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ABSTRACT

Non-invasive imaging techniques have become essential in medical diagnostics over the past few
decades. Among these, Optical Coherence Tomography (OCT) offers micrometer resolution
with millimeter-scale depth penetration, making it particularly valuable in ophthalmology. OCT
captures backscattered light to generate 3D volumes. For eye imaging, wavelengths around
850 nm are ideal due to minimal absorption by the vitreous and high scattering in the upper retinal
layers. Imaging speed is also critical, as faster speeds reduce motion artifacts. Swept-source OCT,
using wavelength-tunable lasers, enables high-speed imaging. Fourier Domain Mode-Locked

(FDML) lasers providing megahertz-level scan rates are ideal for this purpose.

This thesis explores the development and application of FDML lasers for ophthalmic imaging.
Unlike other tunable lasers, FDML lasers have a unique design that stores a full sweep in their
fiber cavity for hundreds of round trips, avoiding rebuilding of lasing from spontaneous emission
after tuning to new wavelengths offering high phase stability and long coherence length neces-
sary for high quality OCT images. A new megahertz FDML laser at 850 nm would merge the
unique advantages of this wavelength with the proven benefits of FDML lasers allowing for a low

latency, dynamic view of the retina, opening new doors for real-time diagnostics.

The first part delves into the challenges of developing an FDML laser around 850 nm, addressing
issues like polarization mode dispersion, chromatic dispersion, and low gain/loss ratios.
These factors contribute to the complexity of managing short wavelength OCT lasers, which ex-
plain their scarcity to date. The second part presents in-vivo ophthalmic OCT imaging results,

with comparisons to other imaging techniques.

The newly designed FDML laser demonstrates strong performance for OCT imaging, achieving
an axial resolution below 10 um, sensitivity above 84 dB, and a ranging depth of 1.4 cm. Also,
its high phase stability, with a time jitter of 25 ps over 1,000 sweeps, makes it suitable for phase-
resolved techniques. Retinal images were captured at 414,000 axial scans per second using a
master-slave based calibration technique, at 828 kHz with bidirectional sweeping, and at
1.7 MHz using optical buffering with a single-k-calibration technique. While increased scatter-

ing at 850 nm limits choroidal imaging, most retinal layers of interest are clearly visible.

This FDML laser highlights the advantages of short-wavelength, high-speed imaging and paves

the way for new applications.



KURZFASSUNG

Nicht-invasive Bildgebungstechniken haben sich in den letzten Jahrzehnten als unverzichtbarer
Standard in der medizinischen Diagnostik etabliert. Unter diesen bietet die optische Kohiirenzto-
mographie (Optical Coherence Tomography, OCT) eine mikrometergenaue Aufldsung bei Ein-
dringtiefen im Millimeterbereich, was sie besonders wertvoll in der Ophthalmologie macht. Die
OCT erfasst riickgestreutes Licht, um dreidimensionale Volumenbilder zu erzeugen. Fiir die Au-
genbildgebung sind Wellenldngen um 850 nm ideal, da sie minimale Absorption im Glaskdrper
und hohe Streuung in den oberen Netzhautschichten aufweisen. Die Bildgebungsgeschwindigkeit
ist ebenfalls entscheidend, da hohere Geschwindigkeiten Bewegungsartefakte reduzieren. Die
OCT mit schnell durchstimmbaren Lasern (swept source OCT), ermdglicht hochgeschwindig-
keitsfahige Bildgebung. Fourier domain mode-locked (FDML)-Laser mit Scanraten im Mega-

hertz-Bereich sind hierfiir besonders geeignet.

Diese Dissertation untersucht die Entwicklung und Anwendung eines 850 nm FDML-Lasers fiir
die ophthalmische Bildgebung. Im Gegensatz zu anderen schnell durchstimmbaren Lasern
zeichnet sich der FDML-Laser durch sein einzigartiges Design aus, bei dem ein vollstdndiger
Frequenzdurchlauf (sweep) iiber Hunderte von Umléufen in seinem Resonator gespeichert wird.
Dies vermeidet die Notwendigkeit nach den Wiederaufbau der Laseremission aus spontaner
Emission nach der Abstimmung auf eine neue Wellenldnge und ermdéglicht eine hohe Phasensta-
bilitit sowie cine lange Kohérenzlinge, die fiir hochwertige OCT-Bilder erforderlich sind. Ein
neuer Megahertz-FDML-Laser bei 850 nm wiirde die einzigartigen Vorteile dieser Wellenldnge
mit den bewéhrten Vorziigen von FDML-Lasern vereinen und so eine latenzarme, dynamische
Darstellung der Netzhaut ermoglichen, wodurch neue Tiiren fiir Echtzeitdiagnostik geoffnet

wirden.

Der erste Teil befasst sich mit den Herausforderungen bei der Entwicklung eines FDML-Lasers
im Bereich von 850 nm und behandelt Themen wie Polarisationsmodendispersion, chromati-
sche Dispersion und geringe Verstirkung bei hohen optischen Verlusten im Resonator.
Diese Faktoren tragen zur Komplexitidt von OCT Lasern mit kurzen Wellenlédngen bei und erklé-
ren ihre bisherige Seltenheit. Der zweite Teil prasentiert Ergebnisse der in-vivo ophthalmischen

OCT-Bildgebung und vergleicht diese mit anderen Bildgebungstechniken.

Der neu entwickelte FDML-Laser erreicht eine axiale Auflosung von unter 10 um, eine Sensiti-
vitdt von liber 84 dB und eine Bildgebungstiefe von 1,4 cm. Dariiber hinaus ermoglicht die Pha-
senstabilitit des Lasers, mit einer zeitlichen Schwankung von 25 ps tiber 1.000 Sweeps den Ein-
satz in phasenaufldsenden Techniken. Netzhautbilder wurden mit 414.000 axialen Abtastungen

pro Sekunde unter Verwendung einer master-slave-basierten Kalibrationstechnik, mit 828 kHz

il



bei bidirektionalem Durchstimmen und mit 1,7 MHz unter Nutzung von optischer Puffe-
rung mit einer single-k-Kalibrationstechnik aufgenommen. Wéhrend die erhohte Streuung bei
850 nm die Bildgebung der Choroidea einschrinkt, sind die meisten relevanten Netzhautschich-

ten deutlich sichtbar.

Dieser FDML-Laser unterstreicht die Vorteile der hochgeschwindigkeitsfdhigen Bildgebung bei

kurzen Wellenldngen und ebnet den Weg fiir neue Anwendungen.
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Introduction

1.INTRODUCTION

Medical imaging plays a pivotal role in contemporary healthcare, facilitating the early detection
and characterization of pathological conditions often imperceptible to the unaided human eye.
Modalities such as ultrasound and magnetic resonance imaging afford clinicians intricate insights
into tissue morphology and pathology without necessitating invasive procedures. Optical coher-
ence tomography (OCT) emerged as a non-invasive optical imaging modality akin to ultrasound.
Their difference lies in the fact that OCT is based on white light interferometry. It measures the
intensity of backscattered light as a function of its depth in the sample. Furthermore, since light
travels much faster than the speed of sound, the delay of the reflected wave cannot be measured
like in ultrasound technology. Instead, an interferometer setup must be employed where the light
reflected from the sample is superimposed with light reflected from a reference mirror, and the
resultant interference pattern is detected. Images can be acquired volumetrically, referred to as
C-Scans. Within a C-Scans, each frame constitutes a B-Scans, while an individual column within
a B-Scans is termed an A-Scans (Figure 1, right). The term en-face is employed to describe a
cross-sectional image of the OCT data, parallel to the surface of the sample (top view) at one
depth. OCT can bring information about biological tissue only up to a few millimeters’ depth but

with micrometer axial and lateral resolution, as shown in Figure 1, typically 10s of micrometers.

Comparison of three medical imaging systems OCT data

Standard clinical

3
3

100pm T Ultrasound

L i Confocal High
microscopy frequency

Resolution (log)
3
3

E

1mm icm 10 cm

Penetration depth (log)

Figure 1. Left: comparison of the resolution and penetration depth of different medical imaging systems [1]. Right:
visual depiction of OCT Data. [2]

In OCT, the choice of light source stands as a critical determinant in the attainment of high-quality
images. The inherent characteristics of the light source significantly influence both depth and
transverse resolution. Moreover, its operational mechanisms dictate the data acquisition speed,
also defining the A-Scans repetition rate, directly impacting measurement duration, patient com-
fort, and image fidelity. Notably, a faster light source mitigates the deleterious effects of patient
motion on data quality. Swept-source lasers are on the rising edge in the field of OCT because of
their high speed, i.e. high A-Scan repetition rate. Thanks to their mechanisms, which are detailed
later in this thesis, they enable to rapidly sweep through a range of optical frequencies. The laser
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output is then composed of a succession of wavelengths. The advent of swept-source technology
stimulated the development of swept-source OCT (SS-OCT), representing just one technology
among the diverse branches of OCT. It distinguishes itself by offering enhanced sensitivity roll-

off over longer axial scan ranges and higher speed data acquisition.

Well-known in the SS-OCT community for their high speed, Fourier domain mode-locked
(FDML) lasers are fiber lasers with a semiconductor gain medium [3]. They rapidly tune their
spectral bandwidth up to 150 nm [4] over a million times per second with an instantaneous lin-
ewidth of about ~6 kHz [5]. In an FDML laser, a complete sweep is optically “stored” inside the
cavity during several hundreds of round-trip. This is made possible by having a long fiber delay
line of ~500 m that acts as a resonator. This storing enhances laser coherence, ensuring that the
emitted wavelengths maintain consistent phase relationships over time. Additionally, it enables
the laser to amplify each wavelength without the need to build back the sweep from spontaneous
emission, resulting in improved signal-to-noise characteristics. They are typically used for oph-
thalmic and skin imaging [6-10], or stimulated Raman spectroscopy [11, 12]. They also have
proven their useful implementation in endoscopic imaging [ 13], or intravascular imaging [14-16].
Also due to their high phase stability, FDML lasers can be used for phase-sensitive imaging [17,
18]. Depending on the application and the need, 1060 nm, 1300 nm, and 1550 nm FDML lasers
are available on the market and manufactured by Optores GmbH. To date, a 1200 nm laser has

also been reported in research [19].

The interest in shorter wavelength FDML lasers primarily stems from the prevalent application
demands within the ophthalmology field, representing a substantial market segment for OCT
technology [20]. From the first scientific article published in 1991 [21], to 2,500 published articles
in the year 2015, the number of publications keeps increasing showing the interest of the scientific
world. The clinical realm has also witnessed a remarkable adoption of OCT, with over 34,000,000
retinal scans conducted annually, highlighting its pivotal role in contemporary ophthalmic imag-
ing practices. 850 nm is the standard wavelength for most commercial spectral-domain OCT (SD-
OCT) systems used for retinal imaging due to the low water absorption at this wavelength. Indeed,
prior to reaching the retina, the incident light traverses through ~2 cm of aqueous environment of
the human eye, akin to water. Consequently, it necessitates the utilization of a light source less
susceptible to water absorption for optimal imaging efficacy. Also, light sources at lower wave-
lengths enable better axial resolution for a comparable optical bandwidth, and an enhancement of
the lateral resolution. However, all the clinical devices use a different branch of OCT technology,
they operate on SD-OCT. This technology does not use swept-sources but broadband light
sources. Instead of having each wavelength propagating after the other, they send all wavelengths
together to the sample and split them afterward using a spectrometer. The latter limits the speed
of the system to a few 100s of kilohertz [22, 23]. Since SS-OCT is currently the only method

capable of achieving the MHz frame rates necessary for motion artifact-free ophthalmic OCT,
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this thesis focuses on this technique. Retinal imaging is already practiced with SS-OCT in re-
search using 850 nm swept-sources [24-27]. However, the fastest speed achievable with these
lasers is limited to 50 kHz, which does not confer significant advantages over commercially avail-
able SD-OCT. Developing high-performance FDML lasers at 850 nm presents significant chal-
lenges, primarily due to the limited availability and low performance of broadband fiber compo-
nents. At shorter wavelengths, components face issues such as polarization mode dispersion
(PMD), higher optical losses, and lower gain. These combined obstacles make the development
of efficient sources at this wavelength particularly difficult. Consequently, 1060 nm swept-
sources have emerged as the preferred choice in contemporary research endeavors [7-9, 28-30].
This wavelength presents distinct advantages for retinal imaging owing to a drop in water absorp-
tion and deeper penetration depth due to less scattering in tissue compared to 850 nm laser
sources. However, for the same reason, it leads to lower contrast in the upper retinal layers. Be-
sides, due to the water absorption effect, their depth resolution can hardly be below 4 um. The
main advantage of these sources lies in their speed, high stability, high gain and availability of
components. For instance, a 1060 nm FDML laser can reach up to ~3 MHz and a coherence length
supporting fringe frequencies above most photodetectors’ electrical bandwidth (~1.6 GHz fringe

frequency) [8].

Developing a new FDML laser at 850 nm merges the proven benefits of FDML lasers with the
unique advantages of this wavelength. The higher scattering at this wavelength in the upper retinal
layers and the enhanced lateral resolution, enabling sharper and more detailed images. Coupled
with megahertz A-Scan acquisition speeds, this could revolutionize retinal imaging by delivering
higher-quality scans in real time. Additionally, the faster acquisition rates would reduce sensitivity
to patient motion, minimizing the need for post-processing corrections and potentially allowing

for a low-latency, dynamic view of the retina, opening new doors for real-time diagnostics.

This thesis presents a novel 850 nm FDML laser source and its development [31], all the chal-
lenges raised by this wavelength, and the final performances that have been achieved. It has been
used in-vivo, and retinal images have been acquired with two different processing techniques, the
Complex Master-Slave technique and what is named here “single-k-calibration”. The thesis con-
cludes with a comparative analysis of images generated through both processing techniques, sup-
plemented by a comparative evaluation of retinal images obtained using a 1060 nm FDML laser

in the past.






Basics and Theory

2. BASICS AND THEORY

In this chapter, the basics and the theory necessary for understanding the following chapters of
this thesis are explained and detailed. Starting with a detailed description of OCT. How can a
cross-sectional image of human tissue be created from a laser light source. The main characteris-
tics of OCT are presented along with two different ways on how to acquire images: complex

Master-Slave and single-k-calibration.

