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The demand for stable, tunable, and cost-effective laser sources is growing rapidly across
applications such as Terahertz signal generation, and precision metrology. This thesis presents the
development and characterization of a field deployable, low-cost system for phase-locking telecom-
grade tunable lasers to an Optical Frequency Comb (OFC), enabling scalable and high-performance

photonic systems.

The research addresses the limitations of conventional OFC-based systems, which typically rely on
laboratory-grade lasers, optical amplification, and filtering. Instead, this work demonstrates a
compact and field-deployable solution using commercially available tunable lasers and a fully digital
feedback loop implemented on a Red Pitaya FPGA platform. A novel PI* (proportional-double-
integrator) controller architecture was developed to enhance loop bandwidth and suppress phase

noise, outperforming traditional PI? controllers.



The system achieves stable phase-locking with per-tone OFC powers as low as 1 nW, without the
need for optical filtering, making it suitable for multi-laser configurations via passive optical splitting.
Experimental results show integrated phase jitter as low as 10 milliradians and long-term frequency
stability, measured using Allan deviation, reaching 2 x 10™* at 1-second averaging time. These
experiment setup measurement prove the technique for field deployment by matching or exceeding

those of more complicated systems.

Additionally, the thesis examines the system's scalability, showcasing its potential for multi- channel
applications and exhibiting steady performance throughout the C-band. Comparative analysis with
state-of-the-art THz sources confirms the system’s competitive performance, particularly in terms of

tunability and spectral purity.

This work establishes a foundation for accessible, energy-efficient, and scalable OFC-locked laser
systems. Future directions include FPGA optimization, multi-laser locking demonstrations, and

integration with photonic THz platforms, paving the way for next- generation optical technologies.
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Chapter 1

Introduction

In precision photonics, stabilisation of semiconductor and fiber lasers to highly stable optical
frequency references has been an important development. Early approaches relied on locking to
narrow-linewidth laboratory lasers or high-finesse optical cavities, which allowed frequency
stabilisation at sub-kilohertz levels but often required complicated, environmentally sensitive setups
[5], [70]. The invention and rising of OFCs fundamentally transformed this landscape. a dense grid of
phase-coherent optical lines with absolute frequencies tracable to microwave or atomic references,
OFCs effectively serve as an optical "frequency ruler" [71], [72]. Their introduction allowed direct and
routine stabilisation of tunable lasers to absolute or relative optical frequencies with unprecedented
accuracy and broad spectral reach [5].

Early demonstrations of comb-referenced locking focused primarily on metrological
applications, including optical clock comparisons [69], frequency synthesis [78], and high-resolution
spectroscopy [73]-[75]. Analog phase-locked loops with high-speed electronics, high optical powers
per comb line, and narrow-linewidth lasers were usually the main components of these systems.
Despite their remarkable stability, these methods were frequently restricted to lab settings because of
their intricacy, expense, and requirement for optical filtering or amplification in order to isolate
distinct comb modes.

In recent times, the focus has switched to deployable and feasible OFC-locked systems that
use telecom-grade tunable lasers. Emerging uses like frequency-agile sensing, photonic microwave and
THz production [7], and coherent optical communications [6] propelled these developments. Several
studies showed that somewhat complex electronics can be used to phase-lock tunable semiconductor
lasers to comb lines [8], and advancements in digital phase-locked loop topologies allow for reliable
operation even with greater phase-noise sources. However, many implementations still rely on
laboratory-grade hardware, require tens to hundreds of nanowatts of per-tone comb power, or
depend on tunable optical filters to isolate specific comb modes.

The shift to digital control has made comb-locking methods much more widely available.
Although previous systems typically achieved limited lock bandwidths and required higher optical
power levels compared to state-of-the-art metrological setups, open and flexible digital PLL platforms
[10] and low-cost FPGA-based lockboxes [8] have shown that high-precision optical phase locking can
be realized with inexpensive hardware. Parallel progress in OFC technology, such as increased stability,

improved spectral coverage, and compact turn-key designs, continues to reduce the barriers to
1



widespread deployment [85].

All things considered, the previous art clearly shows a path from complicated, high-power,
laboratory-grade systems to small, digitally controlled, and power-efficient architectures appropriate
for field-deployable and multi-laser applications. Existing demonstrations provide essential
foundations but often fall short in scalability, required optical power, or system simplicity, limitations

that the present work directly addresses.

1.1 Motivation

Since the first laser concepts were developed, the goal has been to create light emission
sources that are as stable and controllable as possible. According to Schawlow and Townes, "a high
order of monochromaticity and tunability" would be the most preferred feature. However, they felt
that expecting "more than a small fractional amount of tuning in an infrared or optical maser using
discrete levels" was unrealistic [1]. This statement was written before the laser diode's discovery [2]
[3], which occurred around four years after their comment. The current state of the art is beyond
what Schawlow and Townes had considered feasible. In summary, diode lasers can be tuned over a
wide spectral range, from far infrared to the ultraviolet, while specific lasers have substantially
higher monochromaticity than masers.

The generation of stable and tunable optical signals is fundamental to contemporary
photonics, supporting a variety of applications that include high-precision metrology, spectroscopy,
advanced telecommunications [4], and the generation of Terahertz signals. As the demand for higher
data rates, more precise measurements, and broader spectral coverage continues to grow, so too
does the need for laser sources that combine high frequency stability with wide tunability and cost-
effective implementation.

OFCs have emerged as a transformative technology in this context. OFCs, which were first developed
for frequency metrology, offer a set of equally spaced, phase-coherent optical lines that function as
an accurate frequency ruler over a wide spectrum range. This special characteristic has made it
possible to make advances in molecular spectroscopy, optical clock creation, and astronomical
spectrograph calibration [5]. More recently, OFCs have found increasing utility in non-metrological
domains, such as coherent optical communications [6] and photonic generation of microwave and

THz signals [7].



Despite their advantages, OFCs are typically used in conjunction with high- performance,
laboratory-grade lasers and complex stabilization systems, which limits their accessibility for
practical, scalable applications. In many real-world scenarios, such as dense wavelength division
multiplexing (DWDM) systems or photonic THz synthesizers, there is a pressing need for multiple
laser sources that are not only stable and narrow-linewidth but also tunable and cost-effective.
These applications often operate under stringent constraints on size, power consumption, and
component cost, requiring low-cost OFC, low-cost tunable lasers, minimum and low-cost optical
components, and cheap and low-power consuming electronics for phase locking.

To bridge this gap, recent research [8] has explored the phase-locking of commercially
available tunable lasers to OFCs. This method preserves the flexibility and cost-effectiveness of
telecom-grade tunable lasers while utilising the OFC's stability. Nevertheless, there are a number of
technical difficulties in putting such systems into place. Compared to fixed- frequency lasers, tunable
lasers usually have lower intrinsic stability and higher phase noise, and their control bandwidth is
often limited [9]. Furthermore, careful system design and optimisation are needed to provide reliable
phase-locking from the OFC with minimum optical power, without the need for sophisticated filtering
or optical amplification.

Addressing these issues and develop a practical, scalable approach for phase-locking tunable
lasers to OFCs are the driving forces behind this study. By doing so, it aims to unlock the potential of
OFC-based systems for a broader range of applications, enabling high- performance optical sources
that are both accessible and adaptable. The work presented in this thesis paves the way for next-
generation photonic systems by showing that high phase stability and tunability can be achieved
utilising standard telecom components with careful engineering and inexpensive digital electronics

[10].



1.2 Research Objectives

The primary objective of this research is to develop and characterize a field deployable system for
phase-locking telecom-grade tunable lasers to an optical frequency comb. The system aims to meet

the following criteria :

¢ Low cost and complexity

Utilizing commercially available components including integrable tunable laser assemblies
(ITLAs) and low-bandwidth digital electronics that widely available, cost- effective, and

compact, and no need for laboratory-grade lasers or custom-built sources.

¢ Scalability

Enabling multiple lasers to be locked to a single OFC through passive optical splitting,
avoiding the need for active or tunable component, thereby supporting applications

requiring multiple coherent sources.

¢ Flexibility

Allowing continuous tuning of the locked laser across the C-band.



1.3 Research Contributions

This thesis presents a systematic study of the phase-locking of tunable lasers to an OFC, with several

key contributions :

¢ Design and Implementation

A practical locking system was developed using a Red Pitaya Field Programmable Gate Array
(FPGA) platform to implement a digital phase-locked loop (PLL) with a novel PI* controller

architecture, enhancing loop bandwidth and noise suppression.

¢ Performance Optimization

The system was optimized to operate with minimal OFC power per tone (as low as 1 nW),

eliminating the need for optical amplification or tunable bandpass filters.

¢ Comprehensive Characterization

Measurements and analyses of both long-term frequency stability and short-term phase
noise showed performance metrics that are on par with or better than those of more

complicated systems.

¢ Scalability Demonstration

The feasibility of locking multiple lasers to a single OFC was validated, highlighting the

potential for scalable, comb-locked transmitter arrays.



1.4 Thesis Outline

Chapter 2 : Background

Gives an outline of optical locking methods, noise characterisation, OFC, and relevant prior work in

the field.

Chapter 3 : Locking Two Tunable Lasers

Describes the experimental setup of phase-locking two ITLA lasers to each other as a performance

benchmark.

Chapter 4 : Locking Tunable Laser to an Optical Frequency Comb

Details the implementation and characterization of the OFC-locked laser system.

Chapter 5 : Noise Characterisation

The quality of my locking technique is evaluated in this chapter by measuring the long-term
frequency stability, and short-term phase noise of two (2) locked lasers and laser lock to OFC,

including comparisons between different controller configurations.

Chapter 6 : Conclusions

A summary of this thesis's main conclusions and some insight into potential future work utilising my

phase locking technique will be discussed.



Chapter 2

Background

The previous chapter mentioned the Optical Phase Lock Loop (OPLL) as one of the optical
phase lock techniques, along with Optical Frequency Comb (OFC), Tunable Laser, and Noise
characterization. This chapter will discuss the background of phase lock loop in optics, the two
common techniques for optical phase locking, fundamentals of OFCs, and some of their applications.
The second part of this chapter will elaborate on noise characterization of locked lasers, phase noise
as a short-term stability measurement and frequency error, and Allan deviation (ADEV) as a long-

term stability measurement.

2.1 Optical Phase Locking

Optical phase locking involves getting a laser (the "slave laser") to emit at a frequency that is
fixed in relation to another laser's (the "master laser") frequency. By locking lasers to better-quality
master lasers, phase locking helps to improve laser quality in terms of frequency and phase noise.
This is particularly true for semiconductor lasers, which suffer from frequency and phase noise
performance despite being inexpensive. But the technique is not limited to semiconductor lasers, it
can be applied to different laser types, depending on system requirements and applications. Two
methods of optical phase locking will be covered in this section: optical phase lock loops, and optical

injection locking.

2.1.1  Optical Injection Locking

Since the first theoretical and experimental findings on the injection locking of electronic
oscillators [11], the concept of synchronising two sources by injection locking has existed. The idea is

straightforward, a slave source's laser cavity is filled with a portion of the



output light produced by a master source to achieve locking. The injected signal induces emission
inside the slave source cavity, drawing the slave source frequency from its free- running value to that
of the master source. The schematic diagram for a general injection locking experiment is displayed

in Figure 2.1. below,

Master
Laser

Figure 2.1. Optical Injection Locking, slave laser can be synchronised by injecting the signal from master laser.

The application of the Optical Injection Locking (OIL) theory to laser sources was simple.
Injection locking has been proven with various laser types, including CO2 [12], XeF [13], and flash
lamp pumped dye [14] lasers. One of the earliest semiconductor laser injection locking studies used
AlGaAs double heterostructure Fabry-Perot lasers [15], finding that the locking bandwidth depended
on the injected power [16]. A theoretical model for injection locking of semiconductor lasers was
also provided. Using GaAlAs lasers, the first experiment describing heterodyne injection locking of
semiconductor lasers, locking to sidebands as far as 9.5 GHz removed from the fundamental lasing
frequency was observed, with low level injection and a locking bandwidth of 400 MHz [17].
Following the publication of the first thorough theoretical investigations of the OIL process of
semiconductor lasers [18] [19] [20] [21], the asymmetry of the OIL locking bandwidth was revealed
[22]. Additionally, an analysis of instabilities inside the locking range for greater injection levels was
published [23], and the development of the Distributed Feedback (DFB) laser injection method began
[24]. Later, comprehensive theoretical and experimental studies on DFB [25] [26] [27]and Fabry-
Perot
[28] [29] [30] [31] [32] lasers were provided. A parameter quantifying the amplitude-phase coupling
in a laser, the effective linewidth enhancement factor, of the injected semiconductor laser could also
be measured by using the OIL technique [33] [34] [35] [36]. Since there is no feedback loop and the
phase noise suppression achieved by the OIL process only depends on the amount of power fed into
the slave laser cavity, it is not subject to the delay time constraints that the Optical Phase Lock Loop
(OPLL) process [25]. Therefore, to achieve low levels of phase noise in the OIL system, very small
linewidth lasers are not required. However, only a small portion of the locking range is viable due to

high level injection's degradation of range stability [29] [32][26].



To sum up, injection locking has shown to be a versatile and effective method for
synchronizing laser sources. The method has shown great promise from early experiments with
different kinds of lasers to more sophisticated theoretical and experimental studies on
semiconductor lasers. Particular benefits of the OIL process include phase noise suppression without
the use of feedback loops. However, the stability of the locking range can be compromised at high
injection levels. Overall, injection locking is still a useful technique for creating accurate and reliable
laser systems.

The OIL technique is limited by injection ratio and linewidth enhancement factor though,
narrow locking range at low injection power. In practical systems, the random drifts of temperature
and laser bias currents can easily cause master-slave frequency detuning Aw drifts outside the
locking range AwLR, causing unlocking of the OIL laser. Thus, the frequency offset needs to be
controlled. Fine control of Aw is particularly important for applications requiring low injection ratio

because of the small locking range [9] .

2.1.2  Optical Phase Lock Loop

OPLL is a feedback mechanism that controls the optical phase of an optical source by
tracking the optical phase excursions of an incoming optical signal. This is accomplished by creating a
phase error signal that controls the local source frequency by comparing the input signal's phase to
that of the local optical source. The input signal source is known as the master source, and the local
source is known as the slave source. An OPLL's general schematic diagram is shown in Figure 2.2.

The frequencies at which master and slave sources function varies in heterodyne systems.
The master and slave laser outputs are combined on a photodetector, resulting in a beat signal at the
output that matches the offset frequency between the two sources. The beat signal's phase is
compared to that of an offset synthesizer operating at a frequency that is similar to the beat signal.
The output of the phase detector then produces a phase error signal. The loop filter modifies the
slave laser after processing this signal in order to reduce phase inaccuracy. When the frequency
offset between the two optical sources remains constant and matches that of the offset synthesizer,

the loop gains locks.
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Figure 2.2. Schematic of OPLL in homodyne configuration.

