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Low noise frequency combs and injection locking for
broadly tunable laser sources and tomography
J. Connor Skehan
Photonics Laboratory
Department of Microtechnology and Nanoscience - MC2
Chalmers University of Technology

Abstract

Lasers have revolutionized the world of physics by providing a highly
coherent source of photons which may be used for a large variety of
purposes. Here, we study the noise properties of frequency combs - a
special class of frequency stabilized and mutually coherent multi-mode
lasers, as well as the optical injection locking of comb tones as a means
for low noise amplification and tone selection. A variety of applications
are discussed, along with more fundamental properties of the systems in
question. Particular focus is placed on the exceptionally low phase noise
of these sources.

Several comb sources are investigated, including bulk electo-optic
combs, on-chip anomalous dispersion micro-combs, and on-chip normal
dispersion photonic molecules. Similarly, several sources are investigated
for their use in optical injection locking, including DFB slave laser arrays,
and multi-mode FP lasers. Noise mitigation is also investigated at length,
with a focus on PID control loops and thermorefractive noise reduction
at high temperature. Furthermore, significant attention is given to the
noise analysis of frequency combs and optical injection locking. The
mutual coherence of comb tones is investigated, along with the growth
of noise as a function of comb mode index. Finally the role of injected
noise is studied in the case of optical injection locking near the limit of
stability for locking.

Keywords: optical frequency comb, optical injection locking, phase
noise, laser noise, laser stabilization
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(VR-2015-00535).

J. Connor Skehan
Göteborg, November 2023

On the planet Earth, man had always assumed that he was more
intelligent than dolphins because he had achieved so much - the wheel,
New York, wars and so on - whilst all the dolphins had ever done was
muck about in the water having a good time. But conversely, the dol-
phins had always believed they were far more intelligent than man - for
precisely the same reasons.

Douglas Adams
The Hitchhiker’s Guide to the Galaxy

xi



xii



Acronyms

AOM acousto-optic modulator
ASE amplified spontaneous emission
BPF bandpass filter
CEO carrier-envelope offset
CW continuous wave
DFB distributed feedback
DSP digital signal processing
DUT device under test
ECDL external cavity diode laser
EDFA erbium-doped fiber amplifier
EM electro-magnetic
EO electro-optic
ESA electric spectrum analyzer
FBG fiber Bragg grating
FP Fabry-Perot
FSR free spectral range
FT Fourier transform
FWHM full-width half-max
HNLF highly nonlinear fiber
HPF high pass filter
LIDAR light detection and ranging
LLE Lugiato-Lefever equation
LPF low-pass filter
MI modulation instability

xiii



MZI Mach Zehnder interferometer
MZM Mach Zehnder modulator
NLSE nonlinear Schrödinger equation
NF noise figure
OCT optical coherence tomography
OFC optical frequency comb
OIL optical injection locking
OTDR optical time domain reflectometry
P/FN phase / frequency noise
PID proportional, integral, and derivative
PSA phase sensitive amplification
PSD power spectral density
RF radio frequency
RIN relative intensity noise
RMS root mean squared
SCG supercontinuum generation
SMSR side-mode suppression ratio
SNR signal to noise ratio
SOA semiconductor optical amplifier
SWaP size, weight, and power

xiv



CHAPTER 1

Introduction

1.1 Personal Research Background

This thesis encompasses a selection of my work done in the years since
my Master’s degree, during which time I have been primarily inter-
ested in the noise properties of optical frequency comb (OFC)s [Pa-
pers A-C & E] and optical injection locking (OIL) [Papers A,B & D].
In this text, my work on frequency combs is focused on the intensity
noise, phase and frequency noise, and mutual coherence of tones which
originate from anomalous dispersion microresonator frequency combs,
coupled cavity normal dispersion microresonator frequency combs, and
electro-optic (EO) combs. Meanwhile, my work on optical injection lock-
ing focuses on the selection and amplification of these comb tones, as well
as a detailed analysis of the noise properties of the final injection locked
output, especially in the case of optical pre-amplification.

This work was done primarily at Chalmers University of Technol-
ogy in Sweden, but also includes work done at École Polytechnique de
Lausanne (EPFL) in Switzerland, and work done in Copenhagen in col-
laboration with the Technical University of Denmark (DTU) and NKT
Photonics.

There is a significant body of research which has been published in my
name since my Master’s degree which is not included in this thesis. This
includes my work on thin film lithium niobate electro-optic modulators
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Chapter 1. Introduction

[Paper G], on hybrid structures for on-chip acousto-optic modulation
[Papers J & K], and on anomalous dispersion coupled cavity systems
[Papers I & L]. Moreover, published work done during my Bachelor’s
on noble metal compound nanohole arrays [Paper F] and during my
Master’s on AlGaAs nonlinear optics [Paper H] and time resolved dual
comb spectroscopy are not included in this thesis.

1.2 Contents of the Thesis

The thesis begins with a brief introduction which aims to frame the
reader’s expectations. As such, it includes an overview of what is in-
cluded in the thesis, provides historical context for my research, explains
the scientific merit thereof, and provides a short overview of the future
outlook of this work.

The second chapter then offers the reader a more detailed under-
standing of semiconductor lasers [1–5] and their noise properties, with
a special focus on intensity noise, phase and frequency noise, and the
mutual coherence of any two optical tones - as well as various methods
to measure and control such devices.

Chapter three covers optical injection locking at length [6–11]. In
particular, this chapter serves to extend the rate equation discussion
of semiconductor lasers provided in the first chapter in order to better
understand the impact of light which is externally injected into the laser
cavity, and to provide a set of simplifications and approximations which
will aide the reader later on.

The fourth chapter then discusses frequency combs [12,13], a special
case of mutual coherence in multi-mode lasers which produces a pulsed
output and which can be generated in a variety of ways. The chapter
provides a general overview of the three kinds of frequency combs studied
here : bulk EO combs [14,15], anomalous dispersion microcombs [16,17],
and coupled cavity normal dispersion microcombs [18,19].

The fifth chapter then provides a more detailed overview of the fu-
ture prospects of this research, while the sixth chapter provides a brief
overview of each of the then appended Papers A-E.

1.3 General Background

Lasers [20, 21] are a well understood and established technology that
provide a means towards controllable and well organized beams of light.

2



1.3. General Background

Originally an acronym meaning “Light Amplification through the Stimu-
lated Emission of Radiation”, today, the word has taken on a new mean-
ing where the word laser typically refers to UV, visible, or IR single fre-
quency outputs of temporally coherent light which, correspondingly, have
very narrow spectral bandwidths. Generally speaking, a gain medium is
pumped and placed inside of a low loss cavity. Then at some point, the
gain medium may radiatively relax via spontaneous emission, generating
new uncorrelated photons. These photons will then bounce back and
forth inside the cavity, interacting with the gain medium to induce stim-
ulated emission and thereby generate frequency and phase duplicates of
the original photon(s), i.e. optical gain. Constructive and deconstructive
interference in the cavity will force mode discretization, while frequency-
selective elements may force single-mode operation. The result, at steady
state, is a stably operating single frequency light source with low noise.

The original photons which seed the lasing process don’t have to come
from spontaneous emission in the gain medium. In the case of optical
injection locking [6], external light from a ‘master laser’ may enter the
cavity and provide the seed photons for coherent lasing. If there is a
small enough frequency offset between the injected optical field and the
unperturbed frequency of the so called ‘slave laser’, and if the amplitude
of the injected field is strong enough to overcome spontaneous emission
in the cavity, then the final output of the complete optical system will
act as a frequency copy of the master laser with a fixed phase offset
which depends on the frequency difference between the injected field
and the slave laser’s unperturbed frequency, and we say that the system
is ‘locked.’

On the other hand, highly coherent and low noise optical sources
don’t necessitate single-mode operation. Optical frequency combs [12]
are a special class of laser studied at length in this work, and are de-
fined by their many equally spaced and (importantly) mutually coherent
optical tones that sit at well defined frequencies and which, in the time
domain, corresponds to a pulsed laser output. They can be formed in
a variety ways, including fully stabilized mode locked lasers, cascaded
electro-optic modulation, and the nonlinear generation of new frequen-
cies of light via the Kerr effect [22,23]. Typically, they are characterized
using two main parameters, the frequency spacing between optical modes
(which corresponds to the repetition rate of the pulses in the time do-
main), and the shared frequency offset from zero for all optical modes
(which corresponds to the pulse’s carrier envelope offset frequency). No-
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Chapter 1. Introduction

tably, however, the frequencies in question are quite mismatched. A
typical frequency comb has its carrier in the visible or infrared (on the
order of hundreds of THz), while its repetition rate and carrier envelope
offset frequency might be on the order of MHz or GHz. This provides a
direct link between the RF and optical domains which can be exploited
for a huge number of applications.

1.4 General Relevance and Importance

Lasers are a relevant and important technology in our lives in ways that
many of us might not imagine. Indeed, modern society would likely be
impossible without the use of lasers.

From every items we handle ourselves like bar-code scanners at the
self checkout, to fully integrated laser arrays on our iPhones that can cre-
ate full 3D scans of the environment - lasers are all around us. I would
argue, however that that the role of lasers in the fields of frequency refer-
encing [24–28] and communications [29–31] are what drive their scientific
importance today.

When transmitting data from one place to another or developing
high frequency reference tones, it is often desirable to use carrier parti-
cles which are non-interacting in order to maintain the stability of the
system. Conversely, when manipulating data (e.g. when doing computa-
tions), it is often highly advantageous to have particles which are strongly
interacting. For these reasons, we typically use fermions (electrons) in
our computers, and bosons (photons) for transmitting the generated data
over long distances.

