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“Je suis de ceux qui pensent que la Science a une grande beauté. Un savant dans son
laboratoire n’est pas seulement un technicien: c’est aussi un enfant placé en face de
phénomeénes naturels qui 'impressionnent comme un conte de fées. Nous devons avoir
un moyen pour communiquer ce sentiment a l'extérieur; nous ne devons pas laisser croire
que tout progres scientifique se réduit a des mécanismes, des machines, des engrenages,
qui, d’ailleurs ont également leur beauté propre.

Je ne crois pas non plus que dans notre monde, l'esprit d’aventure risque de dis-
paraitre. Si je vois autour de moi quelque chose de vital, c’est précisément 'esprit d’aventure
qui parait indéracinable et s’apparente a la curiosité. On trouve 'esprit d’aventure chez

les enfants, a tous les dges et a tous les degrés.”

Marie Sklodowska-Curie, French-Polish physicist and chemist
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Abstract

INCE its introduction, optical coherence tomography (OCT) has become a widely
S used imaging technique for non-invasive, three-dimensional visualisation of
biological tissues. Although resolution has steadily improved, imaging speed re-
mains a key limitation—particularly for reducing motion artefacts and enabling
real-time volumetric acquisition. Swept-source OCT (SS-OCT), which uses rapidly
wavelength-tunable lasers, has enabled imaging at MHz-scale A-scan rates. How-
ever, most conventional swept-source designs rely on mechanically tuned ele-
ments, which fundamentally restrict further increases in speed. To overcome this,
recent research has turned to akinetic swept-source technologies, which avoid
moving parts entirely.

This thesis explores an akinetic swept-source approach based on time-stretched
supercontinuum generation. In this technique, ultrashort, high-peak-power pulses
are passed through a nonlinear medium to generate a broadband supercontin-
uum, which is then dispersed through a highly chromatic medium. This process
creates a passive wavelength sweep through group delay dispersion. First pro-
posed by Moon et. al. in 2006, the approach was initially limited by high noise
levels inherent to conventional supercontinuum sources. However, with the de-
velopment of all-normal dispersion (AND:I) fibres, it became possible to generate
broadband light with much lower noise. This work builds on that foundation,
investigating whether an ANDi-based time-stretched supercontinuum source at
1060 nm could be suitable for high-speed SS-OCT.

Two swept-source systems were developed as part of this work. The first,
operating at 80 MHz, used a fibre-based dispersive stretcher, with the nonlinear
broadening optimised through numerical simulations. OCT imaging was demon-
strated at an A-scan rate of 40 MHz, and full-volume imaging at 400 Hz was
achieved using a fast electro-optic scanner. Although promising, this high-speed
setup proved less suited to imaging weakly scattering samples, such as the retina,
due to shot and electronic noise. A second source operating at 10 MHz was there-
fore developed. This version used a custom-fabricated chirped fibre Bragg grat-
ing to provide the required dispersion while avoiding the losses associated with
long fibre stretchers. A pulse picker was also implemented to reduce the laser’s
repetition rate, and the supercontinuum generation process was further refined.
Using this lower-rate source, low-noise in vivo imaging was successfully carried
out on dermal and retinal tissue. Fine structures such as sweat ducts, the retinal
nerve fibre layer, and the choroid were clearly visualised. These results demon-
strate the feasibility of ANDi-based time-stretched supercontinuum sources for
high-speed OCT and highlight their potential for a wide range of biomedical
imaging applications.
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Introduction

Project Motivation

WEPT-source optical coherence tomography (55-OCT) is an advanced imag-
S ing technique that enables non-destructive, three-dimensional visualisation
of multilayered samples. Owing to its potential for high imaging speeds, this
modality of optical coherence tomography (OCT) has garnered significant inter-
est from both researchers and clinicians. While the dominant form of OCT —
spectrometer-based Fourier domain OCT — offers impressive axial resolution, it
is ultimately constrained by the limited acquisition rates of spectrometers. In con-
trast, SS-OCT replaces the spectrometer with a swept-source laser and a photo-
diode, thereby shifting the speed bottleneck from the detector to the light source.
This configuration enables much higher acquisition rates, as photodiodes can op-
erate at significantly greater speeds than spectrometer arrays.

A key requirement for SS-OCT is the use of a light source capable of rapid
frequency sweeping. Several technologies have been developed to meet this de-
mand, leveraging various photonic platforms, including optical fibres and semi-
conductor devices [1]-[7]. While considerable progress has been made — improv-
ing imaging speeds from hundreds of kilohertz to several megahertz — achieving
sweep rates in the tens of megahertz remains a considerable challenge[8]. This
limitation arises primarily because most swept-source designs rely on mechan-
ical tuning elements to achieve wavelength sweeps, and these components are
inherently limited by their physical inertia. Efforts to miniaturise such devices
continue, but practical constraints persist.

An alternative approach involves utilising different physical phenomena, such



as chromatic dispersion, to achieve frequency sweeping without moving parts.
These sources, known as akinetic swept-sources, have demonstrated sweep rates
in the hundreds of megahertz range [9], [10]. However, such sources have pre-
dominantly been implemented within telecommunication spectral bands, where
mature and cost-effective components are readily available. Unfortunately, these
wavelengths are unsuitable for biomedical imaging due to significant absorption
by water. Given the increasing demand for ultrafast imaging in medicine, it is
vital to explore the feasibility of akinetic swept-sources operating in biologically
relevant spectral windows, such as around 850 nm, 1060 nm, or 1300 nm, where
water absorption is comparatively low.

This thesis investigates an akinetic swept-source architecture known as the
time-stretched supercontinuum. In this approach, an ultrashort, high-peak-power
monochromatic pulse is first launched into a nonlinear medium, generating a
broadband pulse known as a supercontinuum. This broadband pulse then prop-
agates through a dispersive element with high chromatic dispersion, which in-
troduces wavelength-dependent delays, thereby passively producing a temporal
frequency sweep. Originally proposed by Moon et al. in 2006 [7], this technique
was initially limited by the high noise levels intrinsic to conventional supercon-
tinuum generation. In the early 2010s, a new method employing all-normal dis-
persion (ANDi) nonlinear media was introduced [11], [12], enabling the genera-
tion of low-noise supercontinuum pulses due to the dominance of coherent non-
linear processes [13]. This work builds upon these advances by exploring the
feasibility of using an ANDi-based time-stretched supercontinuum as a swept-

source centred at 1060 nm for biomedical SS-OCT applications.



Organisation of the Thesis

This thesis is organised into four main chapters. Chapters 1 and 2 provide the
theoretical background essential for understanding the experimental work pre-
sented in Chapters 3 and 4.

e Chapter 1 presents the historical context and fundamental principles of
OCT. The three principal variants—time-domain OCT, Fourier-domain OCT, and
swept-source OCT—are introduced. Special attention is given to signal process-
ing techniques and the influence of swept-source parameters on key imaging per-
formance metrics.

e Chapter 2 focuses on the optical source technologies relevant to this work. It
begins with a discussion on supercontinuum generation and the associated non-
linear optical phenomena, with a particular emphasis on ANDi supercontinuum
sources. The latter part of the chapter reviews state-of-the-art high-speed swept-
source technologies.

The experimental component of the thesis is presented in the subsequent two
chapters, each detailing a specific swept-source design and its corresponding
OCT imaging implementation.

e Chapter 3 details the design and implementation of an 80 MHz time-stretched
supercontinuum source. A numerical simulation framework was developed to
optimise the nonlinear dynamics within the ANDi photonic crystal fibre. In
addition, the dispersive stretcher—comprising long lengths of single-mode fi-
bre—was designed and optimised. The constructed source was experimentally
characterised, and its performance evaluated for high-speed SS-OCT imaging
of low-scattering samples. Two OCT setups are presented: the first, a fixed-
beam configuration without lateral scanning, was used to image fast-moving
micrometre-scale targets mounted on a mechanical chopper; the second combines
a potassium tantalate niobate (KTN) electro-optic deflector with a galvanometric

scanner, enabling volumetric OCT imaging at a rate of 400 Hz.



e Chapter 4 addresses the development of a 10 MHz swept-source for in vivo
retinal imaging, where improved sensitivity is essential. The challenges associ-
ated with achieving both large dispersion and broad bandwidth in a compact
stretcher are discussed, and the design and characterisation of a custom chirped
fibre Bragg grating (CFBG) are presented. The full swept-source system, incor-
porating a pulse picker, was developed and evaluated. SS-OCT imaging was
performed on biological tissues, including B-scans of the human thumb and vol-
umetric scans of the retina. Despite the high-speed acquisition, key anatomical
features were successfully visualised, such as the optic nerve head, foveal pit,
choroid, and retinal vasculature, demonstrating the potential of the system for
high-speed biomedical imaging.

e Chapter 5 concludes the thesis by summarising the work undertaken, out-
lining its key achievements, and providing a perspective on future directions in
time-stretched supercontinuum swept-sources and swept-source optical coher-

ence tomography (S5-OCT).



Part 1

Theory



Chapter 1

High-speed optical coherence

tomography

Contents
1.1 Principlesand techniques . . . . ... ... ............. 8
1.1.1  Original concept and time-domain OCT (TD-OCT) . ... 8
1.1.2 Fourier-domain OCT (FD-OCT),anewera ... ... ... 9
1.1.3  Swept-source OCT (S5-OCT), a key for high-speed imaging 11
1.2 Scanning and nomenclature .. ............... ..., 11
121 Scanningdevices . . . ... ... ... ... .. ... 12
122 Scanningpatterns. . . ... ... ... ... .. ... .. .. 13
1.3 Signalprocessing . ... ... .. ... i 14
131 OCTsignal . ... .... ... ... .. ... .. .... 14
1.3.2 Signalextraction . ... ... ..... ... . ... . ..., 14
1.3.3 Fourier transform processing . . . . .. ... ... ... .. 16
134 Masterslave processing . . . . ... .. ... ........ 18
1.4 Parameters and impact of the swept-source . ........... 19
14.1 Axialresolution . . . ... ... ... ... ... ..... 20
142 Axialrange . . ... ... ... .. ... ... . .. .. 21
143 A-Scanrate . ......... ... ... . 22
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144 Lateralresolution . . . . . . . . . . .. .. ... . ... ... 23
145 Noiseand sensitivity . . . .. ... .. ..... ... ..., 24
1.5 ConclusSion . . . . . v i i i i it e et e e e e e e e e e e e e 26

INCE its first publication in 1991, optical coherence tomography (OCT) be-
S came a major imaging technique [14], [15]. This method enables non-invasive
volumetric imaging with a resolution and depth that filled a gap between two
widely used imaging modalities: ultrasonic imaging with a large depth imag-
ing (> 50 mm) but low resolution (> 50 um) that is suitable for coarse imaging of
deep areas, and confocal microscopy with a high resolution (~1 um) but with
limited imaging range (< 0.4 mm) optimal for precise inspection of thin samples
[16]. Other imaging modalities such as MRI has greater penetration depth and
even lower resolution than ultrasonic imaging, placing it further at the extreme
end of the imaging modalities spectrum. For this reason, OCT became popu-
lar amongst biologists and medical practitioners. In particular, ophthalmologists
appreciated the non-invasive nature of this technique and applied it to retinal
imaging since 1993 [17]. This is today one of the main markets for OCT [18], [19].

Multiple improvements of the OCT performance have been made toward bet-
ter axial resolution ~ 1.2 um, larger axial range of tens of cm, and higher sensi-
tivity [20]. Of course, each evolution has its problems, and not all the parameters
can be optimized at the same time. In recent years, a target toward higher imag-
ing speed has been set. Using the advances in swept-source technologies, axial
scan rates of a few MHz have been demonstrated [3].

In this chapter, the fundamental principles of OCT are presented together with
the impact of the swept-source parameters on OCT performance. Associated sig-

nal processing methods are also explained.
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1.1 Principles and techniques

Multiple facets of OCT technologies have been investigated in recent decades,
using various light sources and detection systems. One can distinguish between
time-domain OCT (TD-OCT) and Fourier domain OCT (FD-OCT). Within the
FD-OCT, two technologies should be distinguished: classical spectrometer-based
(Sb) OCT, often referred to as spectral domain (SD) OCT, and swept-source OCT
(S8S) OCT. SS-OCT is the technology studied in this thesis and will therefore be
presented in detail. However, the operating principles of TD-OCT and SD-OCT
are also introduced as they help with understanding the evolution and limita-
tions of OCT as well as the strengths and weaknesses of SS-OCT for modern

applications.

1.1.1 Original concept and time-domain OCT (TD-OCT)

OCT is based on the principle of low-coherence interferometry. The wave trains
emitted by a broadband incoherent source are temporally incoherent, meaning
that they maintain a fixed phase relationship over a short time. When using an
interferometer to separate the wave trains in two before recombining them, inter-
ference is obtained for as long as the short length wavetrains are superimposed.
The amount of overlap versus delay determines the strength of interference ver-
sus relative delay between them. The intensity modulation associated to chang-
ing the delay is measured with a photodetector and a digitizer. The modulation
intensity depends on the optical path difference (OPD) between the two optical
paths, and is maximum when the OPD is zero.

The first technology employing this method was published in 1991 by Huang
et al. and called time-domain OCT (TD-OCT)[14]. It is based on a Michelson
interferometer design, either in free space or fibred as presented in Figure 1.1. The
light from a broadband low-coherence source is separated toward a "reference

arm" containing a mirror, and a "sample arm" where each interface of the sample
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scatters the light back to the interferometer. The output light field is detected
using a photodiode and a digitizer (an oscilloscope for example). Interference
happens when the OPD is shorter than the coherence length of the source. By
axially translating (along z) the reference mirror, one can record the consecutive
intensity maxima and the position in z, each corresponding to one layer interface.
Each depth point of an image would correspond to a position of the reference
mirror. By adding lateral scanners in the sample arm, volumetric images are

obtained.

Sample arm

Reference arm

Broadband
light source
<
Photodiode 7

FIGURE 1.1: Schematic of a time-domain optical coherence tomography (TD-
OCT) interferometer. FC: fibre coupler. The sample comprises multiple layers
of materials with differing refractive indices.

While TD-OCT was revolutionary on multiple aspects, recording a full vol-
ume required a long time, which limited the applications. Attempts were made
to answer the need for faster volume imaging, by developing faster scanning sys-
tems, but at the cost of increased complexity. Nonetheless, TD-OCT was the only

marketed technology for the first 10 years [18].

1.1.2 Fourier-domain OCT (FD-OCT), a new era

In the mid-1990s, an alternative method to perform OCT measurement was pre-
sented by Fercher et.al. and by Hausler [21], [22]. This second generation of OCT
technology measures the modulation of the reflected spectrum using a spectrom-

eter and performing a Fourier transform to access the intensity information in
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space with a fixed reference arm, see Figure 1.2 (a). Due to this step, the method
is referred to as Fourier domain OCT (FD-OCT), or spectral-domain OCT (SD-
OCT). As this method removes the need for reference mirror scanning, the vol-
ume acquisition is significantly faster. A fundamental sensitivity advantage com-
pared to TD-OCT was demonstrated by Leitgeb et al. in 2003 [23]. This new
technology popularized OCT in the industry and accelerated its deployment on
the field of ophthalmology [24].

@ Sample arm
<A .
P = ‘. \  Reference arm
i .’.“ : < —
(b)

[ Swept-Source

Photodiode

I

Digitizer Computing unit
(Oscilloscope) (Post-Processing)

FIGURE 1.2: Interferometer schematics applicable for (a) SD-OCT, (b) SS-
OCT. The scanner in the sample arm is omitted for simplicity.

The development of the spectrometer-based SD-OCT, with larger bandwidth
lasers such as supercontinuum lasers enabled high resolution OCT imaging [20],
[25].

However, the speed of such systems is fundamentally limited by the detection
system, particularly the spectrometer electronics (typically 300 kHz) [26]. Over
the past decades, only incremental improvements have been achieved, with re-

cent developments focusing on parallelised (line-field) implementations [27]. In
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many applications, higher A-scan rates are desirable, as they can reduce motion

artefacts in volumetric imaging caused by sample movement [28].

1.1.3 Swept-source OCT (SS-OCT), a key for high-speed imag-
ing

While also described in the early OCT patents, swept-source OCT (SS-OCT) was
first experimentally investigated in 1996-1997 [1], [2]. The solution introduced re-
places the spectrum spatial encoding of spectrometer-based FD-OCT with a tem-
poral encoding w(t). This peculiarity in the measurement method is enabled by
a periodically wavelength-tuned laser source, also known as wavelength-swept-
source or swept-source, and a high-speed photodiode as presented in Figure 1.2
(b). By linking the measured intensity time trace to the spectral sweeping of the
source, the spectrum is extracted. However, the first studies were limited by the
tunable laser available at the time. In the mid-2000’s, new developments in high-
speed swept-sources enabled a significant increase in A-Scan speed, reaching 1
million A-Scans per second, a speed increase of x100 [3], [29].

Due to the acquisition speed of a single photodetector now reaching 100 GHz,
being significantly faster than the speed of spectrometer ( 100 kHz), faster OCT
imaging became possible, reaching the MHz range. However, the complexity is
transferred from the detector to the light source, requiring fast tuning. A large
palette of swept-source technologies have been investigated since the invention

of SS-OCT. This topic is covered in more details in the Chapter 2.

1.2 Scanning and nomenclature

The scanning methods and nomenclatures used in OCT were inherited from the
ultrasound imaging community [30]. When the depth reflectivity profile is ac-
quired at one position in x and y as presented in Figure 1.3, it is referred to as

A-Scan. Adding a lateral scanner allows one to acquire multiple A-Scans along
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one transversal axis, generating a B-Scan (cross section image). With a second
scanner along the other transversal axis, a full 3-dimensional volume is acquired
named C-Scan.

Another imaging method, known as en face, is obtained when scanning both
lateral axes at a fixed axial position [31]. This was initially proposed to accelerate
image production in TD-OCT. En-face imaging is in fact at the core of full-field
OCT (FF-OCT) that uses camera to quickly produce en-face views. FF-OCT is

particularly used for retinal imaging as it is similar to the image ophthalmologists

would obtain by looking directly though the eye.

--- A-Scan
--- B-Scan

FIGURE 1.3: OCT scanning nomenclature. A-Scan is a 1 dimensional pro-
file along z. B-Scan is a 2 dimensional image, composed of a set of A-Scans
obtained by scanning along one lateral direction. A C-Scan is a volume com-
posed of a set of B-Scans by scanning along the second lateral direction. An
en-face is a 2 dimensional image in x and y, from a specific depth z.

1.2.1 Scanning devices

Multiple technological solutions have been investigated over the years to pro-
vide laser scanning. One of the most common tools is the galvanometer mirror
scanner, often referred to as a galvo scanner. A voltage is applied to the scan-
ner to rotate the mirror up to a desired position. A pair of galvo scanners can be

used to provide point scanning along the two dimensions (flying spot technology
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as opposed to full field). The major advantage of a galvo scanner is that it pro-
vides precise positioning, linear scanning speed and can be held at one position
if needed. However, the scanning rates are limited to below 1 kHz.

One specific type of galvo scanner is the resonant scanner, that is able to reach
scanning speeds up to 16 kHz. Nonetheless, the operation is more restricted than
the galvo scanner, requiring uninterrupted scanning and exhibiting non-linear
scanning speed at the edges of the scanned line. Often paired with a galvo scan-
ner, such scanning heads are efficient tools to perform high-rate lateral scanning.

As the ratio of sweep frequency to that of lateral scanning gives the number
of A-scans in a volume, for a 1 MHz swept-source, 1000 A-Scans are obtained
using a lateral scanning of 1 kHz. If sweeping increases to 100 MHz, the num-
ber of A-Scans is too large even when using fast resonant scanners, resulting in
significant oversampling. For such cases, electro-optical crystal deflectors are a
better solution [32]. Using a high voltage signal to change the refractive index
of the material, the beam is deflected along one axis. By applying a sinusoidal
signal, a KTN crystal, as presented in Chapter 3, periodically scans over a line at
rates >100 kHz. However, such scanners are expensive due to the crystal, special

optics to shape the beam, and the high voltage driver.

1.2.2 Scanning patterns

Scanning patterns have been extensively studied and optimized for multiple ap-
plications [33], [34]. Some methods, such as Hilbert or Lissajous patterns, have
benefits in term of covering and precision, but increase the complexity of the
scanners, precise control on both axes and sacrificing scanning speed.

In this thesis, we focused on the raster scanning method, that is fast and sim-
ple to implement. It benefits from having two scanner with significantly different
speed rates, such as one galvo scanner on the slow axis and a resonant scanner or

electro-optical crystal deflector on the fast scanning axis.
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1.3 Signal processing

1.3.1 OCT signal

The power spectral density S(k) of a light source is commonly expressed in wavenum-
ber k=27 /A within the OCT community, due to its relationship to the spatial depth
parameter z. The signal of the interferogram I, (k) measured from a sample with

N reflectors is:

]D(k) =

S

N
S(k) <aRRR +agy R5n> “DC Terms”

n=1

N
+ g S(k) Z vV arRRr asRg, cos [2k(zg — zg,)] “Cross-correlation Terms”
n=1
N
+ g S(k) Z asy\/ RsnRsm cos [2k(zsn — zsm)]  “Auto-correlation Terms”.
n#Em=1

(1.1)

where p is the photodetector responsivity in A/W, Ry is the reflectivity of the
reference arm and Rg,, the reflectivity of the sample’s nt" interface, ap and ag the
optical loss in the reference and sample arm, and zg, zg, the axial depth of the
reference or sample n'" interface.

In practice the intensity of the light collected from the reference arm is larger
than the that of the sample arm, making Rr >> Rg, which makes the auto-
correlation terms negligible and simplifies the DC and cross-correlation terms,

leading to:

N
Ip(k) = gS(k) (%aRRR + Z vV agRRr agRg, cos [2k(zr — an)]> (1.2)

1.3.2 Signal extraction

The photodetected signal digitised by the oscilloscope records the temporal in-

tensity fluctuations Ip(¢). The acquired data are first separated into individual
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sweeps and subsequently converted into the spectral domain in wavenumber. To
isolate each A-scan, an initial time point is selected to discard the first incomplete
sweep, and the temporal data are segmented according to the source sweeping
rate.