To provide context for the focus on retinal imaging OCT, a brief overview of ophthalmology with
the structure of the human eye and a twenty-year period of evolution of retinal OCT is retraced.
How ophthalmologists were using OCT, and how they use it nowadays to improve and refine

their diagnosis for specific pathologies.

An introduction to lasers and specifically to swept-sources is detailed in the second part. Semi-
conductor emitters and a few laser technologies of tuning modalities are briefly introduced. An
emphasis is on Fourier-Domain Mode-Locked lasers in the third part. Their design, their main

components, and the related existing market are presented.

2.1. Optical coherence tomography (OCT)

This section focuses on presenting OCT, from a general point of view to its more detailed and
important characteristics. Special attention is paid to SS-OCT, which is the core of the manuscript.
The theory behind the axial and lateral resolution and the sensitivity are detailed. The advance-
ments in OCT for retinal imaging are presented, along with a description of the characteristics of

the human eye.

2.1.1. General introduction on OCT

OCT is an interferometer-based imaging technique widely used for its ability to capture high-
resolution images of biological tissues, particularly in retinal imaging. It works by measuring the

interference of light waves reflected from different depths within a sample.

OCT is powerful because of its capability to detect small electric fields. When the light is reflected
by a sample E(t), depending on the scattering of the sample, only a very small field comes back.
It can sometimes be on a scale down to 10713 I/, equivalent to a couple of photons. To effectively
capture such a weak signal, a heterodyne gain is employed. This involves combining the returning
light from the sample E¢(t), with a large electric field coming from a reference arm E,.(t) where
a mirror is used to reflect the light, as shown in Figure 2, resulting in a significantly enhanced

intensity Ij.
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Mirror

Source Beam / Sampl ¢

Detector

Figure 2. Schematic of a Michelson interferometer. A light source emits a beam that reaches a 50/50 beam splitter,

dividing it into two paths. One part is directed toward a reference mirror, while the other travels to the sample — in

this case, an eye. The backscattered light from both arms interferes at the beam splitter and is detected by a detector.

Variations in the time delay between the sample and the mirror result in different interference frequencies being de-
tected.

When both fields E(t) and E,.(t) come back from both arms, they interfere at the beam splitter.
Depending on the difference in path length AL and the wavelength 4, the intensity I

4n
Ip ~ |E-|*+ |Eg|* + 2+ E, - Eg cos (TAL) (1)

is measured by a detector. With:
E, = A e' @k gnd Eg = Age'(@t=k2) )

Where A, and A depend on the reflectivity of the mirror and sample respectively, with @ the
angular frequency, k the wavenumber, t the time and z the position along the direction of propa-

gation of the wave.

OCT stands out among interferometric techniques by employing short coherence interferometry.
In methods utilizing monochromatic light, distance measurement often faces an inherent ambigu-
ity of 2. However, with OCT's broad spectrum, this ambiguity is mitigated, allowing for direct

recovery of various path lengths without such limitations.

OCT can be separated into two main categories: Time Domain OCT (TD-OCT) and Fourier Do-
main OCT (FD-OCT). While TD-OCT requires a translation of the reference mirror along the
beam axis to generate interference at each point in depth in the sample, which leads to a long
image acquisition time, FD-OCT allows the entire depth profile to be acquired in one measure-
ment in the spectral domain. Each scattering layer of the sample reflects the incoming beam,
resulting in a complex interference pattern composed of each single interference at every depth.
Both, TD-OCT and FD-OCT support two different imaging approaches. To acquire volumetric
images, a scanning mechanism can be used to move the laser beam across the sample in a method
known as "flying-spot" technology. The scanning pattern can vary, but data is captured at each
point using a photodetector, generating a sequence of A-Scans. Alternatively, full-field illumina-

tion can be used, where the entire sample is illuminated at once. In this case, a camera is employed
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to capture the entire volume of data in a single shot, eliminating the need for a scanning mecha-

nism.

When focusing on FD-OCT, it is branched into two sub-systems, SD-OCT and SS-OCT. In the
case of SD-OCT, a broadband light source, such as a superluminescent diode, is used. The inter-
ference resulting from the combination of the reference arm and sample arm fields after the dif-
fraction grating or spectrometer are detected by a fast line scan camera. The read-out time of these
CCD cameras limits the data acquisition speed to around 600 kHz [32]. One disadvantage of this

method lies in its complexity and cost. Also, full-field illumination is not possible here.

In SS-OCT, the laser light source rapidly sweeps its wavelength over a broad range. We call a
"sweep" the complete cycle in which the laser scans through the entire range of wavelengths. SS-
OCT allows the detection of interference across all depth-resolved frequencies in a single scan.
In the case of full-field (FF-SS-OCT), as the whole sample and the acquisition of all data is done
in one single shot, data acquisition is faster, in the range of 1 kHz volume rates [33]. Thanks to
its advanced technology, FF-SS-OCT allows for the acquisition of a phase stable pattern over one
en-face plane, enabling the observation of the reaction of photoreceptors and nerve in the retina
under a light stimulus [34]. However, one drawback is the decrease in sensitivity due to shorter
integration times and multiple scattering. Compared to flying-spot SS-OCT, another disadvantage
lies in the noise suppression of the light source. In flying-spot imaging, achieving balanced de-
tection is easily attainable due to the use of balanced photodetectors to acquire signals. The inter-
ference pattern is split before reaching the detector, allowing both a negative and a positive de-
tector to capture the signals, which are then added to enhance signal quality. In contrast, full-field

imaging would require two 2D cameras where each pixel must correspond.

The limitations observed in SD-OCT and FF-SS-OCT have directed this thesis project to focus
toward enhancing flying-spot swept-source technology. This approach aims to refine SS-OCT,
aligning its speed with that of full-field capabilities while concurrently preserving the high sensi-
tivity and resolution akin to what SD-OCT can accomplish. The next sub-section presents a

deeper description of the acquisition of the SS-OCT signal.

2.1.2. Generation of the SS-OCT signal

In the case of swept-sources, a sweep is sent into an interferometer. The source sweeps through a
range of frequencies, which results in the pattern shown in Figure 3. When the sweep from the
reference and sample arm superimposes, their electromagnetic waves interfere and result in a beat
frequency (also called fringe). The frequency of the interference term depends on the optical de-
lay, as shown in equation (/) above. The photodetector measures the intensity of the resulting
beating signal. Due to the limited electrical bandwidth (i.e. below 2 GHz, meanwhile electromag-
netic fields vary around 230 THz), only the signal's envelope is measured. The envelope carries
information on the delay between both arm lengths. It is important to note that in FD-OCT, the
7
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signal often experiences a decay as the delay increases (sensitivity roll-off). This decline is pri-
marily attributed to the finite coherence length of the light source. As the delay between the sam-
ple and reference arms grows, so does the path length difference, leading to reduced interference
visibility due to decreasing coherence between the arms. The photo-detected signal arriving from
the interference of both arms is commonly known as the channel spectrum and will be used in

this thesis.
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Figure 3. Measurement of the OCT signal in SS-OCT. Both field Er and Escoming back from the reference and sam-
ple arm with an amplitude of Ar and As respectively, experience a delay AL. Their superposition at the beamsplitter
generates an interference signal. Only the intensity of this signal is measured. Due to the low electrical bandwidth of
balanced photodetector, only the envelop of the signal is measured. The detected signal is called channel spectrum

[35].
Once the envelope of the intensity of the interference signal is detected by a balanced photode-
tector, it is sampled via an analog-to-digital converter (ADC). The higher the sampling rate the
more information can be acquired. If a fixed ADC clock is used, the signal is sampled equally in
time. Since a discrete Fourier transform is performed afterwards to obtain a depth scan, also called
A-Scan, the interference channel spectrum must be highly linear in k-space to ensure a sharp
A-Scan. However, depending on the swept-source used, it is likely to sweep slower at the extrem-
ity of the sweep than in the center due to the deceleration of the mechanical means on the edges,
as detailed in the sub-section 2.2.2 presenting several types of swept-sources. A rescaling, also

known as calibration, is then necessary to obtain a linear sweep.

One of the main calibration methods used is called k-clocking. Another interferometer and pho-

todetector in parallel to the OCT is used to acquire high frequency interferences. All zero
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crossings of this signal trigger the acquisition card to capture data. In this way, each channel
spectrum is acquired linearly in k-space [36]. Computational methods can also be used to linearize
in k-space the wavelength linear channel spectrum. They are based on linearizing the channel
spectrum using the signal phase, which is calculated via a Hilbert transform. The inverse of the
phase is used to resample. Once the signal is linearized, a discrete Fourier transform is performed,
and the depth scan is obtained [37]. In the case of FDML laser, due to their high sweep-to-sweep
stability, k-clocking is not required, hence the name single-k-calibration. Only one calibration
spectrum is acquired before an imaging session and used to calibrate all channel spectra. A mirror
can simply replace the sample for the calibration spectrum acquisition, which avoids building

another interferometer.

Another processing technique called complex master-slave (CMS) interferometry, can also be
used to obtain depth scans [38, 39]. Here, the photo-detected channel spectrum is not resampled
using directly an external calibration spectrum. Instead, CMS uses two main step processes. At
the calibration stage (Master), several calibration spectra are acquired at different delay AL. After
that, the phases from the photo-detected channel spectra are used to calculate g(k, z) and h(k),
which regards to the nonlinearities of the sweep and the unbalanced dispersion respectively. It

uses a Hilbert transform:

Agp
E(k z;) 1= gnth 9= a7z (3)
E(k,ZZ) hllbert tranSfOI’m goz = gZZ + h h_ — ¢1 — gzl

Here z; cannot be determined straightforwardly because of the chirp of the sweep. For this the
Fourier transform of E; (k, z,) and E,(k, z,) is applied. dz = z, — z, is then determined and z;
can be recovered. To avoid the influence of any phase jump that could arise from the swept-

source, more than two masks are acquired and averaged together, which in the end gives:

g=2m

n 4)
5= 2 h;

n

With n the number of masks acquired. Once computed these two functions, theoretical channel
spectra can be computed for different 4L and are placed in the rows of a matrix. This matrix T,

can be defined as:

M N
T(k,z) = Z Z M eJ(a(kizj)zj+h(ky) (5)
(i £ ok;
j=1i=1
T (k, z) is finally known. The rows correspond to the wavenumbers of the sweep, with a total of
M samples, and the columns being the theoretical channel spectra inferred, N. At the measurement

stage (Slave), the sample replaces the mirror and the acquired channeled spectrum (CS) obtained

is multiplied with the set of masks from T (k, z):
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kmax

Az = ) Tlhky2)CSGD) ©)

k=kmin
The results are integrated over the wavenumber k and each multiplication delivers the amplitude

of the A-Scan.

CMS processing, in contrast to k-clocking or other calibration methods, enables choosing how
many axial points will compose the A-Scan. The number of points used in the A-Scan is deter-
mined by the number of masks used in 7(k,z). However, it is not entirely arbitrary. Its upper limit
is defined by the Nyquist theorem and a lower limit defined by the theoretical axial resolution of
the system. Each axial point should be not further apart than half of the resolution. When the
number of points is reduced according to the axial range, it enables high real-time processing
speed [39]. Apart from this specificity, k-clocking and CMS show the same performance regard-

ing axial resolution and sensitivity, presented in the following sub-section.

As mentioned previously, balanced photodetectors are used to detect the SS-OCT signal. It pro-
vides an elimination of all common-noise generated by the reference and sample arm which im-
proves the signal to noise ratio (SNR) and leads to enhanced sensitivity. Also, since the noise is
suppressed, weaker signals can be detected which extend the dynamic range. The photodetector
on another hand also limits the imaging range Az,,,, because of their limited electrical detection

bandwidth B, as shown in equation (7).

B Ay*
EA_A Tsweep

Where Ty eep is the duration of the sweep, A¢ and A4 are the center wavelength and the bandwidth

(7

AZmax ~

of the laser, respectively. Therefore, the characteristics of the light source affect the imaging range
in OCT. A broader bandwidth leads to higher interference frequencies for the same delay, which
can be limited by the detector's capabilities for detection. The choice of light source also influ-
ences the depth range in OCT. Shorter wavelengths lead to increased scattering, resulting in re-

duced penetration depth, as described by Rayleigh scattering (~17%).

2.1.3. Axial and lateral resolution

The resolution of an optical OCT setup give a direct idea of the quality of the images that will be
acquired, and how detailed it will be. It is one of the major points of OCT. The resolution defines
the smallest distance between two adjacent structures that can be differentiated. The axial resolu-
tion concerns two structures aligned with the beam direction, how precise in depth it is possible
to separate two structures. The lateral resolution, also called transverse resolution, regards along-
side structures in the perpendicular direction to the beam. Both resolutions are decoupled from

each other in OCT.
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The axial resolution is fully defined by the light source used in the imaging setup. Its center
wavelength Ao, its full width half maximum (FWHM) spectrum width 44, and the shape of the
spectrum are the three-parameter defining it. The following equation depicted the axial resolution

Az for a Gaussian spectrum:

2
L= 2In(2) Ay ®)
T Adpwum

In this thesis, since the laser spectrum used when doing imaging has a top-hat spectrum the fol-

lowing equation is used:

2

Ao
Az = 0.60 ——— )
A/1FWHM

Both equations can be calculated back from the coherence function as explained in [40]. Further-
more, it is important to notice that the axial resolution also depends on the refractive index of the
material being imaged. When focusing on retinal imaging, where biological tissues are mainly
composed of water, the axial resolution calculated with equation (9) should be divided by n =
1.33, the refractive index of water. To be considered as usable for ophthalmic OCT, a light source
must provide an axial resolution under 15 pm [41]. Implying a bandwidth above 22 nm for a top-

hat swept-source centered at 850 nm.

Regarding the lateral resolution, only the optics used in the setup and the center wavelength Ay
play a role. The transverse resolution is defined by the focal spot size. It is determined as 2wy
(beam diameter), where wy represents the beam waist radius. Since in most OCT setups, and in
the system used later in this thesis for imaging, all fibers used are single mode (SM), we can
approximate the beam to have a pure Gaussian shape. This approximation enables to define Ax

as:

420.f
d

Where d is the 1/e? beam diameter in front of the objective lens and fis the focal length. In our

(10)

Ax = 2wy =

case, the focusing lens being the human eye’s lens f~17 mm [42]. However, in practice, experi-
mental results often deviate from theoretical predictions due to imperfections and non-ideal con-
ditions. To account for this, the calculated lateral resolution must be multiplied by the beam qual-

ity factor M2, which quantifies how much the beam diverges from an ideal Gaussian beam.