Given that a laser is, by definition, a highly coherent and well behaved
photon source, it makes sense that they would find applications in a wide
variety of fields where stability is desired. Not only does the generation
of low noise and very predictable photon sources improve the ability of
humans to communicate with one another quickly and efficiently, it also
allows us to produce ultra high frequency references which can be used
for applications such as optical clocks and time transfer [12], GPS [32],
LIDAR [33], the detection of gravitational waves [34] and exoplanets
hundreds of light years away [35], and more.
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CHAPTER 2

Laser Noise

2.1 Lasers

Lasers are a mature technology which originated in the 1950’s [2], and
have since seen widespread adoption in the modern world. The principle
of operation is as follows :

In general, when a gain medium is excited, it may either sponta-
neously relax (giving off heat, light, etc), or may be forced to relax in
a process called stimulated emission. In this case, a resonant incident
photon forces the radiative relaxation of the gain material to produce
a frequency and phase copy of the original incident photon, thus gener-
ating optical gain. When placed inside of a reflective cavity, and under
certain conditions, light can build up in one or many modes of the cavity
to produce a coherent output that we call a laser.

2.1.1 Rate Equations

There are many kinds of lasers, but a typical semiconductor laser in
single-mode operation be described mathematically as follows, using
mode size and photon count normalized split equations [36–38]. Of note,
these equations are often presented in photon count, but for the sake of
consistency, are presented here in the mode-size normalized electric field
notation [3, 39] :

5



Chapter 2. Laser Noise

d|E|
dt

=
1

2
{[Gn(N −N0)/(1 + s|E|2)]− 1

τp
}|E|+ FE (2.1)

dΦ

dt
=

α

2
{[Gn(N −N0)/(1 + s|E|2)]− 1

τp
} − ωo + FΦ (2.2)

dN

dt
= Rp −

N

τr
− [Gn(N −N0)/(1 + s|E|2)]|E|2. (2.3)

Here, the terms have the following meaning [40], with units given
later in the text :

|E| slowly varying electric field envelope
Φ output phase
N carrier count
Gn gain parameter
N0 carrier count at transparency
s gain compression coefficient
τp average photon lifetime
α linewidth enhancement factor
ωo laser oscillation frequency
Rp pump parameter
τr average carrier lifetime

FE , FΦ Langevin noise forces

Single mode operation can be achieved using frequency selective re-
flectors or absorbers in the cavity or at its mirror edges, via an external
cavity, etc [1, 41]. Otherwise (as in Fabry-Perot (FP) lasers), additional
terms which correspond to inter-mode energy transfer and mode parti-
tion noise may be included [1,42], along with a set of laser rate equations
for each optical mode. Noise terms are typically required for starting the
process using 0 initial electric field, but may be neglected in some cases.

We first notice the term Gn(N − N0)/(1 + s|E|2), in which a mode
normalized gain parameter is multiplied by the carrier count above trans-
parency, and then divided by a gain compression factor in order to in-
troduce new photons into the cavity. In equations 2.1 and 2.2, this term
is counteracted by the photon decay term (− 1

τp
), where typical photon

lifetimes in the cavity are many orders of magnitude longer than the
total round trip lifetime of the cavity, and the cavity itself is assumed to
be stable. In the electric field equation (2.1), the term which balances
gain and loss is multiplied by the current electric field magnitude in the

6



2.1. Lasers

cavity, while in the phase term, it is multiplied by the amplitude to
phase conversion term (i.e. linewidth enhancement factor), α. Finally,
the carrier number equation (2.3) has a pump term which adds carriers
(Rp), a loss term which subtracts carriers (−N

τr
), and a balancing term

(−[Gn(N−N0)/(1+s|E|2)]|E|2) which links the electric field and carrier
concentration equations in order to provide a restoring force.

Generalized Langevin noise forces can be included in equations 2.1
and 2.2 by adding +FE and +FΦ stochastic noise terms. When amplified
spontaneous emission (ASE) is the only noise source present, these terms
can be written as follows [43] :

FE =
2βN

|E|
+
√
βNξE(t) (2.4)

FΦ =

√
βN

|E|
ξΦ(t), (2.5)

where β, the spontaneous emission factor, represents the proportion of
ASE native to the slave laser which enters the lasing mode, and ξ(t) is a
stochastic noise term that varies as a function of time with mean 0 and
standard deviation σ.

In simulation, these β terms can be normalized to the step size, band-
width, and rate of radiative recombination :

β −→ βBBsim, (2.6)

where B is the rate of bimolecular recombination (a second order process)
in the semiconductor, and Bsim is the simulation bandwidth.

In this case, a new term which links the carrier count and electric
field via B might be needed, and is represented by a simple +BN2 term
added to dN

dt to provide a restoring force on the carrier count against
spontaneous emission. Similarly, a third order term which represents
Auger recombination may be added. Alternatively (and as seen in the
above equations and more generally in the field at large), one may linear-
alize the carrier loss rate term, R(N) = AN +BN2 +CN3, around the
value of N at steady state operation into a single τr term which repre-
sents the average electron-hole recombination time, where A corresponds
to the nonradiative electron hole recombination rate [44].

Similar to other noise terms, we could introduce some FN =√
2R(N)ξN (t), with ξN (t) being a stochastic noise term that varies in

time with mean 0 and standard deviation σ, but this term is neglected
for the remainder of the discussion [44].

7



Chapter 2. Laser Noise

Figure 2.1: Rate equation simulations of the normalized electric field magni-
tude (top), phase (middle) and carrier density (bottom) for the
transient turn-on dynamics (left) over a 1 ns time scale and dur-
ing stable operation (right) over a period of 1 µs. Simulation
parameters are provided in the main text.

Simulations of these rate equations as a function of time are given
in figure 2.1, using typical parameters [44]. All values are normalized
to mode size, and therefor correspond to carrier and photon densities.
These are Gn = 8 · 10−13 m3/s, s = 1 · 1024 m−3, N0 = 1 · 1024 m−3,
α = 3, A = 1.0 · 10−9 s−1, B = 1.0 · 10−16 m−3s−1, τp = 3.0 · 10−12 s−1,
Rp = 1.0 · 1034 m−3s−1, and β = 1.0 · 10−3. Third order recombination
is ignored (C = 0), a time step of 1 picosecond is used, and simulations
advance for 1 microsecond. Initial conditions are all set to 0, driving
current is turned on at t = 0, and ASE terms are used to seed the lasing
process. In this case, the output power is given by P = KvgAeffhf |E|2
where K is the output coupling term, vg is the group velocity, and Aeff
is the effective modal area. Given that random Langevin forces are
included, 4th order Runge-Kutta simulations are used [45].

Relaxation oscillations are readily apparent after activation of the
laser, and the effects thereof are seen in the electric field magnitude,
phase, and carrier count. Furthermore, the carrier count and electric
field are shown be to be quite stable over long time scales, while the
output phase is not. This is due to the lack of restoring force on Φ,
and results in the linewidth broadening of the laser output caused by
phase accumulation. Both intensity and phase/frequency noise will now
be discussed at length.

8



2.2. Intensity Noise

2.2 Intensity Noise

The laser’s output power is determined by the strength of the electric
field square magnitude, multiplied by some output coupling term that
picks off a small portion of the optical field oscillating in the cavity.
All else being equal, the final output power is determined primarily by
the normalized driving current applied to the gain medium (Rp from
equation 2.3), assuming operation well away from the gain compression
region.

2.2.1 RIN

Whether it comes from the driving current, from the random nature of
gain and loss, or from fluctuations native to the laser itself, there will
always be some degree of variation in output power. When this noise
is normalized to the average output power, it is called relative intensity
noise (RIN) [46], and corresponds to power fluctuations on the A(t)
component of the the optical wave equation for a single-frequency laser,
i.e.

A(t) = {A0 +∆A(t)}eiωct+∆ϕ(t). (2.7)

When the RIN of a laser source is measured as a function of fre-
quency, the resulting power spectral density (PSD) measurement is given
in units dB/Hz and communicates information about whether intensity
fluctuations are rapid (such that they might be averaged away by a slow
photodetector), slow (such that they might not matter for short detection
periods), or present in large amounts only at a few select frequencies.

Mathematically, the frequency dependent RIN PSD is given by

SRIN(f) =
2

Pavg

∫ +∞

−∞
⟨δP (t)δP (t+ τ)⟩ei2πfτdτ, (2.8)

where Pavg is the average optical power and δP represents the time de-
pendent power fluctuations which we are trying to quantify.

In general, RIN spectra can be quite complex. It is for this reason is
is often advantageous to compress intensity noise into a single root mean
square (rms) value :

δP

Pavg

∣∣∣∣
rms

=

∫ ∆f

0
SRIN(f)df, (2.9)
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Chapter 2. Laser Noise

where ∆f is the receiver bandwidth.
Importantly, RIN can come from a variety of sources, both internal

and external. For instance, in fiber or semiconductor lasers, RIN might
be transferred from the pump onto the final output beam, but might
also come from ASE inside the gain medium, technical noise stemming
from thermal fluctuations in the control system or optical path length,
fluctuations in diode resistance, etc [47,48].

To some extent, RIN in a single frequency laser can be reduced in a
relatively straightforward manner. For instance, feedback loops on the
control systems which govern the device temperature, driving current,
etc. can be used to mitigate and reduce technical noise. Alternatively,
an intensity modulator such as an Mach-Zehnder modulator (MZM) [49]
or acousto-optic modulator (AOM) [50] can be used in either feedback
or feedforward schemes to directly compensate for changes in intensity.
Both of these devices are discussed later in the text.