To convert the temporal data into spectral data, several approaches may be
employed. One approach consists in measuring the time-to-wavenumber map-
ping k(t) of the swept-source, and apply this mapping to each A-Scan, yielding
Ip(k). This procedure assumes that the swept-source is sufficiently stable for
the mapping to be considered invariant. In practice, this requires that sweep-
to-sweep variations in the wavenumber mapping k(t) induce a phase error 6¢
that remains well below the noise floor (typically < 0.1 rad), ensuring that a sin-
gle calibration function can be reused without degrading OCT image quality or
phase-sensitive measurements [35], [36]. Another method is to perform phase
measurement to calibrate every sweep during the imaging.

To improve the shape of the A-Scan signal, a common practice in OCT is to
apply a window on the spectral data. The impact of this process, referred to as
apodization, depends on the Fourier transform of the window function. In order
to remove side pulses, a Gaussian function is commonly used. If the target is to
obtain a better axial resolution, a Hanning or a Hamming function can be used,
at the expense of a worst suppression of the side lobes.

Due to the finite optical power in both arms of the interferometer, the de-
tected signal contains a low-frequency component, commonly referred to as the
DC component (see Figure 1.4 (d)). As defined in Eq.1.1, this contribution is given
by 2 S(k) (a rRr+as SN RSn) , and arises from the self-interference (intensity)
terms of the reference and sample arms. These terms are independent of the opti-
cal path length differences and therefore do not encode depth-resolved informa-
tion.

In the wavenumber domain, this contribution follows the source spectrum

S(k) and appears as a slowly varying, low-frequency component compared to
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the oscillatory cross-correlation terms, which contain cosine modulations propor-
tional to the optical path differences. Since the reference arm power is typically
much larger than the sample arm power Rp >> Rg,, the DC component is domi-
nated by the reference intensity and can significantly exceed the amplitude of the
interference signal.

As aresult, this low-frequency component reduces the effective dynamic range
and can obscure the depth-encoded information. Consequently, it is a standard
practice to suppress it using high-pass filtering, either in hardware or through
digital post-processing.

Alternatively, a balanced photodetector can be employed to suppress the DC
component of the interference signal. In this configuration, the optical signal
is split equally and directed onto two photodiodes. The resulting photocurrent
is subtracted electronically, cancelling the common-mode DC background while
preserving the modulated interference fringes. This differential detection not
only removes the need for post-detection filtering to isolate the AC component,
but also increases the effective dynamic range of the detection system. Addition-
ally, it significantly reduces sensitivity to relative intensity noise (RIN), which is
common in broadband and swept-source light sources. However, in practical im-
plementations, residual DC content may persist due to imperfections in optical
splitting or detector mismatch. In such cases, the application of a high-pass fil-
ter may still offer performance benefits by further attenuating the residual DC

component.

1.3.3 Fourier transform processing

The depth information of the A-Scan lies in the frequency of the cosine in Eq.1.2.
It is therefore natural that the classical processing to obtain the A-Scan signal is to
perform a fast Fourier transform (FFT) on the data in wavenumber. Indeed, the

wavenumber k is a Fourier pair with the depth information z. Each frequency in
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the channelled spectrum becomes a peak along the spatial axis z, with low fre-
quency leading to a peak near 0 and high frequency generating peaks at larger
depths. When applied, the FFT generates data to both positive values and nega-
tive values of the spatial axis, leading to a "mirror image". For this reason, most

applications use only the data on the positive depths, as presented in Figure 1.4

(d).
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FIGURE 1.4: OCT Processing. (a)-(b) Channelled spectrum for interfaces re-

spectively at low and high OPD. The black dashed curve is the DC function,

here a Gaussian. (c¢) Channelled spectrum for two interfaces. (d) A-Scan after
FFT processing of the channelled spectrum in (c)

For FFT processing to operate correctly, the wavenumber data need to be re-
sampled. Indeed, when converted from time to wavenumber, the spacing be-
tween the datapoint might not be constant in wavenumber. Therefore, a new
array is generated to linearize the wavenumber array, obtaining equally spaced
datapoint. This additional processing step adds complexity that can slow down
the image production. For this reason, using a swept-source with linear sweeping

in k is strongly beneficial.
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1.3.4 Master slave processing

Parallel to FFT processing, a second method was developed. Master Slave (MS)
processing does not use Fourier transform to produce the A-Scan. Instead, the
signal processed is compared with a basis of eigenvalues corresponding to each
depths. Prior to the imaging, a calibration is performed to record these values,
also known as "masks", using a mirror as a highly reflective sample. A matrix
is built, containing the masks at each depth. During the imaging, the signal is
compared to each mask via a correlation with the matrix, providing high A-Scan
intensity when the periodicity in the measured signal matches that of the mask

and low intensity when it is different as seen in Figure 1.5.

M(Zl,k’l) M(Z1,k’2) M(Zl,k’N) E(lﬁ)
Ao < gy — | M) MR A R B
_M(ZQv kl) M(ZQ’ kQ) T M(ZQ’ kN)_ _E(kN)_

The number of points along the depth axis therefore corresponds to the num-

ber of masks.
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FIGURE 1.5: Master Slave processing concept. (a,c) OCT signal (black) and
mask signal (red) for low and high OPD. (b,d) Resulting A-Scan after convolu-
tion with the mask.
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In the initial version of MS processing, all the masks used to process the vol-
umes were manually acquired by translating the mirror in the reference arm in
steps by a fixed distance. This led to long precalibration of the instrument, and
limited number of masks. A solution proposed was to produce en face images
using only a few masks at a depth of interest, but this requires some prior knowl-
edge of the sample.

In order to simplify the production of volumes, complex master slave (CMS)
processing was developed [37]. Here, from only a few channelled spectra ac-
quired, separated by a known distance, any number of masks are produced. By
extracting the phase of each mask, two phase parameters g and h are extracted, re-

spectively representing the phase change with depth and the fixed residual phase:
¢(2, k) = g(k)z + h(k) + drand (1.4)

where ¢,q,q4 is a possible random phase shift between the measurements, and =
the path length difference in the interferometer arms. Using g and h, a set of
masks is synthesized. This method enables fast calibration with the generation of
numerous masks, for an A-Scan production both fast and with high-resolution.
Compared to the classical FFT processing method, CMS provides similar per-
formance in term of axial resolution and sensitivity. However, it has been demon-
strated that CMS processing is highly beneficial when the number of points in the

A-Scan is limited, with up to x100 faster processing [38].

1.4 Parameters and impact of the swept-source

The properties of the swept-source have a direct impact on the OCT imaging

performance. They are detailed here and summarized in the Figure 1.6.
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FIGURE 1.6: Relationship between the swept-source parameters and OCT
performance.

1.4.1 Axial resolution

Due to the Fourier transform properties, the axial resolution 4z is closely linked
to the swept-source spectral properties. Assuming a Gaussian spectrum, the axial

resolution is:

2-In(2) M2
0z = %7(()2—3\ (1.5)
with n the refractive index of the material, )\, the central wavelength of the swept-
source, A\ the full-width half-maximum (FWHM) of the tuning bandwidth. From
this equation, one understands that the larger the sweeping bandwidth, the better
the resolution, i.e. more details can be imaged. We can note that the axial resolu-

tion is also proportional to the square of the central wavelength, the shorter the

wavelength, the better the axial resolution.
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FIGURE 1.7: SS-OCT axial resolution in the air, for various sweeping band-
width and central wavelength, assuming a Gaussian spectrum.

1.4.2 Axial range

If the spectral bandwidth of the swept-source could be measured instantaneously
at a time t, the value then measured would be significantly smaller than the
sweeping bandwidth. This value, named instantaneous linewidth ¢, is linked

to the axial range Az of the OCT system:

Az = (1.6)

20\

The smaller the linewidth is, the larger the axial range, and therefore the
deeper the OCT system can image. The “instantaneous” linewidth is gener-
ally a theoretical concept, as truly instantaneous measurement are not feasible
in most cases. In practice, the linewidth depends both on the sweeping mecha-
nism and on the detection sampling rate. Assuming a linear sweeping performed
in a sweep duration of At, over a bandwidth of A, the linewidth is calculated

as:
AN
~ 2BAt,

S\ (1.7)

with B the electrical bandwidth of the detection system.
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While Az defines the maximum axial imaging range of the system, both spectrometer-
based OCT and swept-source OCT are subject to axial signal decay: the inten-
sity of the A-Scan typically decreases with increasing OPD. This phenomenon,
also known as roll-off, is directly linked to the spatial overlap between the opti-
cal pulses returning from the reference and sample arms. As the OPD increases,
this overlap diminishes, resulting in a corresponding reduction in the visibility of
the interference fringes. By convention, the axial range of a Fourier-domain OCT
system is often defined as the depth at which the A-Scan signal drops by 6 dB,
corresponding to a factor of two reduction in the field amplitude (or a factor of
four in intensity).

A second critical factor influencing imaging depth in optical coherence to-
mography (OCT) is absorption within the sample. For an OCT signal to be de-
tected from deeper layers, light must first propagate through the tissue, undergo
backscattering towards the sample surface, and subsequently be collected by the
detection system. Consequently, substantial optical absorption attenuates the
signal and limits the effective imaging depth. In biomedical OCT, three princi-
pal spectral windows are commonly utilised—centred around 850 nm, 1060 nm,
and 1300 nm—owing to local minima in water absorption at these wavelengths.
These regions offer a favourable trade-off between scattering and absorption,
thereby enabling improved penetration depth and image contrast in biological

tissues.

1.4.3 A-Scan rate

Another important parameter in SS-OCT is the A-Scan rate, denoted f4_s¢qn. This
defines how many axial scans (A-Scans) the system acquires per second and plays
a critical role in determining both the imaging speed and the temporal resolution
of the system. In swept-source systems, the A-Scan rate is directly tied to the

sweep rate f, of the laser source.
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In the ideal case of a 100% duty cycle—where the laser is continuously sweep-
ing across its entire spectral range without any dead time between sweeps—the

A-Scan rate is simply given by:

1

fA-Scan = fs = A_ts, (18)

where At is the time taken to complete one spectral sweep.

A higher A-scan rate enables faster image acquisition, which is especially im-
portant in applications where motion artefacts need to be minimised, such as in
ophthalmic imaging or in vivo microscopy.

However, increasing the A-scan rate comes with trade-offs. As the sweep rate
increases, the time available to sample each spectral point decreases, which may

limit the system’s axial resolution if not properly managed.

1.4.4 Lateral resolution

The lateral resolution in optical coherence tomography (OCT) is primarily deter-
mined by the spot size of the focused Gaussian beam. As a result, it depends
on the central wavelength of the light source, )\, and the optical elements used
to focus the beam. Based on Abbe’s criterion, the lateral resolution dz can be
approximated by [39]:

Ao

~0.61 =2 1.9
or = 0.6 N (1.9)

where N A is the numerical aperture of the objective lens. One important aspect
to note is that the lateral resolution does not depend on the specific tuning char-
acteristics of the swept-source laser, but rather on the focusing optics. A higher
numerical aperture results in a smaller spot size, and therefore better lateral res-
olution.

However, this improvement comes at a cost. As the NA increases, the depth of
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focus (DoF)—the axial distance over which the beam remains sufficiently focused—
becomes smaller. For a Gaussian beam, the DoF is defined as twice the Rayleigh

range, zp, and can be expressed as:

2o

DoF =2z = <

(1.10)

This inverse relationship means that although increasing NA improves lateral
resolution, it also reduces the axial range over which that resolution is main-
tained. In practice, this introduces a trade-off: a system optimised for high lateral
resolution will have a shallower depth of focus, which may not be ideal for imag-
ing thicker samples. Therefore, system design often involves finding a balance

between these two competing factors, depending on the intended application.

1.4.5 Noise and sensitivity

In imaging technologies, the sensitivity describes the capacity of the system to
detect small signals. It depends mostly on the noise of the system. The parameter
of reference used is the signal-to-noise ratio (SNR), calculated as the ratio of the

OCT output signal over the background noise of the system:

SNR _ ]12%MS _ ]Erwwc _ <pP0M CVRO‘S}%R>2 1.11
- fys e (200 (L1
Ubg 2069 \/§Ubg

where F, is the average optical power, M = A)yeep/0A is the number of sampling
points per sweep, o, is the background noise variance, comprising the detection

system electronic noise, the shot noise and the excess photon noise, as:

2 2 2 2
Ubg = O¢lec + O shot + O excess

0. =NEC?-M-B=(NEP-p)>M-B
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(1.12)
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where NEC is the noise equivalent current in A/+/Hz, RIN is the relative inten-
sity noise in 1/ V/Hz, B the electrical bandwidth of the detector, e the elemen-
tary charge. The electronic noise o depends on the photodetector and on the
digitizer used. As the electronic bandwidth increases, the noise also augments
drastically. There is therefore a balance between imaging speed and sensitivity.

The two other sources of noise depend on the swept-source and the system’s
attenuation. The shot noise o, is a fundamental limitation linked to the quan-
tum noise of the photons. It increases linearly with the optical power. Increas-
ing the power, excess photon noise o.,c.ss is manifest, when the photodetection
statistics deviates from Poisson to Bose Einstein. In addition, linked to power
fluctuations in the light source, excess photon noise is produced adding to the
shot noise. Due to its quadratic dependence on the optical power, this noise is
dominant at high power operation.

The sensitivity is commonly measured by using a totally reflective sample (a
mirror) and introducing increasing attenuation in the sample arm of the interfer-
ometer until the SNR equals 1. Commonly expressed in decibel, the sensitivity S
is calculated as:

S[dB] = SNR[dB] — Att[dB] (1.13)

with Att the attenuation of the light scattered back from the sample until the

photodetector. For a shot-noise limited sensitivity, the calculation becomes:

SunerldB] = 10l0g <pP T) _ Att[dB] (1.14)

e

where p is the detector responsivity, typically ~ 0.7A/W at 1060nm, P is the
average power, T the sweeping period. This equation clarifies the fundamental
inverse relationship between imaging speed and sensitivity, constrained by shot-
noise limitations.

In practice, however, this expression represents an upper bound that is not
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fully reached in real systems. Additional noise contributions, such as relative in-
tensity noise of the source, detector and electronic noise, as well as non-ideal in-
terferometric efficiency and optical losses, lead to a degradation of the measured
sensitivity. Typically, experimental sensitivities are found to be on the order of
5 to 15 dB below the shot-noise limit, depending on the system design and op-
erating conditions, with optimised configurations approaching this limit within
a few decibels. Thus, the design of each OCT system must achieve an optimal

compromise tailored to its targeted application.

1.5 Conclusion

Optical coherence tomography (OCT) has established itself as a leading non-
invasive imaging modality, combining high spatial resolution with real-time ac-
quisition capabilities. Its evolution, from the original time-domain approach to
Fourier-domain methods and subsequently to swept-source OCT (SS-OCT), has
been driven by the pursuit of higher imaging speeds, greater sensitivity, and
broader imaging depths. Among these developments, SS-OCT has enabled a
significant increase in performance; however, the technology remains fundamen-
tally limited by the properties of the swept light source.

In practice, the design of swept-sources involves critical trade-offs between
sweep-speed, tuning range, coherence length, and output power, all of which
directly influence image quality and system performance. A clear understanding
of these trade-offs is therefore essential, not only for optimising current SS-OCT
systems but also for identifying technological gaps and guiding future research

efforts aimed at overcoming these constraints.
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ONLINEAR optics has led to the development of a wide range of technolo-
N gies, such as ultrashort pulsed lasers or broadband light sources, which
are now essential to many fields. Despite its significance, the field remains com-
plex, as multiple nonlinear effects often occur simultaneously, influencing light
propagation in intricate ways.

This chapter begins by exploring supercontinuum generation, starting with
the principles of nonlinear light propagation in optical fibres and how these ef-
fects interact to shape supercontinuum dynamics. Following this, we introduce
swept-source technology, with a focus on high-speed tuning mechanisms operat-
ing at megahertz rates. This discussion sets the stage for the central topic of this

thesis: supercontinuum time-stretched swept-sources.

2.1 Nonlinear light propagation in fibres

The propagation of light in optical fibres is governed by linear and nonlinear
phenomena. These effects act simultaneously on the light in a complex manner.
However, one can discuss each phenomenon independently, to better understand
its effect on the light. We will present those phenomena that are happening dur-
ing the supercontinuum generation to obtain a better grasp of the critical param-
eters one can optimise. While the effects also occur for continuous wave propa-

gation, the emphasis will be put on nonlinear effects during pulse propagation.

2.1.1 Attenuation

First, one can identify the material attenuation and guiding loss in a fibre. This

results in a decrease of the light power along the propagation axis. Depending
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on the wavelength band targeted, different material can be used to manufacture
the fibre, resulting in a different attenuation spectral profile. In most single mode
fibres (SMF), the guiding loss is negligible compared to the material attenuation.
However, guiding losses can be significant when the fibre is bent and are a major

limitation in the design of compact fibre lasers.

2.1.2 Chromatic dispersion

A second linear effect is the chromatic dispersion. It represents the refractive
index n(w) dependence on the light frequency, and therefore determines the light
propagation speed through the fibre. The phase constant 3 is modeled by a Taylor

series expansion around the pump frequency wy:

8= neff(@% = Bo + Bi(w — wo) + %52(01 —wo)® %ﬁm(w —wp)™ (2.1)

where m=(0,1,2,3,...) and
_dap

dw™ w=wo

B (2.2)

For pulse propagation, the first ; and second /3, order are primordial as they
represent the group velocity and the group velocity dispersion (GVD). These re-
spectively determine the propagation speed of the pulse and the distortion of a
broadband pulse in the time domain. To quantify the dispersion, another param-

eter is commonly used, expressed in ps/nm/km:

2me
D=-56 (2.3)

When the parameter D is positive, the dispersion is said to be anomalous and
longer wavelengths propagate slower than shorter wavelengths, as represented
in Figure 2.1. When D is negative, this regime is referred to be normal and longer
wavelengths travel faster than shorter wavelengths. The wavelength for which

the dispersion is null is termed as the zero-dispersion wavelength.
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files, and the impact on a broadband pulse initially Fourier transform limited
(b), of anomalous dispersion (c) and normal dispersion (d).
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FIGURE 2.2: PM1950 from Nufern observed with a microscope, illustrating a
PANDA design.

2.1.3 Birefringence

Birefringence in an optical fibre is the difference in refractive index experienced
by light polarised along two orthogonal axes, leading to different propagation
speeds. For this reason, these are referred to as the fast and slow axes. Birefrin-
gence can be caused by asymmetry in the fibre, but also from external effects such
as heat, pressure or fibre twisting. To reduce the impact of external variations on
a polarisation sensitive system, polarisation maintaining fibres are often used.
These fibres are modified with asymmetric components that generate important
birefringence, fixing "fast" and "slow" axes. Multiple structures exist, one popular
example is the "PANDA" design that consists of two rods aligned on both sides
of the core of a step index fibre that apply stress on it along this axis, creating the

birefringence. This structure is presented in Figure 2.2.
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2.1.4 Self-phase modulation

When dealing with high intensity light fields, nonlinear effects start to manifest.
A high intensity laser pulse temporarily changes the refractive index of the mate-
rial. Due to this local refractive index modification, the pulse experiences a phase
change known as self-phase modulation (SPM). Let us consider a Gaussian pulse
of intensity I(t):

I(t) = Iyexp(—t*/1%) (2.4)

where [ is the peak intensity, 7 half the pulse duration. The material refractive

index n is then expressed as:
n(l) =ng+ng-I (2.5)

with ng the linear refractive index and n, the nonlinear index, also referred to as

Kerr index. The phase ¢ can be derived:
o(t) = wot — — -n(I)L (2.6)

where wy and ) are the central angular frequency and wavelength of the pulse,
and L the length along which the pulse propagated in the material.

In the spectral domain, the SPM-induced phase shift generates additional fre-

quency components, leading to a broadening of the optical spectrum
do(t) 21 dn(t)

wit) = =g =W T3 T

(2.7)
Using Eq.2.4 and Eq.2.5, the frequency modification dw can then be expressed as:

. 47Tn2L[0 ot €—t2/7'2

dw(t) = 2 (2.8)

As Eq. 2.8 shows, the broadening efficiency of SPM is directly linked to the light

intensity [,. In the case of optical pulses propagating in a fibre, this intensity is
y P P propagaung y
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FIGURE 2.3: Impact of nonlinear effects on the spectrum. (a) Illustration of

the spectral broadening from the SPM (orange) on a Gaussian pulse (blue). (b)

Effect of degenerate FWM (orange) on a Gaussian pulse (blue) with pump,

Stokes and Anti-Stokes frequencies. Both simulations use a 100 fs fwhm

Fourier-limited Gaussian pulse with 2.5 kW peak power, propagating in 1m
of optical fibre with a nonlinear parameter v =4 radW'km™!

enhanced by both higher peak power and a stronger spatial confinement, leading
to increased spectral broadening. It is interesting to note that according to Eq. 2.7,
SPM is also sensitive to the pulse shape.

In a single mode fibre, the expression of the nonlinear phase shift in Eq. 2.6

can be written using the effective mode area A.;y and the optical power P:

2 P

¢NL = 1T N2

L 2.9
o AL (2.9)

An effective nonlinear coefficient v (in rad /(W m)) can be introduced as:

21 N9
= — 2.10
LW Wy (2.10)

leading to a simplified expression for the nonlinear phase shift:

¢np = YPL (2.11)
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2.1.5 Four wave mixing

The second noticeable nonlinear effect is an interaction between photons of mul-
tiple wavelengths called four wave mixing (FWM). This describes the absorption
by an electron of two photons of frequencies w; and w, , and re-emission of two
other photons of frequencies w; and w, different from the two original ones, fol-

lowing the principle of conservation of energy:

W1 + Wy = W3 + Wy (212)

For this effect to occur, the principle of conservation of momentum imposes a

phase-matching requirement that can be expressed as follows:

Ak = (77L3W3 + 77L4W4 — ﬁlwl — ﬁng)/c =0 (213)

with 72; the mode refractive index at the frequency w;.