In the past, a number of technical issues have restricted the use of OPLL systems. The
availability of optical sources was one of them, and possibly the most significant. The most used
optical sources were lasers, which have poor frequency tuning response, frequency instability, and
wideband phase noise. The OPLL is a potential method for laser synchronization since the
development of semiconductor lasers, which offered small and easily adjustable sources. In order to
receive radio signals in Amplitude Modulation (AM) coherently, the concept of phase locked loop to
synchronize two sources was initially presented in 1932 [37] . Phase-lock methods have been in use
ever since. Examples include the synchronization of television receivers [38], the control of phased
array antennas [39], the coherent creation of phase and frequency modulated signals [40], and the
stabilization of microwave oscillators [41]. A homodyne system with 633 nm HeNe lasers [42] and a
slave source adjusted by a piezoelectrically positioned mirror was among the first OPLLs to be
published. The interference pattern rings at the OPLL output, which came after the beam splitter
that combined the laser outputs, were used to observe the locking condition.

Following that, numerous other works were created utilizing various laser types and
frequency tuning procedures. CO2 lasers [43] operating at 10.6 um and modulated by an internal
electro-optic frequency modulator and a piezoelectrically positioned mirror were used to realize a
homodyne system. HeNe lasers were also used to create heterodyne systems, which produced
signals at 2 MHz [44] and 5 MHz [45]. More recently, homodyne
[46] [47] and heterodyne OPLLs that produce 4 GHz [48] and 12 GHz [49] modulated signals have
made use of solid state lasers. Low phase noise lasers with a very narrow linewidth (less than 200

kHz) were employed in every instance. Since any frequency correction may be

accomplished directly through the laser bias current, using semiconductor lasers would guarantee
quick and ease tuning.

However, these sources could not be used in OPLL systems due to the quantity of phase
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noise they presented. Weakly linked exterior cavities were utilized to reduce the system
semiconductor laser linewidths in a heterodyne OPLL, one of the earliest experiments employing
semiconductor lasers [50]. The use of two distinct laser types in homodyne OPLL configurations has
also been suggested as a way to reduce the complexity of the OPLL system. In these designs, a HeNe
laser input signal is locked to an external cavity semiconductor laser that is adjusted by a LiNbO3
modulator [51]. Improved external cavity semiconductor lasers were employed in both homodyne
OPLLs [52] and heterodyne OPLLs [53]. The semiconductor laser linewidth could also be reduced by
using optical feedback from external high-finesse resonators. This method was applied to homodyne
OPLLs [54] and heterodyne OPLLs, producing signals at 25 MHz [55] and 40 MHz [56].

The potential for rigid, compact, and affordable systems is the benefit of employing
semiconductor lasers without line narrowing techniques. Narrower linewidth lasers are now
achievable thanks to advancements in semiconductor laser structures or materials. The first loops
employing semiconductor lasers without line narrowing were documented. Double quantum well
lasers [57], three electrode DFB [58], and extended cavity semiconductor lasers
[59] were used to create heterodyne systems. These loops could provide good system phase noise
performances (phase error variances of 1 rad? 0.04 rad? and 0.004 rad?, respectively), but they
could not be used with better loop filter setups. It was determined
that the laser linewidth, loop gain, and bandwidth requirements for realistic loop propagation delay
values were the main issues with implementing OPLLs with non-line-narrowed semiconductor lasers.
The loop delay restricts the system's phase noise reduction by limiting  the loop

gain and bandwidth. The poor phase noise suppression
necessitates a low laser linewidth (less than a few MHz) to offer adequate loop performance unless
sophisticated loop electronics [57] or passive loop filters [58] are constructed, methods that can
ensure short loop delay.

Overall, OPLLs are essential for tracking and resolving phase faults, which helps to
synchronize optical sources. The performance of OPLLS has been dramatically enhanced by
developments in semiconductor laser technology despite early issues with phase noise and

frequency instability in lasers. Contemporary OPLLs' ability to produce high-frequency optical

signals with minimal phase noise makes them useful for a range of applications. However, loop delay
and phase noise suppression requirements continue to be obstacles to using OPLLs with non-line-

narrowed semiconductor lasers.
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2.2 Noise Characterisation

An ideal sinusoidal wave is represent by,
E(t) = Eo cos (wot + 6,), (1)

where t is time, E(t) is the electric field, E, is the amplitude, w, is the angular frequency, and 6, is
the initial phase.

Unfortunately, there are no perfect signals in the actual world. Noise will always be present in the
signal's amplitude portion as well as in its phase. Figure 2.3. shows the displacement from an ideal
sinusoidal wave, random changes in amplitude and/or phase that weaken the signal of interest are
referred to as amplitude noise and phase noise, or regarded as oscillator noise. A laser's frequency
fluctuates due to several processes, which also contribute to its noise. These are usually
environmental changes like temperature, vibrations, and humidity or air pressure. Additional sources
may include noise in the laser's temperature control or current driver. Later in this dissertation,
noise sources will be covered in greater detail. An electrical or optical signal that is noisy can be
explained by,

E(t) = [Eo + a(t)] cos[ wot+ 0o+ O(t) ] (2)

where a(t) is the amplitude noise and 6(t) is the phase noise.

Time domain Phasor representation
v(t) ‘ amplitude fluctuation
r: "\ a(t)
: —>
ampl. fluct. » =
\ 7 a(t)
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phase fluctuation

)
/_  o(t)
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t f

Figure 2.3. Amplitude noise and phase noise. Adapted from [60].
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2.2.1 Phase Noise

In the equation (2), 8(t) is the second extra term. The phase noise is represented
mathematically by this quantity. Anything that causes 8(t) to be nonzero is considered noise. The
oscillating sinusoid exhibits phase modulation due to a nonzero 6(t) term. The introduction of
modulation sidebands around the fundamental frequency is the result of phase noise modulation. In
general, phase and amplitude noise may be the cause of the modulation sidebands. However, by
using a digital phase detector in our experiment, the amplitude noise may be removed. The detector
is insensitive to amplitude variations as long as the signal is strong enough to be detected, meaning
amplitude noise is not directly passed into the phase error signal.

Transistors, resistors, capacitors, inductors, and crystals are some of the parts used to make
oscillators. These elements are not all perfect. Environmental influences can have an impact on the
oscillator's components and, consequently, its output. Temperature, pressure, gravity, dust buildup,
and voltage stress can all alter an oscillator's output. Moreover, some components only undergo a
gradual change in their properties. The noise sources listed above usually happen gradually and over
an extended length of time. Long-term stability is the term used for this. Other noises come in short
spurts and at random. We refer to this as short-term stability. In general, noise that happens over
extremely short time scales is referred to as phase noise. Up to high frequencies >> 1 Hz, phase noise
measurements are often shown in the frequency domain. Short-term noise can lead to difficult-to-
detect faults and issues in systems. For instance, a mechanical shock could produce temporary noise.
Errors can also be introduced into electrical systems by disturbances on power lines. Lastly, short-
term noise is typically the more problematic because long-term noise is simpler to detect and
correct. The limiting factor in microwave and radio frequency systems is usually phase noise.
Frequency stability is directly correlated with phase noise. In addition, phase noise in electrical
systems can cause errors and decreased performance. A weak intended signal may be obscured by
phase noise sidebands, making processing the signal challenging or impossible. Phase noise has the
potential to raise the bit error rate in digital communication systems. Lastly, radar systems may
experience issues due to phase noise. The weak desired Doppler signal in coherent Doppler radar
may get cluttered by phase noise sidebands created by a strong interfering signal caused by
reflections from big stationary objects [61].

Phase noise can only be evaluated when a reference signal that is significantly quieter (lower
phase noise) than the signal under test is available, ensuring that the measurement reflects the noise
of the device being characterized rather than the reference [62]. This makes it possible to assume

that the reference signal's noise contributes very little to the measurement. The reference signal's
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frequency should be set so an RF spectrum analyzer and a sufficiently quick photodetector can
measure the beating with the test signal. Phase noise can be measured using a variety of methods,
each with pros and cons. Direct spectrum analyzer testing, is the simplest measurement method. In
this approach, the device under test is connected directly to the spectrum analyzer, and the signal
spectrum is recorded. . Figure 2.4 shows example of phase noise measured. When performing a
phase noise measurement using a spectrum analyzer, it's crucial for the user to recognize that the
system doesn't solely measure phase noise. The spectrum analyzer depicts the combined signal
power observed by its filter across different frequencies. This signal comprises both amplitude and
phase noise, and the displayed result represents the sum of both types of noise. The spectrum
analyzer lacks the ability to differentiate between the two. While there may be instances where
amplitude noise exceeds phase noise at specific frequency offsets, this is not the typical scenario and

is generally limited in range.
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Figure 2.4. Spectrum of phase noise measured.

A self-referenced heterodyne approach can measure the phase noise in situations where a higher-
quality reference is unavailable [63]. In this instance, the signal is divided into two arms, one of
which is frequency-shifted and delayed about the other. The delay must be greater than the signal's
coherence length for the two signals to be de-correlated upon recombining. Each arm will contribute
equally to the observed phase noise if the noise is stationary. By merely measuring the Power
Spectral Density (PSD) of the beat signal, the phase noise spectrum may be determined. When the
data are displayed, the PSD is often normalized to the RF carrier power (the beat signal's core
frequency). The resulting spectrum, which is expressed in dBc/Hz (decibels concerning the carrier per
Hz), displays the sideband power caused by noise relative to the carrier. The primary drawback of
this measurement is that because both types of noise produce sidebands, the PSD of the beat signal

cannot discriminate between amplitude and phase noise. Additionally, the beat signal's frequency
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must be extremely constant to do this measurement and not fluctuate compared to the spectrum
analyzer's sweep time.

Another technique to measure phase noise is Frequency Delay Line Discriminator (FDLD) Technique,
as shown in Figure 2.5. The FDLD method is a classical analog technique used to convert phase
fluctuations into voltage fluctuations by exploiting the time delay between two signal paths. It is
particularly useful for measuring phase noise in free-running oscillators or lasers. The basic principle
is that the signal is split into two paths: one path is delayed by a known time t (typically using a long
coaxial cable or an optical fiber), while the other path remains undelayed. . The two signals are then
recombined in a mixer or phase detector. The output voltage is proportional to the differential phase
between the two paths. The discriminator’s sensitivity is directly proportional to the delay 1. Short
delays result in poorsensitivity to low- frequency phase noise. Long delays improve sensitivity but
introduce Increased insertion loss and higher susceptibility to environmental noise (e.g.,
temperature drift, mechanical vibrations). It's because the phase noise of a laser is a time-dependent
fluctuation, the shorter the delay, the less time the laser has to accumulate phase error. It means the
phase difference between the two paths becomes less pronounced, making it difficult to detect small

fluctuations. And Vice versa, longer delay means it will be easier to detect small fluctuations.

Source . > Splitter | Mixer | Low Pass Low N'o.lse
Under Test Filter Amplifier
Delay Line
»-

Figure 2.5. Block diagram of a frequency delay line discriminator phase noise measurement system.

In the setup, the delay line may not have been long enough to resolve the low-frequency phase noise
components of interest (e.g., <1 kHz), or it may have introduced excessive noise. Achieving accurate
phase noise measurements requires precise knowledge of both the delay T and the system’s transfer
function. Any mismatch in cable lengths, impedance, or phase imbalance can distort the
measurement. And without proper calibration, the output spectrum may not accurately reflect the
true phase noise. The FDLD technique is inherently linear only for small phase deviations. If the
phase fluctuations are large (e.g., during lock acquisition or under environmental perturbations), the
system may operate in a nonlinear regime, distorting the output. The analog components (mixers,
amplifiers, delay lines) contribute their own noise. The noise floor of the FDLD setup may have been
too high to resolve the ultra-low phase noise levels achieved in your OFC-locked system (e.g., <—120

dBc/Hz). This would result in a flat or noisy spectrum that masks the actual performance.
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As an alternative, there is Digital Phase Detector (DPD) as a technique to characterize phase noise as

shown in Figure 2.6.
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Figure 2.6. Schematic for measuring the phase noise of a laser using Digital Phase Detector (DPD).

A DPD takes two input signals, a reference signal and beating signal from two lasers locked (Master
laser and Slave laser). DPD will compare the phase difference between these signals and generate an
output signal that is proportional to this phase difference. The DPD operates by utilizing a digital logic
gate, as the central component of the circuit. The simple one is XOR gate. The gate generates a high
output when the input signals are out of phase, and a low output when they are in phase. Unlike
analog phase detectors, DPDs detect signal edges rather than amplitude levels, making them less
susceptible to amplitude noise and variations. They find widespread use in applications such as
frequency synthesizers, phase-locked loops, and other scenarios that demand precise phase
detection [64].

To sum up, one important aspect influencing oscillators' stability and performance is phase
noise. It comes from a variety of sources, such as component flaws and ambient influences, and it
can cause serious problems in microwave and radio frequency systems. Phase noise must be
precisely measured, and one technique to lessen amplitude noise is to use a digital phase detector
(DPD). Understanding and being able to control phase noise are essential for improving the reliability

and performance of electronic systems.

2.2.2 Allan Deviation — frequency stability

As mentioned previously, long-term stability is affected by noise stemming from
environmental influences like temperature, pressure, gravity, and dust buildup. These factors can
alter an oscillator's output gradually over an extended length of time, generally corresponding to

long sampling times >> 1 s, which correspond to frequencies << 1 Hz. The schematic for measuring
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long-term stability is shown in Figure 2.7.
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Figure 2.7. Schematic for measuring long-term stability using frequency counter.

An RF frequency counter, which gounts the amount a signal crosses zero over a
predetermined period of time (the gate time), can be used to precisely measure the beat signal's
frequency. When a highly stable signal is used as the reference (master), it is possible to determine
the frequency stability of a test signal by repeatedly tracking frequency variations with a frequency
counter. Statistical variance can then be calculated in order to describe the frequency stability.
Although the standard deviation is frequently employed as a generic tool to assess the dispersion of a
data collection, it is unsuitable to explain frequency stability. This is because the standard deviation
for many frequency sources, which is calculated based on the mean of the entire data set, is not
stationary and will vary depending on the number of samples in the data set [65]. This is due to the
presence of noise which is correlated with time (non-white noise), e.g. 1/f flicker of phase noise.
The Allan deviation, d?(r), has become a common method for measuring frequency stability in

the metrology community. The Allan variance formula, o 2 (r), is given by,

o2(r)= 3 _ (vi+1 - yi) (3)
y 2(N-1) =1
where y; is the fractional frequency measured over a sampling time of r, with the subscript / referring

to the i"" measurement out of N number of measurements.