A typical RIN spectrum might look like the PSD in figure 2.2, which
is calculated from the the simulations in figure 2.1, and is normally pre-
sented in a log-log plot. This RIN spectra demonstrates white noise,
the relaxation oscillation peak which arises due to the gain medium not
responding instantly to the electric field, and so-called pink noise. Each
of these will now be discussed.

2.2.2 White Noise / Shot Noise

White noise corresponds to any noise source for which the intensity of
noise is independent of frequency. It may arise in laser systems due to
many factors, ranging from thermorefractive fluctuations and the ran-
dom nature of absorption and gain, to spontaneous emission and various
quantum effects, but one important type of quantum noise is called shot
noise [1,29,51]. This is a type of laser amplitude noise which arises dur-
ing the process of photodetection due to the quantized nature of photons.
It can be understood by considering the optical field as a series of small,
individual packets of energy which must therefore occur at the detector
at random discrete time instances, instead of as a continuous flow. In
this case, the single sided PSD of relative intensity noise is given by

S(f) = 2hf
1

Pavg
, (2.10)

where hf is equal to the photon energy, and Pavg is the average optical
power. Here, it can be seen that by increasing the power, we reduce the
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Figure 2.2: A typical, although idealized, RIN PSD which is calculated from
the simulations above and is used to demonstrate white noise,
pink noise, and the relaxation oscillation peak that shows up as
function of the rise and fall time of photons and carriers, respec-
tively. Here, shot noise is not considered.

shot noise. Moreover, like all random processes following a Poissonian
distribution, the corresponding single side band noise PSD will be white
(flat) as a function of frequency [52]. The corresponding rms value of
noise current induced by shot noise on a photodetector is given by σ2

s =
2e⟨Ie⟩∆f , where e is the electron charge, Ie = IpR is the induced electric
current equal to the photocurrent multiplied by the detector responsivity,
and ∆f is the bandwidth of the receiver [29].

2.2.3 Relaxation Oscillations

Relaxation oscillations occur in most types of lasers where the upper
state lifetime is much longer than the cavity damping time (keeping in
mind that resonators with high quality factors have low damping times).
This corresponds to a system which might experience a fluctuation, and
then return to the steady state solution in an oscillatory manner, with
some kind of repeating overshoot combined with some amount of damp-
ing applied to the oscillation. Physically, this can be understood as the
gain medium not acting quickly enough on the light traveling within it,
thereby producing damped overshoots as it tries to reach steady state
after the applied change [1, 3, 4].

Ignoring gain compression and using a linear stability analysis, the
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frequency of this oscillation, ωRO is given by

ωRO =

√
µ− 1

τrτp
(2.11)

where µ is the threshold normalized pump parameter for coherent lasing
of the semiconductor device (µ = Rp/Rp,threshold).

2.2.4 Pink Noise

Pink noise is a broad term that corresponds to a large variety of noise
sources which decrease in strength as you move towards the blue (high
frequency) end of the spectrum, and increase in strength as you move
towards the red (low frequency) end of the spectrum . These sources can
be said to follow a 1

fm spectrum, with m > 1 [1,3,4]. In general, these are
the noise sources which dominate over long time scales, and are therefore
particularly important for applications requiring long term stability such
as optical references for spectroscopy, communications, clocks, etc.

In general, 1
f noise will be present in all electronic circuits due to

flicker noise, a kind of DC current related fluctuation which is variously
attributed to resistance fluctuations, surface traps, and more [53].

Another important source of pink noise in natural systems is Brow-
nian noise, named for Robert Brown (as opposed to the color). This
kind of noise scales like 1

f2 and corresponds to random walk generated
by adding white noise to each point before calculating the next - as op-
posed to white noise which is added in bulk after calculations, and is
useful for modeling the random walk of a laser’s operating frequency or
the Brownian motion of carriers inside the gain medium [54].

2.3 Phase and Frequency Noise

Phase and frequency noise are intimately connected, given that the in-
stantaneous frequency is defined as the time derivative of phase

ν(t) =
1

2π

dϕ

dt
, (2.12)

we can write a relationship between the power spectral densities of of
the two as

SΦ(f) =
1

f2
Sf (f), (2.13)
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Figure 2.3: The calculated optical spectrum corresponding to the above simu-
lations, showing the normalized amplitude as a function of optical
frequency. Here, the inset is a zoomed-in version of the main fig-
ure, used to illustrate how relaxation oscillation peaks (indicated
by an arrow on one side of the main peak) transfer from the in-
tensity domain to the output optical spectrum.

where SΦ and Sf are the frequency dependent single sided power spec-
tral densities of phase and frequency noise, respectively. Importantly,
this highlights the fact that white phase noise corresponds to frequency
dependent frequency noise [55].

2.3.1 Linewidth

The optical spectrum can be derived from the Fourier transform of the
electric field autocorrelation function, according to the Wiener-Khinchin
theorem (seen in figure 2.3). Here, phase and frequency noise manifest
as the broadening of the laser’s spectral linewidth [56, 57], and in some
instances, it may be advantageous to quantify this broadening in the
form of a single parameter, which may or may not include various con-
tributions according to the definition of linewidth used. Of note, the
normalized amplitude provided for optical spectra in this text are given
relative to photon energy and step size of the simulation, as well as the
time length of the simulation via the autocorrelation function.

Originally, laser linewidth was defined by the Schawlow-Townes ap-
proximation [41], also called the fundamental linewidth, and refers to the
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Figure 2.4: Normalized phase noise, Sϕ(f) as a function of offset frequency
from the carrier, calculated using the simulation parameters given
above.

case of minimum possible noise (quantum noise) [58,59], as given by

∆νL =
Rdecay −Rst

Rdecay
∆νc, (2.14)

where Rdecay represents the rate of photon decay in the cavity, Rst gives
the rate of stimulated emission, and ∆νc = (2πτp)

−1 represents the full-
width half-max (FWHM) Lorentzian linewidth of the passive resonator
mode in which gain occurs.

This approximation assumes a purely Lorentzian spectral shape,
which corresponds to white noise on the frequency noise PSD. This
is never the case in reality, where 1

fm noise and intensity to phase noise
transfer will inevitably play a role. Thus, (ignoring all other compo-
nents), any real laser’s spectral line will look like some combination of a
Gaussian and Lorentzian function (i.e. a Voigt profile). A typical phase
noise spectrum, calculated from the simulations above, is seen in figure
2.4.

To address this non-Lorentzian deviation from the ideal spectral pro-
file, there exist a variety of definitions for linewidth which include higher
order or noisy components which may contribute to laser linewidth [60].
One such approach [61] is the integrated linewidth definition given below,
where the linewidth is defined as the phase noise integral from infinity,
down to whichever frequency, νint, corresponds to an area under the
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curve of 1
π , such that ∫ ∞

νint

Sϕ(f)df =
1

π
. (2.15)

Other approaches to define linewidth make use of various fit meth-
ods. One example is the beta line approach, for instance [62], which
makes a strong assumption of the frequency noise PSD profile being ei-
ther fully Gaussian or fully Lorenzian over some portion of the PSD,
and therefore fail to address deviations from the assumed Voigt profile
(such that the method fails under heavy technical noise). The integrated
linewidth definition is more robust however, and is therefore preferable in
many contexts, although it should be noted that it does tend to provide
larger values of linewidth and is therefore often not provided in papers
or technical specifications.

On the other hand, when trying to investigate certain unavoidable
and underlying properties of a laser, for instance, it is still often very
useful to isolate the analysis from any technical or 1/fm components, and
focus interest solely on the lowest / white-noise limit of the system (i.e.
the Lorentzian / Schawlow-Townes approximation), since this provides
important information about properties such as fundamental quantum
noise [63]. This kind of analysis is also very useful in communications
and other short time window measurements, where slow drift can often
be accounted for using digital signal processing (DSP) [64].

In figure 2.5, three different methods of measuring linewidth are pre-
sented graphically to provide an intuitive explanation of the process.
The integrated linewidth approach gives a value of approximately 1.5
kHz, while two fits to the same data are provided following the method
outlined in [65] (which fits the data to white frequency noise in order to
estimate the fundamental linewidth), the first of which includes excess
noise and gives a value of approximately 710 Hz, and the second of which
attempts to remove excess noise and provides a fundamental linewidth
of approximately 120 Hz - more than 10 times less than the integrated
linewidth and 5 times less than the fundamental linewidth as calculated
including technical noise. It should be clear then, that any discussion of
linewidth requires careful reading and a clear understanding of how the
value was recovered, and what assumptions, if any, were made.

To some extent, phase noise, like RIN, may be controlled and reduced
in a rather straightforward manner, such as by using feedback loops onto
the laser frequency control of the laser, or by implementing feedback and
feedforward schemes which rely on an external modulator [66–69].
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Figure 2.5: A visual representation of various methods for approximating
laser linewidth from phase noise data. The integrated method
(blue) corresponds to a linewidth of approximately 1.5 kHz. The
first fit type (orange) includes excess noise and gives a value of
approximately 710 Hz, while the second fit method attempts to
ignore added noise and gives a recovered linewidth of 120 Hz.

2.4 Mutual Coherence

Although noise measurements of a single optical tone are important, it
is often just as important to measure the degree to which two tones are
correlated.

The mutual coherence of two optical tones in the time domain, x(t)
and y(t), is defined by [70]

γ21,2(f) =
|S1,2(f)|2

S1,1(f)S2,2(f)
, (2.16)

where S1,2 is the cross spectral density of the signal, S1,1 and S2,2 are
the power spectral density of the two signals, x(t) and y(t), in ques-
tion, and where the cross spectral density and power spectral density
are defined as the Fourier transform (FT)s of the cross-correlation and
auto-correlations of the time domain signal, respectively.

