling
for x or y polarisation as shown in Fig.3.2, d, ,(K) denotes the vector of the most
likely symbols (i.e., desired symbols) after hard decisions. The term e/? at the
end of Eq.3.7 is used to feed back the estimated phase noise after making hard
decisions as the input signals (i.e., U,(K) and U,(K)) of the adaptive equaliser are
still affected by the laser phase noise. The error vectors are then up-sampled and

used for estimating the gradient.

The gradient is calculated in the constrained sense. Applying the time-domain
constraint ensures that the frequency-domain filter coefficients and time-domain

filter coefficients are equivalent [60,63]. The time-domain gradients are given by:

Vi (K) = first Lapgo elements of IFFT(E(K) ® Uy (K))
V.y(K) = first Lapgg elements of IFFT(E,(K) ® Uj(K)) 35)
Vyx(K) = first Lapgg elements of IFFT(E,(K) ® Uy(K))
Vyy(K) = first Laprg elements of IFFT(E,(K) ® Uj(K))

where the asterisk denotes the complex conjugate. E,(K) and E,(K) represent the

frequency-domain error vectors given by:

0)3
E.,(K) = FFT (3.9)

exy(K)

where Oy, denotes an L by 1 zero vector and e, ,(K) is defined in Eq.(3.7).

Using conventional gradient descent for updating the filter coefficients,
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H,. (K + 1) can be updated in the frequency domain as:

Hxx(K+1) :Hxx(K)+“Gxx(K) (310)

where u denotes the step size. Gy (K) is the gradient vector which is simply the
frequency-domain representation of the time-domain gradient vector V,,(K) given

by:

V. (K)
G (K) =FFT (3.11)

Or

where Oy is a zero vector with length of Lepe +M and V. (K) is defined in
Eq.3.8. It can be seen that Eq.3.8 and Eq.3.11 are used to implement constrained
gradient estimation by applying a time-domain constraint as previously discussed
in Sec.2.1.2. The same operation can be applied to obtain H, (K + 1), Hy (K +
1), Hy,(K+1).

It should be noted that the configuration of adaptive FDE for mitigating PMD
and SOP rotations described above is similar to the FDE implemented in [60].
Nevertheless, in this work, the adaptive equaliser is updated using the DD-LMS
algorithm, while the constant modulus algorithm (CMA) method was employed
in [60]. Besides, the sub-equaliser was used for odd and even samples in [60] which
is not considered in this work.

Apart from implementing chromatic dispersion compensation, matched
filtering, and adaptive MIMO equalisation using DD-LMS together in one FFT
block which is one of the main novelties of this algorithm, the momentum-based
gradient descent algorithm is introduced to the FD-MIMO equaliser for the first
time to improve the adaptive equaliser’s tolerance against feedback latency. In the
conventional implementation of gradient descent as discussed above, the adaptive
filter update only relies on the current gradient information, and it is independent of
all the previous updates (see Eq.3.8 and Eq.3.10). In the presence of adaptive filter

update delays or rapid polarisation rotations where the signal is rather unstable, the
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(a)

(b)

Figure 3.3: The trajectory of the gradient update on the contour of the cost function,
by using (a): conventional gradient descent; (b): momentum-based gradient
descent. The center of the contour denotes the optimum.

gradient update will suffer from greater oscillations, bouncing up and down around
the contour of the cost function as illustrated in Fig.3.3(a). For the purpose of
arriving at optimum of the contour of the cost function, and obtaining the optimum
adaptive filter taps, these fluctuations on the vertical axis are not desirable and
will slow down the convergence speed of adaptive equaliser. In order to smooth
out these vertical oscillations, the momentum-based gradient descent algorithm is
implemented, shown in the red-dash box in Fig.3.2. Updating Hy,(K + 1) using

momentum-based gradient is given by:

Hxx(K+1) :Hxx(K)+qux(K) (3.12)

Filter coefficients Hy, (K + 1), Hyx (K +1), and H,,(K + 1) using momentum-based
gradient descent are adjusted in a similar manner. In Eq.3.12, S,,(K) denotes the

momentum-based gradient. It is calculated as [174]:

Sxx(K) = (l_ﬁ)Gxx(K)+ﬁSxx(K_l) (313)

where G, (K) is the conventional gradient defined in Eq.3.11, fB is the

momentum parameter, usually taking values from [0, 1], Sy,(K — 1) denotes the
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momentum-based gradient calculated from the previous block [174]. To elaborate
the operation principle of momentum-based gradient descent, Eq.3.13 can be further

expanded as:

Sur(K—1) = (1—-B)Gux(K—1)+ BSu(K—2)
Ser(K —2) = (1= B)Gur(K —2) + BSxx(K —3)
(3.14)

Sxx(l) = (1 _B)Gxx(l) +ﬁsxx(0)

where Sy, (0) is the initial gradient which can be set as 0. Combining Eq.3.13 and

Eq.3.14 together gives:

K

Su(K) = (1-B) Y BX"Gru(n) + BXS.(0) (3.15)

n=1

The last constant term BXS,,(0) in Eq.3.15 is related to the initialisation
which can be ignored. The left last term indicates that momentum-based gradient
estimation considers all the previous gradient updates. It behaves similarly to an
exponential moving average with the momentum parameter 3 assigning different
weights to the current and past gradients. In practice, B is often set to the value of
0.9, as it is shown to be robust and to work well in most cases [174]. Therefore,
according to Eq.3.15, it can be seen that more recent gradients are given much
higher weights as this exponential term BX~" approaches 1, while the impact of
older gradients gradually vanish as BX~" is close to 0. With the momentum-based
gradient estimation being implemented, the gradient update oscillations due to
the occurrence of filter update delay or rapid dynamic channel variations can be
averaged out as illustrated in Fig.3.3(b). Therefore, the momentum-based gradient
descent can significantly improve the adaptive equaliser’s tracking ability compared

to the conventional gradient descent algorithm.
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3.2 Simulation setup

Simulations were carried out using MATLAB to numerically assess the
performance of the proposed FD-MIMO equaliser with momentum-based gradient
algorithm in the presence of feedback latencies and varying SOP rotation
frequencies. The results are compared with those obtained using a FD-MIMO

equaliser with a conventional gradient descent approach.

In the simulation, a 92 Gbaud dual-polarisation (DP) 64 QAM system was
modelled. A long random input signal sequence of 9.8304 x 10° symbols was
generated, allowing the adaptive filter to converge to and then accurately track
the signal polarisation and compensate the PMD from the optical channel. The
system performance was evaluated on the last 55,536 symbols of the signal once
the adaptive equaliser had converged. At the transmitter, the DP 92 Gbaud 64 QAM
signal was generated with the insertion of QPSK pilot symbols at the rate of %, used
for carrier phase estimation (CPE). The signal was up-sampled to 2 samples/symbol
and spectrally shaped by an RRC filter with 0.01 roll-off factor, following which

an ideal dual-polarisation IQM was applied. The transmitter laser was centered at

1550 nm and had a linewidth of 100 kHz.

The optical channel considered in this work was a single span of standard
single-mode fibre (SSMF), with a length of 40 km or 80 km. The chromatic
dispersion was assumed to be 16.8 ps-nm~'km~!. Based on Eq.3.2, the overlap
Lcpe was 234 and 466 samples for the 40 km and 80 km SSMF respectively
to achieve effective CDC. The effect of PMD and SOP rotations was modelled
by the concatenation of a series of random birefringence sections as presented in
Section 2.1.2, i.e., modeling the 40 km and 80 km fibre span as 40 and 80 cascaded

1 km section respectively, each with random birefringence. For a given section i, it
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can be described using the Jones matrix R; and D; given in Eq.2.11, restated here:

[SIK;
)

cos e /%  sin6; e i0F
R; = D; = (3.16)

. b i
—sin6;  cos Bel? 0 e/?2

where 6; and ¢; refer to the random rotation and random phase shift between two
polarisations following the uniform distribution between [—7, 7] and [—7/2,7/2]
respectively, 7; denotes the local differential group delay [175]. In this simulation,
only first-order PMD was emulated with a PMD parameter of 0.5 ps/vkm and
hence 7; was set to 0.5427 ps [53,102]. With a symbol rate of 92 Gbaud and receiver
DSP operating at 2 samples/symbol, adaptive filter length Lypro = 16 was sufficient
to cover the pulse broadening induced by PMD. Together with the overlap samples
used for chromatic dispersion compensation, the total overlap lengths L were 250
and 482 in the 40 km and 80 km link respectively. In order to have a sufficient
number of signal samples for equalisation, the corresponding FFT block size in the
receiver DSP was set to 512 samples for the 40 km link and 1024 samples for 80 km
link. To test the dynamic tracking ability of the FD-MIMO equaliser, continuous

SOP rotation Jspp was also included in the modelling [53]:

COS(ZﬂfSOPI) SiH(ZTL’fSOPI)
Jsop = (3.17)

— Sin(27'Cf50pt) COS(27TfSOPt)

where fsop denotes the rotation frequency of the SOP and ¢ is the time instance.
Under normal conditions, the SOP rotation speed varies up to 100 krad/s in
practice [176]. Hence, the continuous SOP rotation frequency was varied from 0

to 60 kHz in the simulation. The overall dynamic channel model was given as:

J=RyDy...R;D;...RiDJsopr (3.18)
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where N denotes the total number of cascaded sections.  Assuming the
Erbium-doped fibre amplifier (EDFA) was used to compensate the loss induced
by the optical fibre, amplified spontaneous emission (ASE) noise was added to the
system by varying the received optical signal-to-noise ratio (OSNR) value within a

0.1 nm resolution bandwidth.