In retinal imaging where the sample is curved, it is also interesting to have a relatively long depth

of focus d,:

T Ax?
22,

(11

dZ=ZZR =

Where zy is the Rayleigh length. With a long depth of focus, information from the choroid could

also be acquired. However, the longer the depth of focus, the larger the transverse resolution.
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Methods to reduce aberration introduced by a too high numerical aperture can be used, for in-

stance adaptive optics [43, 44].

The final lateral resolution observed in the acquired image can also be affected by the sampling
of the acquisition. Depending on the galvanometer scanner frequency, it is possible to oversample

or under sample, further detailed in section 4.

2.1.4. Noise and Sensitivity

The sensitivity S, expressed in dB, defines the smallest still measurable signal coming back from
the sample depending on the optical power on the sample P. To be measured, the signal coming
back from the sample must be higher than the average noise power at the same depth. The three
main source of noise present in an SS-OCT system are oy, ot, Oreceiver aNd, og;y. They contribute
to the overall noise level 0;,,;5. Of the system. These noise sources sum up according to the equa-

tion:

Onoise> = Osnot” T+ Oreceiver’ + ORIN® (12)
Osnot Tepresent the shot noise (or quantum noise) of the SS-OCT system. It arises from the random
arrival of photons at the detector, causing fluctuations in signal intensity. When a system is “at
shot noise,” it means that the noise level is primarily determined by the inherent properties of
light, it is a fundamental limit, and further improvement may be challenging. A system is “at shot
noise” when the measured sensitivity and the calculated sensitivity, see equation (13) following

[45], are equal.

Oreceiver 18 introduced by the electronics circuits in the detection part of an OCT system. To reli-
ably detect signals, the receiver noise must be lower than the signal itself. Minimizing receiver
noise involves optimizing the design and performance of electronic components, such as ampli-

fiers and detectors, to achieve high SNR.

ORIN, OF relative intensity noise (RIN), originates from fluctuations in the output power of the
light source. The RIN is defined as the power noise normalized to its average value. RIN can
distort the signal intensity and affect the quality of OCT images, especially in systems with high
sensitivity requirements. Minimizing RIN involves ensuring stable and consistent laser output
power, typically through advanced laser stabilization techniques and careful system calibration.
However, as mentioned earlier, balanced photodetectors are used in SS-OCT systems, which en-

ables cancelling the RIN if the system is at shot noise [46].

One of the main parameters to consider in OCT is its sensitivity. If a sensitivity of 100 dB is
achieved, it means that the OCT system can detect reflected signals with a power as low as 10710
relative to the incident power, which corresponds to only a few photons. The sensitivity can be

calculated as follows in the case of SS-OCT:
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PT
S, = 101og (pT) 7 (13)
Where p is the responsivity of the detector (for silicon detectors approximately 0.3 A/W at
850 nm), T is the duration of one sweep, ¢ is the elementary charge of an electron, and IL corre-
sponds to the loss that the signal reflected by the sample experience before reaching the photodi-

ode.

The sensitivity is highly dependent on the noise of the system. The A-Scan rate for example highly
impacts the sensitivity since it reduces the energy at one location on the sample, hence the back
reflected photons. The interferometer used to generate the interference can also introduce noise,
it also highly impacts the shot noise. With increasing power in the reference arm, the excess noise
is also increasing. However, if the power in the reference arm is too low, then the electronic noise
dominates. A sweet spot value of reference arm power must be found to reach shot noise, hence
the highest sensitivity. In general, if shot noise is reached, the sensitivity should reach a plateau
[47], i.e. be constant over a range of reference arm power. Averaging is also used to improve

sensitivity; it reduces the speckle and improves SNR.

2.1.5. OCT applications in ophthalmology

Since ancient Egypt in 1550 before Christ, human beings have expressed their interest in the eye,
writing about its diseases [48]. The first eye dissection happened later, in Ancient Greek [49]. The
eye interest has only been growing and tremendous progress has been realized [21]. Nowadays,
most eye practices, diagnosis, and treatments are non-invasive. About 66% of the US's adult pop-

ulation has had or is having corrective eyewear, such as glasses or surgery [50].

2.1.5.1.  Structure of the human eye

Vision is possible thanks to communication between the eye and the brain via the optic nerve.
Light travels through the eye, is converted into neural signals, and is transmitted to the brain who
interprets it as images. An average adult human eye is typically 24 mm long. It takes its shape
from the presence of the transparent fluid, the vitreous humor, which maintains constant pressure

against the sclera, the white protective outer layer of the eye, as shown in Figure 4 (A).

The front part of the eye regulates the amount of light entering the eye to avoid saturation by
closing the iris, the colored part of the eye. The smaller the pupil will be (the black opening at the
center of the iris), the less light propagating through it. During darkness, the pupil will be open at

its maximum to let more light come in and improve night vision.

Our eyes are capable of sharp vision at different distances. This results from stretching or relaxa-
tion of the muscles of the ciliary body which stretch or relax the lens. While the cornea is respon-

sible for the primary refraction of light, the lens fine-tunes this focus to ensure that light is
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accurately directed onto the retina. The aqueous humor, the clear fluid between the cornea and

lens, contributes minimally to the overall refraction.

(A) (B)
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Figure 4. (4) anatomy of the human eye. (B) Cells repartition at the foveal pit of the retina, GCL: ganglion cell layer,
IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer, IS: inner
segment, OS: outer segment, RPE: retinal pigment epithelium, CC: choriocapillaris [51, 52].

The retina is one of the astonishing organs of the entire body having the most active metabolism.
It is the most oxygenated organ per unit of size of the whole body. It requires constant high oxy-
genation throughout the whole life of people due to its incapabilities of storing oxygens [53]. The
retina is one of the main keys of the eye. It is 500 um thick and composed of millions of photo-
receptor cells. It converts the light passing through the front part of the eye into neural signals
which will travel to the brain via the optic nerve. The photoreceptors are either cones or rods.
Cones are sensitive to color while rods are sensitive to the intensity of light. The density of cones
increases closer to the foveal pit, which is the center region of the macula. This high density of
cells is responsible for our ability to sharpen vision. This area represents a diameter of 200 pm of
the retina. The retina also becomes thicker in the macula region due to the increasing number of
cones which need more cone bipolar cells for more synaptic interaction with the ganglion cells in
the Inner Plexiform Layers (IPL). At the foveal pit, second- and third-order neurons are displaced
on the sides to allow the incoming light to strike the cones directly. This displacement creates the
foveal slope where the thickness of the retina goes from its maximum to a thinner thickness with
almost no neural cells as shown in Figure 4 (B). Regarding the peripheral area of the retina, it is
mostly composed of rods which will ease night vision thanks to a wider region being sensitive to

light intensity.

Due to the high need for oxygen in the retina, high-density vascularization is also needed. All the
blood supply to the eye comes from the ophthalmic artery, which is a branch of the internal carotid
artery, as illustrated in Figure 5 (A). The ophthalmic artery supplies 4% of the blood to the retina
via the central retinal artery. It enters the retina through the optic disc. Retinal vessels present in
the nerve fiber layer branch to capillaries to supply more cell layers. 85% of the blood is directed
towards the choroid. This eye layer needs high vascularization to nourish in nutriment the outer

layers.
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Figure 5. (4) Schematic of the retina vascularization [54], (B) fundus image of the retina and its vascularization

[55].
A fundus examination may be carried out to assess the retina's health. It uses a slit lamp emitting
white light that will go through the front part of the eye to illuminate the eye’s posterior segment.
As aresult of this technique, blood vessels, as illustrated in Figure 5 (B), the optic disc, the fovea,
and the upper retina can be observed. However, this method does not allow information to be
received from deeper structures, which could prevent the early diagnosis of certain diseases. In
this way, cross-sectional imaging techniques like OCT are of interest. This will be shown and

explained further in the next section.

In addition to its above-mentioned capabilities, the eye possesses a subtle, yet crucial function
known as micro saccades. These imperceptible, involuntary eye movements persist ceaselessly,
even when an individual fixates on a single point. This perpetual motion ensures a steady influx
of new visual information, preventing the onset of sensory adaptation — a process that allows our
senses to gradually tune out unchanging stimuli. The next section will demonstrate the importance

of considering these movements when performing OCT.

2.1.5.2.  Retinal imaging OCT

The interest in the study of the retina goes back 100 years. Its first human in-vivo appreciation
has been possible in 1851. Hermann von Helmholtz invented this year the ancestor of the oph-
thalmoscope. He was able to predict certain pathologies by observing the retina back then [56].
More than 100 years after his invention, A.F. Fercher, in 1988, made a huge breakthrough when
he managed to measure the length of the eye, using partial coherence interferometry [57]. A few
years later, in 1990, the first A-Scan was acquired, quickly followed by the first ex-vivo cross-
sectional images on the retina, done by James G. Fujimoto’s group at the Massachusetts Institute
of Technology in 1991 [21]. The first in-vivo retinal OCT was acquired 2 years later [58], and 3
more years later the first clinical ophthalmology OCT was delivered [59]. The OCT market is
nowadays valued at 1.47 billion US dollars, with ~60 % dedicated to ophthalmology. In 2017, 25
years after the invention of OCT, about 50,000 OCT systems were installed and operating.
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Figure 6 shows the evolution from the first retinal OCT image acquired in 1991 with a TD-OCT
setup (A) [21], to the first SD-OCT in-vivo retinal image of 2002 (B) [60], and one acquired in
2013 with SS-OCT (C) [8]. These three different types of OCT are detailed in section 2.1.1. The
sensitivity has been improved by 19 dB between (A) and (C) enabling the distinction of layers of
the retina. The acquisition speed has also experienced a huge increase. In fact, due to their slightly
different techniques, these three OCT methods enable different axial rate capabilities. SS-OCT
achieves a remarkable acquisition time of 0.56 ms for a single B-Scan, as depicted in Figure 6 (C).
This translates to an impressive 3.35 MHz axial scans per second with 1900 A-Scans per
B-frames. This image presents the average of 24 B-frames, each separated by 1.3 um. In contrast,
the SD-OCT B-Scan shown in (B) requires a significantly longer 20-second acquisition time and
offers a narrower field of view. Axial resolution has also seen a major improvement due to the
improvement of technologies, especially light sources. The axial resolution achieved by (C) is

10 um. Table 1 sums up all the main characteristics of each image presented in this sub-section.

Nerve Fiber Layer

(C) Wi
Figure 6. (4) First ex-vivo retinal TD-OCT imaging [21], (B) First in-vivo retinal SD-OCT [60], (C) in-vivo retinal
SS-OCT acquired at 3.35 MHz [8].

Table 1. Comparative table summarizing data from the illustrated section.

Images Year Technology Wavelength  A-Scan Sensitivity Axial reso-

rate lution
Figure 6 (A) 1991 TD-OCT 830 nm 1 Hz 70 dB 15 um
Figure 6 (B) 2002 SD-OCT 810 nm 25 Hz 71 dB 14 um
Figure 6 (C) 2013 SS-OCT 1060 nm 3.35 MHz 89 dB 10 pm
Figure 7 (A) 2022 SS-OCT 1060 nm 1.68 MHz 95 dB 9 pm
Figure 7 (B) 2022 PS-OCT 860 nm 70 kHz - 4 pm

Further advances in the world of OCT are very promising for retinal imaging. Particularly the
advances in angiography (OCTA). They enable better visualization of the blood vessels and ca-

pillaries present in the retina and the choroid, as shown in Figure 7 (A). This is enabled by the
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acquisition of the same position in the images at a different time which provides, after software
processing, more information on the movement of blood cells. A fair number of vision issues are
due to vascular problems [61], which show the importance of this processing technique. Another
technology that uses the polarization of light can be applied to retinal OCT. Acquiring the fast
and slow axis of the light source in different channels enables the acquisition of different contrasts
in the image. In the retina, since the different layers do not have the same properties and birefrin-

gence, more information on their health can be seen as shown in Figure 7 (B-C).

Imm

Figure 7. (A) Retinal widefield OCTA acquired at 1.64 MHz with a 1060 nm FDML laser [62], (B) en-face view of a
retina imaged by PS-OCT [63], (C) Cross-sectional view of a retina imaged by PS-OCT [64].

Most retinal OCT devices on the market are currently SD-OCT systems centered at 850 nm. They
show sensitivity higher than 100 dB, axial resolution of about 5 um, and repetition rate of
100 kHz. This slow axial scan rate can create problems regarding the microsaccades of the eyes.
Hardware and software solutions can correct eye motion, as stated in [65]. This need can be
avoided by scanning faster using SS-OCT. With their sweep repetition rate able to reach
3.35 MHz without impacting the sensitivity, all systems will be less subject to eye movement and

microsaccades.

Another specificity of ophthalmic OCT setups lies in the pivot point's position. To be able to scan
widefield areas without being limited by the opening of the iris, the optics are designed so that all
rays are deflected at a specific point, called pivot point. The laser beam hits the scanning mirror
being collimated. A 4-F optic is then used to focus the light on the retina while having the pivot
point around the lens as shown in Figure 8. The optics are designed in a way that the pivot point’s
position can be adapted depending on the field of view aimed for. A beam-splitter, or a dichroic
mirror, is usually used between the relay lens and the objective lens to enable our eyes to see

through, facilitating the fixation on a viewpoint and alignment of the eye.
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Figure 8. Schematic of an optical setup used for retinal OCT imaging [66].

2.2. Swept light sources

This chapter gives a general introduction to laser technology, starting from a single photon, going
towards a laser beam. A more detailed description of wavelength tunable lasers used for OCT
follows. Firstly, different technologies of emitters are presented, vertical-cavity surface-emitting
lasers (VCSELSs), vertical external-cavity surface-emitting lasers (VECSELSs), and membrane ex-
ternal-cavity surface-emitting lasers (MECSELSs). And secondly, other technologies enabling tun-
ing modalities by either using mechanical filters, such as polygon scanners, or by using optical

properties like time stretching.