Importantly, mutual coherence is a quantity which does not include
the noise properties of each individual tone, and instead tries to quan-
tify the amount of noise which is not common between the two measure-
ments. For instance, if both tones suffer from technical noise due to a 1
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MHz ground loop, this will not degrade the degree of mutual coherence
between the two.

To measure mutual coherence, two signals of equal power can be
measured separately, and then analysed in post processing in the time
domain. Alternatively, the two signals may be directly beaten together
and the an analysis of the beat note’s noise may be considered along
with the noise power spectral density of each individual beam.

Under certain conditions, mutual coherence between tones can be
forced by locking two tones together. This can be done using various
techniques, but two common methods - proportional, integratal, and
derivative (PID) control loops and OIL - are discussed at length later in
the text.

2.5 Measurement Techniques

2.5.1 Intensity Noise Measurements

Intensity noise measurements are typically quite straightforward [46],
and can be done by directly sending light onto a photodiode. However,
one must be careful to calculate the shot noise limit, given that shot
noise is directly related to the amount of light received. Furthermore,
the receiver as a whole may introduce additional noise in the form of
thermal noise, flicker noise, radio frequency (RF) cavities which induce
back reflections, noise from the electronic driving current being written
onto the output, or due to electronic noise from built-in RF amplifiers,
among other sources. It is for this reason that one must be careful to
select low noise devices with adequate bandwidth and ensure measure-
ments are performed above the frequency dependant noise floor [71].

2.5.2 Phase and Frequency Noise Measurements

There are several approaches for the measurement of phase and frequency
noise. The first class of measurement techniques rely on beating a noisy
source against what is known to be an exceptionally low noise source
such that any additional noise can be attributed to the noisy signal
being measured. Similarly, there are a variety of techniques which rely
on using three sources in order to reduce the required assumptions and
aide in the measurement of low noise lasers [72]. These measurement
schemes are referred to as heterodyne measurements, given that multiple
distinct signals are beat against one another, and can be quite simple to
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Figure 2.6: A) Heterodyne and B) Homodyne (self-heterodyne) measurement
optical schematics. In both cases, the bottom arm is modulated
to push the beat note further from baseband (DC) to avoid low
frequency components and reduce signal to noise ratio (SNR) at
the output.

implement, but are not always appropriate when dealing with very low
noise sources.

The second class of measurements, called homodyne (or self-
heterodyne) measurements begin by splitting the signal in two and pass-
ing one portion through a delay line sufficiently long such that it is either
fully or partially decoherent with its undelayed copy [73, 74]. The two
signals are then mixed together, and a beat note is measured. From
this, one can measure the phase noise PSD directly, or measure the elec-
tronic spectra on an electric spectrum analyser (ESA) and extrapolate
a linewidth measurement. Importantly, in such measurements the beat
signal will often be near to baseband, and as such, should be frequency
shifted using an AOM to avoid electronic measurement errors.

Self-heteroydyne approaches are generally valid, but extra care must
be taken to select an appropriate delay length and to isolate each arm
from external noise sources. For lasers with very low phase / frequency
noise (P/FN), impractical lengths of delay line might be needed for full
decoherence of the two arms, which may introduce additional technical
noise or loss such that accurate measurement is rendered impossible.
Instead, partially decoherent measurements are often required.

A simulated example of the electric spectrum for partially decoherent
beams beating against one another is presented in figure 2.7. Here the
linewidth of the laser is 212 Hz (a coherence time of 1.5× 103 seconds),
the delay line’s length is set to 25 km, and any excess noise not related to
the laser linewidth has been removed. The carrier frequency is set to 192
THz, the fiber index of refraction is set to 1.4682, and the AOM driving
frequency is set to 25 MHz. A schematic outline of the optical setup
for such a measurement can be found in [Paper A]. In such a situation,
the linewidth is given by a complex fit function, or can be estimated
by measuring the relative strength between peaks and troughs of the
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Figure 2.7: The electric spectrum of subcoherent beating, which might be
recovered from the ESA in a delayed self heterodyne experiment.
Here, the spacing between subsequent lobes is set by the interfer-
ometer, while the depth of these lobes is related to the degree of
coherence. From this, one can estimate the laser linewidth.

spectrum’s side lobes, as described below.
The spectrum of subcoherent beating in a delayed self-heteroydyne

experiment is given as follows [75,76] :

S(ω, τ) =
Aτc

1 + ∆ω2τ2c
[1− [|τ |e−|τ |/τc cos(∆ω)

+
sin(∆ω)

∆ω
]] + πAe−|τ |/τcδ(∆ω),

(2.17)

where A = 1
2P

2
o , ∆ω = ω −Ω, Ω is the AOM driving angular frequency,

τ is the delay time between arms, τc is the coherence time of the laser,
and Po is the optical power.

Given how difficult such a curve might be to fit, it is often easier to
simply measure the phase/frequency noise PSD and directly integrate,
although doing so is only truly valid from the inverse time delay, 1

τ , up
to the bandwidth of the detector used. In the case where this integration
does not reach the 1

π threshold from equation 2.15, the curve is fit using
white and pink noise as extrapolated from the given data set, or simply
said to be under some threshhold linewidth.

Alternatively, one can make a few assumptions regarding the fre-
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quency dependence of noise properties outside of the measurement band-
width, as per [76,77], and find that the amplitude difference between the
first peak and trough for the subcoherent spectra in the figure above,
∆S, is approximated by

∆S ≈ 10log10
16c

9πnL∆ν
, (2.18)

from which the linewidth can be derived, where n is the index of refrac-
tion and L is the length of the delay line. In this case, c

nL represents the
inverse time delay.

Finally, for very low noise signals, phase and frequency fluctua-
tions can be transferred into intensity fluctuations via interference in
a Michaelson interferometer, as seen in [Paper D]. By measuring the
amplitude of the sinusoidal output on a photodiode, and knowing the
fixed frequency of oscillation, the measured optical power fluctuations
can be converted into the frequency fluctuations of the optical signal.
This assumes that the recovered trace remains within a narrow range
around the quadrature point such that we may make a linear approxi-
mation of the sine wave, and that the FSR of the interferometer is both
well known and stable (therefore requiring vacuum systems, temperature
stabilization, optical time domain reflectometry (OTDR) measurements,
etc).

2.6 Control Mechanisms

It has been previously mentioned that all three, intensity noise, phase
and frequency noise, and mutual coherence may be improved up using
various control mechanisms, and it is therefore worth discussing some
of the ways in which light from a coherent source can be modulated in
order to improve its noise properties or to encode information onto the
beam.

2.6.1 Direct Current and Temperature Modulation

The simplest form of semiconductor laser control is direct current modu-
lation and is performed by varying the Rp pump parameter from equation
2.3. In fact, this kind of modulation is so common that most commer-
cial systems come with a built-in external modulation port which can
be used to variously mix signals with the standard driving current to
produce sine waves, square waves, etc.
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Of course, there are several downsides to direct modulation. Firstly,
by increasing the amount of driving current, additional carriers in form of
electron hole pairs are added to the cavity, thereby changing the index of
refraction in turn. Moreover, additional light is introduced to the cavity
which corresponds to higher absolute losses and therefore an increase in
temperature and thus both an increase in thermal noise and a change
in refractive index. All together, this means that a change in driving
current is necessarily accompanied by a change in effective cavity length,
optical phase, and oscillating frequency [78].

Similarly, most modern laser systems offer direct control of the tem-
perature via an external port or some internal control electronics. This
makes sense, given that we already know temperature fluctuations will
cause random drift in the lasing frequency and therefore should normally
be mitigated. Unfortunately, thermal changes are quite slow (on the or-
der of kHz-MHz) and are therefore not particularly useful for high speed
modulation, although can still be used in control systems to account for
very low frequency pink noise and the Brownian motion of random laser
walk [79].

2.6.2 External Phase Modulation

The phase and amplitude of a laser source can be modulated externally
as well. There exists various crystalline materials which exhibit a sym-
metry break in their lattice and which can be used for such purposes.
When an electric field is applied to the material, this creates an atomic
scale deformation in the crystal which changes the index of refraction
as a function of the strength and direction of the applied field. Impor-
tantly, because these crystals are non centro-symmetric, the direction
and polarization of light propagation are quite important [51,80].

When passing through such a material, the phase of light may there-
fore be modulated to produce sidebands, encode information onto the
light, etc. We can write a simple expression to define the action of such
a modulator as follows :

Eout = Eine
iπ

V (t)
Vπ , (2.19)

where V (t) is the applied voltage and Vπ corresponds to the amount of
voltage required to produce a single π phase shift.
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Figure 2.8: A top (A) and side (B) view of an idealized, chip based MZM.
Here, an optical input is split into two arms - each of which pro-
duces phase modulation via the electro-optic effect. This is done
by generating an electric field between the ground and source
which thereby modulates the Lithium Niobate (LiNb). Not pic-
tured here is the mechanism required for fixing V1(t) = −V2(t)
for pure amplitude modulation.

2.6.3 External Amplitude Modulation

Furthermore, phase modulation may be used to generate amplitude mod-
ulation. This is typically done using a single source of light which is
divided into two equal beams, each of which passes thru its own phase
modulator, as seen in figure 2.20. Afterwards, the two modulated signals
are recombined and the result is expressed as follows (assuming equal Vπ

and equal path length) :

Eout =
1

2
Ein

(
eiπ

V1(t)
Vπ + eiπ

V2(t)
Vπ

)
=

1

2
Ein[

(
cos(π

V1(t)

Vπ
) + cos(π

V2(t)

Vπ
)

)
+ i

(
sin(π

V1(t)

Vπ
) + sin(π

V2(t)

Vπ
)

)
].

(2.20)

In the special case where V1(t) = V2(t), the system collapses to a
simple phase modulator, which makes sense given the symmetry of the
system.