At the receiver, the signal was combined with a local oscillator (LO) centered
at 1550 nm in an ideal polarisation-diverse 90° optical hybrid based coherent
receiver. The power of the LO was 13 dBm and its linewidth was 100 kHz.
Photodetection and balanced detection were assumed to be ideal to cancel out
common modes. The signal then passed through the proposed FD-MIMO equaliser
to mitigate impairments from the optical channel (i.e., chromatic dispersion, PMD
and SOP rotations) and the laser-induced phase noise. In the operation of the
momentum-based gradient descent algorithm, the momentum parameter 3 was set
to 0.9 as commonly used in the literature [174]. Assuming soft-decision forward
error correction codes, the system performance was evaluated using generalised
mutual information (GMI) once the adaptive equaliser had converged. GMI
indicates the maximum data throughput in a bit-wise decoder [177]. It is shown
to be a more reliable metric for evaluating the performance of coded optical
channels than conventional metrics such as bit error rate (BER) or Q-factor as it
also considers the confidence in making decisions on received bits [178] . The
maximum GMI is modulation format dependent. In the case of DP 64 QAM
considered in this work, 12 bits are encoded and hence the maximum GMI for
two polarisations is 12. In the simulation results presented in the next section,
GMI/m was chosen to quantify the system performance where m denotes the total
number of bits for two polarisations (m = 12 in the case of DP 64QAM considered
in the simulation). Hence, GMI/m indicates normalised bits per symbol that can
be successfully detected after performing DSP. In the simulation results presented
below, GMI/m was obtained as the average of ten runs of simulations at each SOP

rotation frequency and feedback delay.

In the ideal case without delay in the filter update, the signal in block K 1is
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equalised as shown in Eq.3.6, with the adaptive filter coefficients updated from the
last block. However, in the presence of feedback latency which is unavoidable in
practical real-time implementations of adaptive FDE, the equalisation process for

two polarisations is modeled as:

Vi(K) =Hu(K—P)®Ux(K)+H,y(K—P)®U,(K) (3.19)
Vy(K) = Hyx(K — P) @ Ux(K) + Hyy (K — P) @ Uy(K)
where P denotes the delay in terms of the number of FFT blocks. Eq.3.19 shows
that the signal in block K is now equalised by the filter coefficients that are P blocks
earlier than the current signal block which suggests that the filter coefficients are
not up-to-date. If the signal has undergone rapid changes between U, (K — P)
and U, ,(K), e.g., due to rapid SOP rotations, the tracking ability of the adaptive

equaliser can be impaired.

3.3 Performance of momentum-based gradient descent

In the simulation of the 40 km link, the FFT size corresponding to the block
length was 512 samples. Both conventional gradient descent and momentum-based
gradient descent were implemented in the frequency domain as described in Sec.3.1.
Fig.3.4 shows the performance of the FD-MIMO equaliser at an OSNR of 35 dB.
In the absence of feedback latency (i.e., zero delay), the FD-MIMO equalisers
using both the conventional gradient descent and the momentum-based gradient
estimation successfully mitigate the static and dynamic distortions from the fibre,
giving a GMI/m of approximately 1 ( 12 bits for two polarisations). When including
a delay in the feedback affecting the filter update, the tracking ability of the
adaptive equaliser employing the conventional gradient calculation is impaired. Its
performance starts to break down at a delay of 4 FFT blocks and at a SOP rotation
frequency of 60 kHz. In contrast, applying momentum-based gradient estimation,
the tracking ability of the adaptive equaliser is significantly improved. It is robust
to delays up to 14 blocks with SOP rotation frequencies up to 50 kHz. At a SOP

rotation frequency of 60 kHz, the equaliser’s tracking ability is degraded at feedback
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Figure 3.4: The performance of the FD-MIMO equaliser at an OSNR of 35 dB. (a):
conventional gradient descent; (b): momentum-based gradient descent.

delays above 13 FFT blocks.

At 50 kHz SOP rotation frequency and zero block delay, the received
signal scatter plots for the x polarisation using conventional gradient descent and
momentum-based gradient descent are compared in Fig.3.5. The y polarisation
performs similarly. Without delay in the feedback loop, both methods achieve good
channel equalisation at 50 kHz SOP rotation frequency resulting in a clean scatter
plot. The noisy clouds around the ideal constellation points are mainly due to the
ASE noise. The scatter plots when employing the conventional gradient descent

method with 8 blocks delay in the feedback loop, and the momentum-based gradient



3.3. Performance of momentum-based gradient descent 79

FHEDR GG FOEFGHLGL S
GposTsUn SR LER
SHEROLBEG PR LEBD NG
teasasntésbesas

PG eBeRg
oo Bhenson
HRE OO FHF VRSB "

(@ (b)

Figure 3.5: Without feedback delay, the received signal constellations employing (a)
conventional gradient descent and (b) momentum-based gradient descent at
35 dB OSNR and 50 kHz SOP rotation speed.

descent with 14 blocks delay are presented in Fig.3.6. In the case of conventional
gradient descent, the equaliser starts to fail to track 50 kHz SOP rotation at a delay of
8 FFT blocks, resulting in a more distorted constellation (GMI/m ~ 0.28 as shown
in Fig.3.4(a)). In contrast, employing momentum-based gradient descent, even at
14 blocks delay as shown in Fig.3.6(b), the equaliser is still capable of recovering
the signal and the scatter plot is relatively clear (GMI/m ~ 0.98 as displayed in
Fig.3.4(b)).

The results with the 40 km link at an OSNR of 30 dB are shown in Fig.3.7, and
the maximum achievable GMI/m decreases slightly to 0.98 due to the additional
ASE noise. The ASE noise also degrades the performance of the FD-MIMO
equaliser. Similar to the trend in Fig.3.4, the conventional gradient estimation fails
to track high SOP rotations (> 30 kHz) when there are delays of 2 blocks or more.
In contrast, the performance of the momentum-based gradient descent algorithm
only starts to deteriorate at an SOP rotation frequency of 60 kHz and at feedback
delays of 8 blocks and above.

In Fig.3.8, simulation results for the 80 km link with received OSNR of 27 dB
are plotted, showing the performance for the longer distance and lower OSNR.

The required overlap samples for FD chromatic dispersion compensation of 80 km
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Figure 3.6: Received signal constellations at 35 dB OSNR and 50 kHz SOP rotation
speed, by using (a) conventional gradient descent at 8 blocks delay, and (b)
momentum-based gradient descent at 14 blocks delays.

SSMF were 466 as mentioned earlier. The overlap samples used for the adaptive
equaliser were kept at 16, and therefore, the total overlap length was 482. The FFT
size was increased to 1024 points to accommodate all the overlap samples.

At an OSNR of 27 dB, the initial GMI/m is around 0.91 as shown in Fig.3.8,
limited by the ASE noise. The trends in the results are similar to those observed
in the 40 km link as discussed above. However, due to the lower OSNR, the high
level of ASE noise causes more perturbations to the equaliser’s tracking ability. The
equaliser fails to track 10 kHz SOP rotation with feedback delays of 8 FFT blocks
or more when employing conventional gradient descent while momentum-based
gradient descent can still successfully track SOP rotations of up to 20 kHz with 13
blocks delay.