Degenerate FWM happens when the two absorbed photons originates from
a powerful optical wave w; = wy = w, (pump) and generate a photon pair at
symmetrically positioned frequencies w; (Stokes) and w,s (anti-Stokes) around
the pump frequency with a frequency shift ) = w, — w; = wes — wp. The phase

mismatch Ak of the degenerated FWM then becomes:

Ak = Ngws + NgsWas — 2N, (2.14)

The phase matching between the four waves is dependent on the dispersion,
but also on the nonlinear associated index of refraction. For a single mode fibre,
the phase mismatch can be expressed based on the contribution of dispersion and

of the SPM:

ﬁ?m
(2m)!

Ak = ABp +27Py = 25,50 Q%™ 4 2+ P, (2.15)
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The phase matching condition is satisfied when the linear term Af;, is compen-

sated by the Kerr index modification 2y F, [40].

2.1.6 Optical wave breaking

In the regime of ultrashort pulse propagation at high peak power, the combined
action of self-phase modulation and chromatic dispersion can lead to a strongly
non-perturbative propagation regime known as optical wave breaking (OWB). This
phenomenon is most prominently observed in fibres operating in the normal dis-
persion regime and plays a central role in the early stages of all-normal dispersion
supercontinuum generation [41], [42].

Optical wave breaking originates from the intensity-dependent frequency chirp
imposed by self-phase modulation. As discussed in the previous section, SPM
generates a time-dependent frequency shift across the pulse, with newly created
spectral components distributed symmetrically around the carrier frequency. In
the presence of normal group-velocity dispersion, these frequency components
propagate at different group velocities, with longer wavelengths travelling faster
than shorter wavelengths. As a result, portions of the pulse carrying different
instantaneous frequencies can overtake one another during propagation, leading
to a temporal overlap of distinct spectral components.

This frequency-dependent velocity mismatch induces a reorganisation of the
pulse in the time domain, characterised by the formation of steep temporal gra-
dients and rapidly oscillating structures. This behaviour is closely analogous to
wave breaking in hydrodynamics, where a nonlinear dependence of the wave
velocity on amplitude leads to the formation of shock-like features. In the optical
domain, these effects manifest as strong temporal distortions accompanied by the
appearance of sidelobes and sharp features in the optical spectrum.

Although the spectral signatures associated with optical wave breaking can be

interpreted as resulting from degenerate four-wave mixing between overlapping
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frequency components, OWB should not be regarded as an independent four-
wave mixing process. Rather, it represents a propagation regime arising from
the combined influence of Kerr-induced phase modulation and dispersion, in
which multiple intra-pulse frequency components interact coherently once tem-
poral overlap is established [43], [44]. No explicit phase-matching condition is
required beyond that imposed by the dispersive properties of the fibre and the
nonlinear phase accumulated during propagation.

The onset of optical wave breaking marks a transition beyond the regime of
purely self-similar spectral broadening driven by self-phase modulation. Once
wave breaking occurs, additional spectral expansion is accompanied by irreversible
temporal distortion and increased chirp. In all-normal dispersion fibres, this
regime is nevertheless highly advantageous, as both SPM and OWB are coher-
ent processes [45], [46]. When modulation instability is suppressed, optical wave
breaking enables efficient and broadband spectral generation while preserving a
high degree of phase coherence, which is a key requirement for low-noise super-

continuum sources.

2.1.7 Modulation instability

During propagation of an intense pulse in a single mode fibre, perturbations of
the waveform generate modulations in time domain, creating new frequencies
on both sides of the pump frequency. The sidebands can be amplified through
degenerated FWM, leading to a scalar modulation instability (MI). The phase
matching condition in an optical fibre given by Eq.2.15 requires an anomalous
dispersion fibre to counterbalance the positive nonlinear phase shift.

However, a normal dispersion fibre can also experience vectorial modula-
tion instability, known as polarisation modulation instability (PMI). PMI emerges
from the interaction between two waves propagating along orthogonal polarisa-
tions. For this effect to occur, the walk-off between the two waves should be neg-

ligible, which is the case for low birefringence fibres (An < 107%) [47], [48]. The
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pump on one polarisation axis amplifies the two sidebands on the orthogonal
axis. When pumping on the fast axis, the gain on the slow axis can be expressed

as [49]:

Guton () = [Ba] /(22 + 03)(2, — 02) (2.16)

with Q. = (4/3 - vB2)/?/Py — P. where P. = 3ABy/2y , Qs = (2A8y/52)'/?,
AB = By fast — Bo,siow- NO PMI gain happens when the input power P0 is inferior
to the power threshold F..

For a pump aligned to the slow axis, the gain becomes:

9rase(©) = [Baly/ (22 — Q2)(02, — @2) (2.17)

with Q.3 = (47/362)/2\/Py + P..

As it can be seen from these equations, the maximum gain on both axes strongly
depends on the input power and on the birefringence. Using high birefringent fi-
bres reduces the noise amplification from PMI [50].

In a strong birefringent fibre (An > 10~*) with normal dispersion, cross phase
modulation instability (XPMI) happens when pumping at 45° to the fibre’s polar-
isation axes [51], generating pairs of sidebands on each orthogonal polarisation
axis. XPMI depends highly on the input polarisation, and is minimized when

aligned on one of the fibre polarisation axis.

2.1.8 Raman scattering

During the propagation of light in an optical fibre, photons undergo both elastic
scattering (Rayleigh scattering) and inelastic scattering, primarily Raman scat-
tering and, to a lesser extent, Brillouin scattering. In the former case, the scat-
tered photon conserves its energy and therefore its frequency. In contrast, in Ra-
man scattering, part of the photon energy is transferred to the silica network and

converted into vibrational excitation, leading to the generation of photons with



Chapter 2. Introduction to supercontinuum and swept-sources technologies 38

(a) (b)

8 .
1.5 1
6 .
TE ",'A 1.0 - PMI gain
% 41 —— MI Gain g —— Fast axis
g R= .
= < Slow axis
© © 0.5
5 .
0+— 0.0 A — —
—-200 -100 0 100 200 -2 -1 0 1 2
Frequency (GHz) Frequency (THz)

FIGURE 2.4: (a)Modulation instability gain. (b) Polarisation modulation insta-
bility gain along fast (slow) for linear input polarisation along slow (fast) axis.
downshifted (Stokes) and upshifted (anti-Stokes) frequencies. Brillouin scatter-
ing arises from the interaction of light with acoustic phonons in the medium,
resulting in a much smaller frequency shift and predominantly backward scatter-

ing.

Stimulated Raman scattering (SRS) occurs when an intense pump beam at
a frequency v, amplifies a signal at frequency v, such that v, — v, matches a
vibrational frequency of the material.

In silica fibres, the Raman contribution to the nonlinear response is delayed,
with a characteristic response time on the order of tens of femtoseconds. For
ultrashort pulses with durations comparable to or shorter than this timescale,
the Raman interaction becomes temporally nonlocal and its effective strength is

reduced, particularly outside the soliton regime [52], [53]

2.2 Supercontinuum dynamics

Although the first demonstration of supercontinuum generation (SCG) in bulk
glass dates back to 1970, it was not until the late 1990s with the development of

high-nonlinearity fibres — referred to as photonic crystal fibre (PCF) — that the
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field significantly expanded [54]-[56]. In parallel, the emergence of compound
(i.e. non-silica) glass fibres, such as fluoride and chalcogenide fibres, further ex-
tended SCG towards longer wavelengths and enhanced nonlinear efficiencies.

Due to their extreme large bandwidth, supercontinuum lasers found numer-
ous applications such as in spectroscopy [57], biomedical imaging (CARS, OCT,
fluorescence microscopy and fluorescence lifetime imaging) [7], [58]-[60], and in
optical fibre telecommunications [61].

In this section, the PCF structure and its characteristics are introduced to high-
light why this fibre type is so attractive for the scientific community. Then we dis-
cuss the supercontinuum generation with an emphasis on all-normal dispersion
(AND:) SCG. Finally, we present the generalized nonlinear Schrédinger equation
(GNLSE), a powerful tool to describe and simulate the evolution of a light pulse

in a fibre.

2.2.1 Photonic crystal fibre

Photonic crystal fibres, sometimes also referred to as microstructured fibres, rely
on an arrangement of microscopic holes around the fibre core to guide light. PCFs
can be broadly divided into two groups: index-guiding PCFs and hollow-core fi-
bres. In the former, the core is solid and the microstructured cladding can be
treated as an effective medium with a reduced refractive index, enabling guid-
ance by total internal reflection. If properly designed, such fibres can support
only the fundamental mode over a wide wavelength range, leading to so-called
endlessly single-mode behaviour [62].

In the latter case, light is guided in a hollow core. Two distinct guiding mecha-
nisms can be identified: photonic band gap guidance and antiresonant guidance.
In photonic band gap fibres, confinement arises from a forbidden frequency band
in the cladding. In contrast, antiresonant fibres rely on reflection from thin glass

membranes surrounding the core, without requiring a true photonic band gap
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FIGURE 2.5: Comparison of step index fibre and hexagonal solid-core PCF
structures. (a) and (b) are the refractive index profiles, (c) and (d) are structure
representations.

[63]. Modern hollow-core fibres are predominantly based on this antiresonant

mechanism.

Photonic crystal fibres offer a great design flexibility. Parameters such as the
material used in the core, the one used in the holes, the size and distance be-
tween the holes determine a particular attenuation profile, dispersion profile, as
well as an effective mode area of the fibre. Among other unique properties, PCF
enable the access to high numerical aperture, increasing the nonlinearity of the
fibre. The development of PCF opened the path for a thriving market in specialty
fibres, uniquely designed for advanced applications in telecommunications, sens-
ing, nonlinear optics, and high power delivery [64]-[67].

In this thesis, we focus on full silica, solid core PCFE, and the holes are filled
with air. A descriptive representation of such fibre is presented in Figure 2.5.
The holes diameter d is considered identical for all the holes in this case. The
hole-to-hole pitch A and the relative hole diameter d/A are the two parameters
used in the design of the fibre. From this structural information, can be obtained

in respect to the core diameter d.,,. = 2A — d and, using simulation software
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FIGURE 2.6: Example of dispersion (blue) and attenuation (green) profile of
an ANDi PCF (NL-1050-NEG-1-PM, NKT Photonics).
such as COMSOL Multiphysics®, the dispersion and attenuation profiles and the
nonlinear coefficient.

These PCFs are critical to supercontinuum generation for two reasons. First,
their high nonlinear coefficient improves the efficiency of nonlinear effects, reduc-
ing the power needed to obtain spectral broadening. Second, the dispersion could
be more freely tuned, with the possibility to produce fibres with very low and flat
GVD, but also fibres with all-normal dispersion (ANDi) over a large bandwidth
[68]. As an example, the dispersion and attenuation of the commercially avail-
able PCF NL_1050_NEG_1-PM manufactured by NKT Photonics can be seen on

Figure 2.6. This is the fibre that was used in the rest of this thesis.

2.2.2 All-normal dispersion supercontinuum generation
Introduction

Supercontinuum generation in silica fibres can be achieved by pumping next
to the zero dispersion wavelength (ZDW) in the anomalous region. This is the
method used in many commercial supercontinua. The initial pulse splits through

soliton fission, generating the first broadening. Part of the soliton experiences
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a red-shift from Raman scattering. For specific wavelengths in normal disper-
sion region, a phase matching condition can be met generating a dispersive wave
through FWM, which broadens the spectrum toward lower wavelengths [66].

The combination of these effects enable the generation of octave spanning su-
percontinua [69]. However, this technique presents two major drawbacks. First,
the power spectral density is not homogeneous in the supercontinuum. Indeed,
a significant portion of the power is at the pump wavelength. For some power
sensitive application, this remaining pump power needs to be filtered out, lead-
ing to a significant power loss. Secondly, the soliton fission is initiated through
modulation instabilities. Because of this, the laser emission is highly incoherent,
with a relative intensity noise typically exceeding 20% [70].

In the last decade, following the development of ANDi PCE, the generation of
ANDiI supercontinua raised interest [11], [12], [71]. Due to this dispersion profile,

soliton do not exist. Therefore, the broadening mechanism is radically different.

ANDi supercontinuum generation dynamics

The ANDI supercontinuum generation steps are presented in Figure 2.7. The ini-
tial short pulse with high peak power experiences a symmetrical spectral broad-
ening caused by SPM. As explained in Eq.2.8, the instantaneous phase change
depends on the peak power, and the nonlinear coefficient parameter of the fibre.

Due to the normal dispersion, the higher wavelength of the pulse intermediate
front propagates faster than the central wavelength of the pulse front edge. When
both overlap in time, spectral broadening through optical wave breaking (OWB)
is initiated, with the tail part of the pulse being converted first due to the higher
dispersion on the lower wavelength, followed by the front part of the pulse. Once
the OWB fully converted the pulse front and tail, further propagation only results
in additional chirp, stretching the pulse in time.

ANDiI supercontinuum raised interest due to two features. First, the spec-

trum obtained after broadening is highly flat, which ensures homogeneous power
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FIGURE 2.7: All-normal dispersion (ANDi) supercontinuum generation

steps. (a) Initial sech-shaped transform limited pulse, (b) Self phase module

(SPM) broadening, (c) Optical wave breaking (OWB) on the low wavelength
side, (d) OWB on the high wavelength side.
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spectral density across the whole bandwidth. Second, self phase modulation and
optical wave breaking are two coherent mechanisms. For this reason, assum-
ing short pulses suppressing polarisation modulation instability and cross-phase
modulation instability, using a low intensity noise laser to seed the ANDi super-
continuum generation results into a low-noise supercontinuum, thus lifting one

of the major limitation of supercontinuum generation for numerous applications

like OCT [59], [72].

2.2.3 Numerical simulations based on the generalized nonlinear
Schrodinger equation
The analysis of such a complex phenomenon with multiple entangled effects is

not straight forward. Numerical simulations have been developed, based on the

powerful generalized nonlinear Schrodinger equation (GNLSE):

0A(2,T) "B, 0A(2,T)  «
9= Z< mr o 24T
ms2 5 . (2.18)
+ iy (1 + iTshocka—T) (A(z, T) / R(TH|A(2, T — T/)IQdT/>

where A(z,T) is the time domain field envelope obtained by inverse Fourier trans-

form of the complex field envelope in the frequency domain A(z,w), given by:

1 [t ,
A(z,T) = %/ Az, w — wy)e @0 gy (2.19)

—00

where wy is the central wavelength of the initial pulse.

The first term of Eq.2.18 describes the dispersion of the fibre, and the second
its attenuation. The third term includes the nonlinear effects, with the nonlinear
coefficient . The partial derivative is the self steepening, a dispersive effect that
shortens the front end of the pulse and effectively steepens it. A characteristic

value for this effect is the 7,0 = 1/wp time scale. Finally, the last term is the
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Raman response function R(t) decomposed as
R(t) = fro(t) + (1 — fr)hr(t) (2.20)

with §(t) the instantaneous response, hg(t) the normalized delayed response, and
fr the fractional contribution of the Raman delayed response.

The generalized nonlinear Schrodinger equation is derived under several stan-
dard approximations [49]. In particular, it relies on the slowly varying envelope
approximation, assuming that the pulse envelope evolves on a timescale much
longer than the optical period, which may become less accurate for few-cycle
pulses. The model further assumes unidirectional propagation in a single spatial
mode and neglects polarisation effects, which is justified for weakly birefringent
single-mode fibres. The nonlinear response is limited to third-order effects, in-
cluding the instantaneous Kerr contribution and a delayed Raman response de-
scribed by a fixed material response function. In addition, the dispersion relation
is approximated by a Taylor expansion around the carrier frequency, which may
limit accuracy for ultra-broadband spectra. Nevertheless, within these limits, the
GNLSE remains a remarkably successful model for describing ultrafast nonlinear

dynamics in optical fibres, including supercontinuum generation.

2.3 Swept-source technologies

2.3.1 Introduction

The term swept-source refers to periodically wavelength-tuned laser. While tun-
able lasers have been studied for multiple decades, the interest of rapidly wavelength-
tuned lasers over a broad spectral range came with the development of SS-OCT
and remained tightly connected with this technology [1], [8]. By sweeping the

wavelength of the emitted light in a controlled manner, swept-sources enable
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precise time-encoded detection of spectral information, offering significant speed
advantage.

The development of swept-sources have been linked to key components in-
cluding dispersion elements, semiconductor technologies, modulation devices.
Multiple parameters have been defined to characterise swept-sources, such as
the tuning range, the sweeping linewidth, and sweeping rate. Other parame-
ters are also considered for OCT applications, such as the sweeping linearity in
wavenumber, or the duty cycle.

Over the years, a wide range of swept-source technologies have been con-
ceived and developed. In this section, we present some of the leading technolo-
gies of swept-sources, highlighting their similarities and differences. Then, we
focus on the time-stretch supercontinuum design, which is the subject of investi-

gation in this thesis.

2.3.2 Sweeping methods

Although the sweeping methods are diverse, these designs can be categorized
into two groups: kinetic and akinetic swept-sources.

Kinetic swept-sources rely on mechanical devices to perform the spectral sweep.
This group includes the miniaturized swept-source concepts using a micro-electro-
mechanical system (MEMS)-tunable vertical-cavity surface-emitting laser (VEC-
SEL), and the fibre based Fourier domain mode-locking (FDML). Other interest-
ing sweeping methods have been reported (grating based sweeping using galvo-
scanner mirror, or rotating polygon mirrors, etc...) but were limited to sweeping
rates <100 kHz and are therefore not covered in this section.

On the other hand, akinetic swept-sources use alternative sweeping techniques
without mechanical filters. We will describe three methods based on disper-
sion management (or time-stretching): the streched-pulse mode-locking (SPML),
dispersion-tuned mode locking (DTML), and the time-stretched supercontinuum

(TSSC).
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2.3.21 MEMS-VECSELS

The MEMS-VECSEL technology is born out of the progress made in semicon-
ductor fabrication and thin layer deposition, notably the molecular beam epi-
taxy (MBE) [73], [74]. A principle schematic is presented in Figure 2.8 (a). A
VECSEL consists of distributed Bragg reflectors on both ends of the cavity and
a gain medium with a layer of quantum wells or quantum dots. Optical pump
schemes have been studied, but electrical pumping remains widely popular due
to its better stability, simplicity and compactness [75]. The wavelength tuning
is performed by placing one of the reflectors on a vibrating MEMS membrane,
which modifies the cavity lengths and tunes the wavelength of the fundamental
mode of the cavity.

This method has multiple advantages in performance, with a long coherence
range [76]. Additionally, the recent progress in semiconductor technologies on
active media enabled operation at spectral bands interesting for multiple appli-
cations, such as 800 nm, 1060 nm, 1300 nm [77]-[79]. It also represents a huge
commercial interest due to the small footprint of the device, and its potential
mass production, providing large quantity of affordable swept-source devices[4],
[76].

However, the MEMS-VECSEL technology still suffers from the significant en-
try cost of semiconductor fabrication labs. The limited access to equipped facili-
ties and to specialized operators, the long fabrication time and the failure rate of
the chips slows the development of novel structures. This is especially problem-
atic for high-speed swept-sources, where the mechanical and electrical properties
of the structure are exploited to their limits, and exploration of disruptive struc-

ture is required [75].
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FIGURE 2.8: Sketch of (a) micro-electro-mechanical system (MEMS)-tunable

vertical-cavity surface-emitting laser (VECSEL) and (b) fibre based Fourier

domain mode-locking (FDML) laser with their respective gain element and
wavelength tuning mechanism.

2.3.2.2 Fourier-domain modelocking

In order to access high sweeping-rate, the theory would encourage to reduce the
cavity length like the MEMS-VECSEL. In 2006, a group of researchers imagined a
solution that goes the opposite way [3].

FDML lasers are composed of an extremely long ring laser cavity, containing
a variable spectral filter that would sweep periodically its central wavelength, as
shown by the schematic Figure 2.8 (b). For this laser to achieve stable operation,
a considerable length of optical fibre is added to the cavity so that its round-trip

time would correspond to the filter sweeping rate f;:

with [, the cavity length, n the refractive index of the fibre and c the speed of light

in vacuum.
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This method is interesting as it can exploit the mature optical fibre technol-
ogy, that presents low attenuation and exhibits moderate cost for high sweeping
rates up to 400 kHz (without buffering). It is also robust and has a relatively re-
duced footprint. Additionally, the fact that a continuous emission is produced
maximizes utilization of the high sweeping rate [80], [81].

The FDML lasers face two major challenges: the high-speed tuning of the
spectral filtering, and the dispersion management. First, the tuning rate of the
spectral filter determines the sweeping rate. In most FDML lasers, a Fabry-Perot
cavity is used where one mirror is translated back and forth to tune the nominal
operating frequency of the filter. These mirrors are limited by mechanical prop-
erties, such as their weight, the frictions with the ambient medium, etc. While
400kHz tuning rate filters have been demonstrated and buffering can provide
provide access to 1.6-3.2 MHz sweeping rates, their manufacturing is complex
and further speed increase is far from straightforward [82], [83].

A second challenge faced by the FDML technology is the dispersion con-
trol. Indeed, the operation of the FDML laser requires that the round-trip time
of each wavelength is synchronized with the corresponding filtering timing of
the Fabry-Perot cavity. As the FDML laser contains significant lengths of opti-
cal fibre, dispersion compensation devices such a dispersion compensating fibre
(DCF) or CFBG are required to achieve net zero cavity dispersion and stable op-
eration. This makes the development of FDML systems over broad bandwidth
highly non-trivial and raises the cost of manufacturing.

In addition to dispersion management and high-speed spectral filtering, gain
dynamics can also impose limitations in FDML lasers. The gain medium, typi-
cally a semiconductor optical amplifier, must provide broadband and temporally
stable amplification over the entire sweep range. However, gain saturation and
finite gain bandwidth can lead to non-uniform intensity profiles and reduced
coherence, particularly at high sweep speeds. As a result, careful optimization

of the gain medium and its operating conditions is required to maintain stable
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FDML operation

2.3.2.3 Stretched pulse modelocking

After identifying the sweeping limitations of MEMS-VECSELs and FDML, an en-
deavour to seek akinetic swept-sources was initiated. In 2006, Yamashita et al.
presented a laser cavity they referred to as dispersion tuning [84]. The gain of
the cavity is modulated in synchronization with the round-trip time. Using large
chromatic dispersion, only a short bandwidth meets the harmonic modelocking
conditions. By applying periodic tuning of the modulation frequency, the lasing
wavelength can be swept across large bandwidth. The dispersion tuning works
best with a short cavity and a large dispersion. For this reason, the long SMF was
replaced by CFBG [85].