The Allan deviation is a statistical indicator of the frequency stability of a clock or oscillator
that offers a more precise and insightful description of the oscillator's stability than the standard
deviation. The fact that the Allan deviation takes into account the kind of noise that is present in the
system being monitored is one of its key advantages over the standard deviation. The Allan
deviation, in particular, is intended to assess the stability of the system's frequency, which is
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impacted by many noise sources, including flicker noise, white noise, and random walk noise, as

shown in figure 2.8.
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Figure 2.8. Allan Deviation plot with the different types of noise sources [60].

Random walk FM noise usually relates to the Oscillator’s Physical Environment. If random walk FM is
a predominant feature of the spectral density plot then Mechanical Shock, Vibration, Temperature,
or other environmental effects may be causing "random" shifts in the frequency carrier. Flicker FM a
noise may typically be related to the Physical Resonance Mechanism of an active oscillator. Flicker
FM is common in high-quality oscillators, but may be masked by white FM or flicker PM in lower-
quality oscillators. White FM noise is a common type found in passive-resonator frequency standard.
These contain a slave oscillator, often quartz, which is locked to a resonance feature of another
device which behaves much like a high-Q filter. Cesium and rubidium standards have white FM noise
characteristics. Flicker PM noise may relate to a physical resonance mechanism in an oscillator, but it
usually is added by noisy electronics. This type of noise is common, even in the highest quality
oscillators, because in order to bring the signal amplitude up to a usable level, amplifiers are used
after the signal source. Flicker PM noise may be introduced in these stages. It may also be
introduced in a frequency multiplier. White PM noise is broadband phase noise and has little to do
with the resonance mechanism. It is probably produced by similar phenomena as flicker PM noise.
Stages of amplification are usually responsible for white PM noise [66] .

By using Allan deviation to measure the frequency stability of a source, the requirements are depend

on the application. Each appplication generally has its own value of Allan deviation stability. The
frequency instability of 4.4 x 10~ %° at averaging time 1s for 0.66-Terahertz signal, generated by
photomixing a pair of comb lines extracted coherently from the source comb [67]. The noise analysis
of different sensor types using Allan deviation. Compared to the conventional variance that assesses

the variation around the mean value of the aggregate data surveyed, Allan deviation estimates

variations by averaging measurements for different periods [68].
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To summarize, the long-term stability of oscillators is influenced by environmental factors,
which cause gradual changes over time. An RF frequency counter is used to measure this stability, and
statistical variances such as Allan deviation, which gives a more precise picture of frequency stability
than standard deviation are computed. Understanding and mitigating different types of noise, such
as flicker noise and white noise, is crucial for maintaining oscillator performance across various

applications.

2.3 Optical Frequency Combs (OFC)

Although phase locking is the main focus of this thesis, as discussed in the beginning of this
chapter, it is equally critical to comprehend the original laser being "copied." The master laser is the
name given to this laser. The master laser used in this thesis will be an OFC. An OFC, as shown in
figure 2.9, has an optical spectrum comprising large number of modes with a fixed frequency gap
between them. A mode-locked laser can produce OFCs directly, or they can be produced by
modulating a single-frequency continuous wave (CW) laser. Some OFCs can cover more than an
octave and span extremely broad bandwidths. When measured using an atomic reference, the

fractional instability of the frequency of each OFC mode has been reported to be as
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Figure 2.9. Spectrum of an Optical Frequency Comb. The comb modes are all separated by a repetition rate

frequency, fr.

low as 1.4 x 10'¥ [69]. Because of its extremely high stability, the comb can be used as a
"frequency ruler," measuring any frequency with high accuracy as long as it falls within the comb
spectrum's bandwidth [70].

The OFC's capacity to convert optical to microwave frequencies is another essential

component, making it a ground-breaking instrument for frequency metrology. Current sensors
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cannot directly measure the frequency of the oscillating electrical field of an optical signal because
they are far too slow. Instead, the unknown frequency is compared to a known frequency from an
atomic transition to determine the frequency. A photodetector with adequate bandwidth may then
measure the beat signal produced by the two signals, which is a down-conversion of their difference
frequency.

As mentioned before, an OFC is typically generated by a mode-locked laser, which emits a
train of ultra-short pulses. In the frequency domain, this pulse train corresponds to a comb of
discrete frequencies :

fn=feeo + N frep (4)

where,

fn represents the frequency of the ™" comb line, while f.e, denotes the repetition rate of the pulse
train (spacing between comb lines), and fceo is the carrier-envelope offset frequency, which

accounts for the phase shift between the pulse envelope and the carrier wave.

To use an OFC for precision measurements, both frep and fceo must be stabilized :

frep is locked using a photodetector and RF reference.

fceo is measured using an f-2f interferometer and locked to a reference.

Because the comb spacing can be fixed to a microwave reference, OFCs can directly connect
the optical and microwave domains. As a result, the relative precision of each comb mode's
frequency is equal to that of the microwave reference. This has significantly simplified optical
frequency measurements and increased accessibility for non-metrology labs.

OFCs are also crucial spectroscopic tools because they may be used as a reference to
precisely calibrate a higher power single frequency cw laser for use in conventional single laser
spectroscopy [72]. Additionally, spectroscopic techniques utilize the full OFC spectrum, where
various comb modes monitor multiple transitions concurrently [73],[74],[75]. Due to OFCs' ability,
wavelengths that are useful for spectroscopy but difficult to reach with CW lasers, such as the
ultraviolet and long wavelength infrared regimes, can be produced. Because of their incredible
precision, regular spacing, and broad spectral coverage, OFCs can now be utilized in place of
different gas discharge lamps to calibrate high-resolution astronomical spectrographs [76]. The
simplicity with which OFCs can be amplified compared to gas lights is a less evident advantage for
astronomical spectrometry. Bright sources like the Sun cannot have their spectrograms measured
with long integration periods, which is necessary for low-intensity references [77]. Because of their
exceptional stability, OFCs are also perfect for integrating optical atomic clocks. An optical
counterpart, which operates at optical frequencies rather than microwave frequencies, uses an

atomic (or molecule or ionic) transition as a reference, much like conventional microwave atomic
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clocks. Compared to microwave clocks, optical atomic clocks can perform better since the frequency
stability of a transition increases with frequency [78].

A fibre mode-locked laser OFC (FC1500-250-WG, Menlo Systems GmbH) with a central
wavelength of 1560 nm and a repetition rate of 250 MHz was used for all of the experiments that
employ the OFC as a master laser described in this thesis. The non-linear polarization rotation was
the mode-locking process. The carrier envelope oscillator frequency and repetition rate were locked
to a quartz oscillator (TimeTech GmbH).

This chapter provided an overview of the theoretical and technological foundations related
to this research. We explored the principles of optical phase locking, noise characterisation, and the
importance of OFCs. In addition, the chapter analyzed a number of phase-locking strategies,
emphasizing the benefits and drawbacks of approaches including optical injection locking and optical
phase-locked loops. Particular emphasis was placed on the challenges associated with locking
tunable lasers, especially telecom-grade ITLA lasers to OFCs. Limited control bandwidth, increased
intrinsic phase noise, and the requirement for low-cost, low-power solutions appropriate for scalable
implementation are some of these difficulties. The necessity for a practical, reliable, and effective
locking system that requires low optical power and doesn't require complex filtering or amplification
was highlighted by the analysis of earlier research. This background sets the stage for the
experimental investigations that follow. In the next chapter, we present a controlled benchmark
experiment in which two identical tunable lasers are phase-locked to each other. This configuration
allows us to evaluate the performance of the optical phase-locking system in isolation, before
introducing the additional complexity of locking to an OFC. The results from this benchmark will
serve as a reference for assessing the effectiveness of the OFC-locking approach developed later in

the thesis.
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Chapter 3

Locking Two Tunable Lasers

Building on the topic introduced in the previous chapter of optical phase locking, noise
characterisation, and the importance of Optical Frequency Combs (OFCs), this chapter focuses on
how these ideas are used in practice on the simple example of locking together two tunable lasers.
The design of the two-laser phase-locking experiment was guided by the need to establish a
controlled, simplified environment in which the core performance of the OPLL could be evaluated. It
was crucial to confirm that the system could achieve and sustain phase coherence between two
coherent optical sources before adding the complexity of locking a tunable laser to an OFC, which
entails controlling numerous comb tones and ultra-low per- tone power levels. The experimental
configuration for phase-locking two identical telecom- grade tunable lasers to one another is shown
in this chapter. This configuration eliminates the complexity introduced by the comb’s multiple tones
and allows for a clear assessment of the phase-locking system’s capabilities, including noise
performance and stability. The results are used as a guide for assessing the performance of the OFC-

locked system described in the subsequent chapter.

3.1 Objectives of Locking Two Tunable Lasers

. This configuration allowed us to :
¢ Evaluate the effectiveness of the Red Pitaya-based PLL [80] system.
¢ |nvestigate the minimum optical power required for stable locking.

¢ Understand the practical limitations of the tunable lasers, including their modulation
bandwidth and phase noise characteristics.

This benchmark would later serve as a critical comparison point for assessing the performance of the

OFC-locking system in Chapter 4. The methods and difficulties involved in attaining exact

synchronization between two tunable laser sources will be examined in this chapter.
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3.1.1 Emphasis on Practicality and Scalability

A key design philosophy of this work is to develop a phase-locking system that is not only high-
performing but is also practical, compact, and cost-effective. The use of telecom-grade ITLA lasers,
low-power operation, and a fully digital control loop implemented on a compact FPGA platform (Red

Pitaya STEMLab 125-14) reflects this goal. The system was designed to:

¢ Use minimum optical power to function.
¢ Eliminate the requirement for high-speed electronics or complex analog circuits.

¢ Be easily reconfigurable and programmable for different locking scenarios.

This approach is in line with the broader vision of enabling scalable, comb-locked laser arrays for
applications in coherent communications, photonic THz generation, and precision metrology [80].
3.1.2 Investigating Controller Architectures
Examining how controller architecture affects system performance was one of the key goals. There
were two phases to the experiment:
® Single PI2 Controller: This setup, which represented a traditional digital PLL with proportional
and double-integrator feedback, acted as a baseline. It enabled us to evaluate the
fundamental locking capability and pinpoint bandwidth and noise suppression constraints.
® Dual PI? Controllers (PI* Configuration): We desgned a higher-order controller by running
two P12 controllers in parallel and combining their outputs. This configuration was created to
address the drawbacks identified with the single PI? loop, namely with regards to enhancing
long-term stability, reducing low-frequency phase noise, and increase the loop bandwidth.
From these two scenarios, conclusions can be made that there's trade-off among performance,
complexity and stability in digital OPLL design.
3.1.3 Preparing for OFC Locking
Finally, this experiment was intended to prepare the system for the more demanding task of locking
to an OFC. By understanding the behavior of the system in a simplified two-laser configuration, we

could:

¢ Validate the signal detection and conditioning chain.

¢ Confirm the suitability of the Red Pitaya platform for real-time feedback control.
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¢ Optimize the controller parameters for low-power operation.

¢ |dentify and mitigate potential sources of instability or noise.

These insights directly informed the design and implementation of the OFC-locking experiment
described in Chapter 4.
3.2 Experimental Setup

Figure 3.1 is the setup experiment that has been conducted. Tunable laser 2 (Slave laser)
locks to Tunable laser 1 (Master laser). The objective of the experiment is to investigate the minimum
power level of the Tunable laser 2 while it can still be locked to Tunable laser 1. By setting the output
power of Tunable Laser 1 to 1 mW using a Variable Optical Attenuator (VOA), the output power of Tunable
Laser 2 was then gradually reduced (20 nW, 10 nW, etc.) to determine the minimum level at which the two
lasers could still maintain stable lock. Two parameters used to monitor the stability of the locked laser

are the frequency error and phase noise.
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Figure. 3.1. Schematics of phase locking of two ITLA tunable lasers, one with power of 1 mW (0.5 mW reaching the

photodetector after passing through the 50/50 coupler) and the other with low power, ranging from 0.5 nW
(lowest power at which we achieved stable lock) to 10 nW (2-20 nW prior to the 50/50 coupler), using PI?

feedback controller. VOA: Variable Optical Attenuator, PC: Polarization Controller, LPF: Low Pass Filter.
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The loop filter, which is part of the OPLL as shown in figure 3.1, received the signal from the output of
photodetector, which is an electrical signal. The Red Pitaya STEMLab 125-14 [81], as shown in figure
3.2, was used as the feedback controller. It is an embedded FPGA and microprocessor board, using a
Python based software interface, providing complex acquisition and control schemes in an
approximately 10 x 6 cm device, compact and inexpensive as well. Included are a ramp/scan signal
generator, two Proportional — Integral?® - Derivative (PI?D) control filters, two lock-in amplifiers and an
oscilloscope. The PID filters process the error signal and optimise the lock quality. PID filtering is the
most common control system. PID control parameters can be set by adjusting the settings at the
interface of the Red Pitaya. Optimisation of this parameters will minimise the error signal and then
stabilize the system. Besides being a feedback controller, the OPLL of the two lasers was also
implemented by the Red Pitaya STEMLab 125-14, with input frequency range of 60 MHz. Within the
Red Pitaya, the analog voltage signals are converted to digital using two Analog to Digital Converters
(ADC) , after processing, two Digital to Analog Converters (DCA) transform the digital signal to an
output voltage on the range of 0 - 2 V. The resolution of the ADC/DAC is 14 bits, with a sampling rate
of 125 MSa/s. So it is an all digital OPLL.
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Figure 3.2. Block diagram of Red Pitaya STEMLab 125-14. Red arrows represent the communication with the PC
software and blue dots represent the test points at which signals can be shown in the PC software. The second
channel is a duplicate of the first. ADC: Analog-to-digital converter, MUX: Multiplexer, VNA: Vector network
analyzer, VCO: Voltage-controlled oscillator, and DAC: Digital-to-analog converter.. The image was obtained

from [10].
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In the original Red Pitaya DPLL architecture presented by [10], the “Digital Loop Filter” block
(Figure. 3.2) implements a general-purpose P/1/1/D controller (“PI2D”). This is the location in the
firmware where the phase-error signal is processed following digital demodulation and numerical
differentiation. In our system, the PI? controller corresponds directly to the proportional, integral,
and double-integrator components already present within this block. Without changing the general
DPLL signal-flow architecture, the PI* controller created in this thesis is implemented by cascading
two PI? filters internally within the same block, increasing the possible control bandwidth and low-
frequency loop gain. Therefore, both PI> and PI* configurations are situated entirely within the

Digital Loop Filter module.
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Figure 3.3. Open-loop gain spectrum.

A loop bandwidth of about 20 kHz results from the PI?> controller's single dominating
integrator region; beyond that, the gain drops below unity and the loop is unable to suppress phase
variations. By cascading two PI? loops to create the PI* controller, the low-frequency gain is
increased by an additional 20—40 dB (shown graphically by the raised plateau), greatly increasing the
effective unity-gain crossover to about 100 kHz. Long-term frequency stability and phase-noise
suppression are directly improved by this increased loop bandwidth.