The evolution of the SOP rotation can also be analysed using Stokes
parameters, and visualised on the Poincaré sphere [179]. Assuming a linearly
polarised input (i.e., s = [1,0,0]”) and 50 kHz SOP rotation frequency, the trajectory
of the first 2! time instances obtained using Eq.3.17 are shown in Fig.3.9(a).
It can be seen that the trajectory of the SOP rotation lies on the equator of the
Poincaré sphere which represents a linear polarisation state [179]. In order to more

exhaustively test the equaliser, the SOP rotations were modelled as random walks



3.3. Performance of momentum-based gradient descent

4 _*0 kHz
0 ©10kHz

20 kHz
30 kHz
02115 40 kHz

50 kHz
<60 kHZz|

Conventional
0.6} 9radient\descent

o

4 6

8 10 12

Delay [blocks]

(a)

|0 kHz
0.4 ©10kHz
20kHz
*30kHz
0.2 40 kHz
50kHz
60 kHz

Momentum-based
0.6} gradient descent

Y

0 2

4 6

8 10 12

Delay [blocks]

(b)

14

81

Figure 3.7: Performance of the FD-MIMO equaliser at an OSNR of 30 dB. (a):

conventional gradient descent; (b): momentum-based gradient descent.

of the polarisation angle and phase. In these simulations, Jsop in Eq.3.17 was

replaced by:

Jsop =

cos O(r)e190)

—sin6(z)

sinO(t)

cos 0(1)e/?®)

(3.20)

where the sampled values 6(¢) and ¢(7) were generated by random walks with

the frequency change in 6 and ¢ between samples being normally distributed

random values. An example of the resulting trajectory of SOP rotations is plotted
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Figure 3.8: The performance of FD-MIMO equaliser at an OSNR of 27 dB. (a):
conventional gradient descent; (b): momentum-based gradient descent.

in Fig.3.9(b). It can been seen that the state of polarisation traces a random path
around the surface of the Poincaré sphere. In this case, the momentum-based
gradient descent algorithm was still found to be more robust to feedback delays
and fast SOP rotations than the conventional gradient descent approach. Simulation
results show that in the 40 km link, with a received OSNR of 35 dB and an SOP
rotation frequency of 1.1 MHz, the momentum-based gradient descent method can
successfully track SOP rotation and tolerate delays of up to 14 FFT blocks with
GMI/m =~ 1. However, the conventional gradient descent starts to break down at a

delay of 10 blocks with GMI/m ~ 0.64.
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(b)

Figure 3.9: Trajectory of the Stokes parameters, (a) with the continuous time-varying
polarisation angle, and (b) with polarisation angle (6) and phase (¢) following
random walks. RCP: right circularly polarised.



3.4. Summary 84

3.4 Summary

In this chapter, a novel frequency-domain (FD) multiple-input multiple-output
(MIMO) equaliser employing a momentum-based gradient descent update
algorithm is investigated in polarisation-division multiplexing (PDM) coherent
systems. The FD-MIMO equaliser combines chromatic dispersion compensation
(CDC), matched filtering and adaptive equalisation for mitigating time-varying
distortions together in a single frequency-domain block processing. Therefore,
multiple frequency domain and time domain conversions, i.e., FFTs and IFFTs
between individual DSP stages, can be avoided to reduce the computational
complexity. Besides, the adopted momentum-based gradient descent has been
demonstrated to have the ability to successfully track dynamically varying
optical channels and mitigate penalties from feedback latency which is the main
disadvantage of adaptive frequency-domain equalisation. Therefore, the proposed
FD-MIMO equaliser would be beneficial for applications in short-reach optical
links, offering a low complexity and high performance solution for mitigating static

and time-varying distortions from the optical fibre.



Chapter 4

Single-photodiode based coherent
LiDAR

The basic operating principles of coherent frequency-modulated continuous-wave
(FMCW) LiDAR were previously discussed in Sec. 2.2.3, together with various
system setups that have been proposed in the literature and their trade-offs. Also
as mentioned before, one of the primary concerns for practical implementation
of coherent LiDAR systems is cost-effectiveness. Therefore, in this chapter, a
low-cost and low-complexity coherent FMCW LiDAR system is investigated, with
a focus on the coherent receiver. Specifically, the single-photodiode (PD) based
coherent LiDAR receiver is studied. As discussed in Sec. 2.2.3, this receiver
architecture has the advantage of minimising the cost compared to a 90° optical
hybrid-based coherent receiver or a 3-dB coupler-based balanced detection receiver.
However, the system performance is affected by the unwanted direct detection
(DD) beating interference (BI). The performance of two chirp signals that have
been used for ranging, namely 1) the single-sideband (SSB) FMCW signal, and
2) double-sideband (DSB) amplitude-modulated chirp signal, is assessed using
such a receiver. Mitigation of DD beating distortions by introducing a sufficiently
wide spectral guard band to separate the desired signal from the DD distortions is
investigated. In addition, the impact of laser phase noise on the receiver sensitivity

performance is evaluated.

In this chapter, the modulation of these two chirp signals is presented in the
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following Sec. 4.1.1. The theoretical analysis of the desired beat frequency and
the unwanted DD beating terms in the single-photodiode based coherent receiver
is presented in Sec. 4.1.2. Sec. 4.2 details the implementation of simulation and
experimental setup, followed by a discussion of results in Sec. 4.3. Sec. 4.4

summarises the research findings presented in this chapter.

4.1 Operating principle

4.1.1 Signal modulation

As shown previously in Fig.2.13 and Eq.2.26, the linearly chirped sawtooth

waveform is expressed as:

2
cos(¢(t)) = cos <27rf1t—|—7rT£) 4.1)

m

where @(7) denotes the instantaneous phase of the signal, varying as a function of
time ¢, B represents the chirping bandwidth and T, is the chirp period. fi denotes

the start of the chirp frequency, and thus 0 — fj is regarded as the guard band.

The schematic of the transmitter setup for generating a DSB signal is shown
in Fig4.1. The DSB chirp signal is obtained by amplitude modulation of
the continuous wave (CW) laser via an electro-optic modulator (EOM) (e.g., a
single-drive Mach-Zehnder modulator (MZM)). It is a real-valued signal with two
sidebands which are the complex conjugate of each other, centered at the optical
carrier frequency of f.. The optical carrier can be suppressed by bias the MZM at

the null point. The driving voltage applied to the MZM is expressed as:

nBt?
V(t) =Vpcos(p(t)) =Vpcos 27rf1t+T— 4.2)
m
where Vp denotes the amplitude of the driving voltage V (¢). The transfer function
of a MZM is given by [180]:
¢(t)

Eout(t) = Ein(t) cos (T + ¢0> , o) =

zV(t)
Va

4.3)
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Figure 4.1: Schematic of the transmitter setup for generating DSB signal. CW:
continuous wave; EOM: electro-optical modulator; RF: radio frequency; FM:
frequency-modulated; DSB: double-sideband [45].

where Ej,(t) and Eoy(f) represent the input and output electrical fields of the
incoming light, ¢y represents the initial phase which is related to the direct current
bias. The phase shift ¢(7) between two arms of an MZM varies proportionally to

the driving voltage V(). For a m phase shift, the corresponding driving voltage is
Vﬂ; (i.e., (p(Vn’) == TL.).

It is assumed that the MZM is linearly modulated (i.e., “?—’; < 1) and operates
at the minimum transmission point (¢o = —7) to suppress the optical carrier.
Substituting Eq.4.2 into Eq.4.3, the generated double-sided sawtooth waveform at

the output of the MZM is given as:

Eou(t) = E(t) cos (’;“;D cos(e(1)) — g)

T

4.4)
~ Ein(t)cos(@(1))

If the incoming optical light E;j,(7) of the MZM is corrupted by laser phase noise,

then Eq.4.4 is expressed as:
Eout(t) = Ein(t) cos(¢(r)) = Acos (¢(r)) /(@ +00) (4.5)

where A and @, denote the amplitude and the angular carrier frequency (@, =27 f,)

of the laser source, 0(7) is the laser phase noise.

The generation of SSB FMCW signal requires an in-phase and quadrature
modulator (IQM). Fig.4.2 displays the schematic of SSB chirp signal generation
with the in-phase (I) and quadrature (Q) components of the IQM being
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Figure 4.2: Schematic of the transmitter setup for generating SSB signal. CW: continuous
wave; EOM: electro-optical modulator; I: in-phase; Q: quadrature; RF: radio
frequency; FM: frequency-modulated; SSB: single-sideband [45].

independently modulated [45, 159]. The SSB signal is complex-valued. It has
a constant intensity with one modulation sideband, which can be loaded onto either
side of the optical carrier. The real and imaginary parts of an SSB signal are related
to each other by the Hilbert transform. The driving voltages applied to the IQM are
defined as:

Vi(t) =Vpcos(@(t)), Vp(t) =Vpsin(e(r)) (4.6)

The transfer function of an IQM is given by [180]:

1 t t
Eout(t) = 5Ein(t) | cos 9(r) + jcos 9olt) 4.7)
2 2 2
where (1) = —m‘/,’f) and ¢p(1) = %ﬂ(t)’ J denotes the 7 phase shift induced on the

light passing through one of the two EOMs in the IQM and the factor of % indicates
the 50/50 splitting ratio.