In 2014, Tozburun et al. proposed a different approach where the active mod-
elocking comes from an intensity modulator (IM) in a ring cavity, surrounded by
two dispersive elements of opposite sign [5], [86]. This added dispersion stretches
the pulse in time after the IM, and compresses it before the pulse returns to the
modulator. The pulse is extracted from the cavity while time-stretched, where
each pulse is therefore considered as a wavelength sweep. For this reason, the
technique was named stretched-pulse mode-locking (SPML).

While this technique enabled sweeping >10 MHz, SPML operation is chal-
lenging. Firstly, it is sensitive to higher order mismatch between the two disper-
sion elements. Leftover dispersion prevents the onset and the stable operation
of the mode-locking mechanism. Although improvement in the CFBG manufac-
turing reduced this issue, it remains an obstacle especially over large bandwidth
SPML sources. Secondly, SPML requires high-frequency intensity modulator and
precise timing synchronization, which increases significantly the complexity of

this architecture.
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2.3.2.4 Dispersion-tuned modelocking

Dispersion-tuned mode locking (DTML) is second type of akinetic swept-source
design, with a laser cavity containing three main elements: a gain medium, an
intensity modulation and chromatic dispersion [87]. Similar to active mode-
locking, lasing is achieved by modulating either the gain or the loss within the
cavity. The wavelength sweep is controlled by tuning the modulating frequency
Jm such as it corresponds to a multiple of the resonant frequency f.(\) of the
desired wavelengths:

n(A)L(A)
where n(\) and L(\) are adjusted via the chromatic dispersion element within
the cavity.

Compared to the SPML method, DTML is less complex, as it does not re-
quire precise zero net cavity dispersion. This approach has been successfully
demonstrated across multiple wavelength bands relevant to optical coherence
tomography (OCT), including 850 nm, 1060 nm, and 1550 nm [88]-[90]. Short
cavity lengths enable rapid sweeping; however, an alternative modality employs
longer cavities, wherein the tuning of a voltage-controlled oscillator is synchro-
nised with the round-trip time of the cavity—akin to the principle of Fourier
Domain Mode-Locked (FDML) lasers—though slight detuning from resonance
appears necessary to enable effective optical tuning [6].

However, gain modulation imposes constraints on the sweeping frequency,
ultimately affecting laser stability. Furthermore, the nonlinear relationship be-
tween drive current, optical power, and spectral bandwidth introduces additional
operational instabilities. These factors have historically limited DTML technol-
ogy to sweep rates below 100 kHz, with tuning ranges of approximately 10 nm.
Recent advancements have explored the use of high-frequency intensity modu-
lators operating above 10 GHz, demonstrating improved stability and broader

spectral bandwidths exceeding 35 nm [89].
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2.3.2.5 Time-stretched supercontinuum

Time-stretching of broadband pulsed lasers represents another akinetic swept-
source design. Its fundamental principle is the separation of the generation of
broadband pulses and the time-stretching process responsible for producing the
akinetic wavelength sweep via chromatic dispersion [91]. This enables much
more flexibility in the design of stable, high-speed, and broadband swept-sources.

In 2006, Moon and Young Kim reported a 5 MHz swept-source using a super-
continuum laser stretched using 20 km of dispersion compensating fibre [7]. Due
to the large bandwidth of the supercontinuum, a sweeping bandwidth >200 nm
was demonstrated, centered at 1300 nm. However, the high-order dispersion led
to strongly nonlinear wavelength sweep. Additionally, the intensity noise of the

supercontinuum prevented OCT imaging.
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FIGURE 2.9: Sketch of the time-stretched supercontinuum operating princi-
ple.

The principal advantage of the time-stretching technique is that the sweeping
rate is determined by the repetition rate of the laser. As pulsed lasers operate
at high repetition-rate (typically 80 MHz), a significant increase in sweeping rate
compared to other technologies can be obtained. In order to maximize the duty

cycle of the swept-source, the total quantity of dispersion D, (in ps/nm) must be
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adjusted depending on the desired sweeping rate f, and on the sweeping band-

width AA:
1
Dipp = —— 22
tot fr AN ( 3)
Combining Equation 1.7 and Equation 2.23 and considering a set sweeping rate
fr and a maximized duty cycle, the instantaneous linewidth J\ can be calculated

as:
1

N= -5
2B - Dyot

(2.24)

The total dispersion is therefore directly linked to the axial range of the OCT sys-
tem. This demonstrates that the time-stretched supercontinuum approach offers
remarkable flexibility in the design of swept-sources tailored for specific applica-
tions, via the three key parameters: Sweeping Rate f, / Optical Bandwidth A\ /
Dispersion D,;.

Using a 100 MHz modelocked fibre lasers and a pulse picker (or buffering
stage) reducing (increasing) the pulse rate coupled with the appropriate lengths
of optical fibre, Huang et.al. reported swept-sources with sweeping rates from 10
MHz to 400 MHz [9], [10]. Yet, the modelocked laser had a limited bandwidth
and the high sweep rate limited the linewidth of the swept-source.

Recent research has revealed the remarkable potential of ANDi supercontin-
uum generation providing low-noise broadband pulses centered at 1060 nm [72],
a breakthrough that paves the way for advanced time-stretch-based swept-source
techniques within this critical spectral band. This development holds significant
promise for applications in retinal OCT imaging. Accordingly, this thesis is dedi-

cated to an in-depth exploration and analysis of this technology.

2.3.3 State of the art time-stretching methods

Multiple devices were investigated to apply a large amount of dispersion to broad-
band pulses. They offer variable maximum GVD, attenuation, higher order dis-

persion, and robustness. We discuss here the working principle, advantages and
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drawbacks of the most common time-stretchers, and review some creative de-

signs. To ease the comparison, an efficiency factor 7 is introduced, defined as
D
n=— |[ps/nm/dB] (2.25)
(0%
where D is the dispersion parameter and o the optical attenuation parameter.

2.3.3.1 Single mode fibres

Since its early development in the 70s thanks to the telecommunication applica-
tions, the optical fibre became more and more refined, with lower attenuation,
reduced cost, better robustness, and easier handling. While the spectral bands
covered by optical fibre expanded from UV to MIR, the technology really thrived
around 1550 nm. For these reasons, long spools of single mode fibre (SMF) were
the first time-stretcher used [7], [92]-[94]. For the SMF28 (by Corning), the effi-
ciency factor n ~100 ps/nm/dB at 1550 nm.

In single mode optical fibres, the dispersion originates from a combination of
material dispersion and waveguide dispersion. The dispersion from the waveg-
uide usually dominates. By changing the structure of the fibre and the material
used, the dispersion can be tuned.

In the case of broadband pulse stretching, it is critical for the dispersion D(\)
to have the same sign across the whole bandwidth of the pulse. In a situation
where it is not the case, wavelengths on each side of the zero-dispersion wave-
length (ZDW) will both experience similar delay and risk to overlap in time.
Therefore, dispersion shifted fibres can be interesting tools for applications near
1300 nm where the ZDW of typical silica fibres is situated.

The use of SMF to temporally stretch pulses presents many advantages. First,
there are many different fibres currently available commercially, which offer mul-

tiple dispersion profiles, and therefore more flexibility in the design of the system
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[10], [95]. As the fibre manufacturing technology improved, the costs of special-
ized fibre also decreased. Moreover, the total dispersion of the device is easily
tunable by changing the length of the fibre. Using these properties, one could
achieve any amount of delay and a very long stretched pulse. Finally, the disper-
sion profile of a fibre is continuous which makes it an interesting tool to stretch
large bandwidth pulses (>100 nm).

However, while increasing the length of fibre to obtain larger dispersion is
possible, the attenuation becomes rapidly high which prevents most applications.
This is especially critical for fibres in near infrared (NIR) and visible range. For
example, the efficiency factor 1 of the commercial HI1060 fibre by Corning at 1060
nm is ~25ps/nm/dB. Using Eq.2.23 and Eq.2.25 and assuming a bandwidth of
100 nm, we obtain that any sweeping rate below 20 MHz induces more than 20 dB
attenuation, which limits the potential of the source for many applications. Ad-
ditionally, the higher order dispersion can be significant in standard SMF, which

induces a nonlinear sweeping.

2.3.3.2 Chirped fibre Bragg gratings

‘ i Circulator CFBG
t

—

FIGURE 2.10: Chirped fibre Bragg grating operating principle.

As an alternative, a variant of fibre Bragg grating (FBG) was proposed, named
chirped fibre Bragg grating (CFBG), to stretch the pulses. In CFBGs, instead of

a constant period between each refractive index change in the fibre, this period
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continuously varies, as represented in Figure 2.10. As a consequence, short wave-
lengths will reflect where the period is small and large wavelengths where the
period is long. Alternatively, one can see CFBGs as a cascade of FBGs with dif-
ferent Bragg wavelengths. Each spectral component travels through a different
length of fibre and therefore accumulates a different time delay.

This technology is very attractive mainly because of the low resulting optical
losses. Indeed, many manufacturers can provide CFBGs with a reflectivity >90%
[10], [96], [97]. CFBGs are also robust fibred components that do not need any
maintenance once spliced. This makes it a good choice to develop a reliable and
robust product, where free-space is often avoided for this reason.

CFBGs being relatively new, there is only a limited offer of commercial prod-
ucts on the market. Moreover, the design of a CFBG is expensive which can ex-
plain the limited number of companies providing custom CFBGs. Another tech-
nical issue, especially in the case of time-stretch sources where the chirp needs
to be important, is the length of the CFBG. Indeed, to achieve a high reflectiv-
ity over a broad bandwidth and a high chirp, the distance between each grating
plane needs to be longer, which induces mechanical difficulties for the writing of
the grating. For example, to achieve a dispersion of 280 ps/nm, on a 30 nm band-
width around 1550 nm, the CFBG would be longer than 55 cm [98]. CFBG for
broader pulses would be multiple meters-long. Additionally, broadband CFBG
also rely on efficient, large band fibre circulators. Such devices are not available
at every spectral band of interest, increasing the complexity of such implementa-
tion.

This topic will be presented in more detail in Chapter 4, with the study of a 10

MHz swept-source using a CFBG to provide high dispersion.

2.3.3.3 Multimode fibres

Alternative time-stretching techniques have been explored, including the use of

modal dispersion in few-mode and multimode fibres to achieve high chromatic
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dispersion [99], [100]. However, such approaches are of limited practical utility
in swept-source OCT. The coupling conditions in multimode fibres are highly
sensitive to alignment, as small variations in the input angle significantly alter the
modal excitation and, consequently, the dispersion characteristics. Moreover, the
wavelength-dependent modal distribution leads to complex output beam profiles
that are incompatible with applications requiring spatial coherence, such as those

relying on Gaussian beam propagation.

2.4 Conclusion

Nonlinear effects during optical pulse propagation play a crucial role in shap-
ing the spectrum, temporal profile, and noise characteristics of the pulse. Key
parameters, such as the dispersion profile and nonlinear coefficient of the mate-
rial, as well as the pulse’s peak power and duration, determine how the prop-
agation can be modeled using the generalized nonlinear Schrédinger equation
(GNLSE). Under the right conditions, all-normal dispersion (ANDi) supercontin-
uum generation follows a two-step process: initial spectral broadening driven by
self-phase modulation (SPM), followed by additional broadening through opti-
cal wave breaking (OWB). Since these effects are coherent, ANDi supercontinua
offer strong potential for applications requiring broadband, low-noise pulses.
The growing demand for high-speed tunable laser sources, particularly in
swept-source optical coherence tomography (SS-OCT), has led to the exploration
of various designs. Some approaches, such as MEMS-VECSELs and Fourier do-
main mode-locked (FDML) lasers, rely on mechanical tuning mechanisms, which
limit their sweeping speeds to below the multi-megahertz range. To overcome
this constraint, akinetic swept-sources—those using non-mechanical tuning methods—

have gained increasing interest. Among these, time-stretched supercontinuum
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sources stand out, particularly due to the recently demonstrated low-noise char-
acteristics of ANDi supercontinua, making them a promising solution for next-

generation high-speed applications.
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Chapter 3

Ultra high-speed swept-source with

fibre-based stretcher

The study presented in this chapter encompasses the work undertaken at NKT
Photonics between July 2020 and August 2021, as well as the OCT imaging con-
ducted at the Applied Optics Group (AOG), School of Physical Sciences, Uni-
versity of Kent, from September to November 2021. During my time at NKT
Photonics, I developed the simulation tool and was responsible for the design, as-
sembly, and characterisation of the swept-source. In collaboration with the AOG,
I reassembled and recharacterised the swept-source. The design, assembly, and
characterisation of the OCT systems were carried out in collaboration with Ale-

jandro Martinez Jimenez, who was also a PhD candidate at the University of Kent

at the time.
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3.1 Introduction

Swept-source optical coherence tomography (55-OCT) has gained significant at-
tention due to its higher imaging speed compared to spectral-domain (SD) OCT,
its longer imaging range, and its recent ability to access spectral bands of inter-
est, such as 1060 nm and 1300 nm. Further advancements in this technology rely
on the development of improved swept-sources. Among the various parameters
defining these sources, increasing the sweep rate remains one of the most chal-
lenging. In most leading technologies, this limitation arises from the mechanical
components used for wavelength sweeping. As a result, akinetic swept-source
designs are attracting increasing interest within the scientific community.

This chapter explores the potential of time-stretching supercontinuum (TSSC)
swept-sources employing a long single-mode fibre (SMF) stretcher for high-sweep-
rate SS-OCT operating at frequencies above 10 MHz. The targeted application is
biomedical imaging; therefore, the source is designed to operate within the spec-
tral band of 1000-1100 nm, where water absorption is minimal.

A major challenge encountered in previous studies has been the high rela-
tive intensity noise (RIN) of supercontinuum lasers [7]. In recent years, how-
ever, it has been demonstrated that all-normal dispersion (ANDi) supercontin-

uum lasers can exhibit significantly lower noise than their anomalous dispersion
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counterparts under certain conditions [72]. Consequently, the first part of this
chapter details the careful optimization of the ANDi supercontinuum generation
process, facilitated by the development of numerical simulation tools. This opti-
mization led to the design of the broadband source integrated into the high-speed
swept-source. Additionally, the optimization of the SMF-based time stretcher is
presented.

The second part of the chapter focuses on the experimental realization of the
swept-source and its characterisation. Its performance in OCT applications is
assessed using a simple interferometer, and the results are discussed. Finally, the
last section of the chapter explores the integration of this source into advanced

OCT systems employing high-speed detectors and scanners.

3.2 Numerical simulations

The supercontinuum generation is a complex process, with multiple nonlinear
effects occurring simultaneously and interacting. To assist us in the development
of our swept-source, a code to simulate the nonlinear propagation of pulses in
an optical fibre has been developed. It was based on the generalized nonlinear
Schrodinger equation (GNLSE) presented in Equation 2.18.

The code is designed so that it generates two objects named "Pulse” and "Fi-
bre”. The Pulse object contains physical information about the input laser pulse
duration and temporal shape, the peak power, the central wavelength, as well as
simulation parameters such as the number of points or the time resolution. The
Fibre object is generated with parameters about the length, the dispersion, at-
tenuation and the nonlinear parameter. The dispersion data from the fibre man-
ufacturer are imported and fitted to a Taylor expansion up to the tenth order
centred around the central wavelength of the pulse. The nonlinear parameter is

either calculated based on the central wavelength, the nonlinear index of silica at
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FIGURE 3.1: (A) Spectrogram of the supercontinuum generation in anomalous

PCF simulation using the same parameters used in [66], using a sech2 input

pulse at 835 nm of 50 fs FWHM with 10 kW peak power. (B) Simulation and

experiment of ANDi supercontinuum generation in an ANDi PCFE, with an

input pulse duration of 180 fs (FWHM) and input peak power of 48kW as
detailed in [72]

(A)

this wavelength, and the fibre effective area, or, if previously known, its value is
stored.

With these two objects created, an object Simulation imports both the Pulse
and Fibre, and stores the simulation parameters, such as the step size along the
fibre (fixed in this simulation code), and the number of saved points along the
fibre were also adjusted to find a compromise between simulation precision and
time/memory management. The propagation in the fibre follows the split-step
Fourier algorithm, calculating for each step the linear effects (dispersion and at-
tenuation) followed by the nonlinear effects (SPM, Raman) in the step. For the
nonlinear effects, a custom Runge-Kutta method of the fourth order was imple-
mented. For the consecutive propagation through different fibre length or types,
multiple Fibers can be imported for successive propagation simulation.

Once the simulation is finished, a Visualizer generates the graphs needed to
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analyse the simulation results: plot of the input and output spectra and time
trace, 2D mapping of the spectra and time domain intensity evolution along the
fibre at each saved point, as well as the relative photon error along the fibre for
sanity checking the simulation. The Visualizer can also generate spectrograms to
analyse the time domain and spectral domain relationship. Finally, this Visualizer
can also perform measurements of the spectral bandwidth, pulse duration, peak
power, and pulse energy.

To first test the code, the pulse propagation described by Dudley et.al. in [66]
was simulated. It uses a PCF with anomalous dispersion and a 50 fs full width
half maximum (FWHM) pulse with 10 kW peak power and a central wavelength
at 835nm. The simulated pulse propagation is presented in Figure 3.1(a). Af-
ter confirming good agreement with the results presented in the paper [66], we
next started running simulations on the ANDi supercontinuum experiment in
our lab [72]. Here, a 180fs pulse with 48 kW peak power and a central wave-
length at 1049 nm propagates in 2 m of ANDi PM PCF. Once again, agreement
was observed with the experimental measurements. We note that the remain-
ing discrepancy in the ANDi simulations and the experiment are predominantly
caused by assumptions about the dispersion profile of the PCF that was measured
experimentally in the range 800 - 1200 nm by NKT Photonics, and extrapolated
to cover the simulation range. However, for the spectral band of interest of the
work presented in this thesis covering 1000 - 1100 nm, the simulation is in good

agreement with the experiment.

3.2.1 Supercontinuum generation design

With confidence in the numerical model, we next started to design the swept-
source. First, establishing the parameters of the input pulse was necessary. The
seed laser used was an Origami 10 LP from NKT Photonics. It is a free-space

mode-locked laser with specified low relative intensity noise (RIN) (< 1%). The
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pulse duration at FWHM of 140 fs is fixed and the maximum average power avail-
able is 65 mW with a central wavelength at 1055nm. The repetition rate is fixed
at 80 MHz. The output beam is linearly polarised with a specified polarisation
extinction ratio (PER) > 24 dB.

Then, the nonlinear medium had to be chosen. As the available peak power
is limited, a highly nonlinear PCF was used (NL-1050-NEG-1-PM, NKT Photon-
ics). The fibre needs to be PM to avoid noise from polarised modulation insta-
bility (PMI) [50]. The fibre core diameter is 2.4 um, with a hole to hole pitch
A = 1.44um, a relative hole diameter d/A = 0.39 and a nonlinear coefficient
v = 26.8 W'km~'. The group velocity dispersion (GVD) parameter D has a
parabolic profile with a maximum of -13 ps/km/nm at 1040 nm for propagation
along the fast axis of the fibre [11], [50], [72].

In the design of a swept-sources for SS-OCT, three parameters require a trade-
off, depending on the targeted OCT application: sweeping bandwidth, instanta-
neous linewidth and sweeping rate. The strength of time-stretched supercontin-
uum is the capacity to maximize any one of these parameters. One can use a large
bandwidth supercontinuum, and then use a limited time stretching to obtain the
swept-source. The instantaneous linewidth would be large, which would mean
that the axial resolution would be better on the expense of the axial range. Such
a swept-source would be interesting for thin samples imaging.

Where a more powerful dispersive element is available, larger axial range can
be accessed. For example, let us consider a pulsed laser operating at 80 MHz with
a gaussian-shaped spectrum centred at 1050 nm. If this laser has a spectrum of
100 nm bandwidth at FWHM stretched over 12.5 ns and measured with a 10 GHz
photodiode and oscilloscope, the instantaneous linewidth would be 2.66 nm. In
OCT parameters, this would give an axial resolution of 4.87 um and an axial range
of 0.11 mm. In the second situation, if this spectrum is reduced to 20 nm, the axial
resolution becomes 24.3 um and the axial range 0.52 mm.

However, it should be noted that this assumes that the dispersion and the
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transmission efficiency of the system are approximately the same across the whole
bandwidth. Significant higher order dispersion and spectral-dependent attenua-
tion will strongly impact the final OCT parameters and will limit the use of high-
dispersion high-loss stretcher.

For the swept-source presented in this chapter, we decided to use the maxi-
mum bandwidth that could be generated. The supercontinuum generation was
optimized by changing the pulse peak power and the PCF length. In this case, as
the pulse duration was fixed, the peak power was modified by tuning the aver-
age power. To obtain the maximum spectral bandwidth, we used the maximum
power our laser could deliver. For the numerical simulations, we assumed a cou-
pling efficiency of 60 %, giving a laser average power of 39 mW and a pulse peak
power of 3 kW. The result of the simulation is presented in Figure 3.2. While some
discrepancies between the spectral edges observed in the experiment and those
predicted by the simulation are apparent—likely attributable to the local charac-
ter of the Taylor expansion used to approximate the fibre dispersion profile—a
satisfactory agreement is nonetheless achieved in terms of the supercontinuum
bandwidth at full width at half maximum. In particular, a spectral bandwidth of

100nm (FWHM) and a pulse duration of 3 ps were obtained.