2.2.1. General laser theory

Before they were even named “photon” by Gilbert N. Lewis in 1926, these elementary particles
were studied for several years. Albert Einstein theorized their behavior in 1905 in “Uber einen
die Erzeugung und Verwandlung des Lichtes betreffenden heuristischen Gesichtspunkt” ("On a
Heuristic Viewpoint Concerning the Production and Transformation of Light") [67]. These fun-
damental quantum particles of light are defined by their energy, momentum, and polarization.
They can be emitted from two different quantum mechanics, spontaneous emission, and stimu-
lated emission. In both cases, their emission happens when an electron of an excited atom or

molecule is transitioning from an upper energy level to a lower one as shown in Figure 9.

Figure 9 also shows the pumping procedure of quantum mechanisms. Before obtaining photons,
electrons of atoms or molecules must be in an excited state. To reach the conduction band, the
incoming energy must be higher than the band gap. If so, the energy is absorbed by the electron,
and it transitions to the upper energy level. Once excited, either spontaneous or stimulated emis-

sion will occur. Several pumping processes can be used to lift the electron.

Light becomes a laser when photons are emitted by stimulated emission. In this first case, a pho-
ton at a specific frequency will irradiate the excited atom or molecule which will decay to a lower-

lying level and emit an identical photon. By generating in-phase and coherent new photons from
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the originals, a directional laser beam is created at this specific frequency. This is where the ac-

ronym LASER takes its name: “Light Amplification by Stimulated Emission of Radiation”.

Spontaneous emission is the second type of photon emission. It occurs without any external in-
fluence. The emitted light has its frequency and wavelength defined by the difference of energy
between both states E1 and E2, but the photons’ phase and direction are random. The emitting
frequency of two photons spontaneously emitted from the same transition band can still vary.
Energy levels not being infinitely sharp create uncertainty which will broaden the linewidth Av

of the spectral line, hence the ~ in equation (14).

AE
Viz2 ~ h12 (14)

h being the Planck’s constant, v the frequency and AE the energy difference between both bands
1 and 2.
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Figure 9. lllustration of the excitation of an electron (pumping) from one lower band to an upper energy level and
representation of both processus for photons emission, spontaneous emission and stimulated emission [68].

The three quantum mechanisms mentioned above are essential for the generation of laser light,
including amplified spontaneous emission (ASE) observed in devices such as semiconductor op-
tical amplifiers (SOA). The pumping process involves exciting atoms or molecules within the
gain medium, which subsequently emit photons through spontaneous emission. These photons
can then undergo stimulated emission, where they create additional photons with identical prop-
erties, thus amplifying the light. While ASE can occur in certain laser systems, the primary ob-
jective of stimulated emission is to produce coherent laser light rather than ASE. Pumping has a
key role here. It enables population inversion, by bringing enough energy to obtain a greater
quantity of atoms in the conduction band than in the valance one. Population inversion is neces-

sary to have a domination of the emission process.

The sequence of emission and absorption is enabled by the three main components of a laser. The
active laser medium determines the laser properties, notably the emission range. Energy levels
are created in a way that atoms emit in a specific band of wavelength. The second main component

is the pumping mechanism. As mentioned before, active medium can be electronically pump. It
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can also be pumped with light, like in Ytterbium fiber. The laser resonator is the last main com-
ponent. In the simplest case it consists of 2 highly reflective mirrors. The first photons spontane-
ously emitted will propagate and be reflected in the resonators, only the ones having the right
direction and frequency will build up and engage stimulated emission. The laser then has coherent
photons. In the case of FDML laser, the resonator is composed of a long fiber cavity and fiber

components that connect the output of SOA to its input.

The first functional laser was introduced in 1960 by Theodore Maiman, 43 years after its theoret-
ical demonstration by Albert Einstein in “Zur Quantentheorie der Strahlung” (“On the Quantum
Theory of Radiation”) [69]. This laser marked the pioneering development among the diverse
range of laser types that now exist. From laser welding to fluorescence microscopy passing
through OCT, they all demonstrate different characteristics depending on the need. They can have
a continuous wave (CW) output or be pulsed. They can be for example extremely coherent, have

high power, or be wavelength tunable [70].

Regarding OCT, power above 50 mW is not necessary since it is generally intended for medical
imaging. One main requirement is constant power over time. Lasers used in this field are CW
lasers. The population inversion in these lasers is kept active as long as the laser is on. In this
thesis, as mentioned previously, the focus is on SS-OCT where wavelength-tunable lasers are

used. Several of them are presented in the following section.

2.2.2. Swept-sources properties

Wavelength-tunable lasers are a type of laser that emits light at different frequencies. They can
be tuned through optical or mechanical means within a specified tuning range. Apart from the
resonator, the other main component is the laser gain medium. It enables the introduction of an

electric field in the laser and its amplifications.

Tunable lasers find applications in fields like spectroscopy, telecommunications, or OCT. Specif-
ically, in the realm of SS-OCT, the focus is on a specialized type of tunable laser known as swept-
sources. They are designed for rapid continuous tuning. In this section, the main properties defin-

ing swept-sources are presented.

For a swept-source to be deemed effective for in-vivo OCT imaging, it must demonstrate a range
of key performances to facilitate high quality image of human tissue. The essential attributes
considered in the construction of a swept-source are outlined below. To illustrate, the desired

performance of the forthcoming developed laser are used.

- Center wavelength: 4, (nm)

The center wavelength is chosen depending on the desired application. For instance, in the sce-
nario of imaging the human retina, where approximately 2 cm of vitreous humor — similar in

properties to water — intervenes between the front and back of the eyes, it becomes imperative to
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factor in water absorption. An ideal center wavelength according to Figure 10, would be in the
visible spectrum due to minimum water absorption, which would allow high-quality imaging.
However, these wavelengths are highly scattered which results in a shallow penetration depth.
Most of the SS-OCT ophthalmic systems are nowadays using 1060 nm swept-source due to a
local minimum in water absorption. However, their bandwidth is limited to about 140 nm due to
an increase of water absorption around the local minimum, as shown in Figure 10. A trade-off

between water absorption and penetration depth is the wavelength of 850 nm.
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Figure 10. Water absorption in the human eye as a function of the wavelength [59].

- Bandwidth: Ak (nm)
The bandwidth or tuning range is defined by the output spectrum of the laser. How far in nanome-
ter centered around A, the laser is still lasing at -3 dB from the highest amplitude. The wider the
spectral bandwidth, the finer the axial resolution (see equation (9)). If an axial resolution below
10 pm is desired with 15, = 850 nm, a minimum bandwidth of 40 nm for a top-hat spectrum is
necessary. Nevertheless, a wide bandwidth reduces the dynamic range of the OCT due to the
limitation of the detection bandwidth of the photodetector, which is not desirable. Depending on
the application, the trade-off between both parameters can be adjusted if higher axial resolution

or longer depth penetration is required [71].
- Instantaneous linewidth: 6\ (nm)

The instantaneous linewidth of a laser is one of its most important characteristics. It defines the
spectral width of the frequency emitted by a laser at a given time, instantaneously. The narrower

the linewidth the longer the coherence length z., they are related by the following equation:

2

A
Ze ~ 0.445—0/1 (15)

The linewidth will also have a direct impact on the axial resolution of the system. A narrow lin-
ewidth leads to sharper interference frequency resolution, meaning sharper depth resolution,
hence axial resolution. For a swept-source intended to be used in OCT, a linewidth 64 < 100 pm

for 4y = 850 nm is preferred, which would yield to z, = 3.2 mm.

21



Basics and Theory

- Tuning curve

The tuning curve shows how wavelengths are being emitted over time, one after another. In an
ideal swept-source, the tuning curve of the wavenumber over time is linear. Depending on the
type of tuning modalities used in the laser, the tuning curve might not be linear, it will then have
to be corrected using a calibration method, two are presented in 2.1.2. In the case of a laser using
a Fabry-Pérot filter, the sweep must be calibrated since the tuning curve follows a sinewave. It
also has two directions, sweeping from short to long wavelength called the forward sweep, fol-
lowed by the backward sweep, sweeping from long to short wavelength. Both sweeps, depending

on their similarity level, might require independent calibration.

- Sweep repetition rate: f (Hz)

The sweep repetition rate determines the time it takes for the wavelength-selective element in the
cavity to transmit from the shortest to the longest wavelength or vice versa. It is also defining
how fast OCT images can be acquired. The time it takes to acquire an A-Scan refers to the laser
sweep rate. Hence, the higher the sweep repetition rate, the faster an OCT image can be acquired
and hence the less it is sensitive to sample motion (e.g. eye motion). Several factors can limit the
sweep speed. In case of lasers with mechanical tunability, it is imperative to align the resonator
frequency closely with the resonance frequency of the tunable mechanism. Resonance occurs
when the driving frequency of a system matches its natural frequency, which results in maximal
amplitude. The natural frequency f of an oscillating object, such as a mechanical system, is given

by the formula [72]:

1 |k

N 16
2n M (16)

f

with k the spring constant of the mechanism. This resonance frequency is directly linked to the
mass M of the tuning element, rendering it a critical factor in performance. In the case of employ-
ing a mirror within a filter, the mass of the mirror holds a significant role in defining the resonance
frequency. More factors impact the resonance frequency, like the quality of the micro-electrome-
chanical systems (MEMS) in VCSELSs (elaborated upon in the subsequent section) or their pull-
in voltage, which won’t be detailed in this thesis. In the case of FDML laser, the fundamental
sweep repetition rate is generally around 410 kHz and can be increased further using optical buff-

ering, see 2.3.

- Output power: P (mW)
Like Aq, the desired output power P is defined depending on the potential future application.
Standards must be respected to protect the sample/subject from hazards originating from the light
source. Also, the power applicable on sample depends on the wavelength used, if the sample will

be more subject to absorb this wavelength, the limit will be lower to avoid heating of the sample
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and destruction. For retinal imaging at 850 nm, the optical power applicable at the cornea is

0.720 mW for a static beam according to standard [73, 74].

- Intensity and phase noise

Depending on the laser source, several noises can arise. Regarding swept-sources, intensity noise,
and phase noise are the main noises to be considered. The intensity noise defines the noise of the
transient optical power output. The RIN can be used to quantify the intensity noise by using the

normalization of its average value. It can be defined, with P the optical output power, as [59]:

< AP? >
RIN = —7— [Hz™"] (17

The phase noise defines how stable the output phase of the laser is overtime. How similar the
phase of one sweep is to the following. It can be quantified by the normalized average of the

phase drift in radians over a certain number of sweeps.

The intensity and phase noise mainly come from quantum noise. It can also arise from what can
be called technical noise. If the laser is subject to temperature instability, or for laser based on
mechanical resonator (detailed in the following sub-section), vibration can introduce intensity
noise. The intensity noise can be reduced by using dual-balancing which cancels out common-
mode noise, all non-coherent light, and all DC components as mentioned in 2.1.4. This is one of
the strengths of SS-OCT. Phase noise, on the other hand, cannot be improved by dual balancing.

It requires improved phase-locking in the laser, and better engineering.
- Coherence length

Each electromagnetic wave can be defined by its amplitude, frequency, and phase. The term co-
herence is related to the phase of a combination of waves. It expresses the tendency of all waves
constituting the resulting one to maintain a constant phase difference between them. The phase
can be analyzed over time and space. Spatial coherence, which won’t be detailed here, looks at
the phase of the wave in a plane perpendicular to the direction of the beam. It studies the differ-
ences in the wavefront of the wave across different points in space. The directionality of laser
beams is mainly defined by spatial coherence [75, 76]. Temporal (longitudinal) coherence in-
volves analyzing a wave's phase over time, determining how long the wave maintains the same
phase. It can also be measured over a distance along the wave's direction of travel, known as

coherence length L., and described as:

_c Ao*
T Ay T nar

where c is the speed of light and Av the FWHM linewidth of the light source. Interferometers,

(18)

such as Michelson or Mach-Zehnder interferometers (MZI), can be used to measure the coherence
length of a source. An interference pattern is generated, and the coherence length can be measured

by increasing the delay between both arms.
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One of the factors influencing the coherence length of lasers is their bandwidth. When a source
has a large bandwidth, it emits different frequencies. When two frequencies travel, their phase
relationship changes over time and will degrade the contrast with which the frequency of the
interference pattern can be distinguished. When the contrast drops by 3 dB (50%) it defines the
coherence length of the source. Another common term used to define the coherence length is ‘roll-

off’. However, it is usually measured at a decrease of 6 dB and not 3 dB.

As bandwidth increases, coherence decreases, necessitating a tradeoff to achieve optimal resolu-
tion and penetration depth. Yet, for retinal applications, deep penetration is less critical due to the

thinness of the retina.

In summary, the ideal swept-source for this study exhibits a center wavelength of 850 nm, a top-
hat bandwidth of 40 nm, and an instantaneous linewidth narrower than 100 pm, with a preference
for higher repetition rates and a linear tuning curve. Moreover, it should minimize intensity and

phase noise while delivering a power of 0.720 mW to the sample.

2.2.3. Existing swept-sources

The wavelength tuning techniques of wavelength swept laser can be separated into three, semi-

conductors, optomechanical filters, and optical tuning.

As far as semiconductors are concerned, they can be grouped into two classes. Edge-emitting
lasers where the laser light propagates in the plane of the wafer surface, and surface-emitting

lasers, where the light propagates perpendicularly to the wafer.

Regarding surface-emitting lasers, their tuning modalities are mostly inside the laser structure.
For VCSELs, for instance, the gain material is directly positioned between two high reflective
mirrors, as shown in Figure 11. Between both mirrors standing waves build up and give the lasing
wavelength. If the distance between both mirrors is changed, the standing wave’s frequency
changes, and a sweep is created, hence the swept laser. It is possible to tune VCSELs by modu-
lating the current which will change the temperature of the device and enable the tunability. How-
ever, these tunings are limited in bandwidth. Numerous VCSELs are nowadays working along
with MEMS. The MEMS can be a distributed Bragg reflector (DBR) mirror or for instance, high
contrast gratings [77], which are lighter. This implies a difference in the resonance frequency,
which depends on the mass of the mirror, as explained in the previous section. MEMS-VCSELSs
can then be tuned electrostatically by changing the voltage between the top mirror and the elec-
trodes below, which will also have an impact on the sweep speed. Some are also optically pumped

as shown in Figure 11 B [78].
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Figure 11. (A) Standard electrical pumped VCSEL. The optical gain material is positioned between two high reflec-
tive mirrors, a current is transmitted from the yellow electrode at the bottom to the top one to enable tunability [79].
(B) Optically pumped MEMS-VCSEL. A suspended mirror is placed a few micrometers above the below gain me-
dium. A 980 nm laser light is used to pump the gain medium and enable the emission around 1310 nm. The MEMS
enables the tuning electrostatically [78].