Similarly to the case with the DSB signal, the IQM is assumed to be biased
at the minimum transmission point and to operate in the linear region. Combining

Eq.4.6 and Eq.4.7, the generated SSB FMCW signal at the output of IQM given by:

Eoult) = 5 En(1)(cos(9(0)) + jsin(p(1))

_ L ilad+o()+0()

(4.8)

It should be mentioned that, though the DSB signal is an amplitude-modulated

signal, its operating principle is very similar to that of SSB FMCW signal. Hence,
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the amplitude-modulated DSB signal is also referred to as a kind of FMCW signal
in the literature [79, 80]. In the frequency domain, the lower sideband of the DSB
signal is the complex conjugate of the upper sideband. Each modulation sideband

on its own is an SSB FMCW signal as indicated in Fig.4.1.

4.1.2 Beating products

In order to have sufficient power for transmission, the chirp signal can be further
amplified after generation, for example by an EDFA [34, 80]. In the system setups
presented in this thesis, optical mixing is adopted where the chirp signal is chosen
as the local oscillator (LO) as this technique offers a much simpler receiver (Rx)
configuration as discussed in Sec.2.2.3. Hence, at the transmitter end, the amplified
signal is split into two pathways, one as the LO and the other one as the out-going
signal directed at the target. In this case, both the transmitted signal and LO are
corrupted by ASE noise. A 3-dB coupler is used at the receiver to combine the LO
and the back-reflected Rx signal. The Rx signal is time-delayed by 7 depending on

the round-trip delay (see Fig.2.13). The optical field at the output of the coupler is:

1 .
E=— [ELO + EAsELo) + J(Erx + EASE(RX))] 9

V2

where Ero and Ery represent the ASE-noise-free LO and Rx signal, Easgo)
and Easgrx) denote the ASE noise from the LO and Rx signal. Following

single-photodiode square-law detection, the detected photocurrent can be described

as:
Ipp < R|E|?
R
o< 5( Eol®  +|Erx|* +|Easewo)|* + | Easerx |®
——

LO-LO beating

+ gRC [ELOE;;SE(LO)}/—'— 2Re [ERXEZSE(RX)}

LO—ASEbeating

(4.10)

+ 2Im [ErxEf o] + 2Im [Easerx) Ef o)
———

LO-signal beating

+ 2Im [Easerx Erseoy) + 2Im [ERXEXSE(LO)D
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where R is the PD responsivity, the asterisk denotes complex conjugation, and
Relx] and Im[x] represent the real and imaginary parts of x. In Eq.4.10, LO-signal
beating is the desired beating component which contains the beat frequency. All the
other beating products are unwanted interference which will degrade the receiver
sensitivity. In particular, as the LO is often very strong in the coherent detection
scheme, the LO-ASE beating interference (LO-ASE BI, broadband white noise)
and LO-LO beating interference (LO-LO BI, related to the LO waveform) will

fundamentally limit the receiver sensitivity.

In the case of the amplitude-modulated DSB signal, the desired LO-signal

beating product is given by:

DSB
ILO—signal o< RIm [ERXEEO]

oc RARxALo cos(@(t — 7)) cos(¢(2)) sin(AB(z))
| (4.11)
o< ERARXALO sin(AG(t))

X [cos(A@(t))+cos(p(t—1)+ (P(f))]

where Ap o and Aryx represent the amplitude of the LO and Rx signal respectively,
and cos(A@(t)) denotes the desired component at the beat frequency which is the
frequency offset between the LO and the reflected Rx signal. cos(¢(r — 1)+ ¢(t))
represents a beating image, corresponding to the sum of the frequencies of the LO
and Rx signal. AO(r) refers to the difference of laser phase noise between the
LO and Rx signal. This is converted into amplitude noise after photodetection,
introducing a power fluctuation to the desired beat signal. When the LO and Rx
signals are in phase, the amplitude of the LO-signal beating product can be zero in
the case of perfect phase noise correlation (i.e., A@(¢r) = 0). The LO-LO beating

interference when using the DSB signal is:

R
5% 0 Br §|ELO|2
R
o E\ALocos((p(t))P (4.12)

o %RA%O (1 +cos(2<P(f))>
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It can be seen in Eq.4.12, for a DSB signal, the LO-LO BI manifests as a
constant direct current (DC) term plus a nonlinear beating interference which starts
at a frequency of 2f; and has twice the bandwidth of the original chirp signal.
While the DC component can be easily filtered out using a DC blocker or removed
digitally in the receiver DSP, this nonlinear interference will distort any desired
LO-signal beating products that fall within the same frequency range. Therefore,
as a way of mitigating the penalty of LO-LO BI, a spectral guard band is used to
separate the desired beating products from the nonlinear LO-LO BI. For a sawtooth
waveform considered in this work, the maximum possible delay is equal to half of
the pulse period, avoiding the interference from the second beating tone caused by
the discontinuity of the sawtooth waveform as mentioned in Sec.2.2.3 [181]. This
leads to a maximum beat frequency f;, of g. Therefore, a minimum guard band of

g is necessary in order to mitigate LO-LO BI (i.e., f; > %).

In contrast, for an SSB FMCW signal, the desired LO-signal beating product
is given by:
SS %
ILO]-Bsignal o RIm [ERXELO]
o RIm (ARXALOeﬂA‘P(fHAG(f))) (4.13)

o< RARxALO SIH(A(P(I) + AG(t))

After photodetection, the phase noise variation A6 (¢) between the LO and Rx signal
is added to the desired beat frequency. However, provided the round-trip-distance is
within the laser coherence length, this phase noise variation will be negligible (i.e.,

AB(t) =~ 0). The LO-LO Bl in the case of the SSB signal is expressed as:

R
SSB 2
IYo10BI1 §|ELO|
R
2

1 2
o< —RA
2 LO

ALoel @000 (4.14)

As the SSB signal is only frequency/phase modulated and complex-valued, the

LO-LO BI after photodetection is simply a constant DC component as shown in
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Figure 4.3: System setup of single-photodiode based coherent LiDAR. ECL: external
cavity laser; 1Q: in-phase and quadrature; DAC: digital-to-analog converter;
EDFA: Erbium-doped fibre amplifier; SSMF: standard single-mode fibre;
VOA: variable optical attenuator; LO: local oscillator; Rx: received signal; PC:
polarisation controller; PD: photodiode; RF: radio frequency; FFT: fast Fourier
transform.

Eq.4.14, which can be easily filtered out, and thus the LO-LO Bl is avoided, whether

or not a guard band is used.

4.2 Experimental and simulation setups

To investigate the impact of DD distortions arising from single-photodiode
detection, especially the LO-LO BI, on the receiver sensitivity of a coherent LIDAR
system, the setup shown in Fig.4.3 was employed for both Monte Carlo simulations
and experimental demonstration.

In the experiment, an optical delay line L of 384.72 m of standard single-mode
fibre (SSMF) with an effective refractive index n of approximately 1.5 was used to
emulate the time-of-flight of the signal [75, 159]. At the transmitter, an external
cavity laser centered at 1551.12 nm was used. It had an output power of 9.6 dBm
and a laser linewidth of approximately 100 kHz. The laser coherence length
was approximately 637 m in the SSMEF, and thus the delay line was well within
the coherence length [75]. The ECL was externally modulated via IQM (Oclaro
6M0C6400) driven by DAC sampling at 92 GSa/s. The extinction ratio of the IQM
was approximately 40 dB. For the sawtooth chirp signal, the pulse period 7, was
set as 5 us and the chirping bandwidth B =5 GHz. For the optical delay line of

384.72 m, the corresponding beat frequency f; = %f ~ 1.92 GHz. In order to



4.2. Experimental and simulation setups 93

0 .
—SSB

‘E.20¢t

m

=

=30

(O]

3

S .40

-60 - - - -
1550.6 1550.8 1551 1551.2 1551.4 1551.6
Wavelength (nm)

Figure 4.4: Transmitted DSB and SSB signals (2 GHz guard band, 5 GHz chirp) measured
by an optical spectrum analyzer at 0.01 nm resolution bandwidth.

investigate how LO-LO BI affects Rx sensitivity, two values of guard band width
were assessed: 0 and 2 GHz (i.e., fi = 0 GHz and f; = 2 GHz). As discussed
in Sec. 4.1.1, Eq.4.6 was used to drive the IQM to generate the complex-valued
SSB signal. For the DSB signal, both arms of the IQM were driven by the same
waveform (Eq.4.2) in order to achieve the same output power as the SSB signal.
The peak-to-peak driving voltage was set to approximately 1 V; to maximise the
output power after modulation. The modulated optical signal was then amplified to

17.3 dBm by an EDFA with a noise figure of 5.5 dB.