Cascading two PI? loops (PI*) introduces two independent low-frequency gain stages,
resulting in a significantly stronger suppression of slow phase fluctuations compared to a single PI?
loop. And as far as authors’ knowledge, no published work implements a PI* (double-PI? cascade)
inside the Red Pitaya PLL, nor in optical frequency-comb locking using telecom-grade tunable lasers.

Both Laser 1 and Laser 2 were Pure Photonics PPCL300 low-noise tunable lasers, supplied in
an ITLA (Integrated Tunable Laser Assembly) package. These telecom-grade lasers are tunable across
the C-band and provide an output power of up to 40 mW. The integrated nature of the laser
provides a compact design. The laser can be tuned to any carrier frequency between 191.5 THz
(wavelength of 1.565 pum) and 196.25 THz (wavelength of 1.528 um). Output power of the lasers

can be set between 6 - 16 dBm, controlled via an in-built semiconductor optical amplifier (SOA). A
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low-pass filter (LPF) was used to filter the beat signal, and the filtered signal was then amplified by a

low-noise RF amplifier. The Red Pitaya evaluation board's FPGA-based PI’D (proportional, double-

integral, derivative) controller received the amplified signal after that. [82]. A list of component

parameter is given in Table 3.1

Table 3.1: Component parameters for Figure 3.1

Component

Parameter

Value

Laser 1 & Laser 2
PPCL300 Pure Photonics

Type
Output power

Wavelength range (C-Band)

Continous mode
+13 dBm

1527.6 —1565.5 nm

Operating temperature 0-70C

Connector type FC/APC

Fibre type SMF-28
50/50 Coupler Excess Loss 0.5dB

Connector type FC/APC

Fibre type SMF-28
Photodetector Model MenloSystems FPD310

Bandwidth 1 GHz

Responsivity 0.9 A/W

Gain Setting 5 x 10° V/W

Operating temperature

10-40°C

Optical input type FC
Low pass filter (SLP-5+) Cut-off frequency 50 MHz
Low Noise Amplifier Bandwidth 0.1-500 MHz
(ZFL-500HLN) Gain 24 dB (0.1 MHz)

Noise Figure 2.9.dB (53.3 MHz)
10 MHz GPS Reference Phase noise —100 dBc/Hz at 1 Hz

—150 dBc/Hz at 10kHz

Measurements were performed for various slave laser power levels ranging from 1 nW to 10 nW

measurement at the photodetector input.

A high-precision frequency counter was used to assess the phase-locked tunable lasers'

long-term frequency stability. This device is essential for measuring frequency error and drift over
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long observation times. The frequency counter, Keysight 53230A, a universal counter with sub-
millihertz averaging times in frequency measurement, was employed in this investigation. It was set up
to track the nominally established beat frequency of 30 MHz between the two lasers. The frequency
counter was referenced to a high-stabile RF source, ensuring that the measurement reflected the true
stability of the laser system. The beat signal, after amplification and filtering, was fed directly into the
frequency counter. A gate time of 1 second was used for most measurements, providing a balance
between resolution and temporal granularity. For Allan deviation analysis purposes, shorter gate times
(e.g., 4 us) were also employed to capture frequency fluctuations across a wide range of averaging
intervals. The frequency counter provided the following key metrics:
¢ Instantaneous frequency error: The deviation of the measured beat frequency from the
nominal 30 MHz value, recorded over time.
¢ Peak-to-peak frequency variation: Used to assess the stability of the phase-lock over long
durations (e.g., 10 hours).
¢ Allan deviation: This method helps track how frequency stability shifts as the averaging time
changes. This approach makes it easier to identify what kind of noise is present in the

system, whether it’s flicker, random walk, or white phase noise.

3.3 Lock Acquisition and Stability Behavior

To confirm the OPLL system is functioning properly, it’s important to keep the two tunable lasers
consistently phase-locked.

3.3.1 Lock Acquisition Process

We began the locking process by carefully adjusting the lasers so that their beat frequency settled
near 30 MHz, which is the target intermediate frequency. After that, we followed a series of steps to

get the system locked in :

¢ |nitial Wavelength Tuning:

We used the lasers’ built-in controls to manually bring their wavelengths reasonably close, just a few
gigahertz apart. Fine tuning was performed to bring the beat frequency close to the 30 MHz offset

target.

¢ Polarization Matching:

To improve how well the visibility of the beat signal at photodetector, a polarization controller was
used to align the polarization of the master and slave laser outputs. In order to provide a robust and

consistent interference signal, this step was important.
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e Controller Activation:

After switching on the digital PI*> or PI* controller, it started working on the error signal and sent

feedback to adjust the phase modulation input of the slave laser.

3.3.2 Indicators of Successful Locking

Several indicators were used to verify that the system had achieved and maintained phase- lock:

® Spectral Signature:
The RF spectrum analyser showed a narrow linewidth peak at 30 MHz, i.e. 200 kHz, which suggested
that the two lasers were beating. The absence of sidebands or frequency drift confirmed the stability
of the lock.

® Phase Detector Output:
The digital phase detector demonstrated that the controller was successfully minimising the phase
error by producing a clear, low-noise signal.

¢ Frequency Counter Readings:
While monitoring the system, we noticed that the frequency counter consistently showed a fairly
beat frequency. The signal was perfectly flat, of course there were small fluctuations from peak to
peak but nothing unexpected.

¢ Visual Oscilloscope Trace:
On the oscilloscope, the beat signal appeared as a stable sinusoidal waveform, exhibiting no
noticeable jitter or amplitude modulation. On the oscilloscope, the beat signal appeared as a steady

sinusoidal waveform, no jitter or amplitude modulation.

3.3.3 Lock Robustness and Stability

After being obtained, the lock was largely reliable and could be kept up without intervention for a

number of hours. The mechanism showed resistance to small environmental disruptions such as:

¢ Small temperature fluctuations in the lab environment.
® Mechanical vibrations from nearby equipment.

¢ Minor power fluctuations in the laser or control electronics.
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However, the lock could be disrupted by:
¢ Sudden changes in laser drive current or temperature.

¢ Significant misalignment of polarization.

® Excessive attenuation of the slave laser signal below 1 nW.

Significantly improved lock robustness was offered by the PI* controller architecture, especially at
low power levels and in the presence of environmental noise. It also allowed for faster recovery in

the event of temporary lock loss.

3.4 Challenges and Mitigation Strategies

The phase-locking setup for the two tunable lasers was deliberately constructed to be simple and
easy to control. However, once constructed and tested, several practical issues became apparent.
.These were just minor inconveniences, they stemmed from the behaviour of the laser in real time,
level of sensitivity of the system to its surroundings, etc. The following subchapter discusses these

main issues and the ways to minimize or solve them.

3.4.1 Challenge 1: Low Signal-to-Noise Ratio at Minimal Power Levels
Problem:
One of the primary goals of the experiment was to determine the minimum optical power at which
stable locking could be achieved. As the slave laser power was reduced to the nanowatt level (1-10
nW), the beat signal at the photodetector became increasingly weak, leading to a low signal-to-noise
ratio (SNR). This made it difficult for the controller to extract a clean error signal, especially in the
presence of environmental noise.
Mitigation:

¢ Ahigh-gain, low-noise RF amplifier (Mini-Circuits ZFL-500HLN+) was used immediately after

the photodetector to boost the beat signal before digitization.

¢ The photodetector was properly biased and operated within its optimal input power range

to avoid saturation or under-response.
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3.4.2 Challenge 2: Limited Modulation Bandwidth of Tunable Lasers
Problem:
The system loop bandwidth cannot exceed 100 kHz because it is limited by the modulation bandwidth
of the ITLA C-band telecom-grade lasers (approximately 100 kHz).
Mitigation:
¢ The controller parameters were carefully tuned and optimized to match the laser's

modulation response, avoiding instability due to bandwidth mismatch.

® The PI* controller was configured to add loop gain and supress the low frequency phase noise

3.4.3 Challenge 3: Lock Acquisition Sensitivity
Problem:
The system setup capability to lock the two lasers was depend on initial state, including the offset
frequency between the two lasers and the controller's initial parameters. If the frequency of the two
lasers is too far apart, the controller can not converge the locked state.
Mitigation:
® A methodical lock acquisition process that included incremental power adjustment,
polarization alignment, and coarse wavelength tuning was developed.
¢ The Red Pitaya PLL was used to monitor the error signal and modify the controller gains in
real time during lock acquisition.
¢ A 30 MHz synthesizer was used as a reference to ensure consistent beat frequency
targeting.
These mitigation strategies were essential for reliable and consistent locking performance. The
design of the more intricate OFC-locking system, which is covered in the following chapter, was
influenced by the knowledge obtained by tackling these difficulties. The presence of many comb

tones and even lower per-tone power levels accumulated similar problems.

Besides the three challenges above, there is also polarization misalignment. The beat signal strength is
highly sensitive to the polarization alignment of the two laser beams. The interference contrast is
decreased by any mismatch in polarization states, which weakens the beat signal and may possibly
make lock acquisition impossible. In order to overcome these difficulties, a manual polarization
controller (PC) was added to the slave laser's optical path so that its polarization matched that of the
master laser. By enhancing the beat-signal amplitude on the RF spectrum analyzer, the alignment was
adjusted. Once optimal alignment was achieved, the fiber paths were secured to minimize polarization

drift arising from mechanical disturbances or thermal fluctuations.

31



The performance of a digital optical phase-lock loop (OPLL) depends significantly on how its
feedback controller is designed and tuned. In our experiment, we explored two different
configurations to understand their impact on system behavior. One setup used a single PI?
controller, which combines proportional control with a double integrator, while the other stacked
two of these controllers to form a PI* configuration. This was just a theoretical comparison, we
looked at how each setup behaved in practice, focusing on how quickly and reliably they acquired
lock, how they responded to disturbances, and how usable they were in a real lab setting. The
results revealed clear differences in responsiveness and stability, which are discussed in detail in the
following sections.

3.4.4 Lock Acquisition Behavior

PI2 Controller:

Lock acquisition using a single PI? controller was generally reliable when the initial frequency offset
between the lasers was small and the signal-to-noise ratio was high. However, the system was more
sensitive to initial conditions, and achieving lock at very low power levels (e.g., 1-2 nW) required
careful tuning and environmental stability.

PI* Controller:

Faster and more reliable lock acquisition was shown by the PI* configuration. Even in less ideal
circumstances, successful locking was made possible by the system's increased ability to aggressively
rectify phase mistakes due to the increased loop gain and bandwidth. Lock acquisition was more
tolerant to initial frequency offsets and environmental disturbances.

3.4.5 Stability and Robustness

PI Controller:

Under controlled circumstances, the system remained stable after locking. However, because of
ambient noise or gradual phase drifts that went beyond the controller's compensation range, it was

more prone to drift and sporadic lock loss.

PI1* Controller:

The PI* controller significantly improved lock robustness. It was more resistant to low- frequency
noise and slow drifts, and it was able to retain phase-lock for longer periods of time. This was
especially noticeable when the frequency inaccuracy was firmly constrained during long-term

monitoring.
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3.4.6 Noise Suppression

PI% Controller:

It managed to reduce phase noise to a moderate extent, It performed reasonably well around the
mid-range offsets. But at the lower end of the frequency spectrum, the performance started to fall
apart. We figured that was likely due to the limited bandwidth only about 20 kHz, which just wasn’t
enough to handle those frequencies effectively.

PI* Controller:

Delivered superior noise suppression across a broader frequency range. The extended bandwidth
(~100 kHz) allowed for better attenuation of both low- and mid-frequency phase noise components.
This resulted in a visibly cleaner beat signal and lower integrated phase jitter.

3.4.7 Ease of Tuning

PI? Controller:

Relatively easy to tune because the configuration is simple, and that will impact to relatively fast
setup.

PI* Controller:

More careful tuning was necessary since the two PI? loops' interactions had to be matched. But after
it was adjusted, it performed noticeably better and, with a few small adjustment, could be used in
various locking situations.

3.4.8 Practical Implications

The PI? controller is appropiate for basic locking tasks where simplicity and ease of implementation
are priorities.

As for the P1% controller is better suited for applications requiring high stability, low noise, and robust
performance under varying conditions.

This qualitative comparison highlights the importance of controller architecture in digital OPLL
systems. For sophisticated applications like OFC-locking, which is covered in the following chapter,
the PI* configuration is the recommended option due to its significant performance gains, even
though the PI? controller offers a working baseline.

3.5 Implications for OFC Locking

The successful implementation and evaluation of phase-locking between two tunable lasers provides
critical insights and practical groundwork for the more complex task of locking a tunable laser to an
optical frequency comb (OFC), which is the focus of the next chapter. While the two-laser configuration
serves as a simplified model, it shares many of the core challenges and dynamics present in OFC-based
locking. This section outlines the key implications of the two-laser experiment for OFC locking in

terms of system design, control strategy, and performance expectations.
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3.5.1 Validation of the Digital Control Architecture
Through the two-laser setup, we confirmed that a fully digital OPLL built on a compact FPGA board
(Red Pitaya STEMLab 125-14) can reliably achieve stable and accurate phase locking. This validation
is crucial for OFC locking, where the same digital architecture must handle more complex beat
signals and operate at even lower signal levels.
¢ We found that Red Pitaya handled phase error signals in real time. It didn’t just digitize and
process the data, it also responded quickly and reliably during testing. This real-time
performance was especially noticeable when the system was under typical operating
conditions, showing that the device could keep up without lag or instability.
® Because of the flexibility of the FPGA platform, switching between PI? and PI* controllers was

quick and straightforward, a key advantage when adapting to varying OFC conditions.

3.5.2 Importance of Controller Design

Looking at both the PI? and PI* controllers made it clear how crucial loop gain and bandwidth are for
maintaining solid, reliable locking, especially when dealing with limited modulation bandwidth and
high phase noise, conditions that are even more pronounced in OFC locking.

® The PI* controller’'s superior performance in suppressing low-frequency noise and

maintaining lock at low power levels directly informs the controller choice for OFC locking.

¢ The tuning strategies developed here will serve as a starting point for optimizing the

controller in the OFC context.

3.5.3 Power Sensitivity and Signal Conditioning

The experiment demonstrated that stable locking could be achieved with slave laser powers as low
as 1 nW. This is particularly relevant for OFC locking, where the power per comb tone is inherently
low due to the broad spectral distribution of the comb.

¢ The signal conditioning chain, comprising the photodetector, low-pass filter, and RF

amplifier, was validated for low-SNR operation.