On the other hand, in the case where V1(t) = −V2(t), the sine func-
tions cancel (due to the nature of odd functions), and we’re left with
pure amplitude modulation.

Alternatively, instead of using electro-optic principles to create inten-
sity modulation, one may use an AOM. As seen in figure 2.9, the device
works by running a longitudinal acoustic wave (comprised of compres-
sions and rarefactions) through a crystal using some kind of piezoelectric
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Figure 2.9: A simplified model of an AOM, including an RF driving field
which modulates a piezoelectric material which, in turn, is acous-
tically coupled to some crystalline material. Compressions and
rarefactions travel from the piezoelectric through the AOM and
to the opposite end, where acoustic waves are then scattered, ab-
sorbed, etc. Simultaneously, an optical beam is sent through the
device at an offset angle, and is Doppler shifted by the traveling
acoustic wave to produce diffraction at fixed angles determined
by the frequency of modulation.

transducer attached at one end. This modulates the index of refraction
of the material, producing diffraction at fixed angular offsets from the
output of the crystal. Adjacent angles are separated by ΘB = λ

Λ , where
λ and Λ are the optical and acoustic wavelengths, respectively. The 0th

order (or transmitted portion) contains the un-shifted frequency, while
the mth order operates at f = f0 + m∆f , where ∆f is the Doppler
frequency shift induced by the traveling acoustic wave [51].

2.6.4 Control Loops

In order to actually use internal or external modulation to stabilize the
intensity or phase noise of a laser, control loops are typically required.
These loops come in a variety of forms, including feedback and feedfor-
ward schemes. One particularly common method is the PID loop [81]
(seen in figure 2.10), which consists of a (P)roportional, (I)ntegral, and
(D)erivative component of the control signal, written as

u(t) = KP e(t) +KI

∫ t

0
e(τ)dτ +KD

de(t)

dt
, (2.21)

where KP , KI , and KD are the gain parameters, and e(t) = τ(t)− y(t)
is the error function, defined as being equal to the set point, τ(t), minus
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Figure 2.10: Schematics of a typical PID loop which measures a process vari-
able of some DUT, y(t), and compares this to a given set point,
τ(t), to generate an error function, e(t). Proportional, integral,
and differential gain functions are then applied to the error in
order to generate a control function, u(t), which is fed into the
DUT, thus changing the process variable which is then again
compared to the set point, and so on. Such a loop, when KP ,
KI , and KD from equation 2.21 are chosen properly, is able to
stabilize the system against fluctuations.

the process variable used for comparison, y(t), and where the control
function, u(t) acts on the device under test (DUT).

In such a scheme, the proportional component corresponds to the
instantaneous, time-delayed, difference in value from the measured and
set points, while the integral value term considers past behavior and the
derivative term tries to predict future system behavior [81].

When properly tuned [82], the control signal acts on the process
variable in such a way that the error signal is ideally reduced to zero.
The speed at which this occurs is determined primarily by the loop length
and the amplitude of u(t), which is set by the gain parameters KP , KI ,
and KD. When these parameters are not properly tuned, the system will
either fail to stabilize, or will do so in an erratic or unwanted way. For
instance, if gain is much too high, the system might overshoot, generating
oscillatory behavior in the process variable as the system repeatedly tries
to reach the set point. If gain is too low, the system might fail to respond
properly to an error at all and never lock.

In general though, as seen in figure 2.11, there will always be some
tradeoff between the speed at which the loop can adjust to a given fluc-
tuation (determined by the gain parameters and effective loop length),
and the stability of the system. A system that responds quickly tends
to overshoot and generate oscillations, while a system that responds too
slowly tends to undershoot and fails to account for rapid fluctuations or
adequately reduce the noise. This simple fact means that a PID loop with
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Figure 2.11: Time trace of the measured process variable, y(t), while the PID
loop is active. Seen here are the three typical behaviors of PID
locking near the optimal set point, including undershoot (gain
too low), acceptable performance (balanced gain), and overshoot
(gain too high).

fixed gain parameters will nearly always fail to provide optimal control
over the long term, and dynamic parameter selection is preferred.

Finding the right combination of gain parameters can be difficult [83],
but there exists a general method to do so. First, all gain parameters,
KP , KI , and KD, are set to zero. Then, the proportional gain is increased
to the point that strong oscillations are present, and is then reduced by
half. The integral gain is then increased by some small amount, and the
first step is repeated to find a new proportional gain. This adjustment of
the P and I parameters is complete when the system stops improving, at
which point, the derivative term is included, and the whole process re-
peats itself. After several iterations of this process, stable locking should
be achieved. Often, all three terms are not needed, and simple propor-
tional gain or proportional and integral gain alone are enough to stabilize
the system.
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CHAPTER 3

Optical Injection Locking

3.1 Injection Locking

There is a ubiquitous need in the scientific community for improved ways
to amplify light in a way that produces high gain with low added noise.

Traditional methods of optical amplification like semiconductor opti-
cal amplifier (SOA)s [84] and erbium-doped fiber amplifier (EDFA)s [85]
work by injecting energy into a gain medium and then inducing stimu-
lated emission via an incident field to produce amplification of the in-
jected light. Although classical optical amplifiers can produce high gain
given a sufficiently long active medium, they suffer from noise buildup
in the system as ASE accumulates over the length of the gain medium
alongside the light you actually wish to amplify.

A simple approach to mitigate the impact of ASE build up in long
amplifiers might be to place a narrow-band bandpass filter (BPF) after
the amplifier in order to attenuate unwanted optical power, but this
comes with significant and obvious downsides [29]. A more advanced
approach might be to place the gain medium inside of a high Q-factor
optical cavity while continuing to pump the device with the light you wish
to amplify, such that the optical cavity itself filters away the majority of
unwanted ASE noise power at each round trip in order to preemptively
avoid the buildup of noise as opposed to trying to filter it away after the
fact. This is the approach used in OIL [6].
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Figure 3.1: A) Reflection type and B) transmission type optical injection
locking, along with an idealized picture of the slave laser output
(blue) and master laser input (orange) when C) unlocked and D)
locked. In C), ∆ω and IR (defined in the text) are marked to help
the reader visualize key parameters which determine whether or
not the system will lock.

Conveniently, if there is a small enough frequency offset between the
injected optical field (the master laser) and the natural frequency of the
unperturbed gain cavity (the slave laser), and if the amplitude of the
injected field is strong enough to overcome the natural oscillations in the
cavity which generate the slave laser’s undisturbed output, then the final
output of the complete optical system will act as a frequency copy of the
master laser with a fixed phase offset which depends on the frequency
difference between the injected field and the slave laser’s output optical
field.

This process is called injection locking, and can be thought of
more generally as a phenomenon that may occur in any physical sys-
tem of two (or more) harmonic oscillators which are somehow uni- or
multi-directionally coupled and whose oscillations can become frequency
matched to one another due to this energy transfer [6].

3.1.1 Background

Injection locking was originally discovered in the mid 17th century by
a horologist who noticed that two of his recently invented pendulum
clocks sitting on the same table are able to sometimes spontaneously
self-synchronize. In this case, the two pendulums correspond to a gener-
alized harmonic oscillator, and mechanical vibrations traveling through
the wood provide a link for energy transfer between them. In the case
of frequency interference without complete frequency locking, the effect
is calling injection pulling [86]. The effect is seen not just in clocks and
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lasers, but is used extensively in voltage controlled oscillators to syn-
chronize various electronic components [87]. Of note, this is a frequency
selective and narrow-band process, and therefore not applicable in all
situations.

3.1.2 Applications

Optical injection locking (OIL) in particular, has a variety of uses, no-
tably i) its ability to force noisy slave lasers to act as high quality fre-
quency copies of a low noise master laser for optical reference distribu-
tion, ii) it’s ability to reduce chirp in intensity modulation schemes [88],
iii) it’s ability to extend the modulation bandwidth of the slave laser
[89, 90], and iv) it’s ability to simultaneously amplify and filter light
for applications such as tone selection, pump recovery and narrowband
optical amplification [Papers A-B, & E].

Although OIL’s ability to force noisy slave lasers to act as copies of
a low now noise master laser is quite apparent, it’s other applications
require a more subtle explanation. For instance, OIL’s ability to reduce
chirp in direct modulation schemes relies on the fact that the OIL rate
equations (seen below) offer a restoring force for the electric field, but
not the phase difference. This means that the intensity at the output will
be primarily determined by carrier concentrations in the slave laser and
not by the strength of the injected field, and therefore, so long as there is
enough power to lock the device, the intensity can be modulated freely
without significantly changing the frequency at the output [91]. This
is in direct contrast with traditional direct modulation where a change
in the pump parameter, Rp, will simultaneously induce a strong change
in effective refractive index and therefore oscillating frequency. Here, so
long as the slave laser always remains within the locking bandwidth of
the master, very little frequency modulation will accompany the intensity
modulation.

Similarly, OIL’s ability to extend the modulation bandwidth of a
semiconductor laser requires a slightly more subtle explanation. Here,
the injected field reduces the carrier count by some amount, ∆N , which
in turn red shifts the cavity’s oscillating frequency. This shifts the res-
onant beat note between the cavity and emitting frequencies to higher
frequencies, effectively extending the modulation bandwidth of the de-
vice [92].
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Figure 3.2: The recovered optical spectra (A), RIN (B) and phase noise (C)
for failed optical injection locking using the same parameters for
the slave laser as given in Chapter 2, and with ∆ω equal to twice
the locking bandwidth.