An example of the transmitted signal spectra (2 GHz guard band, 5 GHz
chirping bandwidth) is shown in Fig.4.4, measured using an optical spectrum
analyser (OSA) at a resolution bandwidth of 0.01 nm. For both SSB and DSB
signals, a noise pedestal (15 GHz) which is about 30 dB lower than the signal
power is observed to the side of the desired 5 GHz chirp spectra. This was caused
by modulator nonlinearity, introducing a modulation sideband. The signal was then
split by a 3-dB splitter into two paths; one for signal transmission and the other
to serve as the LO at the receiver. A variable optical attenuator (VOA) was added

before the receiver to adjust the received signal power.

At the receiver, the polarisation states of the Rx signal and LO were first
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aligned by two polarisation controllers (PCs) to maximise the beating [34, 155], and
then combined in a 3-dB coupler. The LO power at the input of the 3-dB coupler
was 13.4 dBm and the Rx signal power was swept from —10.6 dBm to —66.8 dBm
with a step size of —5 dB. A 6-dB optical attenuator was applied before the PD to
reduce the total incident optical power below its maximum input power. In order
to show the full-spectrum of the signal and DD beating interference, a PD with a
bandwidth of 15 GHz was used with 0.6 A/W responsivity, followed by a radio
frequency (RF) amplifier with 17 dB gain. Finally, the signal was digitised by a
real-time oscilloscope sampling at 50 GSa/s. At each Rx power, 100 measurements
were saved to test the reliability of DSB and SSB signals, each of 250,000 sampling
points (i.e., one pulse period of 5pus). A Fourier transform was applied off-line
using MATLAB. The desired beat frequency f; was extracted by identifying the
beating tone with the highest power in the frequency domain, and converted into

1 — beT;n
the distance through L = 22,

Monte Carlo simulations were also carried out using MATLAB, with the
system structure and parameters used in the experiments as described above. The
laser phase noise was modelled as a random walk, specifically the Wiener process

described by [182]:
0(t) —0(t —Ar) ~ A (0,2mAVAL) (4.15)

where At indicates a small time offset and Av denotes the laser linewidth which
was 100 kHz in simulation. .4 (0,27wAvAr) denotes a normal distribution with zero
mean and the variance of 27AvAr. As with the experiments, at each distance and

received signal power, 100 simulations were performed.

4.3 System performance

4.3.1 Impact of LO-LO BI via Monte Carlo Simulations

In simulation, a sufficiently wide guard band was first employed to ensure LO-LO

BI terms fell at frequencies outside the desired signal band (i.e., f; = 2 GHz), and
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Figure 4.5: Simulated average power at the beat frequency versus Rx power for DSB and
SSB signals. The vertical error bars indicate the standard deviation of the beat
frequency power.

thus the system performance was limited by LO-ASE beating interference. The
simulated average power at the beat frequency versus Rx power is displayed in
Fig.4.5. The vertical bar at each Rx power represents the standard deviation of the
beat frequency power over 100 simulations. It can be seen that the DSB signal
experiences much greater power fluctuation than the SSB signal. This is explained
by Eq.4.11 which suggests that for the DSB signal, the laser phase noise is converted
to amplitude noise after photodetection. Such fluctuation leads to a ~3 dB reduction
of the average power of the beat frequency over 100 simulations compared to that

of the SSB signal.

The power fluctuation in the case of the DSB signal might not be an issue when
the Rx power is sufficiently high as the desired beat frequency can still be discerned
from the noise floor. Nevertheless, at low Rx powers, e.g., for targets at long
distances, the power of the beat frequency might fall below the noise floor and thus
the distance estimation will not always be reliable. Fig.4.6(a) shows the standard
deviation of the distance estimation as a function of the Rx power obtained by the
Monte Carlo simulations. The inset shows an example of frequency-domain power

spectra of the detected photocurrent for DSB and SSB signals at the Rx power of
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2 GHz guard band, and (b) without guard band. The inset in each figure shows
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—21.02 dBm in simulation. The desired beat frequency is at 1.92 GHz. The beating
tone at 3.08 GHz is due to the discontinuity of the sawtooth waveform [181]. For the
DSB signal, the nonlinear LO-LO BI is observed over the range from 4 to 14 GHz
with twice the bandwidth of the signal’s 5 GHz chirp as explained by Eq.4.12, and
it is approximately 25 dB higher than the LO-ASE BI limited noise floor. For the
SSB signal, the LO-LO BI is simply a DC term as suggested by Eq.4.14. As the
DC component can be easily filtered out, the mean of detected signal waveforms
was subtracted in the simulation to achieve the same effect, and that is why the
DC term which should be at zero frequency is not present in the frequency-domain
spectra for both DSB and SSB signals. Ideally, the LO-ASE noise floor is the
broad-band white noise with a constant power spectral density. However, in order
to replicate the actual experimental setup, a non-ideal modulator with an extinction
ratio of approximately 40 dB was assumed [183], and modulation nonlinearity was
also included in the simulation. This limited extinction ratio of the modulator
leads to a weak residual carrier beating with the signal on reception, accounting
for the additional noise from 2—7 GHz (around 5 dB higher than LO-ASE BI noise
floor) with the same bandwidth as the chirp signal. The extra noise at frequencies
above 8 GHz is caused by the nonlinearity of the modulator. Note that both these
distortions exist in the DSB signal power spectrum but are masked by the dominant
LO-LO Bl in the high-frequency regime. In this case, with a sufficient guard band,
the unwanted LO-LO BI is not at the same frequency range as the desired beat
signal. In practice, a low-bandwidth PD can be used and this DD interference will

fall outside the detection range and will not cause a receiver sensitivity penalty.

As shown in the plot of standard deviation versus Rx power in Fig.4.6(a), at Rx
powers higher than —46.8 dBm, both DSB and SSB signals can accurately predict
the distance, showing a standard deviation of distance estimation of approximately
0.03 m. As the Rx power decreases, for the DSB signal, the power fluctuation
causes several inaccurate distance estimations over the 100 simulations and thus the
standard deviation starts to increase. In contrast, the SSB signal demonstrates 10 dB

better receiver sensitivity, and can operate reliably with Rx signal powers down to
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—56.8 dBm.

To assess the impact of DD interference, the guard band was removed such that
the LO-LO BI overlapped with the desired beat signal band in the frequency domain
as shown in the inset of Fig.4.6(b). Compared to the results with the 2 GHz guard
band given in Fig.4.6(a), the minimum Rx power for the SSB signal increases from
—56.8 dBm to —51.8 dBm due to residual-carrier beating with the signal; a 5 dB
penalty in receiver sensitivity. For the DSB signal, however, as the LO-LO BI is
unmitigated, a 20 dB receiver sensitivity penalty is measured (i.e., from —46.8 dBm
with a 2 GHz guard band to —26.04 dBm without a guard band). Therefore, in this
case without a guard band, the SSB signal shows 25 dB better receiver sensitivity

than the DSB signal.

4.3.2 Impact of LO-LO BI via experimental demonstration

Experiments were also carried out and the results were compared with the
simulation results. Fig.4.7 shows the experimental average power at the desired beat
frequency versus Rx power for DSB and SSB signals. Similarly to the simulation
results in Fig.4.5, the DSB signal experiences a higher power fluctuation shown
by the larger standard deviation at each received signal power level. This leads
to a ~4 dB reduction of the average beat signal power over 100 measurements
compared to that of SSB signal. Note that at each Rx power, there is a small
discrepancy in the average powers between the experimental and simulated results.
This might be caused by the non-ideal polarisation alignment in the experiment
which was manually tuned with the polarisation controller, leading to a reduction
of approximately 2 dB in the average power of the beat frequency.

Fig.4.8(a) and (b) present, from the experiments, the standard deviation of
the distance estimation as a function of Rx power with a 2 GHz guard band
and without a guard band, respectively. The inset in each figure shows the
experimental frequency-domain spectra of the SSB and DSB signals at the Rx
power of —21.02 dBm. Each spectrum looks similar to the simulated one shown in
Fig.4.6. Despite the main nonlinear interference such as LO-LO BI and the penalty

from the non-ideal modulator which are also observed in the simulation, a few
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Figure 4.7: Experimental average power at the beat frequency versus Rx power for DSB
and SSB signals. The vertical error bars indicate the standard deviation of the
beat frequency power.

spectral components at frequencies below 600 MHz occur only in the experimental
spectra for both DSB and SSB signals. As those components, which are generated
by the transceiver are constant for all measurements, they can be removed through
system calibration. Thus, in order to assess the limitation due to the LO-ASE
beating noise floor, only frequency components between 600 MHz and 2 GHz were
measured to identify the desired beat frequency.