Due to the thin gain medium used in VCSELSs, around 20 nm thick, a material with a lot of am-
plification is needed to reach a certain amount of gain. However, the center wavelength and the
bandwidth must be considered when choosing the laser medium. Each decision includes some
tradeoffs. Free spectral range (FSR), and tuning efficiency is favored with thinner gain, however,
thicker semiconductors improve thermal dissipation. VCSELs are well known for their high co-
herence length, [80] shows no roll-off over 5 cm. This is due to their very small cavity. Also, for
the same reason, wide bandwidth and high speed are hard to reach together. Only the Doppler
shift makes it possible [81]. It dynamically adjusts each wavelength to consistently align with the

resonant frequency of the resonator.

The mirror on top of the gain medium can also be placed outside the laser structure, at about 1 cm
from the gain medium as shown in Figure 12 (A). These lasers are called vertical external-cavity
surface-emitting lasers: VECSELSs. The purpose of placing the output mirror further away ena-
bles to have more control over the laser beam profile while increasing the output power [82].
These types of lasers are optically pumped [82]. An issue with VECSELS is the temperature cool-
ing which is limited by the thermal conductivity of the DBR mirror placed under the active region
[83, 84]. A heat spreader having good thermal conductivity (SiC, Diamond, sapphire, ...) must be

placed on top of the active region to enable better cooling [85].

To counteract this thermal issue, another type of surface-emitting laser has been developed. The
active region is placed between two heat spreaders, while two mirrors are strategically positioned
on either side, distanced from the active region to create the laser. They are called MECSELS,
shown in Figure 12 (B). Like VECSELSs, they are optically pumped, however, in this case, they
can also be pumped from both sides [86, 87]. Other advantages of these devices are less strain
issues and new wavelength region reachable since no DBR is needed. Some have been recently

created in the 1770 nm range [88].
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Figure 12. (A) Optically pumped VECSEL. The gain medium is pumped with a 532 nm pump laser. The laser beam is

reflected between a DBR and an output mirror placed 1 cm away from the active region [89]. (B) Optically pumped

MECSEL. The semiconductor membrane is placed between two resonator mirrors reflecting the beam back and forth.
A 532 nm pump laser is used as pumping light [86].

All these semiconductors will emit in different wavelength ranges, depending on the gain mate-
rials used. Their future application will also impact the choice of the materials if high power is
needed, or rather wide bandwidth. As shown in Figure 13, Gallium-Arsenide (GaAs) gives more

amplification gain in the range of 1060 nm wavelength for example.
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Figure 13. (A) Lattice constant versus energy gap and wavelength for several semiconductors [90], (B) quantum
wale/quantum dot GaAs semiconductor optical amplifier based [91].

Tunability can also be achieved by using mechanical filters. These types of lasers use SOA, de-
scribed in more detail in section 2.3.3, which can emit a broad spectrum of wavelengths around
a specific wavelength (> 50 nm around 850 nm from Superlum diodes Ltd., > 70 nm around
1060 nm and > 80 nm around 1300 nm from Thorlabs GmbH.). By filtering each wavelength of
the emission band one after the other, a sweep can be created. The two main types of mechanical
filters used for filtering are coarsely presented hereunder. They can be used in either long or short

cavities.

- Grating-based tunable filters relies on diffraction gratings, named for their ability to
spread an incoming light across its entire spectrum. This property makes them particu-
larly effective in filtering applications. When an incoming wave interacts with a diffrac-
tion grating, its amplitude and phase will create interference in the backscattered wave.
They came in various forms, they can be transmissive or reflective and be made of blaze
angles or grooves. The more repeating patterns by millimeters the grating has, the sharper
the wavelength selection, hence the linewidth. They are defined mathematically by the
formula a - sin(6,,) = m - A where a represents the grating period, 6,, the diffraction

angle for the m™ order, and A denotes the wavelength. Once all spectral components of
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the incoming light have been dispersed, rotating elements can then be employed to select
a specific wavelength and sweep over all of them. For instance:

o Polygon scanners: they consist of a multi-faceted, highly reflective mirror
mounted on a rotating spindle driven by a motor. They can spin up to 60,000
revolutions per minute. They are generally used in a 4f-optics configuration to
obtain the beam reflection from the grating directly onto the scanner, Figure
14 (A) [92, 93]. Overall, polygon scanners are interesting because of their rotat-
ing speed, and sweep rate of around 40 kHz, but might introduce noise due to
their mechanical concept.

o Galvanometer scanners: in this case, the grating is mounted on a resonant scan-
ner, Figure 14 (B). The backscattered light from the grating is focused on a mirror
which redirects it back towards its point of origin. As the grating angle changes
(following a sinusoidal wave), wavelength selection happens. In this case, a

sweep rate of 16 kHz is achieved [26].
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Figure 14. Grating-based mechanical tunable filter using (4) a polygon scanners [93] or (B) res-
onant galvanometer scanners [26].

Fabry-Pérot filter: the basic mechanism of these filters is to face two high reflective
mirrors separated by a micrometer gap. Constructive and destructive interferences hap-
pen between these two surfaces whether waves are in phase or not. Due to the high re-
flectivity of the surfaces, only the high intensity reinforced wavelength that has interfered
constructively will pass through. If the gap between both plane surfaces is changed fol-
lowing a specific pattern, a sinewave for instance, the filter is made tunable and enables
the sweep creation. These filters can be commercially available with a sweep frequency
of 2 x 170 kHz (Lambdaquest, Inc.). Fabry-Pérot filters are attractive for their narrow
linewidth and for their simple and robust design. However, like polygon scanners, they
might be sensitive to the mechanical mechanism which could introduce vibration. They
are also temperature sensitive, and their manufacturing process is challenging mainly be-
cause of the alignment process. FDML lasers use home-made FFP-TF as tunable ele-
ments. A sweep frequency of ~2 x 410 kHz is achieved [31]. A more detailed description
of Fabry-Pérot filters is given in chapter 2.3.2.
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To mitigate the introduction of noise from mechanical components, and be less temperature sen-
sitive, it is possible to achieve wavelength sweeping solely through the utilization of light. These

lasers are called Akinetic. There are three akinetic types of lasers:

- Time-stretch: the idea here is to stretch a very short wideband pulse of light using a
dispersive element, like a long fiber delay line or a chirped fiber Bragg grating as shown
in Figure 15 (A). The pulse used can be emitted from a supercontinuum source [94, 95]
or from a broadband mode-locked laser [96]. This technique can encounter issues like
low power since the pulse is stretched a lot, or low performances regarding their point
spread function due to several kilometers of fiber introduced in the cavity. Moreover,
when using a supercontinuum source, the inherent noise of the source can further degrade
performance. However, this technique is not limited by any mechanical component and
have showed repetition rates of 400 MHz using optical buffering [97].

- Stretched pulse mode locking: In this case, an optical amplifier emits ASE, which is
then transformed into a pulse using an intensity modulator. Subsequently, the pulse is
stretched through a dispersive element. To achieve mode-locking, the stretched pulse
must undergo a reverse dispersion process. Maintaining equal negative and positive dis-
persion is crucial to prevent any loss within the sweeping wavelength range. To achieve
this balance, a chirped Fiber Bragg Grating (cFBG) can be employed in both directions,
as illustrated in Figure 15 (B) [98-100].

- Dispersion tuning mode locking: this last tunable laser presented in this section is made
possible by modulating the frequency in the cavity [101-103]. The ASE emission from
an SOA or from Ytterbium doped fiber (Figure 15 (C)), is stretched via a dispersive ele-
ment. The long pulse will then be chopped depending on the frequency of the modulator
to select in each round trip one unique wavelength. By changing the modulation fre-
quency, the laser becomes tunable and one wavelength after each other will go through,

which is creating the sweep.
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Figure 15. Various akinetic lasers. (A) Time-stretch, a supercontinuum source (SC) emits a pulse which is

then broaden by dispersive fiber [95]. (B) Stretched pulse mode-locking, uses an intensity modulator to
pulse ASE from the optical amplifier (OA), which is then stretched to create the sweep via a linearly
chirped fiber Bragg grating (LC-FBG). It is recompressed via the same LC-FBG afterwards to achieve
mode-locking [100]. OBF: optical bandpass filter. (C) Dispersion tuning mode locking, Ytterbium doped
fiber (YDE) emits ASE which is then stretched by 1000 m of single mode fiber (SMF). A modulator chopped
this long pulse to select one unique wavelength per round trip, creating the sweep at the output of the laser

[104].
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As demonstrated in the preceding two akinetic lasers, mode locking plays a crucial role in the
lasers’ functionality. In the absence of mode locking, these swept lasers are susceptible to higher
levels of loss and noise. While there are various methods to achieve mode locking, they all share
the common objective of achieving optimum operation for each of their applications. The subse-

quent section will delve into the theory of mode locking.

2.2.4. Mode locking

The term mode locking combines several methods to generate picosecond or femtosecond pulses,
also called ultra-short pulses. Three types of mode-locking are possible: active mode-locking,
where the subject has a hand on the system, passive mode-locking, where the system is modulat-
ing itself, and the last one is hybrid mode-locking, where active and passive mode-locking are

used in parallel.

These techniques are based on a resonator composed of a gain medium placed between two mir-
rors. One mirror can be a saturable absorber mirror and the second an output coupler mirror. Due
to this configuration several longitudinal modes, m € R, are active in the cavity at the same time,

all being standing waves having a frequency v, defined as follow [105]:

S 19
Um = 3In (19)

L being the length of the cavity, n the refractive index and ¢, the speed of light. All modes prop-
agating in the cavity will interfere with each other constructively or destructively. To obtain short
pulses from all these longitudinal modes, specific care of the phase of each mode should be given.
If they all have uncorrelated phases, all photons from different phases will interfere resulting in a
random amplitude interference pattern. To achieve high amplitude pulses, the phase of each mode
must be correlated and reach all at the same time constructive interference. Repetitive construc-
tive interference, i.e. short pulses, would then happen over time, with a period of tgr, the round-
trip time in the cavity. Each mode is defined by the length of the cavity, as described above, and
the spectral bandwidth of the active medium. The wider the gain medium, the more modes are
present in the cavity. The higher the number of modes in the cavity, the narrower the peak of the

pulse in time. The following formula describes the FWHM of the pulse 7,:

_ 1
™ = Nav

If N, the number of modes, increases in the cavity, the smaller 7,, becomes. However, it is im-

(20)

portant to note here that the time-bandwidth product limits it.

For all modes to oscillate in a synchronized phase, all types of mode locking use the same prin-
ciple. The goal is to modulate periodically the resonator, its amplitude or frequency, with a fre-
quency equal to the difference of frequency between two neighboring longitudinal modes noted,
Awyg.
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In active mode-locking, if a longitudinal mode of frequency wg is modulated at Awy, the fre-

quency separating two neighboring modes, additional radiations component appears at

wo + nAw, @1)

which corresponds to all neighboring modes, causing coupling of the modes. Hence, there is a
correlation between the phase of each mode. To modulate the modes, the refractive index of the
medium is modulated. This modulation can be performed, for instance, using an acousto-optic
modulator. A piezoelectric transducer can be used to generate acoustic waves that travel through
the medium. In this specific case, all generated sidebands are deflected, so only the main fre-
quency participates in the laser beam. Electro-optics modulators are another example of compo-

nents that can be used to modulate resonators in active mode-locking.

In passive mode-locking, a saturable absorber is used for the modulation, for instance dye cells
or semiconductor saturable absorbers (SESAMs). Saturable absorbers are media which allows
two electrons’ states E; and E,. When the intensity traveling in the resonator is low, the absorbers,
as its name suggests, absorb the photons. Once the saturable absorber reaches saturation by re-
ceiving a higher number of photons, it becomes transparent, and all electrons in the conduction
band E, deplete to the valence band E;, emitting a high and narrow pulse. Once one pulse is
emitted, the process of amplification starts again. For ultra short pulses to happen, the saturable

absorber must have an excited state lifetime, or recovery time 7, below the pulse duration [106].

So-called mode-locked lasers can employ either active or passive mode-locking principles. How-
ever, FDML lasers operate on distinct principles from traditional mode-locked lasers. Despite this
difference, FDML lasers establish a phase relationship among successive modes traveling their
cavity, earning them the designation 'mode-locked.' A more detailed description of the phase lock-

ing mechanism is provided in the following section.

2.3. Fourier Domain mode locking (FDML)

In 2006, Huber et al. presented the principle of FDML [3]. The laser had its central wavelength
around 1300 nm, achieving a bandwidth of 105 nm at a repetition rate of 290 kHz. These prom-
ising results paved the way for a flourishing future for this technology, which has now become
one of the fastest swept-sources in the world usable for OCT, achieving a repetition rate of
13.4 MHz [107]. In this subsection, the general principle of FDML laser is presented along with
the operation of two of its main components, the gain medium and its optical bandpass. An intro-
duction to chromatic dispersion and polarization mode dispersion is also given to facilitate the

understanding of the challenges encountered in building the 850 nm FDML laser.
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2.3.1. General FDML laser principle

As shown in Figure 16, the three main components of FDML lasers are an optical bandpass filter,
enabling the tunability of the laser, a gain medium, which amplifies the sweep after each round
trip, and a dispersion managed delay. The goal here is to match the driving frequency of the optical
bandpass with the inverse round-trip time of the light traveling in the resonator. The resonator is
composed of a ~500-meter-long fiber spool used to store and delay the sweep optically. This fiber
length is used in FDML lasers to reach a resonator frequency close to the resonance frequency of
the optical bandpass, which is around 410 kHz. The advantage of matching the optical bandpass
frequency with the resonator frequency is that the laser does not need to build up from spontane-
ous emission. Precisely, wavelengths filtered by the optical bandpass exit it and traverse the op-
tical path, undergoing amplification by the gain medium before reentering the bandpass. If the
length of the fiber and the frequency of the filter match, the wavelength will reach the filter when
it is set to this exact filtering wavelength. Consequently, in an ideal case, the wavelength traverses
the filter without attenuation beyond the inherent losses of the filter. On the other hand, any wave-
lengths not in resonance arriving at the filter are reflected by 99.7% (reflective coating of the
bandpass filter). It has been observed that only ~10% of the light is actually back reflected [108].
This observation implies that the light entering the filter has the same phase as the previous modes

exiting the filter, indicating a significant phase matching, thus affirming the concept of mode-

optical bandpass
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Figure 16. Simplified schematic of a Fourier domain mode locked laser. The light from a gain medium is spectrally
filtered by an optical bandpass. An entire frequency sweep is optically stored in the resonator and is subject to a dis-
persion managed delay to ensure the same round-trip time for all frequencies. The synchronous drive of the optical
tunable filter ensures that the light transmitted through the filter will return to the filter at a time when the filter is
tuned to the same spectral position again [3].