3.2.2 Time stretching design

With the design of the broadband pulsed source established, we next focus on
the design of the time stretcher. In this thesis, both a fibre stretcher and CFBG are
presented as stretching elements. However, sourcing a proper CFBG was a major
task and when decided, it had a lead time of about 1 year. We therefore performed
our early (and low dispersion) experiments using a single-mode fibre. This was
motivated by the availability of a large choice of fibres at a relatively low price.
Multiple commercial fibres designed for 1060 nm were compared, based on their

dispersion profile, attenuation profile, and cost.
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and time domain during propagation. The abscissa of a-c and b-d are shared.
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FIGURE 3.3: Specifications of the 980-XP fibre. The central dotted line is the
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width defined in the introduction is marked in grey. The circles indicate the
appropriate axis for each curve.

While a high absolute value of group delay dispersion (GDD) is important,
attention was given to carefully minimize the higher-order dispersion in order
to enable better linearity of the wavenumber-to-time mapping, which would be
advantageous for the final application. Additionally, the attenuation was min-
imized to preserve the power of the swept-source, and its variation across the
1000-1100 nm spectral band was also limited to prevent spectral reshaping.

For the most promising fibres, simulations were performed to better estimate
the length needed to reach 12.5 ns pulse stretch, which corresponds to the time in-
terval between successive pulses. Out of these simulations, the PM980 and 980XP
fibres from Nufern were the most interesting. Both fibres present similar disper-
sion and loss profiles. The non-PM version was used as polarisation maintaining
was not a requirement for the OCT system. The dispersion and attenuation spec-

tral profiles of the 980-XP fibre are presented in Figure 3.3.

3.3 Experimental realization and characterisation

With the design fixed, we could work on the assembly of the swept-source. The

supercontinuum was generated by coupling the light from the seed femtosecond
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FIGURE 3.4: Schematic of the swept-source and depiction of pulse evolution
throughout the system. ISO: isolator; HWP: half-wave plate; P: polariser; AL:
aspheric lens; SM: single-mode fibre; WDM: wavelength division multiplexer;
YDEF: Ytterbium-doped fibre
mode-locked laser (Origami 10 LP) into the PM-ANDi PCE. An isolator was posi-
tioned in front of the laser to protect it from back reflections that could disturb the
mode-locking mechanism and/or damage the laser. Due to the small mode field
diameter (MFD) of the PM-ANDI fibre, measured to be 2.6 um at 1050 nm, fibre
coupling was not a trivial process. The fibre was placed in a metal holder with a
V-groove, fixed on a 3-dimensional translation stage. This allows high precision
in the fibre positioning. To ease the coupling, the air holes of the PCF were col-
lapsed over 200 um using a Vytran splicer. This also reduces the risk of damage
to the fibre facet. Moreover, to couple the light to the stretcher, the PCF was first
spliced to a short length of 980XP fibre (20 cm), referred to as "transition fibre".
The splice was optimized using the Vytran splicer to reduce the loss as much as
possible, leading to only 1 dB of attenuation.
An aspheric lens was positioned in front of the translation stage to focus the
light on the fibre. The following equation describing the size of a diffraction lim-

ited gaussian beam was used to select the focal length of the lens:

- QUJQCZ’/T

I~ 4\

(3.1)

with 2 wy the beam waist diameter, d the collimated beam diameter. The col-

limated beam diameter was measured to be 1.25mm (at 1/¢?) by performing a
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FIGURE 3.5: Example of the effect of power increase (a) and polarisation rota-
tion (b) on the supercontinuum power spectral density (PSD)

knife edge measurement on the laser beam. To obtain a full beam waist matching
the MFED of the fibre (2 wy = 2.6 um) at a central wavelength of 1055nm, a lens of
focal length of 2.4 mm would be required. The commercial aspheric lens with the
closest focal length was the C230TMD-B by Thorlabs with a 4.51 mm focal length
and a B-coating. Two silver mirrors mounted in precision mounts were used to
steer the beam. Using a thermal power-meter that exhibits a constant sensitiv-
ity in the spectral band, an average power of 32 mW was measured at the fibre
output. Considering the 1dB attenuation of the splice between the PCF and the
transition fibre, it corresponds to 40 mW coupled into the PCF, and a coupling
efficiency of 62%, matching the numerical simulation assumption.

As the nonlinear fibre used is polarisation maintaining, the output spectrum is
greatly dependent on the input polarisation. The laser light is specified to be lin-
ear, but knowing the alignment polarisation axes of the fibre is challenging. Once
the maximum coupling efficiency was obtained, we used the following process
while monitoring the spectrum and average power at the fibre output. Firstly, a
half-wave plate (HWP) was inserted in the optical path before the aspheric lens
and rotated until the spectrum bandwidth was maximized. Indeed, the broaden-
ing is less efficient when the laser power is distributed on the two axes of the fibre
as can be observed on Figure 3.5 (b). Differentiating between the fast and slow

axes is more challenging. As the dispersion profiles are different on both axes
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FIGURE 3.6: Measurement of the spectrum attenuation through the stretcher.
The red dotted curve is the calculated attenuation of the stretcher.

- with a steeper parabola for the slow axis - the optical wave breaking is more
efficient for the fast axis. The spectrum is therefore broader when the input light
is aligned on the fast axis. Secondly, a polariser was inserted after the HWP and
rotated until the average power was maximal. This ensures further cleaning of
the polarisation state for a high linearity.

Once the coupling into the PCF was optimized, the transition fibre was spliced
toa 99/01 fibre coupler to monitor the broadening process while the swept-source
was in operation. Due to mechanical and thermal drifts, the coupling efficiency
can degrade over time and the system require realignment using this 1 % output.
The high transmission end of the coupler has then been spliced to the stretcher, a
spool of 2.8 km of 980XP fibre.

The optical spectrum was measured after the stretcher and compared to the
corresponding measurement taken before the long fibre segment, in order to char-
acterise the wavelength-dependent attenuation introduced by the stretcher, as
shown in Figure 3.6. An attenuation variation ranging from -8.2 dB to -6 dB across
the spectral bandwidth was observed. This non-uniform loss resulted in a slight

spectral reshaping, primarily through depletion at the shorter-wavelength edge.
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The average power at the output of the stretcher was 2.9 mW, which is in-
sufficient for the intended OCT application, where approximately 20 mW is typ-
ically required. Although this limitation was anticipated, the lack of access to
higher-performing components—such as a lower-loss stretcher or higher-power
laser source—hidered efforts to mitigate the low output power. As a result, a
ytterbium-doped fibre amplifier was developed to compensate for the power
deficit. This amplifier consisted of a 976 nm pump laser diode was spliced to a
WDM to pump a 4.5 m of ytterbium-doped fibre (SM-YSF-HI-HP, Nufern). At the
output of the amplifier, an isolator was spliced after the amplifier to protect the
source, and an FC-APC connector was also spliced to ease the use of the swept-
source for different OCT systems. The laser diode driver was set to 150 mW pump
power after the WDM. Due to the splice loss and the limited bandwidth of the
WDM, the broadband signal was attenuated by 3 dB, leading to 1 mW at the out-
put of the WDM. With the amplification, the swept-source output was increased
from 1mW to 22 mW, corresponding to an amplifier gain of 13 dB.

The spectral evolution is presented in Figure 3.7, with spectra measured after
the seed laser, after the broadening in the PCF and after the YDF amplifier. Due
to the limited gain bandwidth of the ytterbium ions, the spectral bandwidth was
reduced to 47.3nm at FWHM. While the power amplification enables the OCT
application, it also puts a significant limitation on the system, as a reduction of
the optical bandwidth worsens the OCT axial resolution. Further optimization of
the amplifier with a lower attenuation WDM and a better optimized fibre doping
concentration and fibre length could limit this bandwidth reduction.

For the OCT application, it is interesting to know how the spectral information
is mapped in time. When the sweep is obtained by time stretch, this is referred to
as a time warp. This time warp was measured by filtering each spectral compo-
nent and measuring each delay compared to a fixed reference. The output of the
swept-source was collimated using a silver parabolic mirror, which avoids chro-

matic aberrations. Then, the beam was aligned into a monochromator made out
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FIGURE 3.7: Spectrum measured along the system. The bandwidth are mea-
sured at FWHM (-3 dB) and -10 dB.

of two parabolic mirrors and one diffraction grating placed on a rotation stage.
By rotating the grating, the wavelength was selected. A slit at the output of the
monochromator limited the linewidth of the output spectrum to 1nm. The out-
put of the monochromator was coupled into a multimode fibre connected to the
desired instrument.

For the spectral domain measurement, an optical spectrum analyzer (OSA)
was used (AQ6374 by Fujikura). Then, the time domain was recorded by a 5 GHz
biased InGaAs photodiode (DETO8CFC by Thorlabs) and digitized using a 12 GHz
sampling oscilloscope (Picoscope 9201 by Pico Technology). The scope was trig-
gered by a temporally-fixed reference signal obtained from an internal photodi-
ode in the Origami 10 LP, allowing a relative delay of each wavelength compo-
nent to be measured. Both measurements were performed for every 1 nm from
1030nm to 1110nm. The result is presented in Figure 3.8. Each point is mapped
in Figure 3.8 (b) and the data are fitted with a parabolic function. In the inset,
the same plot is presented in wavenumber, as this parameter has more meaning
for the OCT characterisation. This shows the high linearity of the sweep with
a coefficient of determination higher than 0.99998, which reduces the need for

nonlinearity compensation in OCT processing. The pulse duration measured at
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FIGURE 3.9: OCT performance characterisation set-up. APC: Angled Physi-
cal Contact fibre connector; VODL: Variable Optical Delay Line; PC: Polarisa-
tion Controler.
-10dB was 10.0ns, leading to a duty cycle of 83%. The parabolic regression gives
a measure of the stretcher dispersion L - D = —135.6 ps/nm at 1060 nm, giving

D = —48.4ps/nm/km that confirmed the theoretical value of the 980XP fibre

dispersion.

3.4 Characterisation of performance for OCT

To confirm the performance of the swept-source for SS-OCT, a simple interferom-
eter was built, shown in Figure 3.9. An APC connector was spliced to a 95/05
coupler that was used as a tap output to monitor the swept-source output aver-
age power and spectrum. On the 95% end, an 88/12 coupler was spliced, split-
ting the light into the reference and sample arms. This splitting ratio was used
to maximize the light collected from the sample. Both couplers are made with
HI-1060 fibre. In the sample arm, a fibre polarisation controller was spliced so it
can be tuned to match the polarisation state of the reference arm and maximize
the fringes visibility. An equivalent length of fibre is added in the reference arm
to compensate for the dispersion introduced in the sample arm, thereby reducing
the need for dispersion compensation during post-processing. The fibre output
of each arm was connectorized with APC connectors and fixed to 3D stages with
aspheric lenses to collimate the beam. The average power in the reference and

sampled arm were measured to be respectively 19.0mW and 2.6 mW. A silver



Chapter 3. Ultra high-speed swept-source with fibre-based stretcher 76

[ Temporal Trace ] [ Reference Temporal Trace ]

| [yl T Gorer rer ) Becams sam]
Time Domain P
DC term subtraction

y=y— D/ref"'ysam]
Normalization

Y = Y/ Ysam + Yrerl Spectral Domain

Pulse Trimming using phase Transform to k-space
(max(yrer) *0.05 < yrey <max(yrer) *0.95) using mapping

Cubic Spline Interpolation

Gaussian apodization Spatial Domain

Phase compensation Fast Fourier Transform to z-space

Plot in dB scale

Mandatory step
- — = - Optional step
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respectively are the time and the intensity data.
mirror was placed on a translation stage aligned along the optical axis (noted
z-axis) in the reference arm. For the calibration, another silver mirror was posi-
tioned on the sample arm. The light from both arms traveled through the coupler
and was measured at the output with a 5 GHz biased photodiode and the sam-
pling scope used for the time warp measurement. The position along the z-axis
was measured so that the distance to the fibre was the same in both axes. An
average power of 1.8 mW was measured on the photodetector (0.9 mW from each
arm) which includes the coupling loss and the attenuation of the imperfect mir-
rof.

We performed a roll-off measurement, recording the interference signal for
each optical path difference (OPD), as well as the signal from the light in the
reference (sample) arm while blocking the sample (reference) arm for DC sub-
traction.

Once the data were recorded, it was processed by a code developed in Python
using phase calibration with dispersion compensation (PCDC) algorithm as de-

scribed by Bradu et.al. [38]. The schematic presented in Figure 3.10 details each
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step in the processing, grouped according to the domain on which they act (time,
spectral or spatial domains).

First, the time trace of the interference and the reference signal are imported.
Due to the akinetic sweeping mechanism, the pulses out of the swept-source were
identical. Therefore, the DC signal could be used to detect the position of the
pulse in the recorded time frame, using a threshold at 50% peak intensity. To
obtain the DC term, the two measurements respectively with the sample arm or
the reference arm blocked were summed. The DC term was then subtracted from
the interference trace and the result was normalized to the DC term. The frame
was then cropped to avoid inter-pulse noise.

Using the time warp function measured previously, the data in the time do-
main were transferred to the spectral domain, or k-space. However, with this
transfer, the k-array was not linear anymore, which is necessary for the fast Fourier
transform (FFT). Therefore, a cubic spline interpolation was used to re-linearize
the array. Finally, an apodization function was applied to reduce sidelobes. For
this processing, we chose to use a Gaussian apodization to avoid the generation
of sidelobes at the expense of a slight loss in axial resolution. The spectral channel
was ready to be transferred to the spatial domain via FFT. The output is plotted
in logarithmic scale.

The results of these measurements are presented in Figure 3.11. Each colour
represents a measurement done with a sample mirror a different axial positions
separated by 100 um, resulting in an OPD change of 200 pm. The axial resolu-
tion on the first A-Scan measured is 18.9 um, as presented in the inset of Figure
3.11 (c). The difference with the theoretical limit of 10.3 um can be attributed
to the Gaussian apodization window that artificially reduces the spectral band-
width, but also to any remaining chirp due to dispersion imbalance in the two
interferometer arms. As the chirp is deterministic, it can be compensated in post-
processing. The processing algorithm used in subsequent OCT set-ups includes

dispersion compensation.



Chapter 3. Ultra high-speed swept-source with fibre-based stretcher 78

Intensity [mV]

Time [ns]

g

A-scan amplitude [dB]

0.050 1

0.025 4 H n Mlﬁ

0.000 + e g N
—0.025 4

—0.050 1

0.0057 0.0058 0.0059 0.0060 0.0061 0.0062 0.00 020 0.320.40 0.60 0.80 1.00
K Wavenumber [rad/nm] Z [mm]

Intensity[a.u.]

FIGURE 3.11: OCT results with FFT-base processing for different positions
of the sample mirror. (a) Time traces of the interference pattern. (b) Channeled
spectra in the K-space. (c) A-scans in the spatial domain, in dB scale. The
dotted black line represents the roll-off, with the two grey lines marking the -6
dB crossing. The black continuous line is the noise measured without signal.
The vertical black arrow presents the SNR. The inset presents the first A-Scan
full-width half-maximum corresponding to the imaging resolution.

The roll-off was calculated with a linear regression of the A-scans maxima,
with an attenuation slope of -41 dB/mm. The figure of merit traditionally used is
the position where the signal intensity measured is half of that encountered close
to zero OPD, leading to a -6 dB attenuation. Using the first A-Scan measured, this
was evaluated as 0.32 mm. We note that this value is linked to the instantaneous
linewidth of the swept-source. In a time stretch swept-source, this linewidth de-
pends on both the stretched pulse duration and the sampling frequency of the
digitizer (here 12 GHz). Therefore, a faster digitizer would enable deeper imag-
ing. Finally, a solid black line represents the background noise of the detection
system measured in the absence of incident laser light. This baseline is used to
estimate the signal-to-noise ratio (SNR) of the system, yielding a value of 58,dB
for the first A-scan. As the photodiode operates below saturation, this value may
be regarded as an approximation of the system sensitivity. However, it should
be noted that, strictly speaking, sensitivity in swept-source OCT is defined with

respect to the minimum detectable sample reflectivity under illumination and in
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the shot-noise-limited regime. Consequently, the reported SNR provides an in-

dicative, rather than exact, measure of the sensitivity.

3.5 OCT application

The main limitation of ultrafast OCT systems, apart from the light source, is the
speed of the detector and digitizer. The performance of these two components
directly constrains the axial imaging range of the system. Moreover, they are
among the most expensive elements, as the complexity of electronic devices tends
to increase significantly with speed.

For this reason, although imaging with the 5 GHz photodiode and 12 GHz Pi-
coscope would have been feasible, it was decided to conduct these experiments
in the laboratory of the Applied Optics Group at the University of Kent. This al-
lowed the use of a 20 GHz balanced photodiode and a 20 GHz oscilloscope avail-
able there.

This section first describes the installation of the system in the new laboratory
and the modifications made to the OCT setup. This is followed by a characterisa-
tion of the upgraded system and the demonstration of B-scans using a commer-
cial resonant scanner. Subsequently, the system’s high-speed imaging capability
is demonstrated on a moving sample. Finally, an electro-optic deflector operating

at 100 kHz was used to achieve high-volume imaging rates.

3.5.1 Shipment and installation in the new set-up

To simplify the shipment and installation of the prototype swept-source, a pack-
aging was developed housing all the fibre components (PCEF, fibre stretcher, am-
plifier), as well as the alignment devices for the spectral broadening such as the
3D-stage with the aspheric lens, and the amplifier pump. The driving electronics
were placed on a different shelve, separated from the optical system, to limit the

disturbance from the fans vibration. The seed laser was a separate unit, as well
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FIGURE 3.12: (a) Picture of the packaged swept-source. (b) Example of the
photodetected signal obtained at the output of the OCT interferometer after
replacement of the seed laser by the 40 MHz Origami 10 LP

as the other free space components used for the fibre coupling. Three openings
were made in the housing: a first one in front of the 3D stage for the seed laser
beam, a second one for the delivery fibre, and a third one for the pump driver
electronic cables. During installation, the swept-source housing was secured to
the optical table to ensure stability and maintain alignment with the free-space
optics. A picture of the packaging is presented Figure 3.12 (a).

The swept-source used in this section is identical to that described in the pre-
vious section, except for the seed laser. During the initial installation, we noticed
that the seed laser ceased emitting light. After conducting various debugging
procedures with the manufacturer, it became evident that the damage was se-
vere, requiring the laser to be sent for repairs. In the meantime, a replacement
laser was provided by the manufacturer.

The specifications of this replacement Origami 10 LP unit were very similar
to our previous source, with the major differences being a central wavelength of
1030nm and a repetition rate of 40 MHz. The rest of the chapter reports work
carried on with the 40 MHz swept-source with a 50% duty cycle, see Figure 3.12
(b), but all the results would be valid at 80 MHz with the initial swept-source as

no changes were made in the stretcher. The change in central wavelength slightly
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FIGURE 3.13: Experimental set-up of the OCT system. APC: Angled Physical
Contact fibre connectors; PC: Polarisation Controller; VODL: Variable Optical
Delay Line

shifted the swept-source spectrum toward shorter wavelength but the spectral
broadening was identical and the final bandwidth was also limited by the fibre
amplifier, as visible in Figure 3.15.

A first OCT system was built, targeting non-biological samples for a prelimi-
nary testing of the system. For this reason, power on the sample was not a limita-
tion. This enabled us to use a symmetrical design presented in Figure 3.13, based
on a fibre array composed of three 50/50 fibre couplers made of HI1060 fibre that
split the power equally between a reference arm and a sample arm. The light
was then collimated using aspheric lenses. The reference arm had a silver mir-
ror on a translating mount aligned along the z-axis (optical axis) that reflects the
light to the fibre. At first, the sample arm had a fixed-position silver mirror for
characterisation. The light was reflected through the array and split in two before
being measured by a 23 GHz balanced InGaAs photodetector (BPR-23-M by Opti-
lab). The electrical signal was digitized using a 20 GHz oscilloscope (WaveMaster
820Zi-B by Teledyne Lecroy). The length of fibre of the couplers of the fibre array
were precisely matched to minimize the dispersion imbalance between the two
optical paths.

The average power at the output of the swept-source was 19 mW. Due to the

design of the interferometer consisting of 50/50 couplers and the internal loss of
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the components (measured to be 25% when propagating through any two cou-
plers), the average power in each arm is 3mW. The light reflected back to each
port of the balanced photodetector has an average power of 0.55 mW, from which

0.35 mW is from the reference arm and 0.2 mW from the sample arm.

3.5.2 Characterisation process

The OCT system was characterized following the same process described in Chap.3.4.
The time traces were stored in the oscilloscope and transferred afterward to the
computer for processing. The real-time transfer was attempted using the Ethernet
port of the oscilloscope (R]J45 cable). However, the amount of data generated ex-
ceeds the data transfer rate of Ethernet, limited to 1 GB/s. A high-speed volume
acquired at 400 Hz, presented later in this chapter, represents 4 GB. This would
lead to a volume acquisition at 0.25 Hz taking only into account the transfer time.
That makes real-time imaging impracticable.

Storing each spectrum in individual files within the oscilloscope’s memory
was too slow for acquiring consecutive spectra. To address this, when multi-
ple consecutive channelled spectra were measured, a single data file containing
a large time trace of all spectra was recorded. Consequently, the oscilloscope’s
available RAM (32 GB) limits the maximum number of consecutive spectra to
400,000, which approximately corresponds to a volumetric image of 720 x 480
pixels along the X and Y axes. The exact physical size imaged then depends on
the scanning speeds of the X and Y axes.

Once stored in the computer, the channelled spectra were processed with a
Matlab code that uses complex master-slave (CMS) processing. The choice of
the processing method was motivated by the multiple year of experience of the
Applied Optics Group with this technique, and the robust codes that were devel-
oped that could be adapted to this project. CMS has some benefits compared to

FFT-based processing, such as a more direct en-face OCT production. We note
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FIGURE 3.14: OCT system characterisation. (a) A-scans for different OPD
values. The bottom black and red lines are respectively measurements of the
system noise floor and the detector noise. (b) A single A-Scan showing an axial
resolution at FWHM of 12 um in air.
that in this situation similar performance would be obtained with Fourier trans-
form processing. Using ten measured channelled spectra as original masks, the
phase derivative was calculated, and a set of 10.000 synthesized masks that cover
all the axial range was generated as presented in Chap.1.3.4. A Hamming func-

tion was used for apodization of the generated masks, to attenuate the side lobes

in the A-Scan while preserving the axial resolution.