In the case with a sufficiently wide guard band as shown in Fig.4.8(a), there
is a 10 dB sensitivity difference between SSB and DSB signals, the same as that
observed in the simulation results shown in Fig.4.6(a), and this is due to the phase
noise induced power fluctuation of the DSB signal. Removing the guard band
so that the LO-LO BI falls within the frequency range of the desired beat signal
as plotted in the inset of Fig.4.8(b), the sensitivity difference between the DSB
and SSB signals therefore increases to 25 dB. It should be noted that though
the sensitivity difference between the DSB and SSB signals is the same as the
simulation, the experimental results show a 5 dB worse receiver sensitivity than the
simulation (e.g., with a 2 GHz guard band: the Rx sensitivity is —56.8 dBm for SSB

signal in simulation and —51.8 dBm in experiment; for DSB signal: —46.8 dBm
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in simulation and —41.1 dBm in experiment. The same offset is observed in the
case without a guard band.). In addition to the measurements with a delay line of
384.72 m, giving the above results, measurements with a delay line of 238.28 m
were also carried out, and a similar performance was observed in both simulations

and experiments.

4.3.3 Impact of laser phase noise on receiver sensitivity

So far, the penalties of DD distortions specifically the LO-LO BI were discussed
through both numerical and experimental results. For the DSB signal, when the
LO-LO BI is mitigated through the use of a spectral guard band, its receiver
sensitivity is still affected by laser phase noise induced power fluctuation as
suggested by Eq.4.11 even within the laser coherence length. Such power
fluctuation leads to a 10 dB receiver sensitivity penalty at a delay length of
384.72 m compared to that observed with the SSB signal as shown in Fig.4.6(a) and
Fig.4.8(a). It is also indicated by Eq.4.11 that, the shorter the delay line is, the more
coherent is the laser phase noise between the LO and Rx signal. As phase noise is
converted to amplitude noise after photodetection, a higher power fluctuation and
thus a worse receiver sensitivity would be expected at a shorter delay length, making
the DSB signal less reliable. In contrast, for the SSB signal as suggested by Eq.4.13,
reducing the delay results in the relative phase noise difference between the LO and
Rx signal approaching zero. In the frequency domain, the spectral broadening due
to laser phase noise therefore will be smaller, and the majority of the desired beat
signal power will be centered around a single beat frequency leading to a more
accurate distance estimation.

In order to evaluate how such phase noise coherence affects the receiver
sensitivity of DSB and SSB signals, more experiments were conducted by
decreasing the delay line to 238.28 m, 131.56 m, 63.24 m and 43.68 m. All the
measurements were performed with 5 GHz chirping bandwidth and 2 GHz guard
band mitigating the penalty from LO-LO BI, so the system performance was limited
by the LO-ASE beating noise floor. Extensive Monte Carlo simulations were also

carried out with the delay line varying from 20 m to 395 m. The maximum beat
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Figure 4.9: Receiver sensitivity difference between DSB and SSB signals versus delay line
length. The green solid line is the nonlinear fitted curve of the simulation
results. The inset shows the experimental standard deviation of distance
estimation versus Rx power at the delay line length of 43.68 m.

frequency at 395 m is 1.975 GHz, which is still within the 2 GHz guard band
ensuring the LO-LO BI will not interfere with the desired beat signal. The received
signal power was varied from —10.6 dBm, decreased in steps of 2 dB down to

—66.6 dBm.

The receiver sensitivity difference between DSB and SSB signals with varying
delay length is shown in Fig.4.9. The simulation results show that at a shorter
delay length, for example, at 20 m, there is a 40 dB sensitivity difference between
DSB and SSB signals. As the delay increases, the sensitivity difference decreases
and levels out at around 10 dB with distances above 100 m. The experimental
results show a similar trend with a higher sensitivity difference between DSB
and SSB signals at shorter delay distances. For example, the inset of Fig.4.9
plots the standard deviation of distance estimation versus received signal power
at a delay line length of 43.68 m and the result indicates a 25 dB sensitivity
difference. Increasing the delay, the sensitivity difference gradually flattens out
to approximately 10 dB at delay line distances of 238.28 m and 384.72 m. The

reason for this larger sensitivity difference at a shorter delay distance is two-fold.
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On the one hand, the SSB signal achieves a better sensitivity at shorter distances
as the phase noise variation becomes negligible, e.g., —56.8 dBm at 43.68 m and
—51.8 dBm at 384.72 m (see Fig.4.8(a)). On the other hand, the beating signal
power fluctuation with the DSB signal is larger due to the increased coherence
of the phase noise between LO and Rx signal, and thus the required Rx power
increases from —41.1 dBm at 384.72 m (see Fig.4.8(a)) to —31.1 dBm at 43.68 m.
The results may suggest that with reducing distance to the target, the DSB signal
requires increasing Rx power to allow the desired beat tone to be identified. In
practice for a LiDAR system, the received signal after being reflected from a close
target usually has a higher power than one reflected from a more distant target, and

therefore, such power fluctuation of the DSB signal might not be a major issue.

It should be noted that the above results were obtained using an optical
fibre delay line to emulate the time-of-flight. The interference from free-space
environment, in which LiDAR is usually operated, may degrade the quality of
the received signal. Nevertheless, as the LO-LO BI is only related to the LO,
and not to the received signal, it will always be present in this single-photodiode
based coherent LiDAR configuration regardless of the interference from free space.
Therefore, compared to the DSB signal, the receiver sensitivity benefit offered by

the SSB signal would still be expected in free-space operation.

4.4 Summary

In this chapter, the performance of two chirp signals: the single-sideband (SSB)
frequency-modulated continuous-wave (FMCW) signal and the double-sideband
(DSB) amplitude-modulated signal in a coherent LiDAR system with single
photodiode detection was evaluated. The impact of direct-detection beating
distortions and laser phase noise on the receiver sensitivity performance was
mathematically analysed first, following which simulations and experiments were
performed for verification with a good agreement achieved. The results indicate
that the real-valued DSB signal suffers a significant receiver sensitivity penalty

from nonlinear LO-LO beating interference (BI) and requires a sufficiently wide
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spectral guard band to mitigate LO-LO BI, achieved at the expense of requiring
a larger electrical bandwidth. In addition, the DSB signal is susceptible to power
fluctuation caused by laser phase noise after photodetection, making it less reliable
especially at shorter delay lengths.

These two main drawbacks associated with the DSB signal can be overcome
through the use of a complex-valued SSB FMCW signal, at the expense of using
a more complex in-phase and quadrature modulator (IQM) at the transmitter. For
the SSB signal, the LO-LO BI is just a DC component which can be easily filtered
out. Thus, a guard band is not necessary and the entire electrical bandwidth can
be utilised for the chirp signal to achieve a better resolution. In addition, the use
of an SSB signal with a single-photodiode based coherent receiver does not suffer
from phase noise to amplitude noise conversion, which significantly relaxes the
requirement for the received signal power. In both simulations and experiments,
with a frequency chirp bandwidth of 5 GHz, and with no guard band, the SSB
FMCW signal is shown to outperform the DSB signal-based system with 25 dB
better receiver sensitivity at a delay line length of 384.72 m. Therefore, the
SSB FMCW signal is shown to be a strong candidate for single-photodiode based
coherent LiDAR system.

It should be noted that the above work focuses on the investigation of the
performance of coherent LiDAR receivers with single-ended photodetection as it
is low-cost and low-complexity, suitable for cost-sensitive LiDAR applications. To
further reduce the cost and size of the current system, it is also possible to replace the
transmitter EDFA by a semiconductor optical amplifier (SOA) [184] or a compact
micro EDFA [185,186]. Nonetheless, the above results should provide some general

insights into cost-effective coherent LiIDAR system designs.



Chapter 5

Impact of laser phase noise on

ranging precision

In the previous chapter, the receiver sensitivity performance of a low-cost and
low-complexity single-photodiode based coherent LiDAR receiver was assessed.
The simulation and experimental results show that the single-sideband (SSB)
frequency-modulated continuous-wave (FMCW) signal has a higher tolerance to
laser phase noise and local oscillator-local oscillator beating interference (LO-LO
BI) than the double-sideband (DSB) amplitude-modulated signal. Apart from the
coherent receiver, the laser also forms a critical component of a LiDAR system.
As discussed previously in Sec. 2.2.3, the maximum ranging distance is usually
assumed to be limited by the laser coherence length. When operating in an
incoherent region, the laser phase noise causes a spectral broadening of the detected
beat signal. This leads to variations in identifying the beat frequency, and thus
degrading the ranging precision. Therefore, for long-distance ranging (>100 m),
a low-linewidth laser is preferable, which will inevitably increase the system cost,

especially below laser linewidth of 100 kHz.