In FDML lasers, an identical frequency is stored over several hundred round trips, undergoing
multiple filtrations and amplification, leading to a progressive reduction in the instantaneous lin-
ewidth. Hence, the coherence of the laser output is enhanced. For the same reason, mode-locking
improves the RIN of FDML. Also, a Doppler shift happens in the optical bandpass; it forces each
successive wavelength to fit in the filter to the resonance frequency. It ensures that the laser can

tune as fast as the optical bandpass sweeps.
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To achieve mode-locking of all frequencies composing the sweep of an FDML and ensure phase-
matching from sweep to sweep, the laser must be dispersion compensated [31, 46]. Due to the
long fiber length cavity, chromatic dispersion is introduced in the laser, creating a delay between
each wavelength. To compensate for it and achieve the exact same round-trip time for all wave-
lengths, a dispersion-managed delay is used, as shown in Figure 16. It is usually composed of
several types of optical fibers and a cFBG along with temperature control elements. A cFBG is
an optical fiber whose core sees its refractive index changing following a specific non-periodic
or chirped pattern. This property leads to a reflection of wavelengths with different delays. The
design of the grating structure depends on the amount of dispersion in each laser. For the devel-
opment of the laser source described in this thesis, a chromatic dispersion measurement setup has
been developed and is presented in section 3.2.1. The mix of fiber, for instance, HI1060, SMF28e,
and LEAF can also be used to help compensate for higher-order dispersion by shifting the zero-

dispersion wavelength [46].

To achieve a low noise FDML, i.e. high phase-matching, the remaining chromatic dispersion
should ideally be zero [109]. All laser modes are simultaneously active in the cavity, ensuring
constant output power. However, it has been estimated that under ~200 fs remaining dispersion
over the full bandwidth, the laser is considered ultra-low noise [46], so having a high phase-
matching. When an FDML achieves ultra-low noise, it hits what is called the 'sweet spot', making
it ideal for OCT applications. Despite effective dispersion compensation, optical phenomena
known as 'Nozaki-Bekki holes' persist [110], also named 'intensity dips' when talking about
FDML lasers. These are characterized by a significant drop in intensity followed by a sharp over-
shoot. They occur when a particular wavelength is “lost” due to, for instance, chromatic disper-
sion, birefringence, or nonlinearity, and require its reconstruction from spontaneous emission.
They create a ~30 GHz noise which could seem initially inconsequential when using photodetec-
tors with a bandwidth of 1.6 GHz for OCT. However, it becomes problematic as this noise aliases
back into frequencies within the detectable range, introducing noise in the images. The occurrence
of holes, when detuning the laser positively or negatively, is asymmetrical around the sweet spot
frequency [46, 111, 112]. These observed asymmetries in FDML lasers are discussed further in
the subsequent paragraph. Combining this observation and the count of holes, a method has been
implemented in the FDML lasers so that they dynamically adjust their frequency over time to
maintain the sweet spot [113]. Indeed, a change in temperature causes the laser to drift in fre-
quency, necessitating adjustments. If these adjustments are not compensated for, the high phase-

matching is lost over time.

The optical bandpass filter in an FDML laser is a fiber Fabry-Pérot tunable filter (FFP-TF). It is
driven by a sinewave generated by a waveform generator; the frequency is set to match the light
circulation time in the cavity. Besides, the amplitude can be adjusted within the limits of the filter

to achieve a wider bandwidth. Due to the sinusoidal driving of the FFP-TF, it generates two
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distinct sweeps: one forward and one backward. Both sweeps can be utilized for OCT, which can
be called bidirectional OCT, resulting in a laser repetition rate twice the frequency of the FFP,
hence the notation "2x410 kHz." However, as shown in [36, 114], both sweeps show a linewidth
asymmetry due to SOA nonlinearities [111, 115-117]. For this reason, when performing bidirec-
tional OCT imaging, both sweeps must be calibrated independently, as detailed later in 4.1.1 and
in [31]. Another issue arising from this asymmetry is the stability of the output of the laser [112,
118]. When positive or negative detuning is applied to the laser frequency, causing it to deviate
from the sweet spot, each sweep encounters a different type of noise. For instance, the forward
sweep experiences discrete frequency jumps while the backward one experiences GHz oscilla-

tions, and vice versa.

Instead of using bidirectional OCT, the optical buffering technique can be employed to increase
the sweep repetition rate of FDML lasers. The idea is to modulate the SOA with a duty cycle of
27™ and fill the gaps with copies generated by the optical buffering mechanism. By toggling the
SOA on and off, specific portions of the sweep can be amplified while blocking out others. This
technique offers the flexibility to select the most linear segment of the sweep. Since a sinusoid
drives the filter, the outer wavelengths of the spectrum correspond to the turning point of the filter,
which creates significant non-linearity in the sweep. Such pronounced non-linearity is undesirable
given its implications for post-processing, as elaborated in 2.1.2. Switching on and off the SOA
also ensures a gap of signal between subsequent sweeps, hence allowing optical buffering, as
shown in Figure 17 top right. For example, opting for a duty cycle of 25% with a filter frequency
of 410 kHz results in a complete sweep taking 609.76 ns, with a gap of 1.829 us between each
sweep. Within this gap, it is possible to include three additional sweeps of 609.76 ns each. To
achieve this, the laser output is split into two using a 50:50 optical coupler. Half of the light travels
directly to a second 50:50 coupler, while the other half traverses approximately 250 m of optical
fiber, half of the length of the laser, before reaching the second coupler. At this juncture, during
one cycle of 410 kHz, two identical sweeps are present, which results in a frequency of 2x410 kHz
= 820 kHz. This process repeats after the second coupler, this time with roughly 125 m of optical
fiber. Consequently, the two previous sweeps are duplicated, resulting in a total of four sweeps
within approximately 2.439 ps. This configuration yields a frequency of 1.64 MHz, four times
the original 410 kHz frequency. The duty cycle can be adjusted like this and has enabled an FDML
to reach ~13 MHz with a buffering of 32 times, so a duty cycle of 3.125 % [107]. This process of
truncating, for example, 3.125% or 25% of the original sweep, inherently diminishes the band-
width of the laser. Nevertheless, by increasing the amplitude of the FFP-TF, it is possible to main-
tain the same bandwidth within the limit of the filter. Furthermore, it has been demonstrated that
each sweep after buffering is not entirely identical; they exhibit slight variations in both phase
and amplitude arising from single mode optical fibers and different polarization states [119, 120].
Nonetheless, these deviations are minuscule to the extent that buffered FDML remains suitable

for application in phase-sensitive OCT [17].
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As mentioned earlier, FDML lasers can be used for various applications, and depending on the
application, different characteristics are required. In the case of OCT, as mentioned in 2.2.2, an
FDML should provide, depending on its center wavelength, an axial resolution of ~10 pm. For
instance, at 1300 nm, this corresponds to a bandwidth >100 nm. All FDML lasers developed by
the group of the University of Liibeck have a repetition rate of 410 kHz and are usually buffered
to 1.6 MHz or 3.2 MHz. It provides fast imaging speed without reducing the axial imaging range.

Figure 17 visually reinforces the earlier explanation regarding the operational principles of FDML
lasers. Two isolators are used in addition to ensure unidirectional lasing. A circulator is positioned
along the cFBG to ensure that the incoming light that is reflected at the cFBG is then directed
again toward the ring. The output of the FDML laser can be at a fiber coupler, as illustrated in the

schematic. In some configurations, the output of the cFBG serves as an output to minimize losses.

FDML Laser Modulated FDML Laser

Semiconductor Optical
Amplifier

Waveform generator
~410 kHz

time-out
for buffering

1

roundtrip

fﬁlter = T

Dispersion managed delay
Output optical

¢FBG coupler
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Figure 17: Schematic of an FDML laser and a modulated FDML laser with a duty cycle, DC, of 25%. A complete
forward and backward sweep is stored in the long fiber cavity. The Fabry-Pérot filter filtering the broad spectrum
emitted by the semiconductor optical amplifier is driven by a sine of 410 kHz generated by a waveform generator. If
modulation, a synchronized square waveform is modulating the SOA. Isolators are used to unsure the unidirectional
propagation of the light. A dispersion managed delay, composed of a circulator and a cFBG, chirped fiber Bragg
grating, is used to compensate for chromatic dispersion. The colors are for illustration purposes only and do not rep-
resent the actual bandwidth of the laser.
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2.3.2. Fabry-Pérot theory

Since 1899, when C. Fabry and A. Pérot presented this new type of optical bandpass, they have
been widely used for several applications like in telecommunications [121], or as optical wave-
meters owing to their ability to precisely select wavelengths below the nanometer scale [122].
They are mainly composed of two highly reflective optical glass plates facing each other, where
interference happens in between due to the reflection back and forth of the light. Only wave-
lengths A that have an integer number of mode N fitting the cavity will create constructive inter-
ference. In other words, standing waves. If the distance between both plates is L, the equation

defining this phenomenon is as follows:

N-A=2-L (22)

The light circulating in the resonator circulates at a speed ¢ = ¢, - n™1. In the case of the FFP-TF
used in this thesis, n = 1 since only air is present between both reflective plates. The round-trip
time tpy of a wave in a resonator of length L is defined as follow:

2L 1 Ao*

KT c Avpsp  Co " AApsg 29

with Avgpgp the free spectral range of the filter. It defines the frequency spacing between two
successive transmitted maxima, i.e. two fitting standing waves in the resonator. It can also be
expressed in wavelength using Adpgg. Figure 18 shows the transmittance spectrum in wavelength
of a Fabry-Pérot filter. Three waves with different wavelengths, each spaced by Adgsg, have con-
structive interference in the filter; they are in resonance with the filter. Each successive transmit-

ted wave is separated in phase by:

5= (2—”) 2L (24)

Each wave matching the resonance is when entering the filter constructively interfering with the
circulating wave. These resonances waves also experience reflection at the input mirror of the
filter. However, they interfere destructively with the waves leaking out of the resonator. For all
other frequencies out of resonance, the inverse phenomenon occurs. Most of them are directly
reflected back at the input mirror and interfere constructively with the small field leaking out of
the filter. The reflection graph on the right of Figure 18 picture this. All frequencies close to the
resonance of the filter travel through the filter. All others are back-reflected when arriving at the
filter. An isolating optical component is hence always needed at the input of the filter to block the

light.
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Figure 18. FFP transmittance T and reflectivity R, adapted from [123], a;,ss: intensity-loss coefficient, Ay lin-
ewidth, AApsg: free spectral range of the filter. The intrinsic optical losses in the filter reduces the filter s transmit-
tance, as shown with oy < a,. A high finesse filter, represented here by the black line, shows sharper peaks with a

thinner linewidth Ay < A3 and lower transmissions minima than the lower finesse filter drawn with the blue line.
The transmittance is at its maximum when the waves entering the filter are at resonance with the latter. All waves in
anti-resonance are reflected back and do not travel through the filter.

Fabry-Pérot filters are also characterized by their finesse F, as detailed below:

_ AAFSR _ T[\/E

F =
AL, (1—R)

(25)

Where AA,, is the linewidth of one fundamental mode at FWHM, as represented in Figure 18 and
R the mirrors’ reflectivity [124]. It gives information on the filter’s ability to discriminate all
frequencies (i.e. wavelengths) transmitted. A high finesse induces thin peaks, hence, higher pos-
sible discrimination. A high finesse comes with a high reflectivity of both mirrors. The higher the
reflectivity the narrower the transmission peak, as shown in Figure 18 left, A1; < AA;. The in-
trinsic loss of the resonator, a, must also be considered. These can arise from poor alignment or
absorption from the coating for instance. The higher the reflectivity of the mirrors, the lower the
loss must be to ensure a proper transmission of the light and narrow linewidth [125]. Indeed, this

loss shortens the photon-decay time which impacts the transmission.

The mirror spacing L directly impacts the free spectral range Adrgg. The closer the mirrors the
larger the FSR. A large FSR is desirable in FDML laser to only have one covering the gain me-
dium bandwidth. However, the amplitude of the piezo oscillation is limited by the distance of
both mirrors. Any contact between both mirrors must be avoided during sweeping to prevent any

damage to both coatings.

In this thesis, a home-made FFP is designed and built [ 126]. The filter is divided into two integral

components: the resonator and the fiber coupling stage.

- Theresonator is constructed from a fiber ferrule with a high-reflectivity coating, featuring
a small concave indent, also called dimple, at its tip. A coated glass plate with the same
high-reflective coating is facing the ferrule. These two coated parts are the fundamental
elements of the filter. The glass plate is mounted on a piezoelectric actuator ring, offering

tunability by adjusting the gap between both components. The piezo-ring presents a hole
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at its center to let the light pass through to enter the fiber coupling stage, as shown in
Figure 19.

- To recouple the light into an optical fiber, a fiber focuser is used behind the glass plate.
To avoid the creation of a second resonator behind the glass plate, its backside is coated

with an anti-reflective coating.