3.5.3 Characterisation results

The results of characterisation measurements are presented in Figure 3.14. An
axial resolution in the air of 12 um is obtained which is close to the 10.3 um theo-
retical limit imposed by a 48.2 nm wide spectrum, considering a Gaussian shaped
spectrum.

Due to high attenuation throughout the system, the photodiode was not satu-
rated, meaning that the signal-to-noise ratio (SNR) measured corresponds to the
system sensitivity. To elaborate on this, we consider the possible noise contribu-
tions in terms of shot noise, detector noise, and excess photon noise [13]. Until

now, most reports of OCT sensitivity at multi-MHz scan rates considered the shot
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noise as the limiting parameter [10], [82]. Based on the same assumption, we cal-
culated the maximum sensitivity in our system to be 72 dB. In comparison to OCT
systems operating at hundreds of kHz to MHz sweep rates, which typically have
a shot-noise limited sensitivity higher than 90 dB, the short integration time due
to high-speed imaging poses a significant barrier.

By measuring the noise present on the balanced detector when no optical
power was applied, we determined the receiver noise to be 51 dB, as shown by
the red line in Figure 3.14 (a). When applying the optical power, the noise floor
raises to 41 dB shown by the black line in Figure 3.14 (a), indicating that receiver
noise was not the dominating noise contribution. This value, less than 72 dB, also
confirms that the system was not shot noise limited.

Therefore, the excess photon noise was studied, specifically considering the
relative intensity noise (RIN). To perform this measurement, 1000 consecutive
channeled spectra were acquired using a mirror as a sample, then transferred
from the time domain to the spectral domain via the time warp presented in
Fig. 3.8, and the envelope of each channeled spectrum was obtained. Using these

envelopes, the RIN was then calculated for each spectral point as:

RIN(A) = \/<(!A(A)!2 — (AP /(ANP) (3.2)

Figure 3.15 shows that, similar to ANDi supercontinuum reported in previous
work [72], a low RIN ~ 3 — 4% was obtained across the FWHM bandwidth. This
value is significantly lower in comparison to ~ 20% measured in OCT reports
using anomalous-dispersion-supercontinuum dynamics [59]. The RIN spectrum
does not show characteristics of incoherent broadening mechanisms induced by
Raman scattering, technical noise, or polarisation modulation instability [50],
[101]. It is therefore characteristic of low-noise ANDi supercontinuum dynam-
ics, confirming that both the seed laser and nonlinear broadening process are low

noise. We, therefore, attribute the 41 dB sensitivity to excess noise generated by
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FIGURE 3.15: RIN system characterisation. Experimentally measured relative
intensity noise (in blue) for 1000 consecutive channeled spectra with the detec-
tor limit (dotted blue), and the swept-source spectrum (red)

amplified spontaneous emission in the amplifier [102] and minor wavelength-
dependent splitting-ratio imperfection on the couplers which leads to inefficient
cancellation of noise at the balanced detection output. We specifically note that
noise from amplified spontaneous emission in the amplifier is an incoherent noise
source that cannot be eliminated by balanced detection [103].

To improve this sensitivity in future trials, two main considerations should
be made. First, the use of an amplifier could be avoided by employing a higher
power seed and/or a less lossy stretching mechanism, for instance, a chirped
fibre Bragg grating. Second, more power from the sample would be required on
the balanced detecting block. This could be achieved by reducing interferometer
losses and using an asymmetric design, by increasing source power. Another
possibility would be to stretch the pulses up to the seed laser period which leads
to a reduction in the electrical bandwidth needed, consequently enabling noise

reduction.

3.5.4 Scanning imaging

After characterizing the source, the system was prepared for imaging. First, a 4
kHz resonant mirror scanner (CRS4KHz by Cambridge Technology) was inserted

into the sample arm. An achromatic focusing lens with a 30 mm focal length



Chapter 3. Ultra high-speed swept-source with fibre-based stretcher 86

Wi
s t
g

Backing film

Backing film

Backing film

AT s L e

0.05 0.1 0.15 0.35 0.4 0.45 0.5

2 0.25 0.3
Lateral Size (cm)

FIGURE 3.16: B-Scan on a sample of four layers of tape.

(AC254-030-C-ML from Thorlabs) was placed before the sample, at focal length
from both the resonant mirror and the sample. The lens, scanner, and sample po-
sitions were adjusted by observing the signal measured on the photodiode while
scanning, coming back from the sample arm only. For the alignment, the sample
was a silver mirror as a high reflectivity eases the process. When the lens was
not properly aligned, a significant drop in signal power was observed for some
positions of the scanning mirror. When properly aligned, the signal intensity is
homogeneous across the scanned area. The scanner driving signal was used as a
trigger to record the limit of the scanning frame.

Once the scanner alignment was correct, a sample made out of multiple layers
of Kapton tape in a stair shape was imaged. This is presented in Figure 3.16.

First, we notice that the layers are not perpendicular to the optical axis. This
is due to the sample holder that could not handle enough strength to keep the
sample flat. Second, we can clearly distinguish the different interfaces from air
to tape. The different layers in each piece of tape are measured. The Kapton
tape used is composed of a 25 pm polyimide backing film and a 45 um silicone
adhesive layer. Using this OCT B-Scan, the respective thickness of both layers

was measured to be 65 pm and 40 um. This matches the expected equivalent
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distance in the air (calculated to be 61 um and 43 pum) that takes into account the
refractive index of these materials. Finally, the straight horizontal lines at 530 pm
are due to parasitic oscillations present in the spectrum of the swept-source, not
reduced by balanced detection. This can be attributed to induced birefringence
in the stretcher, leading to polarization modes interference.

With this, the possibility to obtain OCT images with the swept-source has been
demonstrated. However, the scanner could not match the sweeping rate of the
source, which resulted in oversampling. A 4 kHz B-Scan rate consists of 25,000
points. Due to the resonant scanner, the scanning distance on the B-Scan edges is
nonlinear and these points need to be removed from the data set, leading to 20,000
points/B-Scan. For a 5mm scanning, this leads to an A-Scan lateral spacing of
0.25 um. Considering a calculated lateral resolution of 20 um, an oversampling
factor of 80 is obtained. For this reason, another experiment had to be designed

to demonstrate high-speed imaging.

3.5.5 M-Scan for fast-moving object imaging

For this experiment, the scanner was switched off, resulting in a static-focused
beam on the sample. The sample was placed on a rotating beam chopper. The
disk of the chopper rotates at a rate of 110Hz. The probing point is placed
at 4.2cm from the centre of the disk, leading to a tangential speed of 29m/s.
The sample was composed of three objects. First, one layer of Kapton tape, the
same used in the previous experiment, covers the chopper. On top of the Kap-
ton tape, small pieces of Crystal tape are placed (by Scotch, with a thickness of
42 ym £ 1 pm independently measured using a high-resolution OCT). These two
samples are used to demonstrate OCT imaging on fast-moving scattering multi-
layered phantoms. Finally, a metallic wire whose diameter was measured to be
70 um was placed perpendicular to the rotation direction. This last object is used

to demonstrate the resolving capabilities of the high-speed system.
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FIGURE 3.17: Imaging of fast moving objects. (a) Representation of the sam-

ple used. Several objects are imaged: 1 Adhesive layer and 2 backing film of

an optical tape covering the whole surface of a rotating chopper disk, 3. Short

piece of Crystal tape, 4. 70 um metallic wire. (b) OCT image. The insert is a

zoom on area 4. A circle in red dashed lines with a 70 um diameter is plotted
for scale

Figure 3.17 (b) shows 12,000 consecutive A-scans recorded in 0.3 ms. In the
first and second areas, respectively marked by yellow and orange arrows, the
optical tape is recognizable by the 3 interfaces between the air, the adhesive layer
(1), the backing film (2), and the air.

In the third area marked by the green arrow, one small piece of Crystal tape
is measured, with a thickness of 67 um (66 pm calculated). The high-speed of
the system allows a sharp detection of the edges of the fast-moving piece of tape
while performing precise depth measurements of the four interfaces.

Finally, in the fourth area marked by the blue arrow and presented in the
inset, the metallic wire can be identified. Notably, the 70 pm metallic wire, mea-

sured over a 2.4 ps range in the B-Scan, comprises 96 consecutive A-scans. This
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observation suggests that the system is capable of detecting micrometric objects

moving at significantly higher velocities.

3.5.6 High-speed volume imaging

These experiments demonstrated the feasibility of SS-OCT imaging with a swept-
source and its potential for high-speed detection. However, no volumetric data
were acquired. To enable volumetric optical coherence tomography (OCT) imag-
ing, a high-speed scanning system incorporating an electro-optic deflector was
employed. The deflector, based on a potassium tantalate niobate (KTN) crystal—
hereafter referred to as the KTN crystal—operates via the electro-optic effect, en-
abling resonant scanning at 100 kHz. When used in conjunction with a galvano-
metric scanner, this configuration successfully facilitated high-speed volumetric

imaging.
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FIGURE 3.18: Experimental set-up. SS: swept-source; TD: Time domain, Inter-
ferometer (KTN: beam deflector using a KTN crystal, GS: galvanometer scan-
ner, PM C: polarisation maintaining couplers); Signal processing block (BPD:
balanced photodetector, HPF: High pass filter, LPF: Low pass filter); Triggers
(LT: line, FT: frame); Pulse generators (LPG: line, FPG: frame); Drivers (KTN-
D: KTN, GS-D: galvanometer scanner). Lenses: L1, L2, L3, L4, L5, and L6 of
focal lengths 3 cm, 7.5 cm, 4.5 cm, 1.5 cm, 1.5 cm, and 4.51 mm respectively.
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The first challenge is that the KTN scanner requires a linearly polarised input
for efficient deflection. Therefore, a new interferometer was built, using all polar-
isation maintaining fibre. The system is presented in Figure 3.18. A fibre polariser
filtered out one of the two polarisations at the input of the interferometer. To limit
the power loss, a fibre polarisation controller was placed before the polariser and
adjusted measuring the output power and spectrum at the polariser output. To
ensure the stability of the polarisation state, all the fibre components were taped
on the optical table, and the temperature in the laboratory was controlled.

The interferometer was implemented with an asymmetric splitting ratio in
order to limit the optical power incident on the sample while maintaining a com-
paratively higher reference arm power at the detector. Although such an imbal-
ance reduces the fringe visibility relative to a symmetric configuration, it enables
more efficient use of the detector dynamic range and helps preserve detection
sensitivity, particularly when operating below saturation. In contrast, the use of
a neutral density filter at the source output would attenuate the optical power
in both arms simultaneously, thereby reducing the detected signal without im-
proving the heterodyne gain. The chosen configuration therefore represents a
compromise between fringe visibility and overall signal-to-noise performance,
tailored to the power constraints of the sample arm. This was an anticipation of
future ophthalmic applications of our system.

The light from the swept-source was split with a 75/25 PM coupler, with most
of the power directed toward the reference arm and the lowest amount toward
the sample arm. The light in the reference arm was then collimated using an
aspheric lens placed at a fixed position on the fibre end. The fibre end and the
lens are placed together on a translation stage along the Z-axis (optical axis) to
enable fine tuning of the interferometer OPD. The beam was focused again using
an identical lens, and coupled in a fibre propagating the light toward the output
50/50 PM coupler. Finally, the light from the coupler was detected and digitized

by a balanced photodetector and an oscilloscope, both identical to the previous
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experiment.

In the sample arm, the light was deflected along the X-axis by the KTN scan-
ner, driven using a 100 kHz sinusoidal wave generated by the KTN driver (KPS1001CH-
00 by NTT Advance Technology Corporation). The deflection angle depends on
the driving AC voltage, with a maximum of 124 mrad at 200 V. Fundamentally,
this is limited by the thickness of the crystal [104]. The crystal induced beam
shape distortions that were compensated for by a cylindrical concave lens that
produces a round beam with a 1 mm diameter. A telescope made with two achro-
matic lenses of the respective focal length of 30 mm and 75 mm enlarged the beam
diameter to improve the transversal resolution of the OCT image. Then the beam
was scanned along the Y-axis with a galvo scanner (6210H by Cambridge Tech-
nology). A sawtooth signal at 400 Hz was used to drive the scanner. The light
was focused on the sample using a lens of 45 mm focal length.

Along the system, significant signal attenuation was noticed. While the swept-
source output was 19 mW, only 10 mW remained after the polariser, even after we
optimized the swept-source output polarisation with the fibre polarisation con-
troller. Ultimately, these losses limit the sensitivity of the system.

With the scanners switched off, the system was calibrated using CMS process-
ing. The results are presented in Figure 3.19. An axial resolution in the air of 14
pum was measured using a Gaussian apodization. The Gaussian function makes
sure that the side lobes are suppressed as much as possible but also worsen the
axial resolution which explains the difference with the value measured on the
previous interferometer. Similar to the precedent experiments, the axial range
measured at 6 dB of attenuation was 0.61 mm, and the SNR near the zero OPD
was 45 dB.

Driving the KTN scanner with the maximum voltage leads to scanning along
the X-axis of 2.95mm. With the 40 MHz sweeping rate, a line scanning rate of
200 kHz (twice the scanning rate of the KTN deflector) leads to 200 points per

line along X spaced by 14.75 um. We note that this calculation does not include
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FIGURE 3.19: Calibration: (a) Photodetected signal corresponding to a sweep.

(b) g and h calibration functions obtained by CMS. (c¢) Comparison between

FFT of uncorrected photodetected signal (blue) and corrected by CMS (red).
(d) A-Scans obtained by CMS at 14 different OPD values.
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the deformation due to sinusoidal resonant scanning of the KTN, slowing the
scanning at the edges. Along the Y-axis, when driven with 2.5 V peak-to-peak the
galvo-scanner covers 6.6 mm. Considering the frame rate of 400 Hz, this gives 500
lines separated by 13 um. To avoid significant oversampling, only one scanning
direction along the X-axis was kept in the processing, leading to 250 lines along
the Y-axis separated by 26 pm. This also eases the processing as the scanning
pattern goes from sawtooth to tilted stairs scanning.

The lateral resolution was measured by the imaging of an USAF target. Along
the X-axis, 23 pm was measured, and 18 pm along the Y-axis. The spatial dis-
tortion can be explained by the imperfect compensation of the KTN crystal aber-
rations by the cylindrical lens. Note that this results in significant oversampling
along the X-axis. Future optimization of the telescope could improve this aspect.

Once calibrated, a secondary real-time time-domain OCT system was used to
assist in the positioning of the sample [105]. A coin was chosen as an example
of a single layer object (as light does not penetrate metal) and its topography al-
lowed us to illustrate the capabilities of the imaging system. The letters on the
coin present interesting topological features that can be measured with volumet-
ric OCT imaging. The real-time system allowed us to place the coin at the focal
distance of the last lens, and to limit the tilt. The remaining tilt was then compen-
sated for in post-processing.

The images obtained are presented in Figure 3.20. (a) and (c) are two en-face
views respectively at the bottom and at the top of the letters. The features are
sharp and distinguishable. Three B-scans along the slow scanning axis (Y-axis)
were extracted and presented. Their respective positions in the frame are marked
with dashed lines. The depth along the z-axis uses the same colour code in all
five plots. We can notice on the B-scans dark areas that separate the top of the
letters and the base of the coin. This is due to the curvature of the letters, which
is irregular due to erosion while aging. The photons reflected are not directed

toward the sample lens and the optical fibre, hence the loss of photons in these
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FIGURE 3.20: High-speed OCT imaging demonstration on a coin(a) En-face
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areas, while the flat top of the letters appears bright in these images.

While the sensitivity demonstrated in this application is currently limited, this
demonstrated volumetric imaging at unprecedented speed at this wavelength.
This device could bring significant improvement in the case of moving targets,

such as surgery guidance, 4D-OCT, or polarisation sensitive OCT (PS-OCT).

3.6 Conclusion

To conclude, we presented the design and realization of a 80 MHz swept-source,
operating at 1060 nm. This is an unprecedented sweeping rate at this wavelength
of great potential for biomedical imaging and fast inspection. Three separate OCT
systems were built to demonstrate the imaging capabilities of this source. One B-
Scan showed the possibility for depth imaging, resolving the different interfaces
of tapes through multiple layers. An M-Scan image of micrometer-scale objects
moving at high-speed is also presented. This could open promising avenues,
particularly for high-flow microfluidic or laser micromachining. Finally, a full

volume at 400 Hz was demonstrated, combining for the first time a high-speed



Chapter 3. Ultra high-speed swept-source with fibre-based stretcher 95

scanner based on KTN crystal and SS-OCT. This high frame rate imaging can
prove great benefit for large area scanning in handheld devices for example, or in
large field of view for retina imaging.

However, this system still presents several limitations. The 2.8 km long opti-
cal fibre required in the stretcher introduces significant attenuation (>6 dB), which
must be compensated by an optical amplifier. This amplifier, in turn, restricts the
usable optical bandwidth, thereby limiting the axial resolution of the OCT sys-
tem. Furthermore, although the swept-source exhibits low relative intensity noise
(RIN) after the stretcher, the amplified spontaneous emission (ASE) introduced
by the amplifier degrades the signal-to-noise ratio (SNR) of the final output. This
effect, combined with the high sweep rate, leads to a reduction in overall system
sensitivity, ultimately preventing effective imaging of highly scattering biological
samples.

To balance these limitations, the investigation of other stretching modalities is
necessary, that would provide high chromatic dispersion with lower attenuation.
Alternatively, the use of a higher average power mode-locked laser and/or lower
nonlinearity fibre for the supercontinuum generation could increase the power

spectral density, and therefore increase the swept-source output power.
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10 MHz swept-source based on

chirped fibre Bragg gratings

The experimental work presented in this chapter was conducted at NKT Pho-
tonics (January—August 2022) and the Applied Optics Group, University of Kent
(September 2022-December 2023). The swept-source laser was developed, as-
sembled, and characterised by the author. Its integration into the SS-OCT sys-
tem, along with image acquisition and processing, was carried out in collabora-

tion with Alejandro Martinez Jimenez, then a PhD candidate at the University of

Kent.
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MONG the benefits of SS-OCT, the possibility to reach multi-MHz A-Scan
A rate is very promising. In the previous chapter, we demonstrated imag-
ing at 80 MHz. However, to enable such imaging, a lower sweeping rate should
be used. Retinal imaging at 1060 nm using 1.6 MHz-3 MHz swept-sources have
been previously reported [106], [107]. Calculations of the sensitivity evolution
with sweeping rate indicates that 10 MHz could be an interesting compromise.
Reaching such low rate using the supercontinuum time-stretched method is chal-
lenging.

While a long spool of single mode fibre is an simple tool to induce chromatic
dispersion, it also induces significant attenuation of the light that limits the level
of power that can be delivered and as a consequence, restricts the area of appli-
cations. Another interesting approach for time-stretching is to use chirped fibre
Bragg grating (CFBG) for broadband, large stretching.

This chapter presents the investigation of a 10 MHz swept-source using state-
of-the-art CFBG to stretch the broadband pulses to durations not reachable with a
SMF-based stretcher. The benefit to OCT imaging of highly scattering biomedical

samples is demonstrated, with imaging of in vivo human skin and retina.
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FIGURE 4.1: Sensitivity vs sweeping rate, assuming a shot-noise limited
swept-source, centered at 1060 nm (using Eq. 4.5).

4.1 Extreme chirped fibre Bragg grating (CFBG)

41.1 Introduction to CFBG

A chirped fibre Bragg grating (CFBG) consists of an optical fibre, often a SMF,
in which a periodic index change has been inscribed along the length of the fi-
bre, creating a grating. This is commonly done either using UV lasers and in-
terferometric method, through the use of masks, or point by point writing [108],
[109]. The period of this grating can be engineered to reflect a specific wavelength
with high efficiency (> 90%), while the light at a different wavelength propagates
through the grating unchanged. This reflected wavelength is referred to as Bragg

wavelength \p, and calculated as:
)\B = 2Aneff (41)

with A the period of the grating and n.; the refractive index change. The period
of the Bragg grating can also be changed along the fibre, slightly increasing. This
can be written as:

Ag(2) = Ap(0) + &z, for z € [0, L] 4.2)

with ¢ being the chirp rate coefficient and L, the grating length. Each wavelength

is reflected from a different position in the fibre and therefore is delayed relatively
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to the first reflected wavelength A\5(0) from the top of the structure.

The writing of CFBG offers an exceptional flexibility of design. For example, a
grating can be optimized to produce a highly linear chirp by selecting a constant
chirp rate {, which is a significant advantage for OCT application. The bandwidth
and the dispersion induced by the CFBG are both limited by the total length of
the grating. Indeed, in order to increase the bandwidth reflected with a fixed
grating length AAp = A\g(L,) — A5(0), one needs to decrease the chirp rate £ and
therefore the dispersion induced by the grating.

These competing parameters become a critical limitation by the fact that the
length of the grating is fixed by engineering limitations. The most commonly
used method for grating inscription, interferometer and phase mask, typically
produces gratings ~ 5cm length. Therefore, each grating has to be optimized in
terms of bandwidth and dispersion depending of the requirement of a specific
application [108].

The third technique, the point by point inscription, can in theory cover very
large lengths of fibre but requires a high precision in the order of a nanometer on
the positioning of the fibre while translating the fibre perpendicular to the expo-
sure laser beam. For this reason, the manufacturing of long CFBG is challenging
and the commercial availability is limited. The recent scientific interest in such
devices in multiple fields such as pulse chirped amplification, distributed sens-
ing or laser development highlights the need for development of extreme CFBGs.
To respond to such demand, companies are being set up to deliver custom grat-

ings to address different applications.

4.1.2 Custom CFBG characterisation

A custom CFBG was ordered to stretch 100 nm pulses to 100 ns, targeting a 100%
duty cycle at 10 MHz. The manufactured grating (Proximion, CB-HB005-B0930FA)
was specified to operate from 1000 nm to 1100 nm, with a dispersion of 930

ps/nm.
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As the operation of the swept-source depends heavily on the parameters of the
CFBG, a characterisation experiment was built, see Figure. 4.2. For this, broad-
band pulses were required, as well as a broadband circulator (Opneti, HPCIR-
3-1064-900-4-1-NE-1W) to extract the light reflected from the CFBG. To generate
the broadband pulses, a mode-locked laser is needed. However, the lasers used
in the previous chapter could not be used due to the short pulse train periods re-
spectively of 12.5ns and 25 ns, that would result in significant pulse overlapping
after time-stretching by the CFBG. For this reason, a mode-locked laser with an
incorporated acousto-optic modulator (AOM) was used (Origami 10 XP by NKT
Photonics) that allows the repetition rate of the laser to be tuned.