Though certain degradations of ranging precision would be expected beyond
the laser coherence length, the use of a relatively high-linewidth laser source might
be a compromise solution for some cost-sensitive applications if the performance is
acceptable. Therefore, in this chapter, through both experiments and simulations,

penalties arising from the laser phase noise on the ranging precision when operating
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within and beyond the laser coherence length are assessed. Sec. 5.1 presents,
through experiments, the ranging precision at different delay distances when using
100 kHz and 1.2 MHz linewidth laser sources. More extensive simulation results
with varying laser linewidths and delays are discussed in Sec. 5.2, followed by a

summary of the research work presented in this chapter in Sec. 5.3.

5.1 Ranging precision of 100 kHz and 1.2 MHz lasers

The same system setup shown in the last chapter in Fig.4.3 was employed to assess
the ranging precision. The SSB FMCW signal type was chosen, as it does not
suffer from phase noise to amplitude noise conversion as investigated in the last
Chapter. In order to evaluate the impact of laser phase noise, lasers with linewidths
Av of 100 kHz and 1.2 MHz were used in experiments both with an output power of
9.6 dBm. The corresponding coherence lengths are approximately 53 m and 637 m
in the standard single-mode fibre (SSMF), given by L.,;, = ﬁ where c is the speed
of light, and n is the refractive index of the SSMF [75]. The fibre delay length L

was varied from 43.68 m to 384.72 m to evaluate the impact of laser phase noise on

the ranging precision in experiments.

The received signal power was set to —21 dBm across all the measurements
to ensure that the beat signal could always be discerned from the noise floor. One
hundred traces were saved at each distance. The ranging precision was quantified

by the standard deviation o of the estimated distance over 100 measurements.

Fig.5.1 shows the frequency-domain power spectra of detected beat signals at
a delay line L = 238.28 m, exhibiting a beat frequency of 1.19 GHz. With a laser
linewidth of 100 kHz, 238.28 m is still within the coherence length (ﬁ ~ 0.37).
The laser phase noise from the LO and the delayed copy are almost correlated, and
close to canceling each other, resulting in a relatively narrow beat tone (see Eq.4.13
in the last chapter). In the case of the 1.2 MHz laser source, however, the incoherent
measurement (ﬁ ~ 4.5) causes spectral broadening in the frequency domain as
can be seen in Fig.5.1. This leads to increased uncertainty in identifying the center

frequency of the beat signal and thus reduces the ranging precision. Fig.5.2 shows
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the distribution of estimated distances over 100 measurements in the experiment. In
the case of 1.2 MHz laser linewidth, the spectral broadening results in a variation of
estimated distances from 237.8 m to 238.6 m, with a standard deviation ¢ ~13 cm.
For 100 kHz laser linewidth, the distance estimation is more certain, with 77% of
measurements giving an estimated distance of 238.28 m, and the standard deviation
s ~2 cm.

Fig.5.3 compares the ranging precision with delay lines L varying from
43.68 m to 384.72 m when using 1.2 MHz and 100 kHz laser linewidth respectively.
The top and bottom x-axes represent the delay lengths L normalised to the intrinsic
laser coherence length L.,,. For the 100 kHz laser linewidth, all the delay lines

used in the experiment were within the laser coherence length with maximum

L
Lcoh

~ 0.6. As the distance is increased, the ranging precision increases from
1 cm and plateaus at 2.5 cm. In the case of 1.2 MHz linewidth, at delay line

L = 43.68 m, corresponding to LL ~ (.83, the distance is approaching the laser

coh
coherence length, and ~5 cm ranging precision is measured. Beyond the coherence
length, the ranging precision starts to deteriorate rapidly. However, at LL—h ~ 7

CO

(delay line L = 384.72 m), ~15 cm ranging precision is still achievable.

5.2 Simulations of varying delay lines and laser

linewidths

Simulations were performed next, investigating in detail how the ranging precision
varies with laser linewidth and ranging distance. As with the simulation model
presented in the previous Chapter, the laser phase noise was modeled as a Wiener
process, with laser linewidth Av varying from 100 kHz up to 1.2 MHz. The SSMF
delay lines L were varied from 10 m up to 490 m in simulations, limited by the
discontinuity of the frequency chirp sawtooth waveform as previously discussed
in Sec. 2.2.3. Monte Carlo simulations were carried out with 1000 measurements
performed at each delay length and laser linewidth.

The ranging precision at varying delay lines and laser linewidths is shown in

Fig.5.4. Good agreement between simulation and experimental results presented
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ing precision versus ;— with 1.2 MHz and 100 kHz laser source, for delay

from 43.68 m to 384.72 m.
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Figure 5.4: Numerical sweep of ranging precision with laser linewidth varying from
100 kHz to 1.2 MHz.
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above was achieved. At delay distance L <120 m, the ranging precision could
be sub-centimeter, while 1 cm precision is observed in the experiment in the case
of 100 kHz laser source. This discrepancy might be due to additional noise and
timing jitter in experiments. Increasing the delay length up to 490 m (ﬁ ~ 0.77),
a ranging precision of ~2.5 cm is achievable for 100 kHz linewidth laser sources.
For 300 kHz laser linewidth, L., = 212.2 m. With increased delay length, the
ranging precision degrades from sub-centimeter and then plateaus at ~5 cm in the
incoherent regime. This was the case with the other laser linewidths; beyond the
L.on, the ranging precision plateaus at a certain level for each laser linewidth. In
the case of 1.2 MHz laser source, with delay lines extending to 490 m which is
9x intrinsic laser coherence length, ~15 cm ranging precision is still shown to be

possible.

5.3 Summary

In this chapter, the impact of laser phase noise on the ranging precision of FMCW
LiDAR systems when operating within and beyond the laser coherence length was
assessed through both experiments and simulations. As expected, with increased
laser linewidths and delay distances, the ranging precision deteriorates, especially
in the incoherent measurement region. In the case of 1.2 MHz laser linewidth,
it is shown that a ranging precision of ~15 cm is still achievable at a distance
of 384.72 m which is about 7x intrinsic laser coherence length. Provided that
the ranging performance is acceptable, using a relatively high-linewidth laser for
long-distance measurements might be considered for some cost-sensitive LiDAR

applications.



Chapter 6

Conclusions and future work

The research work presented in this thesis focuses on the investigation of
low-complexity digital signal processing (DSP) algorithm for short-reach optical
fibre communication links, and the design of low-cost coherent light detection and
ranging (LiDAR) systems. In this chapter, the key findings from this research work
are summarised in Section 6.1. Suggestions for future work are given in Section

6.2.

6.1 Conclusions

For short-reach optical fibre links below < 100 km, the system performance is
largely limited by the static and time-varying linear distortions arising from the
optical fibre: chromatic dispersion (CD), polarisation mode dispersion (PMD)
and state of polarisation (SOP) rotations. The primary goals of implementing
DSP algorithms at the receiver to mitigate these effects are cost-effectiveness and
power-efficiency. Hence, the frequency-domain equalisation, taking advantage
of the low computational complexity of the fast Fourier transform (FFT), is
favourable. In this work, a novel low-complexity adaptive frequency-domain
(FD) multiple-input multiple-output (MIMO) equaliser is studied. The proposed
FD-MIMO equaliser combines static chromatic dispersion compensation (CDC)
and adaptive equalisation for mitigating PMD and SOP rotations in one FFT
block. This saves interim FFT/IFFT operations between individual DSP stages

which can further reduce the calculation complexity. The main disadvantage



6.1. Conclusions 112

of adaptive frequency-domain equalisation is the feedback latency due to the
presence of multiple FFTs/IFFTs and DSP operations in the feedback loop. This
introduces delays in the adaptive filter coefficients update, and consequently
degrades the equaliser’s ability to track time-varying effects, especially during
rapid SOP rotations. In order to improve the equaliser’s robustness against
feedback latency, a momentum-based gradient descent is applied to the adaptive
FD-MIMO equaliser for the first time. Numerical assessment has demonstrated that
the momentum-based gradient descent significantly outperforms the conventional
gradient descent algorithm in the presence of adaptive filter update delays and
dynamic channel variations. In transmission of a 92 Gbaud polarisation-division
multiplexing (PDM) 64 QAM signal over 40 km standard single-mode fibre
(SSMF), the momentum-based gradient descent was shown to be capable of
tracking dynamic channels with up to 50 kHz SOP rotation frequency and
mitigating penalties from feedback delays of up to 14 FFT blocks at the optical
signal-to-noise ratio (OSNR) of 35 dB.