¢ These components will be reused in the OFC setup, with confidence that they can handle the

weak beat signals typical of comb-based locking.
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3.5.4 Environmental and Practical Considerations

The challenges encountered and mitigated in the two-laser setup—such as polarization alignment,
environmental noise, and lock acquisition sensitivity—are all expected to be present in the OFC
locking scenario, often in more severe forms.
¢ The procedures developed for polarization control, power balancing, and lock acquisition
will be directly applicable.
® The robustness of the PI* configuration to environmental disturbances shows it will be well-

suited for the more demanding OFC environment.

3.5.5 Benchmark for Performance Comparison

Lastly, the results of the two-lasers locking each other provided quantitative and qualitative standard

by which the OFC-locked system's performance may be evaluated. Parameters like:

¢  Minimum locking power,
® Phase noise suppression,
® Integrated jitter,

¢ Frequency stability (e.g., Allan deviation),

will be compared between the two configurations to assess the impact of comb-based locking and to
validate the scalability of the system.

In summary, The two-laser phase-locking experiment established the methodological and technical
groundwork for the more intricate OFC-locking experiments in addition to proving that low-cost,
digital control systems may be used for high-precision optical locking. The design, implementation,
and optimization of the OFC-locked system described in Chapter 4 will be guided by the knowledge
acquired here.

To evaluate the performance of the phase-locking system under controlled conditions, we
conducted a series of experiments using two identical telecom-grade tunable lasers. These lasers
were phase-locked to each other to establish a benchmark for system performance before
introducing the complexity of locking to an optical frequency comb (OFC). Like mentioned earlier in
the beginning of the chapter, we conducted two different experiments setup, first setup : Locking
with a Single PI®> Controller as shown in figure 3.1. In the first configuration, the feedback loop
was implemented using a single proportional-double- integrator (P12) controller. This controller was
programmed on a Red Pitaya FPGA platform and used to process the beat signal generated by the

interference of the two lasers.
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® Beat Frequency : The lasers were offset by 30 MHz to generate a stable beat signal.

¢ Signal Conditioning : The beat signal was filtered and amplified before being digitized by the
FPGA.
¢ Feedback Path : The PI? controller generated a correction signal that was applied to the

phase modulation input of the slave laser.

The purpose is this arrangement used as a baseline to examine the performance of a standard digital
phase-lock loop (PLL) in suppressing phase noise and maintaining frequency stability, with the
limitations that the control bandwidth was limited by the loop gain and the inherent delay in the
digital processing chain.

To overcome the limitations observed with a single PI? controller, two PI? controllers working
in parallel were used in a second experiment as shown in figure 3.4 or figure 3.5 (laboratory
experiment). By combining the output of each PI?> loop, a PI* controller was essentially built,

increasing the loop's overall gain and bandwidth.

"""" Optical Path | Long - term

Tunable ! :
Laser1 |..c ... —— Electrical Path E measurement E
VOA — Frequency | !

. T Counter :

Tmw. LPF JTrozzzzzzzzzzzzzzy]

'.. 50/50 /’ ' Short - term
O ee = —I>--)c measurement
. 0OC
2-20nW ! Photodetector ~ RF
. Amp.

[}

1

)

1

)

)

. :

° (]

Tunable . i
Laser 2 $ (GPS Reference — 1
' i

)

1

)

(]

1

\

Two PI?
K Controller

Figure. 3.4. Schematics of phase locking of two ITLA tunable lasers, one with power of 1 mW and the other

with low power, ranging from 1 nW (lowest power at which we achieved stable lock) to 10 nW (2-20 nW prior
to the 50/50 coupler), using two PI> controller. VOA: Variable Optical Attenuator, PC: Polarization Controller,

LPF: Low Pass Filter.
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¢ The Red Pitaya board, which supports two independent input/output channels, was
configured to run two identical PI? controllers. The beat signal was divided and routed to both
controllers, with their outputs later combined using a passive RF combiner. By using the PI*
configuration, we were able to boost the loop gain at lower frequencies while keeping the
system stable, which helped suppress phase noise more effectively. It compensates for the
limited control authority of telecom-grade tunable lasers, which typically have lower
modulation efficiency and narrower control bandwidths than laboratory-grade lasers. The
corresponding noise-characterisation results, including phase-noise suppression, integrated
jitter, and frequency-stability analysis (e.g., Allan deviation), are presented and discussed in

Chapter 5.

Figure 3.5. Laboratory experiment for phase locking of two ITLA tunable lasers.

3.6 Laser Modulation Bandwidth

To measure our tunable laser modulation bandwidth, we use the setup in Figure 3.6 shown

below,
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Figure. 3.6. Schematics for laser modulation bandwidth measurement.
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We use RF signal generator to apply a small sinusoidal modulation current to the laser. The output of
the laser is then sent to photodetector. After being sent through LPF and RF Amplifier, the signal is
analyzed using a RF Spectrum analyzer. We measured the modulation transfer function by evaluating the
output power as a function of modulation frequency. The 3 dB bandwidth corresponds to the frequency at which
the response decreases by 3 dB relative to its low-frequency level.

The results plotted in Figure 3.7, shows that the laser modulation bandwith is 100 kHz, where the 3

dB drop occurred.
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Figure. 3.7. Laser modulation bandwidth.
From the experiment setup shown in Figure 3.1, where we use 1 PI? Controller, we characterize the
phase noise for different output powers of Laser 2 and across different wavelengths. (Figure 3.8

shows the minimum output power of Laser 2 where the two lasers can still lock is 1 nW (-60 dBm).
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Figure. 3.8. Phase Noise of beat signal of locking 2 Lasers together with different output power of Laser 2 (Slave

Laser).
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Figure 3.8 presents the phase-noise performance of two phase-locked tunable lasers across three
wavelengths (1530 nm, 1550 nm, and 1565 nm). The results indicate that the phase-noise behaviour is
consistent across all measured wavelengths: We can conclude that the phase-noise characteristics show

negligible differences given by C-Band.
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Fig. 3.9. Phase Noise of beat signal of locking two tunable lasers across different wavelength.

From both graphs, Figure 3.8 and Figure 3.9, we can see that the loop bandwidth is 20 kHz as opposed to the
100 kHz modulation bandwidth of the laser. Employing two PI2 Controller as show in experiment of setup in
Figure 3.3. Figure 3.8 shows the phase-noise spectrum measured when the two tunable lasers are

phase-locked to each other.
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Figure. 3.10. Phase Noise of beat signal of locking two tunable lasers using 2 PI? Controller.
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The result shows that by using 2 PI? Controller, the loop bandwidth of the system is enhanced,

from 20 kHz 100 kHz, as we expected.

This chapter presented the design, implementation, and qualitative evaluation of a digital optical
phase-lock loop (OPLL) system for locking two telecom-grade tunable lasers. As a fundamental
benchmark, the experiment enabled us to verify the digital control architecture's performance,
evaluate the influence of controller design, and investigate the real-world difficulties in attaining
stable phase-locking at low power levels.

Important lessons learned from this chapter include:

¢ We used the Red Pitaya STEMLab 125-14 to build a fully digital OPLL, which successfully kept
the two tunable lasers phase-locked throughout the test.
¢ In this setup, the system was able to stay locked even when the slave laser power was
reduced to just 1 nW, which shows it can handle low signal conditions.
® The PI* controller proved to be more effective than the simpler PI? version, it locked faster,
handled noise better, and stayed stable over longer periods.
® Practical challenges such as polarization alignment, environmental noise, and limited
modulation bandwidth were identified and effectively mitigated through careful system
design and tuning.
The experiment provided a controlled environment to develop and refine procedures for lock
acquisition, controller tuning, and system stabilization, procedures that are directly applicable to more
complex locking scenarios. Most importantly, this chapter established a performance baseline and a
set of validated techniques that will be carried forward into the next phase of this research: locking a
tunable laser to an optical frequency comb (OFC). While the two-laser configuration involved a single,
clean beat signal, OFC locking introduces new complexities, including the presence of multiple comb
tones, ultra-low per-tone power levels, and the need for broader spectral compatibility.
In the next chapter, we take the OPLL system a step further by applying it to a more challenging case.
We'll look at how the earlier strategies, especially the PI* controller and low- power signal
conditioning, help achieve stable and scalable locking to an OFC. This transition marks a critical step

toward realizing practical, comb-locked laser systems for advanced photonic applications.

40



Chapter 4

Locking A Tunable Laser to an Optical

Frequency Comb

In the previous chapter, we demonstrated optical phase-locking loop of two telecom- grade
tunable lasers that are identical. By using this setup as a controlled benchmark, we were able to assess
the phase-locking system's performance in terms of long-term frequency stability, jitter, and phase
noise. The results showed that stable locking could be achieved with minimal optical power and that
the use of a PI* controller significantly enhanced system performance. These results prepared the
way for applying the locking technique to more complex and practical situations. This chapter moves
forward by focusing on the primary objective of this research: the phase-locking of a tunable laser to
an optical frequency comb (OFC). Unlike the two-laser configuration, locking to an OFC presents
additional challenges because it involves multiple comb tones, each separated by a fixed frequency
interval. The beat signal generated in this case results from the interference between the tunable laser
and all nearby comb lines, which can complicate signal detection and feedback control.

Apart from the challenges, there are some benefits to locking a tunable laser to an OFC [85].
It makes it possible to create a single-frequency optical signal that is extremely stable and inherits
the comb's frequency precision and stability. Additionally, continuous wavelength control across the
laser's tuning range can be achieved by adjusting the offset frequency between the laser and the
comb tone. This is a crucial feature for applications in photonic THz generation [86] and coherent
communications .

This chapter presents the design, implementation, and characterization of a system for
locking a telecom-grade tunable laser to an OFC using the same low-cost digital electronics platform
introduced earlier. We describe an experimental setup that uses a broadband photodetector to
collect the beat signal without the need of tunable optical filters. We then evaluate the system's
performance by examining phase noise, frequency stability, and robustness at various wavelengths

and comb tone levels.
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4.1 Objectives

The complexity, accuracy, and practical significance of locking a tunable laser to an optical frequency
comb (OFC) has advanced significantly from locking two tunable lasers. The requirement to show
that a low-cost, digitally controlled phase-locking system might be expanded to function dependably
in the more demanding setting of OFC-based locking served as the impetus for the design of this
experiment. The main driving forces, design tenets, and experimental objectives that influenced the
creation of the OFC-locking system are described in this section.

4.1.1 Key Design Principles
The system was designed around the following core principles:

¢ Low-Power Operation: The system targets stable locking with per-tone OFC powers as low as
1 nW. This is critical for practical deployment, where OFC power must be shared among many

channels.

o Digital Control: The use of a Red Pitaya FPGA platform [89] allows for flexible, control using a
PI* feedback architecture. This digital approach ensures precise, real-time phase correction
and simplifies integration with other systems.

¢ Robustness and Tunability: The system must stay steady in the face of environmental
variations and keep lock throughout the laser's entire C-band tuning range. Continuous
wavelength control requires the capacity to adjust the offset frequency between the laser

and the comb tone.

4.1.3 Experimental Objectives

The specific objectives of this experiment were:

¢ To demonstrate stable phase-locking of a telecom-grade tunable laser to an OFC using a fully

digital feedback loop and minimal optical power.

¢ To validate the use of the entire OFC spectrum without pre-filtering, thereby

simplifying the optical setup and reducing cost.

® To evaluate the performance of the PI* controller in the presence of multiple comb tones

and low SNR conditions.

¢ To assess the system’s robustness across different wavelengths and comb tone powers,

confirming its suitability for scalable, multi-laser locking.

¢ To prepare for quantitative noise characterization, which will be addressed in Chapter
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5, by ensuring that the system can maintain lock over long durations and under varying
conditions.
This design philosophy reflects a shift from proof-of-concept to practical implementation. This work
establishes the basis for accessible and versatile scalable high-performance photonic systems by
showing that a single OFC may function as a stable reference for multiple tunable lasers.

4.2 Experimental Methodology

The experimental setup for phase-locking a telecom-grade tunable laser to an optical frequency
comb (OFC) is thoroughly described in this section. The four main subsystems of the technique are
measurement, control, detection, and optical. Each subsystem is described in detail to ensure
reproducibility and to highlight the design considerations that enabled robust locking at ultra-low
optical power levels.

4.2.1 Optical Subsystem

The optical subsystem is responsible for generating and combining the signals from the tunable laser

and the OFC.

¢ Optical Frequency Comb (OFC):
v" Source: Menlo FC1500 mode-locked fiber laser.

v Output: Broad spectrum with 77 nm (10 dB width) centered in the C-band.

(shown in figure 4.1 below)

Power (dBm)

-40 1 1 1 1
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Figure. 4.1. Spectrum on the used OFC with total power of 0.5 mW and per-comb powers of 1.1 nW at 1530 nm,
2.3 nW at 1550 nm, and 3.7 nW at 1565 nm.

Instead of using the whole 10 dB or —3 dB optical power envelope commonly employed in
metrology, the spectral bandwidth of OFC used in this study is defined as the wavelength range across
which the comb tones produce sufficient optical power to ensure reliable phase locking. Only a portion
of the measured OFC spectrum, which spans about 77 nm (10 dB width) surrounding the C-band (Fig.
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4.1), offers tone powers at or above the minimal locking threshold of 1 nW. The functional bandwidth
of the comb is better described by the region in which the per-tone power exceeds this minimum
usable level because the detected beat-note SNR is what essentially limits the locking performance,
and the beat-note SNR is directly proportional to the optical power of the nearest comb mode.

For instance, the tone power fluctuates from 1.1 nW to 3.7 nW throughout the 1527-1565 nm
range used in this thesis, which is adequate for reliable locking without optical amplification or
filtering. Outside of this area, the optical spectrum still shows detectable amplitude, but the tone
power falls below the locking threshold, which will cause the locking unstable or even unlock. For this
reason, the OFC bandwidth relevant to this work is defined by per-tone power usability, not simply by
spectral envelope width.

As for the loop bandwidth of an optical phase-locked loop, it is defined as the frequency at
which the closed-loop transfer function of the PLL falls to —3 dB relative to its low-frequency (DC) gain.
In other words, it is the highest frequency of phase fluctuations on the slave laser that the loop can
effectively suppress. Beyond the loop bandwidth, the controller cannot respond quickly enough, and

the slave laser behaves increasingly like a free-running device.

v" Comb spacing: 250 MHz.
v Per-tone power: 1-3 nW.
v Output is delivered via SMF-28 fiber with FC/APC connectors.
® Tunable Laser:
v Device: Commercial ITLA (Integrated Tunable Laser Assembly).
v" Wavelength range: 1527.6-1565.5 nm.
v" Output power: Up to 40 mW; ~1 mW tapped for locking.
v Operated in continuous-wave mode.
¢ Combining and Conditioning:
v" A '50/50 optical coupler combines the OFC and tunable laser outputs.
v’ AVariable Optical Attenuator (VOA) adjusts the OFC power to ~2 nW per tone.
v A Polarization Controller (PC) ensures optimal polarization alignment for

interference.
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4.2.2 Detection Subsystem

This subsystem extracts the beat signal between the tunable laser and the nearest comb tone.
® Photodetection:
v’ Device: Menlo FPD310 high-speed photodetector.
v' Bandwidth: 1 GHz.
v Responsivity: 0.9 A/W.
v’ Beat signal typically centered at 30 MHz.
¢ Filtering and Amplification:

v" A 50 MHz low-pass filter (LPF) removes high-frequency noise and unwanted beat

components.

v" Alow-noise RF amplifier (Mini-Circuits ZFL-500HLN+) boosts the filtered signal.
v" Amplified signal is split into three paths for control and measurement.
4.2.3 Control Subsystem

This subsystem implements the feedback loop that maintains phase lock of tunable laser and OFC.