3.2 Rate Equations

Mathematically, we can express the process of OIL in a typical semicon-
ductor laser as follows [43,44] :

d|E|
dt

=
1

2
{[Gn(N−N0)/(1+s|E|2)]− 1

τp
}|E|+κ|E|injcos(Ψ)+FE (3.1)

dΨ

dt
=

α

2
{[Gn(N−N0)/(1+s|E|2)]− 1

τp
}−∆ω−κ

|E|inj
E

sin(Ψ)+Fϕ (3.2)

dN

dt
= Rp −R(N)− [Gn(N −N0)/(1 + s|E|2)]|E|2, (3.3)

using the same notation seen in Chapter 2, but here with κ being the
injection rate, Einj being the magnitude of the injected field, Ψ being
the phase offset between the master and slave lasers, ∆ω being the fre-
quency difference between master and unperturbed slave laser, and with
the carrier decay term R(N) = AN +BN2 (ignoring 3rd order recombi-
nation).

Simulations are shown of the optical spectra, RIN, and phase noise
in the case of an unlocked (figure 3.2) and locked (figure 3.3) slave laser.
The phase noise at the output of the slave laser is significantly improved
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Figure 3.3: The recovered optical spectra (A), RIN (B) and phase noise (C)
for optical injection locking using the same parameters for the
slave laser as given in Chapter 2, and with ∆ω equal to one
quarter of the locking bandwidth.

in the case of locking to a low noise injected signal, resulting in a signifi-
cant reduction in optical linewidth at the output. Moreover, a secondary
peak can be seen in the RIN and phase noise spectra which corresponds
to the beat note between the slave laser output field and injected field.

Of note, the mathematical model presented here is identical to the
case of an external cavity laser [93], where Einj is said to be a delayed
copy of the output signal such that one may replace Einj with eiϕE(t−
τ), where τ represents the time delay and ϕ represents the phase shift
acquired during this time delay [94]. As such, one may therefore view
these as a quite general set of equations.

3.3 Simplifications and Analysis

Ignoring gain compression, spontaneous emission, and assuming a noise-
less system allows us to solve the system in steady state and find a
minimum and maximum allowable detuning [6] :

∆ωmin = (−κ
Einj

E0
)
√

1 + α2 < ∆ω < κ
Einj

E0
= ∆ωmax. (3.4)

Similarly, the fixed phase difference between the master and slave
laser, when locked, can be written in standard notation as

Ψ = sin−1{ ∆ω

∆ωmin
} − tan−1(α), (3.5)
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Figure 3.4: Optical injection locking simulated using the simplified set of
equations. Here, the offset frequency is set to -10 GHz, and the
injection ratio is varied. The asymmetry is induced by an α value
of 3.

where Ψ varies between cot−1(α) and −π
2 over the locking range, and at

zero detuning is equal to −tan−1(α).
A plot of these curves can be seen in figure 3.4, given as a function

of the injection ratio, IR = |E/Einj | =
√
P√
Pinj

.

3.4 Control Mechanisms

OIL can be stabilized in a variety of ways [6], with the ultimate goal
being a system which is robust to fluctuations on either the master or
slave laser.

The simplest method of stabilization relies on the fact that when
locked, the final output power of the slave laser changes minutely as a
function of difference frequency, ∆ω. Therefore, by stabilizing the power
at the output of the slave laser, ∆ω can be stabilized in turn. However,
because the output power is primarily governed by the slave laser, the
effect is minuscule and therefore cannot be relied upon as a consistent
method.

Alternatively, one can directly measure Ψ in order to stabilize the
system. By assuming constant coupling, injected field power, and am-
plitude to phase noise conversion, equation 3.5 turns into a monotonic
function of ∆ω, with bounds at the limit of injection locking. By stabi-
lizing Ψ, one therefore stabilizes ∆ω in turn.
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Typically this is done by splitting the master laser and then mod-
ulating one arm, while leaving the other unchanged. In this case (and
as seen in [Paper D]), you may lock the slave laser to the unmodulated
arm and beat the slave laser output against the modulation side-band(s)
of the other arm in order to recover Ψ. Alternatively, you may lock the
slave laser to a modulated beam (central tone or side-bands) and, if the
modulation tones are outside of the locking bandwidth, you may use the
back-reflected pilot tone(s) as a reference to beat against for recovery of
Ψ. In either case, the mechanism of action relies on the fact that when
locked, slave lasers pick up a fixed phase shift that depends primarily
on the frequency offset between the master and unperturbed slave laser
operating frequency, while an unlocked tone does not.
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CHAPTER 4

Frequency Combs

4.1 Combs

Optical frequency combs are a special class of highly coherent, multimode
lasers which come in a variety of forms [12,13,95–101], but in all cases be
described by a series of distinct, non-zero amplitude optical modes in the
frequency domain which have equal spacing, and some shared offset from
zero. In this case, the repetition rate of pulses is equal to the frequency
spacing of optical modes, while the shared offset from f = 0 is equal to
the carrier envelope offset (CEO) frequency. That is to say,

fm = fCEO +mfrep. (4.1)

In the time domain, when many mutually coherent waves are com-
bined, a pulse is formed, as seen in figure 4.1. Mathematically, this is
expressed for a frequency comb as

E(t) =

+∞∑
m=0

Amei2πfmt+ϕm . (4.2)

An idealized, Gaussian comb can be seen in both the time and fre-
quency domains in figure 4.2, which serves to provide an intuitive un-
derstanding of the link between the time and frequency domains via the
FT. Of note, we consider a stationary pulse and define fCEO as
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Figure 4.1: An illustration of pulse formation which occurs due to the coher-
ent superposition of sinusoidal oscillations of different frequencies.
Here, 10 cosine functions with frequencies 2π · 5, 10, 15...50 are
coadded to generate a pulse in the time domain. By adding more
and more frequency components, we are able to narrow the tem-
poral overlap which generates pulse formation. Thus, the pulse
width in time is inversely proportional to the spectral bandwidth
in frequency.

fCEO =
d

dt
ϕCEO(t). (4.3)

4.1.1 Background

Precise knowledge of an optical tone’s frequency was quite difficult in
the late 1990’s [27, 28]. Typically, this was done using known atomic
references which were useful for their reproducibility, but were hampered
by the absorption profile changing as a function of temperature and
pressure. Alternative solutions (in particular for frequencies not readily
accessible via atomic reference), made use of long RF to optical frequency
converter chains. Unfortunately, starting with a microwave reference in
the low GHz and moving up to the hundreds of THz is a massively
complicated process.

At it’s core, this is the function of a frequency comb [13]. It serves as
a link, or set of gearing, between the RF (MHz, GHz) and optical (THz)
domains. Furthermore, it acts as an “optical ruler” in the sense that it
lays out a set of equally spaced tick marks along a single dimension (in
this case, in time/frequency as opposed to space).

The first examples of passive frequency combs were mode locked
lasers using nonlinear mechanisms in the device such as a saturable ab-
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Figure 4.2: A) Two chirp free Gaussian pulses in succession, separated in
the time domain by some period. Here, a copy of the first pulse
(orange) is superimposed on the second (purple), to give a better
indication of what is meant by the carrier envelope offset phase
difference acquired between successive pulses. B) A Gaussian
frequency comb in blue, with spacing between optical modes equal
to the comb’s repetition rate. The offset frequency shared by all
optical tones is equal to the carrier envelope offset frequency, as
indicated by the lowest frequency orange line which corresponds
to the m = 0 tone. Orange tones are not real (Am = 0), and are
only shown to highlight the f-domain implications of the CEO
frequency.
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sorption mirror or the Kerr nonlinearity to provide selective gain for
strong pulses and enforce a fixed phase relationship between subsequent
optical modes. Alternatively, an active medium may be placed inside of
the gain cavity, such as an electro- or acousto- optic modulator. The
result is a set of equally spaced tones in the optical domain (set by the
effective cavity round trip time in the case of passive mode locking or
the driving frequency of the modulator in active mode locking). Unfor-
tunately, the cavity itself (due to dispersion) is often not composed of
equally spaced resonances, and therefore there exists some walk-off that
limits the achievable spectral bandwidth - a problem which persists in
photonic frequency combs to this day [102,103].

These combs were typically locked using the “f-to-2f” method, which
makes use of the fact that an octave spanning comb (often generated
using nonlinear properties enabled by the high peak powers of pulsed
laser systems) has access to both the fm = fCEO +mfrep and the fn =
fCEO + nfrep modes, where fm = 2fn. If we frequency double the first
tone, and beat it with the second, the frep terms cancel, and we’re left
with direct detection of the carrier envelope offset frequency, which can
thereafter be stabilized. Locking with other tones (2f-3f locking, for
instance) is possible using similar (albeit slightly different) math, which
results in slightly higher noise [104].

4.1.2 Applications

Optical frequency combs find uses in many domains [12, 13, 105], most
of which make use of the pulsed nature of light in the time domain, or
the well known location of tones in the frequency domain. For instance,
combs can be used to measure and transmit atomic clock signals, or can
be used as optical clocks themselves (offering the best frequency stability
currently available, several orders of magnitude better than traditional
atomic clocks).

Combs can also be used for communications where tones sit nicely in
the center of well spaced frequency bins, for the generation of arbitrary
frequencies of light (as per their original purpose, and in [Papers A-B]), or
be used simply as an optical reference for the calibration of spectrograms
for applications such as exo-planet detection.
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Figure 4.3: A typical EO comb setup using a low noise input laser, 2 phase
modulators (PM), one amplitude modulator (AM), and an RF
driving tone with phase delays between subsequent modulators to
induce spectral flatness. Often, high powered RF amplifiers are
used before modulation and after the phase delay (not pictured).