Dimpled ferrule Glass Plate Piezo-ring

Fiber focuser

L

Resonator . Recoupling

>
< > <

—— HR coating—T0.3% —— AR coating—R<0.1%

Figure 19. Schematic of an FFP-TF filter design. The light enters the filter from a dimpled ferrule previously coated
with a high reflective (HR) coating of ~99.7%. A glass plate coated with the same coating is glued on a piezo-ring
positioned in front of the ferrule. The alignment with the dimpled ferrule and the glass plate creates the resonator.
Wavelength in resonance with the resonator build up and exit the filter through the glass plate. These modes are re-
coupled into an optical fiber by using a fiber focuser. The backside of the glass plate is coated with an anti-reflective
(AR) coating to avoid the generation of a second FFP-TF between the glass plate and the fiber focuser.

The resonance frequency of the filter is impacted by several factors:

- The thickness of the glass plate is one of the first impacting components. As mentioned
earlier, a reduction of mass, hence a thinner plate, should induce a higher resonance fre-
quency. However, in the case of this Fabry-Pérot filter, the glass plate also acts as a spring.
The thicker the glass plate, the harder it is, which implies a higher resonance frequency.
Also, as the plate becomes thinner, the escalating presence of Brownian motion within
the resonator significantly heightens. This Brownian motion introduces greater random
fluctuations, impacting the characteristic of the resonator, hence, for instance, the laser
coherence.

- The hole size in the piezo-ring also influences the resonance frequency, similar to the
glass plate. A larger hole reduces mass and gives the glass plate greater freedom to oscil-

late, resulting in a lower resonance frequency.

Therefore, careful consideration must be given to the thickness of the glass plate and the size of
the hole in the piezo ring. With meticulous adjustments, it can ultimately approach the targeted

resonance frequency, which is defined beforehand by the length of the fiber in the laser.

The above-mentioned dimple created at the tip of the ferrule is used to counteract natural diver-
gence. It also refocuses the beam all the time and reduces loss. This dimple is created by using a
CO; laser, as shown in Figure 20. The laser beam is aimed at the ferrule and creates a dimple by
melting (evaporating) the fiber. The radius of curvature of the dimple must correspond to the

wavefront curvature R (z) at a distance z which corresponds to the gap of the filter. z is calculated
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with equation (26) and zg, the Rayleigh range, is determined with equation (27). R(z) can finally

be determined with equation (28).

A Ao

7= Mo
AMpsr 2 (26)

_ mwg®n
R 27)

R(z) =z [1 + (Zf)z] 28)

The depth Z; and the width D of the dimple shown in the figure below will depend on the radius

of curvature that can be calculated with equation (28).

T TR
3 CO2 Laser D e X ,,,,,
SM800-P 150 pm beam

Zirconia Ferrule

Before dimple shooting After dimple shooting

Figure 20. Schematic of the dimple creation on a fiber pigtail. An SM800-P fiber is glued into a ferrule with hi-temp
epoxy glue. A 150 um CO2 laser beam is aimed at the tip of the fiber to create the dimple by evaporation of the fiber.
The final dimple shows a radius R of curvature, a diameter D and a depth Z,.

In FDML lasers, the FFP-TF is designed to achieve an FSR nearing 100 nm, necessitating a nar-
row gap of just a few micrometers between the ferrule and the glass plate. A finesse of approxi-
mately 1,000 is desired and made possible by employing high-reflectivity coatings with reflec-
tivity levels of around ~ 99.7%.

2.3.3. Semiconductor optical amplifier

The second main component present in FDML laser is the SOA. It is the gain medium of the
FDML laser enabling for amplification of the sweep. There are several types of SOA. Their active
medium can be composed of quantum wells, quantum wires, or quantum dots. In this work, only

Gallium Arsenide (GaAs) quantum well SOAs are used.

Quantum wells are nanometer layered structures. They are generally composed of a semiconduc-
tor medium positioned between two other semiconductor layers of wider band gaps. Due to this
difference in bandgap, the electrons are trapped in the middle layer; here, GaAs. This is called

electron confinement. Both outer layers are made from Aluminum Gallium Arsenide (AlGaAs).
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The electrons are free to move in the perpendicular plane of the deposition process. These types
of devices are electrically pumped, a current is applied to the active medium to create population
inversion, as mentioned in section 2.2.1. The electrons will start emitting photons from spontane-
ous emission. On both sides of the active medium two anti-reflective coatings are deposited to
avoid any back-reflection of the light. It is also important to notice that both facets have a slight

angle to avoid any Fabry-Pérot effects.

A quantum well can support different energy levels, which results in multiple “sub-bands.” These
different energy levels allow for a broader emission spectrum. Some of them will only start emit-
ting when the pumping current is above a threshold. These thresholds are important for achieving
lasing action. Several quantum wells can also be layered to reach higher amplification gain. The
small signal gain of SOAs stands as a pivotal parameter, defining both the amplification capability
of the SOA for the laser and the threshold for allowable losses. Maintaining losses below the gain

threshold is imperative to enable lasing operation.

Another property of SOAs, which will show its importance in the following, is its catastrophic
optical damage (COD). The COD defines the maximum output power that must not be exceeded
at both extremity of the SOA. Due to amplification of the gain material, high intracavity power
can be observed in SOAs which might, if too extreme, lead to a melting of the material at the

facets inducing destruction of the chip. SOAs are fiber-coupled on both sides.

2.3.4. Chromatic dispersion

[Parts of this section have been extracted from the conference paper [127]]

As mentioned in the general introduction of FDML lasers, chromatic dispersion plays a crucial

role in their performances. A short introduction of the theory behind it is given here.

When an electromagnetic wave, such as light, encounters a medium, it can be absorbed, reflected,
or refracted. If a transparent medium is considered, e.g. optical fiber, light with a specific wave-

length travel through the medium at a certain speed, called phase velocity:

Cc

Vp = D) 29

It can also be denoted with the angular frequency w and the wavenumber k as

vp = (30)

vy, is defined by the velocity with which a phase front propagates in a medium [128]. When indi-

vidual waves propagate at distinct phase velocities, the resulting wave will not possess a phase

velocity that matches its group velocity vy, as shown in Figure 21. vy, is defined by the speed at

which the envelope shape of the waves’ amplitudes propagates [129]
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plotted in the upper graph. This phenomenon of v, # v, is known as dispersion.

In the case of optics, it can be called chromatic dispersion. Due to the dependency of the refractive
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index of glass n, with the wavelength 4, n = - where 4, is the wavelength in air, each wave-

length travels at a different phase velocity in a dispersive media. In the case of normal dispersion,
the speed of propagation is lower for higher frequencies. Anomalous dispersion depicts the oppo-

site.
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Figure 21. Demonstration of a wave having its phase velocity vy, different from its group velocity vy. This wave, bot-

tom, is the summation of the three upper waves having three different frequencies.

Chromatic dispersion can be defined using the Taylor expansion of the wavenumber k, as a func-
tion of the angular frequency w, around w, the central frequency of all measurements [130]:

ok 10%k , 1 3k
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In other words, the Taylor expansion allows to approximate the relationship between the phase

(w —wy)3 + - (32)

delay and the wavelengths. Each of its orders has several definitions, which are depicted below.
Only the two first orders are studied and measured in this thesis. If more precision on the approx-

imation of the dispersion is needed, higher-order dispersion can be considered.

- Zero-order dispersion, defining a common phase shift: kg
- First-order dispersion noted k', describes the overall time delay without an effect on the
pulse shape, it is the linear component. k' is, as shown in the formula below, defined by

the inverse of vy, which corresponds also the group delay per unit of length. The unit of

k'is fs-mm™1.
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- Second-order dispersion noted k", or also called the group velocity dispersion GVD. It is

the derivative of k" with respect to w. The unit of k" is fs? - mm™1.

9%k

=55 = GVD (34
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Regarding optical fiber, the more commonly used parameter is the dispersion parameter, D;,
which is the derivative of the first-order dispersion with respect to the wavelength. Its unit is

usually written as ps - (nm - km)~1. The following equation is linking k''to D;:

pro 0%k _ 0 0k _9r 0 ok _—2mc 0 Ok _—A' 0 0k
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Considering D; and not k"', a specific care should be given about the definition of normal and
anomalous dispersion. Since they have an opposite sign, normal dispersion is defined for D; such
that the propagation is faster at lower frequency (i.e. longer wavelength), hence D; < 0 for normal
dispersion and D; > 0 is anomalous dispersion is considered. The different sign is due to k'’ using
the frequency derivative and D; the wavelength derivative. D, is the second parameter used in

optical communication. It corresponds to the derivative of D;, with respect to the wavelength

expressed in ps - nm~2 - km™1.

Due to chromatic dispersion, if a light pulse propagates through an optical fiber, it will broaden
due to the GVD. This broadening can lead to major issues in applications like data transmission
in telecommunications [131], fiber-based mode-locked lasers or, for instance in FDML lasers [3]
as mentioned in section 2.3.1. In the aim of compensating chromatic dispersion, its amount must

be known beforehand.

Four fundamental methods are often used to measure the chromatic dispersion of optical fiber
[132]. Temporal or spectral interferometric methods can be used, such as Mach-Zehnder [133,
134] or other interferometers [135]. They are used for short fibers of interest of a few meters. The
Chromatis™ Dispersion Measurement System commercialized by Thorlabs is using a white light
interferometer that achieves a group delay dispersion resolution of + 5 fs2. On the other hand, the
time-of-flight of pulses can be measured with either supercontinuum lasers to cover a very broad
spectrum [136] or with a simple tunable light source [137-139] to determine the group delay. For
instance, FDML lasers can be used to measure the dispersion of optical fibers at high speed [140].
The latest method requires a relatively long fiber, about 1 km, to add a long enough delay to
differentiate between reference and sample. Lastly, the time delay can be determined from the
phase shift between two signals. However, this method is time-consuming because a full
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interference spectrum must be measured repeatedly [141]. The company Viavi is achieving a dis-
persion uncertainty of = 0.3 ps/nm/km with a 10 km fiber length in a few 10" of a second in their
system T-BERD/MTS around 1550 nm.

In this thesis, the optical fiber used, Hi780, is subject to normal dispersion at 850 nm. Their turn-
ing point to anomalous dispersion is around 1300 nm, where the zero-dispersion wavelength can
be observed. A new system has been developed to characterize them. It combines a time-of-flight
measurement with a cross-correlation algorithm for higher accuracy measurement than the ones

mentioned above. All experiments and results are presented in section 3.2.1

2.3.5. Polarization mode dispersion

In the realm of optics, it is widely acknowledged that circulators can introduce polarization mode
dispersion (PMD). During the development of the new 850 nm FDML laser, it was noted that the
circulators being used introduced PMD. Since a few experiments have been conducted to analyze

this phenomenon, a brief introduction to its theory is provided.

Electromagnetic waves, such as light waves, are defined as transverse waves. E and B, the electric
and magnetic field vector respectively, are perpendicular to each other and to the propagation of
the wave. In the scenario presented in Figure 22, the light beam is described as linearly polarized.
All electric field E can be decomposed into components along two orthogonal axes called the

slow and fast axis. If both axes do not propagate at the same speed, a phenomenon called PMD

occurs. It is typically measured in ps/vkm. One axis experiences a delay relative to the other, as
indicated in Figure 22 right. This delay, expressed in picoseconds, is called differential group
delay (DGD). This can happen if the wave propagates through a birefringence medium. Birefrin-
gence happens when the refractive index changes with the polarization state of the input state.
Optical fibers might become birefringent if a defect in the material occurs. For instance, internal
stress like core stress, cladding eccentricity, or an elliptical design occurring during the fabrication

process. Also, external stress like fiber bending or fiber stress can generate birefringence.

Slow Axis A

e i

ast Axis

Figure 22. Linearly polarized electric field, E, of wavelength A, propagating in the Z direction. E can be decomposed
in two axis, the slow and fast axis. Both axis experience a differential group delay on the right which impact the po-
larization of the electric field [142].

If a light beam enters a single mode fiber, it propagates in a single fundamental mode with a
specific polarization defined by both orthogonal states. Polarization might be distorted due to

PMD and arrive at the output of the fiber with a completely different polarization. The separation
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of both polarization components causes pulses to broaden in time which can be an issue for tele-
communications for example [143, 144]. This issue can be mitigated by employing polarization-
maintaining (PM) fibers, where the preservation of polarization state is achieved through the in-
tegration of two stress rods encircling the core. These stress rods induce controlled high birefrin-
gence in the core, reducing its sensitivity to external factors such as bending and temperature

variations.

In general, PMD compensation should be possible if no wavelength dependent PMD is introduced
(linear system), i.e. narrow bandwidth. Fiber polarization controllers can be used along with a
polarizer to align the polarization of the light to one polarization direction. Polarizing fibers can
also cancel PMD, however, it is more expensive, and it might introduce much loss since the po-
larization has to be aligned at the interface. Non-linearly cFBGs, liquid-crystal modulator arrays,
or electrical PMD compensators [145-149] are also known to be able to compensate for PMD
exhibited by kilometer long optical fiber. It should also be known that PMD is sensitive to tem-
perature changes, which makes it time dependent. Also, since PMD effects are random, its com-

pensation usually needs a feedback loop to ensure compensation over time.

2.3.6. Motivation for building a new light source: 850 nm FDML Laser

Numerous iterations of FDML lasers have undergone development and experimentation in pursuit
of optimal performance for specific applications. Variants utilizing PM-Fiber were explored to
mitigate PMD concerns, yet this approach yielded suboptimal outcomes [150]. Early FDML im-
plementations lacking dispersion compensation exhibited reduced performance for OCT com-
pared to the one developed specifically for this application today [108]. Additionally, efforts to
enhance FDML gain involved integrating various types of active fibers into the cavity, such as
Erbium and Ytterbium fibers [7, 151-154]. However, these endeavors were met with challenges,
notably the emergence of Q-switching behavior leading to potential damage to critical compo-
nents, including the FFP-TF, owing to excessive power and mirror burning [108]. Diverse filter-
ing techniques, such as polygon scanners, were also investigated [155, 156]. Furthermore, strate-

gies to broaden the laser's bandwidth included incorporating dual SOAs within the cavity [157].

Current research efforts predominantly center around enhancing the speed of lasers and refining
post-processing techniques for OCT image optimization. Additionally, significant attention is di-
rected towards advancing the capabilities of these lasers towards new frontiers, including phase-
sensitive OCT, dynamic OCT, and endoscopic OCT applications. Notably, lasers from Optores
GmbH are prominently featured in these endeavors. Available commercially at wavelengths of
1060 nm, 1300 nm, and 1550 nm, these lasers encompass a broad spectrum tailored to address

various SS-OCT requirements.