¢ Digital Phase Detector:

v" Measures phase error between the beat signal and a 30 MHz reference.

* PI* Controller:
v Two parallel PI? controllers form a PI* loop.
v Enhances loop bandwidth and phase noise suppression.
v Output modulates the phase section of the tunable laser.
¢ Reference Signal:
v A 30 MHz synthesizer provides the reference tone.

v Locked to a 10 MHz GPS-disciplined oscillator for long-term stability.
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4.2.4 Measurement Subsystem

This subsystem monitors the performance of the locking system in both short and long time scales.

¢ Short-Term Analysis:
v’ Beat signal is analyzed using Digital Phase Detector and RF spectrum analyzer.
v Phase noise and spectral purity are evaluated.

® Long-Term Stability:
v Frequency counter tracks the beat frequency over time.

v Allan deviation and frequency drift are computed.

Figure 4.2 presents the schematic of the experimental setup used to phase-lock a telecom- grade
tunable laser to an OFC. This configuration builds upon the two-lasers locking setup described in
Chapter 3, with the key difference being the replacement of one tunable laser with a broadband OFC
source.

As mentioned above, the OFC used in this setup is a Menlo FC1500 oscillator, emitting a broad
spectrum with a 77 nm full-width at half-maximum (FWHM) and a comb line spacing of 250 MHz. The
total output power is approximately 0.5 mW, with individual comb tones having powers as low as 1—
3 nW. A commercial Integrable Tunable Laser Assembly (ITLA) operating in the C-band (1527-1565
nm) is used. The laser provides up to 40 mW of output power. A small portion of this power
(approximately 1 mW) is tapped off for phase-locking purposes, while the majority remains available
for downstream applications. The tapped signal from the tunable laser and the OFC output are
combined using a 50/50 optical coupler. This generates a beat signal between the tunable laser and
the nearest comb tone(s). The combined optical signal is detected using a high-speed, amplified
photodetector (Menlo FPD310), which has a bandwidth of 1 GHz. The beat signal, typically centered

at 30 MHz, is extracted from the photodetector output.
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Figure. 4.2. Schematic of the phase locking of an ITLA tunable laser to an OFC with power set at 1 nW for comb

tone used for locking (0.5 nW reaching the photodetector). VOA : Variable Optical Attenuator, PC : Polarization

Controller, LPF: Low Pass Filter.

A 50 MHz low-pass filter is used to isolate the desired beat frequency and suppress high- frequency
noise and unwanted beat components from other comb tones. The filtered beat signal is amplified
using a low-noise RF amplifier (Mini-Circuits ZFL-500HLN+) to ensure sufficient signal strength for
subsequent processing. The amplified signal is split into three paths, one path is sent to a digital phase
detector for short-term phase noise analysis, another path is sent to a frequency counter for long-
term frequency stability measurements, the third path is used as the feedback input to the phase-
lock loop controller. The feedback loop is implemented using a Red Pitaya board with a Xilinx Zynq
7010 FPGA [90]. Two independent PI? (proportional-double-integrator) controllers are used in
parallel to form a PI* controller. This configuration enhances loop bandwidth and improves phase
noise suppression. The controller modulates the phase section of the tunable laser to maintain a fixed
offset (30 MHz) from the selected comb tone. As for Variable Optical Attenuator (VOA) and
Polarization Controller (PC), These components are used to fine-tune the optical power and
polarization state of the OFC signal before it enters the coupler, ensuring optimal interference and
beat signal quality.

Unlike previous approaches, this setup uses the entire OFC spectrum without pre- filtering,
simplifying the system and reducing cost. Stable locking is achieved with per-tone OFC powers as low

as 1 nW, demonstrating the efficiency of the detection and control system. The low power
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requirement enables multiple lasers to be locked to a single OFC via passive optical splitting.

From the experiment setup shown in Figure 4.2 we characterize the short-term stability
measurement. Figure 4.3 below shows us phase noise of beat signal of one tunable laser lock to OFC
(the read color) against two tunable lasers locked together (black color) using 2 PI? controller. We
plot the locking two tunable lasers (black color) from phase noise result in Figure 3.8 to compare the
two different scenarios. We can see that phase noise of one tunable laser lock to OFC has lower

phase noise than 2 tunable lasers locked together.
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Figure. 4.3. Phase Noise of beat signal of one Tunable Laser lock to OFC against locking 2 Tunable Lasers

using 2 PI? Controller.

4.3 Lock Acquisition

Lock acquisition represents a critical stage in the phase-locking experiment. In this case where a
tunable laser locks to an OFC, the process requires investigating a suitable beat note, aligning the
system to get maximum output, and determine the feedback loop to keep the stable beat signal.
This section describes how to acquire a lock, how the system behaves both during and after
acquisition, and how resilient the lock is in different scenario.

4.3.1 Beat Note Identification and Isolation

The first step in lock acquisition is the identification of a beat note between the tunable laser and the

nearest comb tone.

¢ Beat Note Generation:

v" When the tunable laser wavelength is close to a comb line, interference
produces a beat signal at the difference frequency.

v The beat note appears as a spectral peak in the RF domain, typically around 30 MHz.
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® Isolation Strategy:

v" A 50 MHz low-pass filter is used to suppress higher-order beat notes and noise from

distant comb lines.

v Then the beat signal is amplified and monitored to ensure it is stable.

® Optimization:

v The beat signal amplitude is optimized by adjusting the polarization

controller (PC).

4.3.2 Lock Acquisition Procedure

Once a stable beat note is identified, the feedback loop is engaged to acquire lock. Initial

Conditions:

¢ The tunable laser is manually tuned to bring the beat note within the capture range of the

phase detector.

v" The digital phase detector begins tracking the phase difference of the

beating signal and the 30 MHz reference.

® Engaging the PI* Controller:

v The controller applies corrections to the laser’s phase actuator to minimize the

phase error.

¢ Confirmation of Lock:

v" From RF Analyzer, we can observe the beat signal becomes more stable and

narrower.

v" The frequency counter shows a steady reading with minimal drift.
v The phase error signal stabilizes near zero.
4.3.3 Lock Stability and Robustness

After lock is acquired, the system is evaluated for its ability to maintain lock under various conditions.

¢ Power Fluctuations:

v The system remains locked for long term even when the OFC power is as low as 1

nW per tone.

v’ It shows that the system has high sensitivity and efficiency of the detection and

control system.
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4.3.4 Visual Indicators and Monitoring

¢ Spectrum Analyzer:

v’ Used to visually confirm the presence and quality of the beat note.

v Narrow linewidth and high SNR indicate successful locking.
® Frequency Counter:
v’ Provides quantitative data on frequency stability.

v’ Used to compute Allan deviation and long-term drift.

4.4 Controller Tuning and Optimization

The performance of a phase-locked loop (PLL) critically depends on the design and tuning of the
controller. In this experiment, a PI* (Proportional-Double-Integrator) controller was implemented
using a Red Pitaya FPGA platform [89] to achieve robust and low-noise locking of a telecom-grade

tunable laser to an optical frequency comb (OFC).

4.4.1 Controller Architecture

®  PI?Structure:

v The controller consists of one PI? loops.

® PI*Structure:
v The controller consists of two cascaded P12 loops, forming a PI* control system.

v" This structure enhances loop gain at low frequencies (for better long-term stability)

while maintaining sufficient bandwidth to suppress high-frequency phase noise.

¢ Implementation Platform:
v" Red Pitaya STEMlab board with Xilinx Zyng 7010 SoC.

v’ Real-time control loop operates at a sampling rate of 125 MS/s.
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4.4.2 Tuning Methodology
The tuning process was iterative and guided by empirical testing.
® |Initial Parameter Estimation:
v’ Based on the loop dynamics from the two-laser setup.

v’ Initial proportional and integral gains were scaled to account for the lower SNR and

increased noise floor in the OFC case.

® Noise Optimization:

v The integral gain was increased to suppress low-frequency drift.

v" Alow-pass filter was added to the error signal path to reduce high-frequency noise

coupling.
4.4.3 Differences from Two-Lasers Lock Case

Locking to an OFC introduced several new challenges that required modifications to the

controller tuning strategy:

¢ Beat Note Ambiguity:
v" Multiple comb tones can produce beat signals within the detector bandwidth.

v The controller had to be tuned to lock only to the dominant beat note (30 MHz),
requiring careful filtering and gain shaping.

® Lower SNR:

v" The per-tone power from the OFC was significantly lower (~1-2 nW) compared to the

two-lasers lock setup.

v" This necessitated higher loop gain and more aggressive noise filtering.

¢ Wider Dynamic Range:

v The tunable laser had to track a broader range of frequencies due to the comb’s

spectral width.

The controller was tuned to maintain lock across a wider tuning range without

instability.
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4.5 Challenges and Mitigation Strategies

Locking a tunable laser to an optical frequency comb (OFC) is not like straightforward, as simple as
locking two tunable lasers. Some difficulties that come from ultra-low power per comb tones, OFC
complex spectrum structure, and the sensitivity of the system to environmental factors. This
subsection point the major obstacles encountered and the strategies employed to overcome them.

4.5.1 Beat Note Ambiguity
Challenge:

¢ The OFC consists of thousands of closely spaced comb lines (250 MHz apart), all of which

can interfere with the tunable laser to produce beat notes.

Mitigation Strategies:

® Low-pass filtering: A 50 MHz low-pass filter was deployed to isolate the desired beat

signal (centered at 30 MHz) and suppress higher-frequency components.

¢ Manual tuning: The tunable laser was carefully adjusted to ensure that only one strong beat

note appeared within the filter passband.

4.5.2 Low Signal-to-Noise Ratio (SNR)

Challenge:

¢ Individual comb tones have extremely low optical power (1-3 nW), resulting in weak beat

signals that are easily buried in noise.

¢ Low SNR can degrade phase detection accuracy and destabilize the feedback loop.

Mitigation Strategies:

¢ High-sensitivity photodetector: A broadband, amplified photodetector with high responsivity

(0.9 A/W) was used to maximize signal detection.

¢ Low-noise amplification: A Mini-Circuits ZFL-500HLN+ amplifier was installed to optimize the

beat signal before processing.

¢ Optimized optical alignment: The polarization controller (PC) and variable optical attenuator

(VOA) were adjusted to maximize interference contrast and beat signal strength.
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4.5.3 Polarization Drift
Challenge:

¢ Changes in the environment and fiber birefringence can cause the polarization states of the

OFC and tunable laser to drift over time.

¢ Misaligned polarization reduces beat signal amplitude and can cause lock loss.
Mitigation Strategies:

¢ Polarization controller: A manual PC was install before the coupler for allignment

purpose.

® Periodic adjustment: For long term experiment, regular adjustment require to ensure

maximum alignment.

4.5.4 Controller Stability and Loop Tuning
Challenge:

® The presence of multiple tones and low SNR made the control loop more prone to

instability.
® Incorrect tuning could cause overshoot that lead to failure to acquire lock.
Mitigation Strategies:

® PI* controller: A higher-order controller was deployed to enhance loop stability and noise

suppression.

¢ Empirical tuning: Controller parameters were iteratively adjusted based on response.

4.5.5 System Scalability
Challenge:
¢ Locking multiple lasers to the same OFC requires careful power budgeting.

¢ Adding another laser (multiple lasers) will reduces the available power per tone due to

passive splitting.
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Mitigation Strategies:

® Low power operation: Demonstrated stable locking with as little as 1 nW per tone, enabling

multiple locks from a single OFC.

® Passive splitting: Optical splitters were used to distribute the OFC signal to multiple locking

setups.

This chapter presented the experimental methodology for optical phase-locking a telecom- grade
tunable laser to an OFC. Building on the benchmark from the two-laser locking configuration in
Chapter 3, this setup introduced the complexity of locking to a multi-tones OFC while maintaining
the goals of low cost, low power consumption, and high performance. These confirm that a single
OFC can serve as a stable reference for multiple tunable lasers, enabling compact, comb-locked
transmitter arrays and photonic synthesizers. The ability to operate with ultra-low per-tone power
and without complex filtering makes this approach highly attractive for real-world applications.

Having established the feasibility and robustness of the OFC-locking system, the next chapter focuses
on a detailed characterisation of its noise performance. Chapter 5 will explore both short-term and
long-term stability metrics, including phase noise spectra, integrated jitter, frequency error, and Allan
deviation. These analyses are essential for quantifying the system’s precision and for benchmarking it

against other state-of-the-art solutions.
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Chapter 5

Noise Characterisation

In chapter 4, we demonstrated the successful phase-locking of a telecom-grade tunable laser
to an optical frequency comb (OFC) using a low-cost, low-power setup. The system achieved stable
locking with per-tone OFC powers as low as 1 nW, and maintained high performance across the C-
band without the need for optical filtering. These confirmed that scalable, comb-locked laser systems
are feasible for real-world use. This chapter focuses on a detailed analysis of the system's noise
performance after showcasing the robustness and functionality of the locking mechanism.
Characterising noise is essential for understanding the limitations of the phase-locking system and
for benchmarking its suitability in precision- demanding applications such as coherent

communications, frequency metrology, and Terahertz signal generation.

5.1 Locking Two Tunable Lasers

In this chapter, we present a comprehensive characterisation of both short-term and long- term
noise. We begin by analysing the phase noise spectrum of the beat signal between the two lasers
lock, as shown in figure 5.1., comparing different output power level of tunable laser 2 (Slave Laser)
at the wavelength of 1550 nm. The experimental setup used for this measurement is shown in

Figure 3.4.
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Figure. 5.1. Phase noise of beat signal between two tunable lasers with powers of 1 mW and 1-10 nW,

respectively at the wavelength of 1550 nm.

The key variable in this experiment is the optical power of the second laser, which is varied from 1
nW to 10 nW at the photodetector input. This figure serves as a benchmark for evaluating the
performance of the OFC-locking system under similar low-power conditions.

Key Observations from the Plot,

¢ High Offset Frequencies (>80 kHz) :

v’ Phase noise converges to the free-running laser noise floor.

v Feedback loop has limited influence in this region due to bandwidth constraints.