Apart from optical communications, optical sensing techniques, in particular,
coherent LiDAR system with single-photodiode (PD) detection, are investigated
in this thesis. Such a receiver architecture is low-cost and has low-complexity
and hence is desirable for cost-sensitive LiDAR applications. The receiver
sensitivity performance of two chirp signals, namely a single-sideband (SSB)
frequency-modulated continuous-wave (FMCW) signal and a double-sideband
(DSB) amplitude-modulated signal, was assessed using single PD-based coherent
receivers. Both simulation and experimental results indicate that the SSB FMCW
signal is a promising candidate for single-photodiode based coherent LiDAR
system. It is immune to LO-LO beating interference (LO-LO BI) which is the
dominant nonlinear distortion in such coherent receiver and which often requires a
spectral guard band for mitigation. In addition, the SSB signal does not suffer from
laser phase noise to amplitude noise conversion, hence offering a better receiver
sensitivity compared to the DSB signal. In system tests with a delay line of

384.72 m, the SSB signal outperforms the DSB signal with a 10 dB better receiver
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sensitivity in the case with a guard band for mitigating LO-LO BI, and 25 dB better
sensitivity without a guard band. The drawback associated with SSB FMCW signal
is the requirement of an in-phase and quadrature modulator (IQM) at the transmitter
for the complex modulation while a Mach-Zehnder modulator (MZM) is sufficient
for generating a real-valued DSB signal.

The transmitter laser linewidth is also an important parameter for FMCW
LiDAR performance. For long-distance ranging of a few hundred meters, the use
of low-linewidth lasers with increased laser coherence length is desirable at the
expense of potentially high system cost. Although certain degradation in the ranging
precision would be expected when operating in the incoherent regime, provided
the performance is still acceptable, using a relatively high-linewidth laser might
be considered for some cost-sensitive applications. Through both experiments and
simulations, it was shown that for a 1.2 MHz linewidth laser, ~15 cm ranging
precision can still be achieved at a distance of 384.72 m which is about 7x the

intrinsic laser coherence length.

6.2 Future work

6.2.1 Machine learning for mitigating time-varying effects in

optical communication system

As mentioned in Chapter 1, applying machine learning (ML) techniques to optical
communication systems has drawn a lot of research interests, in particular the
deep learning (DL) technique [17,29, 30, 187]. DL has demonstrated superior
performance across a wide range of disciplines [188—190]. It utilises artificial
neural networks to learn and extract high-level features from data. In the field
of optical communication, DL has been applied in nonlinear transmission systems
with the aim of reducing the computation complexity of conventional digital
back propagation (DBP) algorithm which normally involves numerous alternating
small steps to mitigate linear and nonlinear impairments from the fibre. This
DL-based fibre nonlinearity mitigation technique is also referred to as learned

DBP (LDBP) [31, 32, 187]. Deep learning has also been employed in optical
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performance monitoring (OPM) where OSNR values, accumulated chromatic
dispersion, differential group delay or even channel nonlinear effects can be
identified by observing eye-diagram and eye-histogram parameters of the received
signal [191,192].

Though the DL-based algorithms seem to be promising for optimising and
monitoring optical communication systems, their performance is highly dependent
on the training process and the implementation of underlying neural networks.
When encountering time-varying effects, such as PMD and SOP rotations as
considered in the research work presented in this thesis, those dynamic effects
might be hard to capture in the learning process and might ultimately lead to the
failure of training [30]. One potential approach is to use a so-called recurrent neural
network (RNN). RNN includes feedback connections that can allow information
to be temporarily stored in the neural network. Therefore, it is usually applied
to data with certain memories as is the case in a dynamic optical channel with
PMD. Though the RNN has the ability to capture the time-varying effects, it might
potentially lead to overkill and the poor performance on data it has not previously
encountered. Hence, methods to design an appropriate RNN or in combination
with other ML and DL approaches to mitigate time-varying distortions in optical

communication systems are particularly interesting and worth investigating.

6.2.2 Comb-assisted FMCW LiDAR system

The optical frequency comb (OFC) has emerged as an alternative light source for
LiDAR [193-196]. As its name suggests, the optical frequency comb consists of
equally-spaced discrete lines in the frequency domain. In the time-of-flight (ToF)
LiDAR systems, a few experiments proposed to use dual-frequency combs for
absolute distance measurement [197, 198]. Since two combs are generated from
the same seed laser, the optical phase is locked by default. Calculating the target
distance against one of the dual combs enables a sub-nanometer-level precision.
As for FMCW LiDAR, it was proposed to use a single reference interferometer
to stitch together the comb lines at the receiver to increase the total signal

duration when performing the Fourier transform. This leads to an improvement of
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frequency-domain resolution, and hence the ranging resolution [35]. In addition,
the OFC can be employed to accelerate the scanning speed when generating a
3D point cloud [199]. The technique involves using diffractive optics at the
transmitter to spatially disperse all the comb lines to achieve massive parallel
sensing and high-speed data acquisition. The proposed system can potentially
replace conventionally-used laser arrays for simultaneously sweeping a wide range
of view [82]. Besides, the eye safety issue is alleviated as the total emission power is
dispersed across all the channels. Though these applications look very promising,
each comb line is individually detected in such systems, requiring a wavelength
demultiplexer, multiple PDs and ADCs, hence a rather complex system [35, 199].
Approaches to simplify such receiver architecture and reduce the system cost and
complexity can be explored.

In addition to the coherent receiver which contributes to a large part of the
system cost, the laser sources can be expensive, especially for high-coherence laser
source as discussed previously in Sec. 2.2.3. In a comb-assisted LiDAR system,
leveraging the fact that the laser phase noise is correlated among all the comb lines,
potential techniques to reduce the phase noise penalty using the optical frequency

comb would be interesting to investigate.



Acronyms

ADC analogue-to-digital converter

AMCW amplitude-modulated continuous-wave
APD single-photon avalanche detector

AR augmented reality

ASE amplified spontaneous emission

ASIC application-specific integrated circuit

AV autonomous vehicle

AWG arbitrary waveform generator

AWGN additive white Gaussian noise

BER bit error rate
BI beating interference

BPD balanced photodiode

CD chromatic dispersion
CDC chromatic dispersion compensation
CMA constant modulus algorithm

CMOS complementary metal-oxide semiconductor



Acronyms

CMRR common mode rejection ratio
CPE carrier phase estimation

CW continuous wave

DAC digital-to-analogue converter

DARPA Defense Advanced Research Projects Agency

DBP digital back propagation
DC direct current

DD direct detection

DD-LMS decision-directed least mean square

DFB distributed feedback
DGD differential group delay
DL deep learning

DML directly modulated laser
DP dual-polarisation

DSB double-sideband

DSP digital signal processing

ECL external cavity laser
EDFA Erbium-doped fibre amplifier

EOM electro-optic modulator

FD frequency-domain

FDE frequency-domain equaliser
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FEC forward error correction

FFT fast Fourier transform

FIR finite impulse response

FMCW frequency-modulated continuous-wave
FOV field-of-view

FPGA field-programmable gate array

GMI generalised mutual information
GS geometric shaping

GVD group velocity dispersion

I in-phase

IFFT inverse fast Fourier transform

IM intensity modulation

IoT Internet of Things

IQM in-phase and quadrature modulator

ISI inter-symbol interference

KK Kramers-Kronig

LED light-emitting diode

LiDAR light detection and ranging
LMS least mean square

LO local oscillator

LO-LO BI local oscillator-local oscillator beating interference



Acronyms

MEMS micro-electromechanical system
MIMO multiple-input multiple-output
MIT Massachusetts Institute of Technology
ML machine learning

MSE mean squared error

MZM Mach-Zehnder modulator

OFC optical frequency comb

ONG Optical Networks Group

OPA optical phased array

OPM optical performance monitoring
OSA optical spectrum analyser

OSNR optical signal-to-noise ratio

PC polarisation controller

PD photodiode

PDM polarisation-division multiplexing
PLL phase-lock loop

PMD polarisation mode dispersion

PS probabilistic shaping

PSD power spectral density

PSK phase shift keying

Q quadrature
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Acronyms

QAM quadrature amplitude modulation

QPSK quadrature phase shift keying

Radar radio detection and ranging
RC raised cosine

RDE radially-directed equaliser
RF radio frequency

RNN recurrent neural network
RRC root-raised cosine

Rx receiver

SDM space division multiplexing
SNR signal-to-noise ratio

SOP state of polarisation

SSB single-sideband

SSMF standard single-mode fibre

TD time-domain
TDE time-domain equaliser
TIA transimpedance amplifier

ToF time-of-flight

VCSEL vertical-cavity surface-emitting laser

VOA variable optical attenuator

VR virtual reality

WDM wavelength division multiplexing
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