However, the O10XP generates high energy pulses with a pulse duration of
440 fs, significantly longer than the previous lasers. The spectral broadening be-
ing dependent on the peak power, the longer the pulse the higher the average
power required. To prevent thermal damage of the fibre used for the spectral
broadening, the repetition rate was reduced to 1 MHz, dividing by 10 the average
power.

The spectral broadening is performed in 3 m of single mode fibre (Thorlabs,
SM980), which exhibit at 1060 nm a nonlinear parameter v of 5.1 W—'km~! and

a dispersion parameter D of -40 ps/nm/km. The average power used is 46 mW



Chapter 4. 10 MHz swept-source based on chirped fibre Bragg gratings 101

10 T T 30 0
(a) Supercontinuum Circulator (b)
After circulator CFBG - 25 =
= 0 4 —— Swept source o = Linear fit:
£ -20 2 20 4= R? = 0.99998
S —-/\W\ CC) —
S 101" > 15 8
o —20 A "\' < £
) >
f 0
' [0
—30 Allal : el 1) ©
1000 1050 1100 1150 £
Wavelength (nm) =
(c) | |
1.00 A I
]
. |
(3]
SN— l
2 0.50 L\‘: :
5 93 ns | 6.2 6.0 5.8
+ . o]
c 4
=02 : Wavenumber (rad/um)
- Negative dispersion
0.00 4= 4lJ Positive dispersion I
1 1
T T T T
0% 50 75100 125 1000 1025 1050 1075 1100

Time (ns) Wavelength (nm)

FIGURE 4.3: CFBG characterisation. (a) Spectral evolution (solid lines) and to-
tal attenuation of each components (dashed lines).(b) Stretcher linearity mea-
surement. (c) Time-stretched pulse at the output of the swept-source.

with a coupling efficiency into the fibre of 61%, leading to 28 mW average power
in the fibre which corresponds to a peak power of 56 kW. The spectrum is broad-
ened to 47nm at FWHM, 193nm at -10 dB, centered at 1030 nm which is the
central wavelength of the laser. The SM980, the circulator and the CFBG were
all connectorized with FC/APC connectors for more flexibility in the assembly.
The circulator was specified to exhibit a low attenuation (< 1 dB) over the whole
bandwidth, but our characterisation using the generated broadband pulses re-
vealed significant variability across the bandwidth of interest, see Figure.4.3 (a).
While this does not prevent the characterisation of the CFBG, this failing circula-
tor was returned to the manufacturer and replaced with a new one matching the
specification, which was crucial for the swept-source final design.

Characterisation of the CFBG has proven a 100 nm bandwidth of operation,
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from 1000 nm to 1100 nm, as ordered to the manufacturer, and presented in Fig-
ure4.3 (a). The attenuation of the CFBG in the operation bandwidth is ~2 dB and
relatively constant. This is much less than the attenuation of tens of km of fibres
required to produce an equivalent delay. Modulation in the spectrum can be no-
ticed, with a period of 4 nm. It can be attributed to the writing method of the
multiple consecutive FBGs.

As visible in Figure 4.3 (c), the pulse measured at the output of the circulator
is 93 ns long. The same modulation is observed, with a period of 3.5 ns that corre-
sponds to the dispersive Fourier transform of the spectral modulation using the
specified dispersion. The CFBG can be used in negative (D>0) or positive (D<0)
dispersion, with negligible variation of the spectrum.

The linearity of the sweep is characterized by filtering part of the spectrum us-
ing a monochromator, measuring the filtered spectrum with an optical spectrum
analyzer (Yokogawa, AQ6373B), and determining the time delay to a fixed ref-
erence using a 5 GHz photodiode (Thorlabs, DET08CFC/M) and a 12 GHz sam-
pling oscilloscope (Picotech, Picoscope 9200). A linear regression is then applied
on the set of data, as presented in Figure4.3 (b), demonstrating a high sweep lin-
earity in wavenumber with a coefficient of determination R? of 0.99998. Data

resampling before FFT processing is therefore not required in this system.

4.2 From 80 MHz to 10 MHz

The CFBG used in this study stretches a 100 nm bandwidth pulse to 93 ns, as dis-
cussed previously. Therefore, to optimise the pulses delivery while preventing
overlap of the pulses, a seed mode-locked laser with a repetition rate of 10 MHz
is required. While the Origami-10-XP was used for the characterisation experi-
ment due to the internal control on the repetition rate, the pulses were too long

to operate at 10 MHz without any damage to the fibre.
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For this reason, the Origami 10 HP was preferred for the design of the swept-
source, to deliver short pulses <250 fs. However, this laser does not include an
internal control on the repetition rate. Therefore, an external pulse picker was
developed to reduce the repetition rate from 80 MHz to 10MHz. This section
presents the work done on the choice of the modulator, the electronic system

needed to drive it, the optical characterisation and the limits of such system.

4.2.1 The acousto-optic modulator

An acousto-optic modulator is a device that is made out of a crystal positioned in
between a transducer and an absorber parallel to the optical axis. When the trans-
ducer is not activated, the laser beam propagates unperturbed along the crystal.
When the transducer is driven with a high voltage sinusoidal signal, acoustic
waves propagate in the crystal in a plane perpendicular to the optical axis, and
are dampened by the absorber layer on the other facet of the crystal. For the de-
sign of the AOM, a characteristic length Ly = n(f/V)?/\, is introduced, where n
is the refractive index of the crystal, f the driving signal frequency, V the acoustic
speed in the crystal and ), the optical wavelength in vacuum. When the length
of the crystal L=L,, the AOM operates in the so called Bragg regime. Due to the
periodic refractive index change induced by the standing wave, the crystal be-
comes a Bragg grating and deflects with an angle part of the laser beam. For an
isotropic material, the deflection angle 0, twice the Bragg angle, can be calculated

as:

_ Mof

"=

(4.3)

Operating in the Bragg regime presents two advantages. First, the diffraction
efficiency of the first order can theoretically reach 100% [110], [111]. Second, the
higher diffraction order are suppressed.

By periodically turning on and off the driving signal, a single pulse can be

spatially isolated from a pulse train, resulting in a reduction of the repetition rate.
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However, this operation requires specific electronic devices.

4.2.2 Pulse-picker electronics

Using an AOM as a pulse-picker requires three components. First, a clock from
the laser has to be prepared. This can be done with a wedged window reflecting
a fraction of the laser beam at an angle and a photodiode to measure the pulse
train.

Second, the pulse train has to be transformed in a gate signal that will switch
on and off the driving signal. The gating electronics take as an input the clock
signal and generates a gate signal with status value 1 or 0, corresponding to a
voltage adjusted to the requirement of the AOM driver. When working with
transform limited pulses, like in our project, the pulses have a Gaussian profile.
The gating electronics detects the rising edge of each pulse at a set threshold,
and use it to switch the state of the gate signal. The gating electronics take two
dynamic commands. The first one is the pulse picker ratio. Using this ratio (for
example 1:8), the gate signal is switched from 0 to 1 only for one pulse, then
followed by a signal at 0 for the corresponding number of pulses (7 following
pulses). The second command is a delay of the gate relatively to the clock signal.
Because the gate signal is generated using the pulses edge, it has to be delayed to
be centered on the picked pulse.

Finally, the AOM driver emits the high voltage sinusoidal signal required by

the AOM when the gate signal is at state 1.

4.2.3 Alignment and performance

The optical alignment of the laser beam can be decomposed into two aspects.
The first consideration is the alignment of the beam for a angle of incidence on
the AOM corresponding to its Bragg angle. The second consideration is the beam

focusing into the AOM crystal. Indeed, a smaller beam improves the raising and
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FIGURE 4.4: AOM characterisation. (a) Power distribution in each beam for
increasing input power and 1st order diffraction efficiency measured (black).

The dashed line corresponds to the power in the diffracted beam for 100%
efficiency at 1:8 picking ratio. (b) Pulse picker time signals with the effective
pulse picker gate open (green), and closed (red) time frames.
falling time of the pulse picker, but also reduces the diffraction efficiency. A com-
promise has to be found to maximize pulse selectivity while maintaining enough

average power in the picked pulse for the supercontinuum generation.

We used a commercial AOM (G&H, AOMO 3200-1113) that had the fastest
rising time available. Using a knife edge measurement, the seed laser beam di-
ameter was estimated to be 1.4 mm, and its divergence angle 1.1 mrad. A lens of
75 mm focal length focuses the beam down to 80 um in the AOM crystal, and the
beam is then collimated with a 100 mm focal length lens. The longer focal length
allows for a better separation of the zero order beam and the deflected 1st order
beam. The power in the deflected beam with a pulse picker ratio of 1:8 is ana-
lyzed in Figure 4.4 (a) for various values of the input average power. The power
ratio in the first order beam decreased slightly, from 5.9% at low power to 5.0%
at high power. As the pulse ratio of 1:8 inherently reduces the average power to
12.5%, this corresponds to a diffraction efficiency of 40%.

Figure 4.4 (b) presents the pulse train before and after the pulse picker for a

1:8 ratio, as well as the gate signal. As it can be seen, the selectivity of the pulse
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picker enables a high contrast in respect to the non-selected pulses. However, we
notice that the preceding and succeeding pulses are also partly picked (~20% of
the picked pulse intensity), due to the long rising and falling time of the AOM.
Nonetheless, to decrease the rising time, a reduction of the spot size on the crystal
would be necessary which would further reduce the diffraction efficiency.

While electro-optic modulators offer significantly faster switching times, their
use in the present configuration is constrained by practical considerations re-
lated to ultrashort pulses. In particular, efficient EOM operation typically re-
quires relatively small beam diameters in order to achieve reasonable driving
voltages, which in turn leads to substantially higher peak intensities for fem-
tosecond pulses. For the present pulse energies, this increases the susceptibility to
nonlinear effects and potential crystal damage. By contrast, the AOM allows op-
eration with a larger beam size in the interaction region, providing a more robust
configuration with reduced peak intensity while maintaining stable diffraction
efficiency. Although thermal effects are not dominant at the average power used
here, the combination of peak intensity and operational stability makes the AOM

a more suitable choice in this context.

4.3 Swept-source design and characterisation

With the CFBG and the pulse picker characterized, the swept-source could be as-
sembled. Figure 4.5 presents the structure of the time-stretched swept-source. In
this section, we describe the design of the spectral broadening through ANDi
supercontinuum dynamics, and the time stretching using the long CFBG. We
then measured the wavenumber-to-time relationship to assess the linearity of the
swept-source. Finally, as ANDi supercontinuum is well known for its low-noise,

a study of the swept-source noise was conducted.
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FIGURE 4.5: Schematic of the time-stretched supercontinuum pulse swept-

source structure and pulse evolution. ML laser, modelocked laser; HWP, half-

wave plate; PBS, Polarisation beam splitter; AL, aspheric lens; CIRC, circulator;
CFBG, chirped fibre Bragg grating; SOA, semiconductor optical amplifier.

4.3.1 Supercontinuum generation

The laser beam exiting the pulse picker was divided into two beams. The non-
deflected beam (zeroth order) was absorbed in a beam dampener for safety. The
deflected beam (first order) was collected by a D-shaped silver mirror and cou-
pled into the broadening fibre.

As large peak-power pulses were available, a high nonlinearity PCF was not
required to obtain spectral broadening to a 100 nm bandwidth. Therefore, the
NL-1050-NEG-1-PM (y=26.5 W—'km™') was replaced by a low nonlinearity com-
mercial SMF, the PM980 (y=3.9 W~'km™!). As can be seen by the simulations pre-
sented in Figure 4.6, this design enables a higher power spectral density (PSD)
across the swept-source bandwidth, which is critical for high sensitivity OCT.
Because of the elevated peak power, the potential for polarisation modulation
instabilities (PMI) within the fibre becomes notable [50]. Consequently, a PM fi-
bre (Coherent, PM980) was selected for the broadening. Additionally, to prevent

cross phase modulation intensity (XPMI), the polarisation of the light was aligned
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FIGURE 4.6: Supercontinuum pulses power required for broadening to a de-
sired bandwidth, depending on the optical fibre nonlinearity, for the same
250 fs pulse duration. (a) Simulated average power corresponding to the de-
sired bandwidth, for the two fibres (at 10 MHz). (b) Spectra simulated from
broadening to 100nm (at -10dB) in a PCF (NL-1050-NEG-1-PM) and a SMF
(PM980). The inset shows the same spectra in linear scale.
along the fast axis of the PM fibre using a zero-order half-wave plate (Thorlabs,
WPH10M-1053). A polariser (Thorlabs, GTH10M) further ensured the linearity
of the polarisation state before fibre coupling.

To guarantee a spectral broadening covering the time stretcher 100 nm band-
width, we used simulations based on the generalized Schrodinger equation (GNLSE)
optimising the fibre length and laser peak power. The supercontinuum dynam-
ics takes place in the 5 m long PM980 fibre. This length ensures that the spectral
ripples generated by SPM are smoothed out by the OWB. An average power of
102mW at 10 MHz was used, reduced to 45 mW (18 kW peak power) at the input
of the fibre due to attenuation of the polarisation optics devices and losses in the
fibre coupling. Figure 4.7 (a) presents the produced spectrum with a bandwidth
of 60 nm at FWHM, 110nm at -10 dB. Compared to heavily structured spectrum

of the anomalous dispersion supercontinuum reported in the literature, the ANDi

supercontinuum exhibits a smoother spectrum with sharper edges [112].
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FIGURE 4.7: Swept-source operation. (a) Spectrum at 3 points along the sys-
tem. (b) Time trace of the swept-source output.

4.3.2 Stretching with a CFBG

The spectrally broadened pulses are then stretched in time using a broadband
circulator and the long CFBG. This stretches the pulse to At=D-AX=93ns, where
the steep spectral edges produced by OWB translates to a duty cycle of 93% in
the time domain as shown in Figure 4.7 (b).

One benefit of long CFBG is the low attenuation-to-dispersion ratio. A com-
bined total attenuation of 7.1 dB was measured, attributed to the circulator, CFBG
and fibre splices, reducing the average power at the output of the swept-source to
8.7 mW. The CFBG-based stretcher has an efficiency parameter n =130 ps/nm/dB
as defined in Eq.2.25. For comparison, the step-index fibre used in the previous
chapter (Coherent 980XP) had a stretcher efficiency parameter of 20.5 ps/nm/dB.
Obtaining the same amount of dispersion than the CFBG would require more
than 18 km of fibre. This would induce to more than 46 dB attenuation as pre-

sented in Table 4.1.
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Stretcher type | GDDa1osonm (ps/nm) | o (dB) | n (ps/nm/dB) | aions (dB)
SMEF (980XP) 40/km 2.7/km 20.5 46
Long CFBG 920 7.1 130 7.1

TABLE 4.1: Comparison of the stretchers. The dispersion GDD and attenua-
tion o are given per unit (propagation in the CFBG / in 1 km of SMF). a1gops is
the attenuation to stretch the pulse to 100 ns (one CFBG/18 km of SMF).

Nevertheless, although this power suffices for OCT imaging of highly reflec-
tive samples, optical amplification proved necessary for SS-OCT of biomedical
samples exhibiting high scattering. A broadband semiconductor optical amplifier
(SOA) (Innolume, SOA-1020-110-HI-27dB) was used to enhance the swept-source
average power to 37 mW.

We notice in Figure 4.7 a spectral reshaping by the stretcher with higher at-
tenuation of the low wavelengths, reducing the bandwidth to 55nm at FWHM
and 100 nm at -10 dB. Significant spectral alteration were observed after the SOA,
reducing the bandwidth to 35nm at FWHM and 90nm at -10dB. This is due to
polarisation mode dispersion (PMD) in the circulator and long CFBG, revealed by
the SOA gain, which is exclusively for the S linear polarisation. PMD compensa-
tion across the entire bandwidth with a polarisation controller is impractical due
to wavelength-dependent birefringence in the CFBG. Future experiments could

address this by writing the CFBG on a PM fibre.

4.3.3 Noise

ANDI supercontinuum dynamics are recommended for low noise broadband
generation. As their use for time-stretched swept-source is recent, it is interest-
ing to study how the noise transfers to the swept-source. Figure 4.8 (a) presents
a measurement of the RIN of the swept-source output. 10,000 consecutive sweeps
were recorded using a 2.5 GHZ photodiode (Thorlabs, PDB482C-AC) and a 20 GHZ
oscilloscope (Teledyne Lecroy, WaveMaster 820Zi-B). The RIN was calculated us-
ing [113] :

a(A

RIN(\) = ey, (4.4)

N2 N2
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FIGURE 4.8: Swept-source noise.(a) Intensity noise measurement (red), detec-
tor noise level (dashed black), swept-source spectrum (blue). (b) Phase noise
where o(\) denotes the standard deviation and x(\) the mean of the intensity
measurements, calculated at the sweep timing associated with each wavelength.
The RIN measured is as low as 1.2%. We note that it remains slightly above the
photodetector noise floor, which could be explained by the presence of amplified
stimulated emission (ASE) from the SOA.
For many applications, the phase stability is crucial. In order to evaluate it
a common path interferometer was employed and recorded 1000 consecutive
A-Scans. Each A-Scan was processed using the complex master-slave (CMS)
method, and the phase was extracted using Hilbert transform. The phase of the
first A-Scan was used as reference, and the phase difference of the consecutive
A-Scans was computed. Finally, the standard deviation of the phase difference
histogram was calculated, giving a phase noise of 20.7 mrad as presented in Fig-
ure 4.8 (b), which is within the range of other reports on high sweep rate swept-

sources [94].

4.4 OCT application

Figure 4.9 presents the structure of the interferometer system used to characterise

the suitability of the swept-source for OCT. This system adopts an asymmetric
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FIGURE 4.9: Schematics of the OCT characterisation set-up. Based on an
asymmetric interferometer design, a trigger is picked at the input to ease the
calibration with a trigger. SS, swept-source; C, fibre coupler; FBG, fibre Bragg
grating; AL, aspheric lens; PC, polarisation controller; PD, photodetector; BPD,
balanced photodetector; HPF, High pass filter.
design to optimise light collection from the sample, a critical aspect when imag-
ing low reflectivity samples. An InGaAs 22 GHZ balanced photodetector (Op-
tilab, BPR-23-M) and a 20 GHz oscilloscope digitized the interference signal. A
400 MHz high-pass filter was employed to suppress the DC signal. The lengths
of the reference and sample arms were precisely matched to limit dispersion im-
balance. At the input of the system, a 95/05 fibre coupler, a fibre Bragg grating
and a 5 GHz photodiode (Thorlabs, DETO8CFC/M) are used as a trigger for the
OCT system. The FBG has a narrow reflectivity bandwidth of 0.1 nm centered at
1090 nm delivering a short pulse when the wavelength matches that of the FBG,

pulse to be used as a trigger for synchronising the imaging process.

4.4.1 Signal processing and imaging performance

The interference signal was processed using the Complex Master Slave (CMS)
method [37]. Figure 4.10 (a) presents two interference signals recorded for dif-
ferent optical path differences (OPD) corresponding to 1.232mm and 1.432 mm
depth measured in air. From these, 10,000 eigenvectors (also known as "masks")
were synthesized with CMS, each corresponding to a specific depth spaced by
0.55 um. A Hanning apodization was applied to the synthetic masks to limit side

lobes in the A-Scan.
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FIGURE 4.10: OCT performance. (a) Channeled spectra for two different OPD.

(b) Roll-off measurement with logarithmic fit (solid black) and -6 dB level

(dashed black). (c) Axial resolution measurement, with Gaussian fit (black).
(d) CMS phase parameters g(k) (black) and h(k) (orange).
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A roll-off measurement is presented in Figure 4.10 (b), with 6 dB axial range
of 3.27mm. Figure 4.10 (c) presents an A-Scan, that shows an axial resolution
measured in air, 6z, of 14.6 um, in agreement with the theoretical resolution of
13.6 um (that assumes perfect Gaussian spectrum).

While recording the masks for the roll-off measurement, we observed that
the A-Scan peaks did not exhibit the expected roll-off behaviour and instead dis-
played a modulation pattern, with A-Scan intensity drops at fixed period in OPD.
The masks for Figure 4.10 (b) were recorded at the maximum intensity OPD.
However, such behaviour is atypical for SS-OCT systems and warranted a de-
tailed investigation. Examination of the phase parameters g(k) and h(k), obtained
from the CMS processing and shown in Figure 4.10(d), reveals the presence of
phase discontinuities. By comparing the evolution of the phase parameter h(k)
with the channeled spectra at two different OPD in Figure 4.10(a), it becomes ev-
ident that the occurrence of phase discontinuities coincides with regions where
one spectrum experiences a drop in intensity while the other remains unaffected.
When the intensity of the channeled spectrum falls to the noise floor, the CMS
algorithm fails to accurately reconstruct the phase, leading to discontinuities in
the phase parameter h(k).

The origin of the intensity modulations observed in the channeled spectra is
non-trivial. We hypothesised that these modulations were linked to the incom-
plete suppression of the seed femtosecond pulses, occurring before and after the
selected pulse, by the pulse picker. To investigate this, we adjusted the delay sig-
nal of the pulse picker to shift the gating window away from the selected pulse.
Figure 4.11(a) presents the pulse picker output for three different delay settings.
In the initial configuration, the output signal exhibits a main pulse of high in-
tensity accompanied by two side pulses of comparable intensity. As the delay is
increased, the intensity of one side pulse rises while the other diminishes, until
the side pulse intensity becomes comparable to that of the main pulse.