¢ Mid to Low Offset Frequencies (10 Hz — 80 kHz) :

v Phase noise decreases with decreasing offset frequency, as expected for a well-
designed phase-locked loop.

v The PI* controller effectively suppresses phase noise in this region.
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o Effect of Power Variation :

v" At 1 nW, the system still maintains lock with only a slight degradation in phase noise at

very low frequencies (<100 Hz).

v The difference between 1 nW and 10 nW is minimal, indicating robust locking

performance even at ultra-low power.

Interpretation and Significance,

¢ Validation of Low-Power Operation :

v" Demonstrates that stable phase-locking is achievable with as little as 1 nW of optical

power, which is critical for scalable systems using passive OFC splitting.

® Benchmark for OFC Locking :

v' This figure sets a performance baseline for later comparisons with the OFC-locking

configuration.

v' It confirms that the OFC-locking system achieves comparable phase noise

performance under the same power constraints.

¢ Environmental Sensitivity :

v" Minor fluctuations at low frequencies are attributed to environmental noise (e.g.,
thermal drift, mechanical vibrations), not to the locking mechanism itself.

Implications for System Design

o Detector and Amplifier Design :

v The efficiency of the photodetector and RF amplification chain is confirmed by the

system's capacity to recognize and process beat signals at 1 nW (slave laser).
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¢ Controller Efficiency :

v The PI* controller provides sufficient loop gain and bandwidth to maintain lock and

suppress noise, even under low-SNR conditions.

o Scalability :

v Since only 1 nW is needed per tone, a single OFC with 0.5 mW total power could
theoretically support hundreds of simultaneous locks.
The key conclusion is that 1 nW ( - 60 dBm) provides sufficient power for phase locking with

minimum penalty on the performance.

5.2 A Tunable Laser Lock to OFC

Figure 5.2 below shows the phase noise spectrum of the beat signal between of one tunable laser to
OFC, comparing different output power level of OFC per tone at the wavelength of 1550 nm. The

experiment setup shown in figure 4.2.
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Figure. 5.2. Phase noise of the beat signal between a tunable laser (power of 1 mW) and OFC with per-tone

power of 1-10 nW at the wavelength of 1550 nm.
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Figure 5.2 presents the phase noise spectra of a tunable laser that is phase-locked to an OFC. We
employed the same per-tone power level (1-10 nW) for this locking process, the same power used in
the previous experiment shown in Figure 3.4, in which two tunable lasers were phase-locked to each
other . In contrast to other research that usually uses tunable optical bandpass filters to separate
particular comb tones, we used the full comb signal, which spans a 77-nm bandwidth, for
photodetection. This method ensures that the photodetector receives the maximum per-tone OFC
power while eliminating the requirement for tunable optical filters, which saves cost. Figure 5.2 is a
direct counterpart to Figure 5.1, which showed the same analysis for a two- laser locking
configuration. The objective is to show that, even in situations with extremely low power, the OFC-
locking system performs on par with the two-lasers benchmark.

Key Observations from the Plot

e High Offset Frequencies (>80 kHz) :

v Phase noise converges to the free-running laser noise floor, similar to Figure 5.

v" Indicates that the feedback loop is not active in this region due to bandwidth limitations.

¢ Mid to Low Offset Frequencies (10 Hz — 80 kHz) :

v' Phase noise decreases with decreasing offset frequency, showing effective loop
suppression.

v" The curves for 1 nW, 5 nW, and 10 nW are nearly overlapping, indicating minimal
performance degradation at lower power levels.

¢ Low-Frequency Region (<100 Hz) :

v Slight fluctuations are observed, likely due to environmental noise (e.g., thermal drift,

mechanical vibrations), not the locking mechanism.
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TABLE 5.1. Comparison with Figure 5.1 (Two-Lasers Locking)

Feature

Figure 5.1 (Two Lasers)

Figure 5.2 (Laser to OFC)

Reference Signal

Second tunable laser

OFC comb tone

Beat Note Simplicity

Single tone

Multiple comb tones present

Filtering

Not required

No filtering used (full comb spectrum)

Phase Noise (1-10 nW)

Stable, low noise

Comparable performance

Locking Robustness

High

Equally high

Environmental Sensitivity

Slight low-frequency variation

Similar behavior

Despite the added complexity of multiple comb tones and the absence of optical filtering, the OFC-
locking system performs on par with the two-laser configuration. It demonstrates that the locking
performance is almost the same as that obtained when two lasers were locked to one another (as
illustrated in Fig. 5.1). This result indicates that the simultaneous presence of numerous comb tones
at the photodetector does not lead to any degradation in performance. lIts resilience is confirmed by
the results, which show that the full detection of all comb tones does not compromise the phase
lock's stability or quality. This validates the robustness of the detection and control architecture and
confirms that optical filtering is not necessary for stable locking at ultra-low power. By eliminating
the need for extra filtering components, this technique streamlines the setup and makes use of every

tone's full potential over the OFC bandwidth. Thus, without the hassles and costs of selective tone

filtering, this work shows a practical and economical way to achieve high-quality laser locking.
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Implications for System Design

e Scalability: Verifies that several lasers can be locked to one OFC without the need for
filtering or high per-tone power.
¢ Cost Reduction: Eliminates the need for tunable optical filters, reducing system
complexity and cost.
e Power Efficiency: Demonstrates that 1 nW per tone is sufficient for stable locking,
enabling passive OFC splitting for multi-laser systems.
It provides critical evidence that the OFC-locking system is not only viable but also highly efficient
and scalable.
We also investigated how the locking performance changes with wavelength, especially at different
C-band locations. Figure 5.3 below evaluates the wavelength dependence of the phase-locking
performance when a tunable laser is locked to an optical frequency comb (OFC). Specifically, it shows

the phase noise spectra at three different wavelengths across the C-band:

e 1530 nm
¢ 1550 nm
e 1565 nm

These wavelengths were chosen to evaluate any possible performance variance brought on by
variations in optical power throughout the spectrum.Each measurement was performed with the
same per-tone OFC power of 1 nW, allowing a direct comparison of performance across the

spectrum.
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Figure. 5.3. Phase Noise of beat signal of locking tunable laser to the OFC at different wavelengths with relevant

OFC power set to 1 nW.

Key Observations from the Plot

¢ Phase Noise Consistency:

v All three curves (1530, 1550, 1565 nm) show nearly identical phase noise behavior across
the 10 Hz to 1 MHz offset range.

v This indicates that the locking performance is independent of wavelength, even when
the comb tone power varies significantly.

* Low-Frequency Region (<100 Hz) :

v' Slight fluctuations are visible, likely due to environmental noise (e.g., thermal drift),
not due to the locking mechanism.

e High Offset Frequencies (>80 kHz) :

v" Phase noise converges to the free-running laser noise floor, as expected.
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Interpretation and Significance

¢ Spectral Robustness:

v" The system maintains high locking performance across the C-band, despite a 5.3 dB
variation in comb tone power (from 1.1 nW to 3.7 nW).

v This confirms the robustness of the detection and control system to spectral non-
uniformity in the OFC.

¢ No Need for Power Equalization :

v" Unlike systems that require flat comb spectra or optical amplification, this setup works
reliably without any power equalization or filtering.

¢ Practical Implications:

v" Enables use of low-cost, compact OFCs with non-uniform spectra.

v’ Supports flexible wavelength allocation in DWDM systems and photonic THz generation.
The findings show that the phase noise performance is constant at 1530 nm and all other
investigated wavelengths. Interestingly, compared to the comb tones at longer wavelengths, such as
1575 nm, the power of the matching comb tone at 1530 nm is much lower. Phase-locking applications,
where consistent tone power across the spectrum is necessary for ensuring optimal stability and
noise reduction, are complicated by the varying power levels of comb tones. With phase noise levels
comparable to those seen at higher- power wavelengths, our phase-locking setup performs well
even if the power at 1530 nm is reduced. The locking technique is durable despite this lower power
level at 1530 nm since it continues functioning similarly to the other wavelengths in phase noise. It
provides strong evidence that the OFC-locking system is spectrally agnostic, making it ideal for real-

world applications where comb tone power varies across the spectrum.
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In this work, we concentrate on a thorough description of our configuration, which uses a per-tone OFC
power of 1 nW to phase-lock a tunable laser to an OFC. The objective is to evaluate the impacts of
various control schemes on phase noise performance, with a particular comparison of the effects of

P12 and PI* controllers as shown in figure 5.4. The experiment setup is depicted in Fig. 4.1.
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Figure. 5.4. Phase noise of the beat signal between a tunable laser (power of 1 mW) and OFC with per-tone
power of 1 nW at the wavelength of 1550 nm for free-running laser (blue), when phaselocked using one
double- integrator (PI?, blue), and using two double-integrators (PI*, green). Measured noise floor is also

shown (grey, dashed).

Figure 5.4 provides a comparative analysis of the phase noise performance of a tunable laser locked

to an optical frequency comb (OFC) using two different feedback controller configurations:

¢ PI2 controller (single proportional-double-integrator loop)

* Pl*controller (two cascaded PI? loops)
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It also includes the free-running laser phase noise and the measurement noise floor, offering a
complete view of the system’s noise suppression capabilities. The noise floor of the digital phase
detector measurement scheme can be measured by connecting the two input ports of digital phase
detector with two similar reference signals, this baseline evaluates the PI?> and PI* controllers'
suppression capabilities and shows the lowest detectable phase noise. We found the best settings
for both PI%2 and PI* controllers by adjusting each controller's characteristics to produce the best

phase noise suppression, these are compiled in Tables 5.2 and 5.3.

TABLE 5.2 Optimum parameters for single PI2.

Quantity Value
Proportional gain, kp 7.3
Integrator gain ki 1.74x10°

2" Integrator gain

kii 1.66x103
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TABLE 5.3 Optimum parameters for two PI? (PI*)

Quantity First PI? Second PI
Proportional gain, 2.6 12.5
kp
Integator gain, ki 1.2x10° 1.38x103
2" Integrator gain 3.02x102 2.34x10*
kii

Key Observations from the Plot

* Free-Running Laser (Red Curve)

v Exhibits high phase noise across the spectrum.

v Serves as a baseline to show the effectiveness of the locking system.

* PI%2 Controller (Blue Curve)

v Provides significant noise suppression below ~20 kHz.

v Phase noise drops by ~78 dB at 10 Hz offset compared to the free-running laser.

v" However, suppression is limited at mid-range frequencies (1-10 kHz).

* PI* Controller (Green Curve)

v Offers superior noise suppression across the entire offset frequency range.
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v" Achieves:

= ~13 dBimprovement at 1 kHz offset.

= ~20dB improvement at 10 kHz offset.

v Phase noise at 10 Hz approaches the measurement noise floor, indicating near- optimal

performance.

* Measurement Noise Floor (Grey Dashed Line)

v' Represents the lowest detectable phase noise in the system.

v' PI* performance nearly reaches this floor at low offset frequencies.

Interpretation and Significance

¢ Loop Bandwidth:

v' PI% ~20 kHz.

v PI*:~100 kHz.

v" The control bandwidth is greatly increased by the P1* controller, improving mid-

frequency noise suppression.

¢ Noise Suppression:

v PI*attains better and wider suppression, particularly in the critical 1-10 kHz range, which

is important for applications requiring high spectral purity.
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¢ System Optimization:

v" The PI% controller is more effective at utilizing the available modulation bandwidth of the
laser (~100 kHz).

v' Shows the benefits of digital locking systems that use a higher-order control loop.

Practical Implications

* Precision Applications:

v' The PI* controller is better suited for applications like coherent communications,
frequency metrology, and THz generation, where low phase noise is critical.

¢ Hardware Efficiency:

v' Although the current PI* implementation uses two parallel PI? loops, future FPGA
reprogramming could consolidate this into a single optimized loop, improving scalability.

The findings show that the PI* controller greatly improves noise suppression and control bandwidth.
In particular, the PI* controller increases the locking bandwidth from 20 kHz (when using PI?) to 100
kHz, which enables more efficient laser control across a wider frequency range. This bandwidth
expansion makes better phase noise suppression at low offset frequencies, where it is most
important for preserving a stable phase lock, possible. Compared to the PI? controller, the PI*
controller exhibits reductions of 13 dB and 20 dB in phase noise at offset frequencies of 1 kHz and 10
kHz from the carrier. Both controllers suppress phase noise at an offset frequency of 10 Hz, with
reductions of 78 dB to 87 dB compared to the free-running laser. The configuration is functioning
close to the lowest noise levels that our system can detect, as demonstrated by the fact that the
phase noise at 10 Hz acquired with the PI* controller almost matches our measurement noise floor.
It provides compelling evidence of the performance gains achieved through advanced control loop

design.
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The performance of the phase-locking system was assessed by integrating the phase-noise spectra,
rather than time-domain jitter, to obtain the RMS phase deviation for both the PI> and PI*
controllers. The results are illustrated in figure 5.5. The figure presents a quantitative comparison of
integrated phase noise jitter for a tunable laser phase-locked to an OFC using those two different
feedback control strategies. The graphic shows how the total phase jitter, a crucial criterion for
assessing the locked laser's spectral purity and stability, is impacted by the controller architecture
selection. Integrated Phase noise is an important parameter, reflecting the cumulative impact of
phase noise across the frequency range, which directly affects the stability and accuracy of the laser

locking system.
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Figure. 5.5. Phase noise jitter calculated from the measured phase noise of OFC-locked tunable laser (with per-

tone power of 1 nW) when locked using PI? and PI* feedback controller.

For each controller, we integrated phase noise over the whole measurement bandwidth (10 Hz to 1
MHz) in order to quantify the resulting jitter. While the PI* controller demonstrated a significantly
lower jitter of 10 mrad, the PI? controller generated a jitter of 35 mrad. With around three times less
jitter than the PI?, the observed difference highlights the PI* controller's improved noise suppression
performance.

Given the limitations of the system, such as its low-cost electronic components and bandwidth

limitations, the results are notable. Despite these drawbacks, our configuration
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achieves jitter reductions of more than 100 times above those reported in previous research, such as
[91]. This notable improvement demonstrates how well the Pl4 controller works to lower phase
noise and jitter even in a setting with limited resources and bandwidth.

According to the integration results, a PI* controller provides better jitter performance, making it the
best choice for applications that need to have low levels of phase noise and jitter. This setup reduces
complexity and expense while establishing a steady and dependable phase lock. It is appropriate for a
wide range of demanding applications that need for excellent stability, little noise, and effective use
of resources.

Long-term Stability

We evaluated the long-term stability of our phase-locking setup by conducting measurements over
prolonged observation periods, explicitly focusing on timescales more significant than 100
microseconds and extending to 1 second. For long-term applications, stability is essential, and the
observation times correspond to low frequencies of 10 kHz and 1 Hz, respectively. To evaluate the
stability of the system over different timescales, we used a frequency counter (Keysight 53230A).