4.2 Electro-Optic Frequency Combs

An EO comb (figure 4.3) is one of the many varieties of frequency combs,
and is created by passing a seed laser through some number of optical
modulators in order to produce a series of equally spaced and cascaded
modulation side-bands. Here, the comb’s frequency spacing is directly
determined by the modulation frequency (and thus the driving RF sig-
nal), the width of the comb is given by the strength of phase modulation,
and the flatness of the spectral envelope is determined by the phase rela-
tionship between the driving field at the input of subsequent modulators.

Because the frequency line spacing (and corresponding repetition
rate) is given by the RF clock which drives the modulation, ultra-high
repetition rate (> 100 GHz) EO combs are difficult to produce given the
lack of ultra-high repetition rate RF driving signals, amplifiers, and phase
modulators. Even at moderate repetitions rates however, expensive and
lossy optical modulators, powered by energy-expensive amplifiers are re-
quired. Nevertheless, EO combs are robust, easy to operate, and are well
described by linear functions, as shown below. All together, this makes
them of interest in both scientific and practical applications.

If we write the seed laser in terms of the classical wave equation as
follows [14] :

A(t) = A0e
iωct, (4.4)

where A0 is the wave amplitude, and ωc is the carrier frequency, then we
can phase modulate the wave with some driving field to find

A(t) = A0e
iωcteiKV0 sin(ωmod)

= A0e
iωctei∆Φ,

(4.5)
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where K is the phase modulation index, V0 is the amplitude of the mod-
ulating signal, ωmod is the modulation frequency, ∆Φ = KV (t) is the
phase shift due to modulation, and V (t) = V0sin(ωmodt).

Next, we take the FT and find that

Ã(ω) = A0δ(ω − ωc)

∫ +∞

−∞
ei∆Φe−iωtdt, (4.6)

where we keep in mind that ∆Φ = KV (t) is a function of t while inte-
grating.

We then expand the plane wave as a series of cylindrical waves (i.e.
the Jacobi-Anger expansion), and write

Ã(ω) = A0δ(ω − ωc)

∫ +∞

−∞

(
+∞∑

n=−∞
Jn(KV0)e

−i(ω−nωmod)t

)
dt

= A0

+∞∑
−∞

Jn(KV0)δ(ω − nωmod − ωc),

(4.7)

where Jn are Bessel functions of the 1st kind, and act as the envelope
function which defines a comb of frequencies ω = nωmod + ωc.

Importantly, if we introduce static some phase noise term, ϕ, which
arises due to voltage fluctuations on the RF driving field, we may now
write V (t) = V0 sin(ωmodt+ ϕ), such that Ã(ω) becomes

Ã(ω) = A0

+∞∑
−∞

Jn(KV0)e
inϕδ(ω − nωmod − ωc), (4.8)

and we see that the phase noise on any individual comb mode which
stems from the RF oscillator that drives V (t) grows linearly with absolute
mode number, |n|, offset from the pump.

We also notice that the end result of a single phase modulator is
a superposition of a large number of Bessel functions. The amplitude
difference between various comb lines therefore varies considerably across
the comb’s bandwidth due to the complicated superposition of these
Bessel functions. To compensate for this, an amplitude modulator is
often placed after the phase modulator(s), in order to produce a smooth
(although not necessarily a flat-top) envelope.

Figure 4.4 shows a simulated EO comb made via two phase modu-
lators and one amplitude modulator, with a fixed phase relationship to
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Figure 4.4: A power normalized EO comb simulated via the modulation of a
noisy seed laser with an noisy RF tone. Here, two phase modula-
tors and one amplitude modulator is used. The RF driving field
is set to 24.8 GHz such that it coincides with a multiple of the
simulation’s sampling frequency. K is set to 3.375 V −1 and the
amplitude modulation index is set to 0.9.

ensure maximum spectral bandwidth and a flat-top comb. The specific
parameters of the simulation are such that the central frequency is set
to 200 THz (∼ 1500 nm), the driving RF field is set to 24.8 GHz, both
the laser and modulation frequencies are given white and pink noise, and
the phase modulation index, K, for both phase modulators is 3.375 V −1,
while the amplitude modulation index is set to 0.9.

4.3 Microresonator Frequency Combs

Photonic chip microresonator frequency combs fall under the broader
category of Kerr combs [95], named for their reliance on 3rd order optical
nonlinearities to produce a series of equally spaced optical tones. This
is possible thanks to the build up of light in high quality factor optical
cavities [16].

In general, and as seen in figure 4.5, the process can be described
by a high power source traveling through a waveguide which is coupled
to some high quality-factor optical resonator, where the quality factor,
Q, is defined as Q = ωr/∆ω, where ωr is the angular frequency of the
resonant mode in question, and ∆ω is its FWHM bandwidth. In the limit
of high Q, this definition is equivalent to 2π times the energy stored in
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Figure 4.5: A) A high power continuous wave laser is injected into a wave
guide which is coupled to a high Q-factor optical resonator. In
the special case when optical gain and loss of the cavity are bal-
anced, and nonlinear phase shift and dispersion are balanced, an
optical soliton may form in the cavity, residing on top of a CW
background. In this case, a highly coherent train of pulses is
formed in the time domain, which corresponds to a frequency
comb in the spectral domain. B) Here, the anomalous dispersion
required to kick start soliton generation via modulation instabil-
ity is generated locally via a tunable, avoided mode cross, using
heaters on the individual, normal dispersion ring resonators.
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the resonator, divided by the energy dissipated per cycle. Thus, a high
quality factor cavity may allow for substantial build up of light inside
the cavity.

This accumulation of electric field in the cavity is often strong enough
to excite nonlinear processes (and is typically started by modulation in-
stability in an anomalous dispersion medium [23]). Indeed, for certain
values of input power relative to the waveguide’s nonlinear threshold and
of driving frequency relative the the cavity’s natural resonance, the re-
sulting output is a set of nonlinearly produced and equally spaced optical
tones in the frequency domain (i.e. an OFC). In special cases when the
cavity’s gain and loss is balanced on one hand, and the nonlinear and
dispersive phase shifts are balanced on the other, the output may be a
stable series of soliton pulses in the time domain, sitting atop a strong
continuous wave (CW) background [16].

Mathematically, the process can be thought of as a damped and
driven version of the nonlinear Schrodinger equation (NLSE), which is
written in dimensionless form as follows, in a form known as the dimen-
sionless Lugiato Lefever equation (LLE) [106] :

∂Ψ

∂T
= −(1− iξ0)Ψ +

i

2

∂2Ψ

∂Θ2
+ i|Ψ|2Ψ+ f, (4.9)

where Ψ =
√

2g0
κ A is the primary field,

T = κ
2 t represents slow time, corresponding to the wave’s evolution

after each roundtrip in the cavity,

ξ0 =
2
κ(ωp − ωr) is the cavity detuning,

Θ =
√

κ
2D2

ϕ is the dispersion normalized angular position,

f =
√

Pin
Pthreshold

is the pump power relative to the threshold power,

g0 =
ℏω2

0cn2

n2
gVeff

is the per photon nonlinear phase shift,

κ = κintrinsic+κextrinsic is the inverse photon lifetime inside the cavity,

Pthreshold = κ3

8g0κextrinsic
is the threshold power for modulation

instability,
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A is the field amplitude normalized to photon count,

ωp is the pump frequency,

ωr is the cold resonance frequency,

D2 is the walk-off from resonance due to 2nd order dispersion,

ϕ is the angular position in the cavity,

n and ng are the regular and group indices of refraction, and

Veff is the effective mode volume.

The LLE is normally solved numerically by dividing the equation
into its linear (D̂) and nonlinear (N̂) components [107], choosing an ap-
propriate step size in time, and solving the two components separately,
in a nearly identical manner to how one would normally solve the un-
damped and unpumped NLSE. Of course, higher order dispersive terms
and various other nonlinear effects such as the Raman effect could be
considered as well [23].

Importantly, from the normalized and dimensionless LLE, we see that
when given the resonator’s dispersion profile, linewidth, and nonlinearity,
the behavior of the system relies on only two parameters : the normalized
detuning and normalized power, both of which can be controlled by
acting on the driving CW laser.

When these two parameters are properly tuned relative to the given
material parameters, the result is the generation of various cascaded four
wave mixing (Kerr) modes in the frequency domain. Within this regime
there are a large variety of still-being-explored states [108], such as the
noisy, fully developed modulation instability (MI) state [109] which lacks
mutual coherence between the comb lines, the multi and single soliton
states (formed via an delicate balance between gain and loss on one hand,
and phase shifts due to dispersion and nonlinearity on the other) [16,110],
as well as more exotic states such as soliton crystals [111–113], breather
solitons [114,115], and more.

In particular, silicon nitride [116] is the only nonlinear photonic ma-
terial used for Kerr soliton generation in this work, and was selected for
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a variety of reasons, including its large bandgap (and therefore low loss)
from 2.7 - 5 eV, its low thermo-optic coefficient around 10−5, its rela-
tively high nonlinear coefficient, its low two-photon absorption in the
near infrared, the ease of dispersion tunabililty, and its compatibility
with standard CMOS fabrication techniques. Still, many other material
platforms are viable and are being explored at length in the field [116].

4.3.1 Normal Dispersion Coupled Cavity Combs

Typically [108], the nonlinear generation of Kerr combs depends on mod-
ulation instability which is induced by the waveguide’s anomalous disper-
sion and which is controlled via mode field engineering [103]. However,
as seen in [Papers C & D], anomalous dispersion can also be induced
locally via an avoided mode crossing. In a so called “photonic molecule”,
two normal dispersion cavities (not able to generate modulation insta-
bility on their own due to material dispersion) are coupled together.
This induces an avoided mode crossing and localized anomalous disper-
sion in the frequency region around the avoided mode crossing. By CW
pumping in these regions of anomalous dispersion, comb generation is
possible, and by using heaters attached to both resonators, the avoided
mode crossing may be controlled such that the comb may be initiated at
any driving frequency [18, 19]. In simulation, the auxiliary ring may be
modeled simply as a change in material dispersion of the primary ring
without major penalty on the validity of simulations.
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CHAPTER 5

Applications and Future Outlook

In this chapter, a selection of topics related to this thesis are discussed,
with a focus on the applications of optical frequency combs and optical
injection locking.