It should be noted that our investigation focused on the evolution of the side
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FIGURE 4.11: Impact of the pulse picker operation on the SS-OCT system.
(a) Output pulse trains of the pulse picker for three different gate delays, along-
side a schematic representation of the pulse picker transmission function (dot-
ted). The colors in the subsequent plots correspond to the pulse picker outputs
shown here. (b) Output swept-source signals. (c) Variation in A-Scan peak am-
plitude. (d), (e) Channeled spectra at respectively an amplitude peak and drop
for each pulse picker delay configuration. The dashed vertical lines in (c) mark
the depth corresponding to the spectral plotted in (d) and (e). (f),(g) Fourier
transform of the channeled spectra respectively in (d) and (e), centered on the
A-Scan frequency. Dashed vertical lines mark the 80 MHz modulations.

pulses. Consequently, the optical power incident on the photodetector was ad-
justed to optimise the detection of the side pulses. As a result, the main pulse

saturated the photodiode, and thus the measured intensities of the side and main

pulses cannot be directly used to infer their true power ratios.
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FIGURE 4.12: Representation of the pulse evolution for two pulse picker
delay.

The three pulses experience nonlinear spectral broadening in the PM980 fi-

bre. Ideally, an analysis of the spectral broadening generated by each side lobes

would have been carried out. However, as we had no access to a frequency re-

solved optical gating (FROG) instrument, the spectrum of each pulse could not

be observed separately. Nonetheless, due to the time-stretching of the long CFBG

applying a dispersive Fourier transform to the signal, measuring the time trace

corresponds to an acquisition of the spectrum of each pulse, shifted by 12.5ns.

This behaviour is represented in Figure 4.12. Figure 4.11 (b) presents the swept-

source output measured with a 2 GHZ photodiode and a 2 GHz oscilloscope—the

phenomenon being observed at all OPD, a limited imaging range was sufficient

and more convenient for the processing.
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Analysis of the time trace reveals that its duration is longest when the central
pulse carries the majority of the optical energy. This observation is consistent with
the nonlinear nature of the spectral broadening process, whereby greater pulse in-
tensity leads to broader spectra, subsequently mapped into longer time traces by
the dispersive Fourier transform. Conversely, when the energy is equally divided
between two pulses, the broadening of each pulse is reduced, resulting in shorter
individual time traces.

The swept-source light was then coupled into the OCT interferometer, and
a roll-off measurement was performed with each pulse picker gate delay. Fig-
ure 4.11 (c) presents the peak amplitude of each A-Scan. As the side pulse in-
tensity increases, the A-Scan amplitude fluctuation with OPD change increases,
with modulation of amplitude leading to near total cancellation of the A-Scan.
To quantify this modulation, the visibility of the A-Scan at 1.6 mm, marked with
a vertical line, is calculated compared to the expected linear roll-off. Using the

three delay parameters, the visibility drops from 75% to 53%, and 32%.

Pulse Picker gate delay Ons 3ns 8 ns
80 MHz Modulation in Figure 4.11(g) | Visible | Visible | Weak (with 120 MHz)
Fringes visibility 75% 53% 32%

TABLE 4.2: Impact of the pulse picker delay on the system.

Figure 4.11 (d) and (e) respectively presents the interferometer output from
high and low visibility A-Scans for the three pulse picker parameters, with the
corresponding Fourier transform in (f) and (g). All the signals suffer from an
80MHz modulation due to the unsuppressed side pulses. However, the chan-
neled spectra from the low visibility A-Scan present an additional 120 MHz mod-
ulation. As the intensity of the side pulse increases, the relative intensity of the
modulation compared to the A-Scan frequency is strengthened.

While the study of this phenomenon demonstrates the impact from the in-
tensity distribution in the side pulses, the exact physics behind this modulation

remains to be understood. The modulation of the A-Scans depending of the OPD
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FIGURE 4.13: OCT performance of reduced channeled spectra. (a) Channeled

spectra initial (black) and cropped (red). (b) Roll-off measurement. (c) Axial

resolution measurement, with Gaussian fit (black). (d) CMS phase parameters.
does not correspond to the beating of two pulses of same wavelength separated
by 12.5ns. The nonlinear broadening phenomenon could be one factor leading to
the intensity modulation.

Optimising the pulse picker delay allowed the visibility drop to be minimized,
but it could not be totally removed, which is detrimental for the OCT imaging.
One solution to reduce the impact of leftover modulations is to use only the time
trace between two intensity drop in the post processing, as presented in Figure
4.13 (a). Figure 4.13 (b) shows the roll-off modulation free, and the phase in Fig-
ure 4.13 (d) is continuous over the total bandwidth. However, this technique
degrades the axial resolution in air to 39.0 um, see Figure 4.13 (c). This topic is
further discussed in the conclusion. Alternatively, the development of femtosec-
ond mode-locked laser cavities operating at 10 MHz would represent a solution.

In the previous subsection 4.3.3, the short-term phase noise of the system was

characterised. However, in addition to short-term fluctuations, long-term drift
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of the phase within the sweep may occur due to the sensitivity of the sweeping
mechanism to environmental variations, in particular temperature. Such drifts
alter the time-to-wavenumber mapping and therefore affect computational meth-
ods relying on a prior calibration stage, such as CMS, for which the calibration
masks become invalid if the sweeping characteristics change.

To assess this effect, the long-term stability of the calibration masks was in-
vestigated by performing an initial calibration followed by periodic acquisition
of channeled spectra over a duration of 80,minutes. The resulting A-scans were
processed using the initial calibration masks, and the axial resolution was mon-
itored (Fig. 4.14). The axial resolution was observed to vary by less than 10%,
demonstrating that imaging can be performed for more than one hour without
recalibration.

This level of stability can be attributed to the passive sweeping mechanism of
the supercontinuum stretched-pulse source, which exhibits reduced thermal load
compared to mechanically tuned swept-sources. In contrast, conventional swept-

source technologies, such as MEMS-tunable lasers and polygon-based scanners,
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are known to exhibit sweep-to-sweep and long-term drift arising from mechan-
ical motion and thermal effects, typically requiring active temperature stabilisa-
tion and/or frequent recalibration to maintain phase stability and k-space linear-
ity. For instance, Robert Huber and colleagues have shown that FDML lasers can
achieve high phase stability, but require careful thermal control of long fibre delay
lines to suppress drift [3], [107]. Similarly, MEMS-based swept-sources generally
rely on precise thermal and electronic control to maintain sweep repeatability,
particularly in phase-sensitive OCT applications [4].

Even under well-controlled thermal conditions, residual drift in the sweep
characteristics is typically mitigated through repeated k-clock calibration or nu-
merical phase correction techniques rather than assuming a static calibration. In
this context, the demonstrated stability of the proposed source, enabling opera-
tion over extended periods without recalibration, represents a practical advan-
tage for applications requiring long acquisition times or reduced system com-

plexity, such as in vivo or unsupervised imaging.

4.4.2 Biological sample imaging setup and dermal imaging

In order to perform real time imaging of in vivo biological samples, the OCT sys-
tem had to be modified as presented in Figure 4.15. A customised commercial
system including a chin-rest and a motorised 3 dimensional translation stage
was used in the sample arm, for precise and stable positioning of the sample.
To scan the sample, the beam was deflected by a pair of galvanometer scanner
mirrors (Cambridge Technology, 6210H). For calibration, a 19 mm aspheric lens
(Thorlabs, AC127-019-B-ML) and a flat silver mirror were used as a model eye. A
telescope was integrated into the instrument to maximize the lateral resolution,
and adequate dispersion compensation glass rods were placed in the reference
arm. The lateral resolution was measured using a 1951 USAF target, achieving ~
19.69 pm, i.e. group4, element5. The fibre output of the sample arm, the scan-

ners, and the telescope were positioned on a chin rest equipped with a motorized
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FIGURE 4.15: OCT set-up used for live biomedical imaging.SS: Swept-
Source; C: fibre Coupler; FBG: Fibre Bragg Grating; PC: Polarisation Con-
troller; PD: Photo-Detector; BPD: Balanced Photo-Detector; HPF: High-Pass
Filter; DC: Dispersion Compensation glass; DAC: Digital-Analog Converter.

stage enabling pupil tracking as well as control of the sample arm length by ad-
justing the focal point in the eye.

Real-time visualization is critical for controlling the positioning of the in vivo
biological sample. For this reason, a 12-bit waveform digitizer (AlazarTech, ATS9373)
was incorporated into a computer for live processing. As its acquisition rate is
4GS/s, using a 20 GHz photodetector is unnecessary. It was therefore relplaced
by a balanced photodetector with smaller bandwidth but better noise perfor-
mance (Thorlabs, PDB482C-AC).

Figure 4.16 shows the sensitivity measurement for multiple reference power
levels, reaching up to 84 dB which corresponds to the shot-noise limited sensitiv-

ity, calculated as [114]:

Psam e
Sshotfnoise =10 lOglO <pf—17l> — 1L (45)

sweep

with p=0.72 A /W the photodiode responsivity at 1060 nm, P the optical power
incident on the sample, e the elementary charge of the electron, f,.., the sweep-
ing rate, and IL the insertion loss on the way back to the photodetector. The
insertion loss in the system was measured to be 8.7 dB, accounting for both the fi-

bre coupling and the components attenuation. To improve the sensitivity, further
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FIGURE 4.16: Sensitivity of the SSOCT system (measured and theoretical).

studies could use components with lower attenuation across the 100 nm band-
width.

The first test of the SS-OCT interferometer for biological imaging was per-
formed on a dermal sample. The safety limit on average power is higher for the
skin than for the retina, enabling us to use higher average power for a better sensi-
tivity. The thumb of a healthy volunteer was placed at the focal spot of the 19 mm
aspheric lens. The motorized stage was turned off for this experiment. The gal-
vanometer scanner are driven with a 1V triangular signal at 750 Hz yielding to a
scanning over 7.5 mm, reaching the maximum speed of the scanner. The power
on the sample was 6.5mW. A re-calibration was performed to account for the
impact of the new components on the remaining phase. To enable real-time visu-
alization, the number of synthesized masks was reduced to 500, and only one out
of every 40 acquired B-Scans was displayed for a refresh rate of 20 Hz. The masks
were generated for OPD from 0.3 mm to 2.3 mm respectively corresponding to the
high-pass filter frequency and to the detection bandwidth. Each mask therefore
covered 4.0 pm, with an oversampling factor in z of 3.65. During the imaging, the
spectra were acquired only during the forward scan of the galvanometer scanner,
and stored in the acquisition card buffer. During the backward scan, the data was
then saved and processed by the computer. Each forward scan was 0.66 ms long,

which, for a sweeping rate of 10 MHz, corresponds to 6600 A-Scans. This results
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FIGURE 4.17: B-Scan of a human thumb. (a) Without averaging. (b) Averaged
over 10 consecutive B-scans. (c¢) With B-Scan averaging and static A-Scan noise
removal. The axial scale (vertical) corresponds to 0.5 mm measured in air.

in significant oversampling with 1.1 um per A-Scan, i.e. an oversampling factor
in x of 17.5. Considering this, the number of acquired A-Scans was reduced to
2200 to further diminish the processing time.

Figure 4.17 presents B-scans of the sample for various processing methods,
with the OPD increasing from top to bottom of each image. Figure 4.17(a) is the
B-Scan after CMS, without any averaging. The different structural features of
the thumb are recognizable, with the bright curved line of the air/epidermis in-
terface, two layers of the epidermis with the 0.28 mm thick stratum corneum and
the grainy area on top of the image corresponding to the highly scattering stratum
granulosum. Spiraling across the epidermis layers, the vertical line corresponds
to a sweat duct.

In order to maximize the visibility of the dermis, the sample was positioned at
a distance to the aspheric lens shorter than the focal length. This has two advan-

tages. Firstly, the lateral resolution on the dermis is better, optimising the imaging
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of its structure. Secondly, the dermis is placed at a shorter OPD which ensures a
higher sensitivity compared to the epidermis that is at a larger OPD, due to the
SS-OCT roll-off.

While the features are identifiable on this B-Scan obtained without averaging,
the quality of the image is significantly improved by averaging 10 consecutive B-
scans of the same area, as presented in Figure.4.17 (b). The speckles are reduced,
leaving detailed structures. However, horizontal lines are still visible. These
might be due to change in the swept-source between the CMS masks acquisi-
tion and the imaging. To remove these artifacts, a noise parameter was calculated
by averaging all the A-Scans in the B-Scan, and subtracting this noise parameter
from each A-Scan, see Figure.4.17 (c). The image has a higher contrast but also

lost some details that were at the same depth as the artifacts.

4.4.3 Retinal imaging

The SS-OCT built successfully demonstrated imaging of two layers of the skin
and captured fine details such as a sweat duct. However, the human retina is
more challenging due to higher scattering and lower damage threshold. The
power to the sample was reduced to 3.9 mW, and its stability was measured over
12 hours with a fluctuation <0.3 mW, to ensure operational safety.

Figure 4.18 and 4.19 presents B-Scans of the retina respectively of the macula
region and of the optical nerve area. The scanning parameters were identical
with those used for the skin imaging, with 750 Hz scanning rate over 7.5 mm. In
both scanned areas, the nerve fibre layer is visible, as well as the retinal pigment
epithelium (RPE) layers. In Figure.4.18 and Figure.4.19, (b) is the B-Scan without
averaging is shown, while (a) and (c) present averaging respectively over 20 and
5 consecutive B-Scans. Although the layers are visible without averaging, using
the 20 B-Scans averaging improves the contrast of the final image and reveals the

choroid layer.
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FIGURE 4.19: B-Scan of the retina with optical nerve.(a) Averaging of 20 con-
secutive B-Scans. (b) B-Scan without averaging. (c) Averaging of 5 consecutive
B-Scans.
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FIGURE 4.20: (a) Assembly of 500 en face views of a human retina with colour
coded depth. (b) Volume of the same retina with a cut showing B-Scan of the
optic nerve.
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Figure 4.20 (a) and (b) respectively demonstrates in vivo imaging of a human
retina with an en face view and a volume view. The area imaged is 6.75 mm by
8mm. As for the precedent acquisition of images from a finger, the x-axis gal-
vanometer scanner is driven with a 750Hz triangular signal and the data are
recorded during the forward scan and processed during the backward scan, lead-
ing to a B-Scan acquisition time of 0.33 ms. Each B-Scan is set to contains 2200 A-
Scans, and each volume consists of 500 B-Scans. This leads to a volume rate of
4.5Hz.

The optic nerve in the centre of the image is well defined, and the blood ves-
sels are clearly distinguishable.

A faster volume acquisition rate can be achieved with a faster scanner on the
x-axis, such as a resonant scanner or a KTN scanner. Further improvement of the
OCT system could also exploit the high B-Scan rate for OCTA imaging. Addi-
tionally, the low axial range of the real time imaging set-up prevented scanning
of large area due to the eye curvature. A detection system with higher sampling

rate would enable wide angle imaging.

4,5 Conclusion

In conclusion, we presented a swept-source with extreme time-stretching en-
abling a sweeping rate of 10 MHz. It employs a long CFBG that provides a large
GDD of 920 ps/nm over a 100nm bandwidth covering 1000-110nm. A pulse
picker has been developed to reduce the seed laser repetition rate from 80 MHz
to 10 MHz, preventing pulse overlap. In addition to the innovative use of long
CFBG, the supercontinuum generation process has been carefully redesigned to
improve the PSD over the spectral band of interest. The highly nonlinear PCF
was replaced with a low nonlinearity SMF and a seed laser with higher power
was used, resulting in a PSD 3 times higher, of 0.63mW/nm and 0.1 mW/nm at

1050 nm respectively before and after time stretching.
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An asymmetric SS-OCT interferometer was used to asses the performance of
the swept-source for imaging. An axial range of 3.27 mm at -6 dB was measured,
with an axial resolution of 14.6 um. Considering the extremely high sweeping
speed used, a decent sensitivity of 84 dB was obtained, close to the shot-noise
limited sensitivity. This allowed the demonstration of in vivo biomedical sam-
ple imaging such as a thumb epidermis and retina, distinguishing key feature of
these structures.

However, it was demonstrated during the study that the swept-source was
limited by the acousto-optic modulator in the pulse picker, being too slow and in-
sufficiently efficient for high selectivity, low loss pulse picking. Selecting a beam
focus diameter within the AOM that permitted complete suppression of side
pulses—even at the expense of reduced transmission efficiency—would likely
have yielded better imaging performance, given the detrimental impact of these
pulses on OCT image quality. Going forward, the development of improved rais-
ing speed AOM, or novel pulse picking techniques would be highly beneficial for
the design presented here.

While improvements in system design may enhance sensitivity to approxi-
mately 90 dB through reduction of optical losses, achieving clinically relevant
sensitivity levels within the permissible safety thresholds for retinal exposure re-
mains a significant challenge. Future generations of detection systems may offer
pathways to overcome this limitation. Alternatively, time-stretched supercon-
tinuum technology presents a promising avenue in applications where higher
optical powers are permissible. In biomedical imaging, for instance, this ap-
proach could be particularly advantageous in scenarios such as wide-area skin
imaging requiring ultrafast scanning rates, or dynamic imaging of rapidly mov-
ing anatomical structures such as the vocal folds. Beyond biomedical applica-

tions, time-stretched supercontinuum swept-source OCT systems hold potential
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for non-destructive evaluation processes in industrial settings. By enabling flex-
ible optimisation of key imaging parameters—such as axial resolution, acquisi-
tion speed, and imaging range—this technology allows tailored adaptation of the
OCT system to meet the specific requirements of diverse industrial processes, in-

cluding but not limited to large-area thin-film inspection.
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Chapter 5

Conclusion

WEPT source optical coherence tomography (SS-OCT) is a rapidly evolving
S imaging technique with significant potential applications, particularly in
non-destructive testing and medical diagnostics. Ongoing developments in this
field could greatly enhance imaging performance and improve healthcare quality.

This thesis has explored new swept-source technologies for high-speed OCT,
focusing on the low-absorption spectral band of water, centred at 1060 nm. This
wavelength is particularly relevant for biomedical imaging, as it enables deeper
tissue penetration compared to visible wavelengths while maintaining higher res-
olution than longer-wavelength alternatives.

To achieve sweeping rates exceeding 5 MHz without buffering, an akinetic
swept-source is required. In this work, the potential of time-stretched supercon-
tinuum lasers for this application was investigated. This approach offers several
advantages, including a broad bandwidth and the ability to achieve exceptionally
high sweeping rates (ranging from tens to hundreds of MHz). However, previ-
ous studies have been limited by the high relative intensity noise (RIN) associ-
ated with conventional supercontinuum generation. In recent years, advances in
photonic crystal fibre (PCF) manufacturing have enabled the development of a
new supercontinuum generation method based on all-normal dispersion (ANDi)
fibres, which significantly reduces RIN.

For the first time, this thesis demonstrates the use of ANDi supercontinuum
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for a multi-MHz swept-source operating at 1060 nm. Initially, an 80 MHz sweeping-
rate source was developed using a fibre-based stretcher. A simulation tool created
during this research was used to optimise nonlinear broadening, while a detailed
study of stretcher dispersion enabled linear sweeping and maximised the duty
cycle while preventing pulse overlap.

An OCT system was built to harness the capabilities of this high-speed swept-
source. B-scan imaging was successfully demonstrated at an A-scan rate of 40
MHz, along with the imaging of micrometre-scale fast-moving objects. Using the
same swept-source, a second system was developed, incorporating a novel fast
scanner based on an electro-optic deflector, enabling full-volume acquisition at
400 Hz.

While these initial results were promising, operating at such high-speeds in-
herently limits the imaging of fragile and highly scattering samples—such as the
retina—due to shot noise and electrical noise. To address this, a second swept-
source was developed at 10 MHz. Achieving lower sweeping rates required
significant dispersion. However, fibre-based stretchers were unsuitable due to
excessive optical attenuation, particularly at 1060 nm. Instead, a custom-made
chirped fibre Bragg grating (CFBG) was investigated as an alternative dispersive
device. A pulse picker was implemented to reduce the mode-locked laser rate
from 80 MHz to 10 MHz, and supercontinuum generation was further optimised
through simulations. This second system successfully demonstrated low-noise
swept-source operation at 10 MHz.

An OCT system suitable for dermal and retinal imaging was employed with
this swept-source. In vivo imaging of a thumb was successfully demonstrated,
revealing multiple layers of the epidermis in a B-scan, as well as fine structures
such as sweat ducts. Following this, in vivo retinal imaging was also achieved. In
B-scan images, several key retinal features were identified, including the nerve

fibre layer and the fovea in the upper layers, as well as the choroid in the deeper
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layers. In a full-volume scan, the vascular system and optical nerve were visu-

alised.

5.1 Outlook

Future work could explore the use of time-stretched supercontinuum at other
wavelengths—like in the visible or in the Mid-IR—for high-speed non-destructive
testing, with potential applications in areas such as thin multilayer film produc-
tion and coating inspection.

Another potential avenue for further research is the use of multi-Watt fem-
tosecond lasers to seed a time-stretched supercontinuum swept-source based on
a fibre stretcher. The main limitation encountered in this work was the lack of
power spectral density (PSD), which necessitated the use of an amplifier, thereby
limiting the spectral bandwidth. A high-power mode-locked laser would enable
improved noise characteristics as well as a significantly broader bandwidth, with
the potential to achieve micrometre-level axial resolution.

A third direction for future research would be the development of a high-
power (>100 mW) femtosecond fibre laser with low RIN (<5%), which could lead
to a substantial reduction in cost, size and stability of the swept-source, improv-
ing its commercial viability.

In parallel, the capabilities of time-stretched supercontinuum swept-sources
for SS-OCT remain constrained by the manufacturing limitations of several key
components and would greatly benefit from advances in other fields. Firstly, the
fabrication of longer CFBGs would enable smaller instantaneous linewidths, ex-
tending the imaging range and potentially allowing high-speed full-organ imag-
ing. Secondly, and most critically, improvements in high-speed detectors—such
as photodiodes, oscilloscopes, and acquisition cards—would enable full utilisa-
tion of high sweeping speeds. At present, the high electronic noise of fast de-

tectors hinders high-sensitivity imaging. As a result, highly scattering samples,
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such as the retina, must be imaged using lower-speed electronics, which in turn
reduces the achievable axial range. Addressing these limitations would not only
enhance the sensitivity and resolution of high-speed imaging but also expand its

applicability to more challenging samples and complex biological structures.
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