At a sampling rate of one second, the primary goal was to evaluate how frequency error changed
over time. In order to identify any drifts or variations and to confirm the stability and robustness of the
locking system, this measurement was carried out for a period of ten hours. The frequency error data
for the P12 and PI* controllers are shown in Figure 5.6.

The findings demonstrate that the PI* controller offers markedly improved long-term stability in
comparison to the PI2. The PI* controller demonstrated a peak-to-peak frequency error consistently
within +0.01 Hz, indicating a stability approximately five times greater than that of the PI? controller.
The significant decrease in frequency error suggests that the PI* controller provides a notable

enhancement in stability, even during extended observation periods.

The attained stability is noteworthy when compared to earlier findings. The frequency variation with

the PI* controller was approximately 100 times lower than that reported in [91], demonstrating the
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efficacy of our method in sustaining accurate frequency control over prolonged periods. The
significant stability of the PI* controller highlights its appropriateness for applications requiring
durable, long-term locking with minimal frequency drift, rendering it an effective solution for high-

precision optical systems.

e
o o
E o

o
o
(¥

Frequency Error (Hz)
S

-0.02 T
0041 T T LT R P A
D s O A O
_006 M 1 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M
0o 2 4 6 8 10 12 14 16 18 20
Time (hour)

Figure. 5.6. Frequency error of OFC-laser beat signal with one double-integrator (PI?) and two double-
integrators (PI*) using 1 s gate time, measured over 10 hours.

By computing the Allan deviation from the frequency error data shown in Fig. 5.6, we evaluated the
stability of our phase-locking configuration. A common statistic for assessing frequency stability over
a range of averaging intervals is Allan deviation, which provides information on performance
differences over longer observation periods. We augmented this data with further measurements
acquired at a reduced gating time of 4 microseconds (us) to broaden the observation range. This
enabled an analysis of stability over a wide range of averaging times, from 100 ps to 1000 seconds,

as illustrated in Fig. 5.7.

The Allan deviation data show distinct patterns over a range of periods. With T being the average
time, the Allan deviation has a slope that is inversely proportional to t in the range of 100
microseconds to 100 miliseconds. According to the inverse connection, the system shows notable
stability across shorter durations, which is in line with the PI* controller's increased control bandwidth.
The slope starts to drop at observation times longer than 100 miliseconds, most likely because of low-

frequency drift in the configuration. Variations in temperature or slow changes in the setup
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elements may be the cause of this drift, which can impact frequency stability over extended periods
of time.

According to this analysis, the PI* controller exhibits noticeably higher stability than the PI? controller
over all averaging times, as seen by Allan deviation values that are roughly an order of magnitude
lower. With an averaging time of 1 second, the Pl*controlled setup attains a stability level of
approximately 2 x 107, The achieved stability confirms that the PI* controller effectively reduces
frequency variation , making it especially suitable for precision applications that require reliable
performance across short and long observation times.

The Allan deviation analysis highlights the superiority of the PI* controller in phase-locking
applications. The PI* controller improves overall stability and reliability by maintaining lower
deviation across all timescales, resulting in minimal drift and consistent performance over extended
periods. The stability of high-precision systems is essential for consistent frequency control, which is

necessary to maintain signal integrity and reduce error.
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Figure. 5.7. Allan deviation calculated from the frequency counter data when a tunable laser is locked to the
OFC using two double-integrators (PI*) and one double-integrator (PI%), normalized to the laser carrier

frequency (192 THz).
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5.3 Discussion

This study primarily characterizes the performance of a single tunable laser phase-locked to an OFC.
Through passive signal splitting, this method's potential scalability enables the simultaneous locking
of many lasers to the same OFC. Multiple lasers can be locked to different OFC spectrum regions
with this configuration. As mentioned in [92], these locked lasers can produce extremely stable radio
frequency signals across a wide frequency range through subsequent photomixing.

It is possible to generate an RF signal up to 4.5 THz by using two C-band tunable lasers. Moreover,
the range is increased to about 9 THz by combining an L-band laser with a single C-band tunable
laser. The main benefit of locking both lasers to the OFC is the substantial reduction in phase noise
of the generated beat signal, which is considerably lower than that produced by two independent
lasers.

To estimate the performance attainable in a multi-laser configuration, we assume that each laser is
phase-locked to its corresponding comb tone. The Allan deviation data in Fig. 5.7 can be scaled to
get the fractional frequency stability for this locking configuration. In order to account for the dual-
laser arrangement, an extra factor of two is added to the scaling, which is carried out in relation to
the frequency gap between the two locked lasers. Figure 5.8 presents the results, illustrating
fractional frequency instability across various laser frequency spacings with an average time of 1
second.

The fractional frequency instability demonstrates improvement as the frequency spacing between
the lasers increases. This enhancement arises from the fact that, although the locking stability is
maintained, an increased frequency difference between the lasers leads to reduced relative
instability. We also plotted the fractional frequency instability of our optical frequency comb,
constrained by its RF reference (Timetech 5.10), which demonstrates a stability of 5 x 1073 at a 1-
second averaging time. The stability of the beat frequency between the two locked lasers is lower
than that of the OFC, suggesting that the phase-locking performance of the lasers is adequate and

not constrained by the quality of the OFC reference.
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However, if an OFC were utilized with a lower-quality radio frequency reference (e.g., exhibiting
instability in the 10" range at a 1-second averaging time), the stability of the beat frequency would
be constrained by the OFC itself rather than the laser phase-locking configuration. This scenario is
characteristic of optical fibre communications utilizing standard crystal oscillators, as opposed to the
high-quality laboratory-grade reference employed in this context. The performance of the OFC serves
as the primary limiting factor, with our laser locking contributing minimally to overall stability. This
confirms the sufficiency of our laser phase-locking performance for precision applications.
Additionally, Fig. 5.8 displays fractional frequency instability values from multiple sources, as adapted
from [93]. While higher quality OFCs may yield enhanced outcomes [94], our method exhibits up to
two orders of magnitude improved fractional frequency instability relative to photomixing with two
continuous-wave (CW) lasers [95], [96], [97] for frequencies exceeding 0.1 THz. This method produces
results that are similar to those achieved through photomixing with microcombs [98], [99] and
guantum cascade lasers [100], [101], [102]. Nonetheless, a significant benefit of our method is its
tunability, which is absent in both microcomb and quantum cascade laser techniques.

With remarkable fractional frequency stability and a significant decrease in phase noise, the laser to
OFC-locking technology produces stable, low-noise radio frequency signals throughout a broad
frequency range. This system is appropriate for high-precision applications that require both stability
and flexibility in frequency generation because it offers an appealing combination of performance and

tunability.
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Figure.5.8. Fractional frequency instability of the beat signal at 1 s averaging times for various beat frequencies

expected from our system and its comparison with the state-of-the art Terahertz sources (adopted from [94]).

This chapter provided a comprehensive analysis of the noise characterisation of the phase- locked
tunable laser system, both short-term and long-term stability.

The key findings are as follows:

¢ Short-Term Stability:

Using a PI* controller greatly enhanced noise suppression over a wide frequency range,
according to phase noise measurements. Over a bandwidth of 10 Hz to 1 MHz, the system
achieved an integrated phase jitter of roughly 10 mrad., with phase noise levels approaching

the measurement noise floor at low offset frequencies.

¢ Long-Term Stability:

Frequency error measurements over a 10-hour period showed peak-to-peak variations
within #0.01 Hz when using the PI* controller—five times better than with a PI? controller.
Allan deviation analysis confirmed a fractional frequency stability of 2

x 10™ at 1-second averaging time, with performance maintained across a wide range of

integration times.
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Stable Locking at 1 nW

Minimum power: Stable locking was achieved with as low as 0.5 nW of optical power reaching
the photodetector.

Performance: Phase noise and jitter remained nearly identical to those observed at higher
powers (5—10 nW), especially above 100 Hz offset frequency.

Implication: This confirms that the system is highly efficient in extracting and

processing the beat signal, even under low-SNR conditions.

No Optical Filtering Required

The entire OFC spectrum (77 nm bandwidth) was used without any tunable bandpass filters.
Advantage: This approach maximizes the per-tone power reaching the detector and eliminates
the need for costly and bulky optical filtering components.

Observation: Despite the presence of multiple comb tones, no degradation in locking
performance was observed, indicating effective suppression of unwanted beat signals via low-

pass filtering and digital controller feedback.

Robustness:

The system showed resilience to spectral non-uniformity and environmental changes by
maintaining consistent performance across a range of wavelengths and OFC tone powers.

In conventional OFC locking systems, achieving a stable phase lock often requires high per-
tone optical power (milliwatt typically) and the use of tunable optical filters to isolate
individual comb lines. These requirements increase system complexity, cost, and power

consumption, factors that limit scalability and practical deployment.
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This work demonstrates that stable phase-locking can be achieved. This breakthrough enables:

¢ Passive splitting of the OFC to lock multiple lasers simultaneously.

¢ Simplified optical architecture, reducing component count and alignment sensitivity.

® Lower power budget, making the system suitable for compact and integrated platforms.
These findings demonstrate that the system sustains spectrum purity and frequency stability over
time in addition to achieving reliable phase-locking. This technique is very appealing for scalable,
real-world deployment due to its robust noise performance, low optical power requirements, and
inexpensive hardware. With the system’s performance now fully characterised, the final chapter of
this thesis will summarise the key contributions of this research and outline potential directions for
future work. Chapter 6 will reflect on the broader implications of this work and explore how the

developed techniques can be extended to support emerging applications in photonics and beyond.
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Chapter 6

6.1 Conclusions

This thesis has presented the development, implementation, and characterization of a
practical system for phase-locking telecom-grade tunable lasers to an optical frequency comb (OFC).
The work addresses a critical need for stable, tunable, and cost-effective laser sources in applications
such as Terahertz signal generation, spectroscopy.

The key contributions and findings of this research are summarized as follows :

¢ Low-Power Phase Locking

Nanowatt OFC power per tone was used to demonstrate a reliable phase-locking method,
and locking was successful at power levels as low as 1 nW. Compared to earlier systems that
needed considerably greater power levels and frequently required optical amplification, this
is a significant reduction. This enables the use of a single OFC to phase-lock multiple lasers
via passive optical splitting, simple optical splitter (e.g., 1xN couplers), avoiding the need for
active or tunable components, significantly enhancing scalability and reducing system cost.
The low power requirement per laser means the system can scale to many lasers without
increasing the OFC power or adding amplifiers. Eliminating the need for active splitter,
tunable optical filters and high-power OFCs reduces both hardware complexity and cost. The
system uses telecom-grade tunable lasers and low-cost FPGA-based controllers (e.g., Red

Pitaya), making it practical for commercial deployment.

¢ Controller Design and Optimization

Compared to laboratory-grade lasers, tunable lasers, particularly telecom-grade ones, have a
smaller control bandwidth and more phase noise. The loop bandwidth of a typical PI?
controller was sufficient to suppress this noise. By including an additional integrator, the PI*
controller enhances phase noise suppression and frequency stability by raising the loop gain
at low frequencies. Using a low-cost FPGA platform (Red Pitaya), a new PI* (proportional—
double-integrator) feedback controller was put into practice. Phase noise suppression and
frequency stability were enhanced by the PI* configuration's fivefold increase in loop

bandwidth over the traditional PI? controller.
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¢ Performance Characterization

Achieved 10 milliradians (mrad) of integrated phase jitter over the 10 Hz—1 MHz range using
the PI* controller. This is a strong indicator of low phase fluctuations and high coherence.
The system showed suppression of phase noise below 100 kHz offset frequency. At 10 Hz
offset, the PI* controller achieved > 70 dB suppression compared to the free-running laser.
The feedback loop bandwidth was extended to ~100 kHz using the PI* controller,
compared to ~20 kHz with PI2. Stable locking and consistent phase noise performance were
demonstrated across the entire C- band (1530-1565 nm), even when comb tone powers
varied (e.g., 1.1 nW at 1530 nm vs. 3.7 nW at 1565 nm).

Peak-to-peak frequency error over 10 hours was +0.01 Hz with the PI* controller. This is a
fivefold improvement over the PI? controller (+0.05 Hz). At 1-second averaging time, the
system achieved a fractional frequency stability of 2 x 107, This level of stability is suitable

for high-precision applications like THz generation and optical metrology.

¢ Scalability and Field Deployable

The system is very feasible for real-world deployment because it was developed with
minimum optical hardware and commonly available telecom components. The elimination
of tunable optical filters and the use of low-bandwidth electronics further reduce complexity

and cost, but need rack-mounted OFC.

¢ Application Potential

Applications needing numerous coherent sources, including comb-locked DWDM
transmitters and photonic THz generation, are ideally suited for the technology. Its
adaptability is demonstrated by the fact that lasers can be locked across the whole C-band

with little loss in performance.
All things considered, our study paves the way for a broader use of OFC-based systems beyond

conventional metrology by demonstrating that high-performance, comb-locked tunable lasers

may be realized using inexpensive, scalable, and power-efficient designs.
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6.2 Future Work

While the results presented in this thesis are promising, several avenues for future research and

development remain :

FPGA Integration and Optimization

The current implementation of the PI* controller uses two parallel PI? controllers. These two
controllers process the same input signal independently and their outputs are combined to
simulate the behavior of a PI* controller. While effective, this approach is resource-intensive
and not optimal for scaling. Future work could involve reprogramming the FPGA to
implement a true single-input (the error signal from the phase detector), and single-output
PI* controller (the control signal to the laser), Integrated double integrators and proportional
gain in a single control loop, thereby freeing up resources to lock multiple lasers

simultaneously on a single board.

Multi-Laser Locking Demonstration

A natural extension of this work is the experimental demonstration of simultaneous phase-
locking of multiple tunable lasers to different OFC tones. This would validate the scalability
of the system and its suitability for multi-channel applications, like Dense Wavelength
Division Multiplexing (DWDM), Photonic Terahertz generation, Multi-channel coherent

communication systems, spectroscopy and sensing with multiple coherent sources.

Extension to Other Bands

While this work focused on the C-band, extending the approach to the L-band could broaden

the range of applications, particularly in terahertz, spectroscopy and sensing.

Integration with Photonic THz Systems

High-purity THz signal synthesis could be experimentally shown by integrating the system
with photomixing method. Important benchmarks would be provided by performance

comparisons with other THz sources, such as microcombs and quantum cascade lasers.

Improved OFC Sources

As the system is designed to work with low-power, non-flat OFCs, future work could explore
the use of compact, integrated OFC sources with higher tone spacing (e.g., GHz-level) to

simplify tone selection and improve robustness.
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Environmental Robustness

To determine whether the system is suitable for field deployment, more research might
examine how well it performs in various environmental conditions (such as temperature and

mechanical vibrations).
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