5.1 Phase Sensitive Amplification

The primary motivation for producing low noise and highly tunable comb
based sources in our lab is for their use in phase sensitive amplifiers [117],
which are important for low noise regenerative loops, optical communi-
cations, and more.

Typically, in order to produce the idler required for phase sensitive
amplification (PSA), a copier is used. Here, the pump(s) and signal
are launched into some length of nonlinear medium to produce an idler
wave at the required frequency. Then, the pump(s) are regenerated via
amplification, their phases are fixed for maximum gain in the PSA, and
the 4 waves then pass through a nonlinear medium for power conversion
(‘noiseless’ gain). The role of a low noise highly tunable laser then, would
be to replace the copier and therefore remove the need for one of the two
lengths of nonlinear medium, as well potentially being used for pump
regeneration at the receiver end.

A comb-based approach, where the various tones are guaranteed to be
mutually coherent and equally spaced, may be used for all three waves.
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A low noise pump may be used as the driving tone for comb generation,
and then a signal and idler may be chosen on either side such that they
are equally spaced from the center and assured to have a fixed phase
relationship. Finally, optical injection locking may be used for pump
recovery as a way to regenerate power lost to comb generation.

5.2 Optical Communications

In the case of optical communications, the use of ultra-low noise am-
plifiers is important for long haul systems where noise buildup due to
amplification is often a limiting factor in system throughput [118]. A tra-
ditional optical amplifier relies on stimulated emission to produce gain,
which comes with a 3 dB minimum noise floor due to ASE in the ampli-
fier’s gain medium [29].

Typically, excess out of band noise is filtered away using a BPF,
which is necessarily non-resonant with the signal given that the two
are unlinked. Instead, optical injection locking can be used to force an
external gain cavity into resonance with the driving field, which simul-
taneously amplifies the desired signal while taking advantage of cavity
filtration to attenuate out of band noise. This allows for the generation
of a frequency selective, high gain, low noise, and narrow bandwidth
amplifier to be used in optical communications, among other applica-
tions [6].

5.3 Resonant Excitation

Tunable low noise lasers are particularly interesting for their ability to
excite specific and narrow resonances of a system. This could be a molec-
ular or atomic system, such as a single vibrational mode of a particular
atom or molecule, or even an optical system such as a resonant cavity.

One such application of resonant excitation may be atom trapping
[119, 120] and cooling [121, 122], whereby a laser with high frequency
stability manipulates some atomic material via absorption and reflection.
In doing so, the photon’s energy / momentum is imparted onto the atom,
which can be used to lock it in place, or to effectively cool the material
via a specific atomic or ionic transition.

Another common application might be the excitation of optical reso-
nances. The typical source used in the lab for the formation in microres-
onator frequency combs, for example, is a low noise external cavity laser,
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but could easily be replaced by a low noise tunable laser such as the one
proposed here. external cavity diode laser (ECDL)s are bulky and rely
on high stability of the external cavity, which makes them difficult to
apply in the field. An integrated platform is compact and is necessarily
more stable and thus may be more practical in out-of-lab situations [13].

5.4 Metrology and Optical Referencing

High quality lasers such as the ones discussed here are particularly useful
when viewed as an absolute frequency reference, such as when calibrating
various optical equipment [123], for precise measurements of distance
such as in LIDAR systems, and for precision spectroscopy [124].

Metrology is a wide field with a huge range of applications, but such
high fidelity measurements are particularly useful in defining standards
like the length of the meter and the definition of a second. Of course,
having access to a high precision frequency reference is also useful for a
variety of other tasks, such as when used as a reference to which other
lasers may be locked, for use as an optical clock or optical ruler, in
astrophysics, etc [25].

5.5 Optical Coherence Tomography

As demonstrated in [Paper E], optical coherence tomography (OCT) is
an experimental technique that aims to produce a three-dimensional im-
age using back-scattered light. Typically, the process uses CW waves
with a broad bandwidth and very low temporal coherence (or alterna-
tively, a swept source) in order to isolate slices of a tomograph which can
be reconstructed afterwards. When using a comb, however, the long co-
herence time and pulsed nature of the light offers an alternative method
for high resolution spectral imaging [125]. Essentially, the pulse is split in
two using an interferometer, with one arm used as a reference while the
other is broken into various back reflections and according to frequency,
will interfere with the reference arm to produce a unique pattern which
may be resolved to recover an image. Broadly speaking, the device can be
thought of as a massively multi-frequency interferometer. OCT has ap-
plications which are readily apparent across the field of imaging, such as
the real time imaging of retinas, cardiology, oncology, dermatology, and
various nondestructive testing techniques for industrial applications.

49



Chapter 5. Applications and Future Outlook

50



CHAPTER 6

Summary of Included Papers

Summarized here, then attached after the list of included references, are
the relevant research works, Papers A - E :

Paper A
Widely tunable, low linewidth, and high power laser source
using an electro-optic comb and injection-locked slave laser
array
Optics Express, vol. 29, no. 11, May 2021

This paper covers work done at Chalmers, and focuses on the
creation of a fixed-frequency, low noise laser source which is highly
tunable. Here, a low noise seed laser is used to produce an EO frequency
comb via 25 GHz cascaded modulation side bands. After comb pro-
duction, a tone is picked off and used for injection locking via an array
of distributed feedback (DFB) lasers. By tuning the seed laser across
a frequency range greater than the RF clock’s oscillation frequency,
any output frequency within the comb’s bandwidth is achievable at
the output. This work achieves a single frequency tunable laser which
has less than 400 Hz of linewidth across its full tunable range of ∼ 10
nm, has approximately 55 dB side-mode supression ratio (SMSR), and
approximately 20 dBm of output power.
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Paper B
Widely tunable narrow linewidth laser source based on pho-
tonic molecule microcombs and optical injection locking
Optics Express, vol. 30, no. 12, June 2022.

This paper covers work done at Chalmers and can be thought of
as a direct follow-up work to [Paper A]. Here, the same low noise
seed laser is used to produce a microresonator frequency comb in a
normal dispersion photonic molecule, after which individual tones
are picked off and injection locked via a single FP laser. By using a
microresonator frequency comb, the free spectral range of comb lines
is increased by a factor of 4 (up to 100 GHz), and by using a single
FP slave laser, the complexity and footprint of the system is greatly
reduced. Importantly, the use of a coupled cavity normal dispersion
photonic molecule with individual heaters on each ring allows for full
tunability of the final output, and provides a relatively flat-top and
highly efficient comb for later injection locking. Additionally, the
process addresses a huge number of size, weight, and power (SWaP)
concerns compared to traditional, bulk EO-combs. The resulting
output does incur some penalty in phase/frequency noise and in
final output power when compared to the result of [Paper A] , but is
significantly more tunable (notably, across the full C-Band of operation).

Paper C
Thermorefractive noise reduction of photonic molecule fre-
quency combs using an all-optical servo loop
Optics Express, vol. 31, no. 21, October 2023.

This paper covers work done in collaboration with DTU and at
NKT photonics as part of an industry exchange during my PhD at
Chalmers, and can be thought of as a direct follow-up work to [Paper
B]. In the previous paper, thermorefractive noise was identified as the
main limiting factor contributing to phase noise at the system output,
and as the main driving source for phase noise growth as a function of
comb mode index. These thermal effects are present in all systems, but
can be mitigated in optical microcavities by placing a ‘cooling’ or ‘servo’
laser on the blue side of a compatible optical resonance, such that it
may passively compensate for temperature fluctuations. This process,
however, has been traditionally limited by the initiation of modulation
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instability in anomalous dispersion media as power on the secondary
laser increases. Due to the way in which normal dispersion photonic
molecules produce a comb, however, dispersion is only anomalous near
the pump frequency, and therefore, cooling may be achieved past the
typical nonlinear power limit imposed by anomalous dispersion in a
traditional microcomb.

Paper D
Pre-amplified optical injection locking at low input powers
submitted to Optics Express.

This paper covers work done at Chalmers, and is focused on the
limits of optical injection locking. We find that when the injection
ratio is very low (such that the locking bandwidth is narrow) and when
noise on the injected signal is high, temporary fluctuations may be
able to momentarily unlock the system. This results in a phase slip in
the difference between master and slave laser, which corresponds to a
spike in the phase noise PSD. The process is studied in simulations
and, experimentally, we demonstrate the recovery of tones at powers
as low as -80 dBm (-70 dBm for phase slip free operation), producing
a frequency copy of the input CW signal at the slave laser output of
approximately 20 dBm. Here, a PID loop is used to lock Ψ by feeding
back on the slave laser.

Paper E
Soliton microcomb based spectral domain optical coherence
tomography
Nature Communications, 12:427, 2021.

This paper covers work done at EPFL, and focuses on the ap-
plication of microresonator frequency combs to optical coherence
tomography - comparing the soliton and MI states of an anomalous
dispersion microresonator frequency comb to a traditional OCT source
such as the superluminescent diode. In particular, we are interested in
the relative intensity noise of both the single soliton and chaotic MI
states, as well as the degree of intensity cross correlation between various
comb lines. Importantly, common-mode noise will not degrade the
ultimate dynamic range of the imaging system, and as such - the soliton
state offers several advantages. That being said, the discretization of
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the frequency components does lead to periodicity in the image which
may introduce additional complexity.
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