Ophthalmic imaging stands as the foremost market for OCT technology to date. Continuous ad-

vancement in this field necessitates the extraction of additional information from samples to
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enhance medical diagnostics for potential diseases. As previously highlighted, the advent of an
850 nm FDML laser holds promise for enhancing retinal imaging capabilities, particularly in
terms of resolution and heightened scattering in the upper retinal layers. Moreover, such techno-
logical progress may extend beyond ophthalmic imaging, presenting opportunities for novel ap-

plications.

In pursuit of this objective, the conventional FDML laser architecture, depicted in Figure 17, is
tailored to operate at 850 nm. The comprehensive developmental processes are delineated in sub-
sequent sections, wherein all encountered challenges stemming from the transition to lower wave-
lengths — such as heightened chromatic dispersion, elevated PMD, and diminished gain — are
meticulously addressed. Various techniques employed to cope with them and corresponding re-

sults attained are exhaustively presented.

The evaluation of laser performance involves conventional measurements such as phase stability,
roll-off, sweet-spot characterization and noise analysis. It also includes an assessment based on
retinal imaging, in which in-vivo images are acquired using two separate processing techniques,

subsequently subjected to comparative analysis and discussion.

Furthermore, a comparative study is conducted between ophthalmic SS-OCT data obtained using
a 1060 nm FDML laser and the 850 nm variant. This comparative analysis aims to discern the

improvements, if any, facilitated by the 850 nm laser in ophthalmic imaging applications.
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3. DEVELOPMENT OF AN 850 N\M FDML LASER

This chapter outlines the development process of the 850 nm FDML laser. All newly developed
key components enabling this wavelength, such as the home-built FFP-TF and the SOA manu-
factured by Superlum Diodes Ltd., are introduced. Promising results achieved with a narrow
bandwidth, ~24 nm, are presented, highlighting the challenges that need to be addressed to extend
the FDML's bandwidth. The subsequent challenges and the experiments conducted to overcome
them are discussed. Finally, the performance and characterization of the new light source are

detailed before the concluding part of this section.

3.1. Initial development and identification of challenges

This section presents the characteristics of the two main components used in the laser: the custom-
developed FFP-TF and the SOA. It also discusses initial results from the first laser prototype,
which achieved an optical bandwidth of 24 nm, along with an evaluation of its performance at

this stage and strategies for enhancing the design to further expand the bandwidth.

3.1.1. Customized FFP-TF for 850 nm

In this sub-section, all characteristics and performances of the filter used for all forthcoming re-

sults are detailed. The filter’s theory and schematic can be found in 2.3.2.

Filter’s components:

Due to the coating process used to coat the glass plates and the ferrules’ tips, as detailed in section
2.3.2, high-temperature-resistant components must be used to avoid any evaporation of chemicals
that could potentially impair the coating machine. For this, home-made pigtails were assembled.
Fibers with a high-temperature coating (SM800(5.6, 125)P, fibercore) were glued with high-tem-
perature epoxy (EPO-TEK 353ND, Thorlabs) into ferrules. Once polished, dimples were shot to
aim for an FSR of 80 nm, which leads to a radius of about 250 um, as demonstrated with equation

(28).

The ferrule used in the filter has a dimple with a radius of 140.28 um and an eccentricity of
0.49 um. A trade-off must be found between the eccentricity of the dimple and its radius. In this
case, an eccentricity below 1 um is preferred as a radius closer to 250 um. It ensures easier and
better alignment of all components. The radius of 140.28 um would imply a gap in the filter of
8 um leading to an FSR of 45 nm. It can be increased to 80 nm by bringing the glass plate and
the ferrule closer together. However, this might increase the loss in the filter since the dimple
would not be used at its best performance. A dimple with a radius of 250 um and an eccentricity

of 2 pm would require precise tilting of the ferrule for proper alignment. However, the tilting is
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significantly constrained due to the narrow micrometer-sized gap, especially considering the fer-

rules used here have a diameter of 2.5 mm. Hence, the first option is preferred.

Figure 23 (A) and (B) show the characterization of the polishing process. The dimple profile can
be seen in (C). A profilometer utilizing a light-emitting diode (LED) with an emission wavelength
of approximately 532 nm enables precise surface profile measurement of a ferrule through inter-
ferometry. In this setup, a piezoelectric element positioned beneath the ferrule holder allows con-
trolled movement along the optical axis (parallel to the incident light beam). This motion enables
accurate reconstruction of the surface topography by shifting the interference fringes. The spacing
between two adjacent interference fringes, or circles, corresponds to half the wavelength of the
light used. In this case, with a wavelength of 532 nm, the fringe spacing is 266 nm. The two

noncircular distinct black lines in (A) are due to dust on the camera of the profilometer.
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Figure 23. Ferrule surface characterization after gluing and polishing. (4) shows the interference pattern at one po-
sition on the ferrule after polishing. (B) and (C) show the elevation as a function of the lateral position of the fer-
rule s tip after polishing and the one of the dimple after shooting respectively.

(A) and (B) show that the polishing process produced a satisfactory surface finish without cracks
and holes. The surface is smooth and free of any defects or discontinuities. Care must be taken to
ensure that no cracks are present near the fiber where the dimple will be formed. Experimental
observations have shown that if a crack is located close to the tip, it can distort or displace the
dimple by several micrometers, which is undesirable. If any cracks are detected during the pol-
ishing process, an additional round of polishing should be performed to eliminate them. The mi-
nor roughness observed at the tip of the ferrule in (B) is not a concern, as it is minimal and will
not affect the dimple's formation or performance. The dimple in (C) shows low roughness, which

can be attributed to the precision of the laser-based formation process.

Once dimples are shot and characterized, all ferrules and glass plates are sent for coating. A high
reflective coating 0f 99.7 % is deposited on the front of the dimples and the glass plates. A 99.9 %
anti-reflective coating was deposited at the back of the glass plate. 250 um thick glass plates are

used.

A piezo element with a hole of 2.02 mm is used and shows a resonance frequency of 413 kHz.
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Filter’s performances:

The filter's spectral window AL has been measured to be 84 pm at FWHM, as shown in Figure
24. A reference measurement, represented by the orange curve, is obtained by measuring the ASE
of an SOA isolated from the OSA using an isolator. The spectral window of the filter, shown as
the blue curve, is then measured by positioning the FFP-TF after the isolator and recording the
output on the same OSA with identical sensitivity and resolution settings. The gap between both
reflective surfaces is estimated to be about 3 um. From this estimation, the FSR is calculated to
be about 83 nm for a center wavelength of 850 nm. Unfortunately, the FSR cannot be measured

due to the narrow gain spectrum of the SOA, about 50 nm, presented in the following sub-section.

The quality of the alignment is of importance to define the finesse of the filter, as mentioned in
the section presenting the theory on Fabry-Pérot filters, section 2.3.2. As shown in Figure 24, the
loss of the filter used in the laser is measured to be 5 dB. The finesse is estimated to be around

1,000 considering no extra loss coming from alignment and using equation (25).
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Figure 24. FFP-TF characterization. The filter shows a spectral window of 84 pm and a loss of 5 dB. Blue: output of
the filter, orange: input of the filter.

3.1.2. Semiconductor optical amplifier in use

All SOAs tested and used in the laser were provided by Superlum diodes Ltd and are GaAs quan-
tum well SOAs.

Various SOAs (SOA-372, SOA-372-SM, SOA-372-DBUT-SM, SOA-372-DBUT-PM-NEW)
were used during this PhD thesis. This choice stemmed from the ongoing development of SOAs
by the company, featuring enhancements such as increased gain, expanded bandwidth, and di-
verse fiber end options, including PM and SM fibers. Nevertheless, all of them exhibited a com-
parable ASE spectrum characterized by two distinct "sub-bands," as shown in Figure 25. The
initial sub-band starts emission from the outset, featuring a central wavelength of approximately
850 nm. The second sub-band, requiring a higher pumping current due to its lower wavelength,

manifested around 820 nm. This higher bandgap lasing contributes to achieving a broader gain
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spectrum. Figure 25 facilitates the comparison of the output spectrum of the SOA at 100 mA and
150 mA, with 250 mA being the maximal current applicable, revealing the emergence of a distinct
sub-band. Additionally, a subtle variation in output power between the input and output ports of
the SOA is noticeable. This discrepancy could be attributed to factors such as fiber coupling ef-

fects post-facets or variations in the coating on the two facets.

Input 150 mA (20%)

Output 150 mA (20%)

Amplitude [dBm]

Input 100 mA (20%)

-65

820 840 860 880
Wavelength [nm]

Figure 25. Output spectrum measured at the input and output of the SOA-372-DBUT-SM used in the FDML laser, at
100 mA and 150 mA. A sub-band of the emission appears at around 820 nm when the pumping current is increased
around 150 mA.

This SOA has a small signal gain of 22 dB and a FWHM bandwidth of 52 nm at around 150 mA.
It is coupled in SM fiber, and the output power at maximum forward current is 7.2 mW (SOA-
372-DBUT-SM). It presents a COD of 20 mW, imposing a constraint on the circulating power
within the FDML laser and consequently affecting the output power.

3.1.3. From 24 nm to 72 nm

In results of new research in semiconductor photonics and manufacturing of SOAs around 850 nm
as shown previously, a door opened for the development of a new 850 nm FDML laser [158]. The
performances of the first 850 nm FDML laser are presented in this section. The FPP-TF, as out-
lined in section 3.1.1, is employed in conjunction with a comparable SOA to that described in
section 3.1.2, albeit with lower output power (SOA-372-SM, Superlum diodes Ltd.). The cFBG
used here (Teraxion, PSR-840-23(+D50.318-0.105)-0S1-0R) has a bandwidth of 23 nm and a re-
flectivity of 47.8 %. The narrowness is due to the high chromatic dispersion present in Hi780
optical fiber around 850 nm. Standard cFBGs are manufactured by UV illumination with 10 cm
masks. The masks' length limits the group delay's compensation to 1200 ps, which is linked to the
bandwidth by chromatic dispersion. At 850 nm, a chromatic dispersion of 100.636 ps.nm™'.km™!
is measured with the setup presented in the next section. To synchronize the cavity round-trip
time with the filter period of approximately 2.421 us (413 kHz), calculations were performed for
a 500-meter length of fiber (with n=1.4586). This yields a chromatic dispersion of

50.318 ps.nm™ !, corresponding to a maximum bandwidth of approximately 24 nm.
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Figure 26 shows the first design of the 850 nm FDML. Both, 90/10 fiber couplers are used as
probe output to monitor the power circulating in the laser. The output of the laser is taken at the
output of the cFBG. Figure 27 shows the performance of the 23 nm FDML at a repetition rate of
411,779.588 Hz. The spectrum is presented in (A). (B) illustrates the time trace acquired with a
30 GHz photodiode (Thorlabs, DMX30AF). The backward and forward sweep can be seen. The
forward sweep, from 2.25 ps to 3.4 ps shows less noise on the left than on the right side, which
indicates that there is some first-order chromatic dispersion remaining. Also, it indicates that the
laser is close to sweet spot operation. If the dispersion is better compensated, both sweeps, the
forward and backward are more alike. All data presented in Figure 27 (B), (C), and (D) are ac-
quired with the 80 GS/s digital storage oscilloscope (DSO) (Keysight, DSOZ634A).

Qutput

E cFBG

s

ISO  90/10  FFP

Figure 26. Schematic of the first 850 nm FDML laser. SOA: semiconductor optical amplifier, PC: polarization con-
troller, cFBG: chirped fiber Bragg grating, F'S: Fiber spool, FFP: Fiber Fabry-Pérot filter, ISO: Isolator.

A MZI has been set up, with two free-space beam paths to measure the sensitivity roll-off of the
laser, presented in Figure 27 (C). An interference fringe is acquired every 1 mm. The phase of the
7% fringe is used for calibration of all others after being filtered by a low pass filter (sampling
rate: 80 GS/s, cut-off: 400 MHz). The single-k-calibration technique is used for calibration. All
data are acquired here with a 1.6 GHz balanced photodiode spliced with Hi780 and Hi1060 to
avoid any multimode operation due to the use of SMF-28 fiber in the photodiode (Thorlabs,
PDB480C-AC). As shown in Figure 27 (C) the coherence length at 12 mm decreases by 6 dB.
The cut-off frequency of 1.6 GHz can also be observed in (C) by the sudden decrease of the noise
floor around 1.6 GHz.

Finally, the phase evolution of the laser over 100 segments, representing 100 sweeps since the
oscilloscope’s re-arm time is around 2.5 ps, is presented in Figure 27 (D). The phase of the first
acquired segment, at around 5 mm, is used to calibrate all following segments. Only the forward
sweep of a complete sweep (forward and backward) is used for calibration. It can be seen that the
phase breaks down after the 49 segment, as a loss of amplitude is observed in the point spread

function, indicating that the calibration based on the first segment is not effective for these
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segments. However, it is recovering in less than 10 more segments which shows the capability of

the laser in terms of phase stability.
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Figure 27. (A) output spectrum of the 850 nm FDML laser. (B) time trace of the laser output showing both backward
and forward sweep. (C) Sensitivity roll-off; dashed line illustrating the limits of -6 dB. (D) Phase evolution at one fre-
quency over 100 consecutive segments.

All these initial results are promising, but they point to areas where there is room for improve-
ment. Especially regarding the chromatic dispersion compensation, which would improve the
noise, the sensitivity roll-off and the phase stability of the laser. Besides, in the hope of achieving
an axial resolution below 10 pm, the bandwidth must be extended. Yet, the cFBG is the limiting
component. If removed while keeping the circulator as isolation component, it is shown in Figure
28 (A) that the laser could lase over a wider range than 24 nm. The polarization in the laser and
the frequency of the filter are adapted to enable lasing over the full range of the sweep. Generally,
the frequency is optimized for one side of the spectrum and the polarization for the other side. If
both are optimized for the same side, a band might experience too high loss. For instance, in
Figure 28 (A) the frequency is optimized at around 832 nm, and the polarization is optimized on

the right side. Figure 28 (B) shows narrower spectra of about 25 nm at different positions along
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the gain spectrum. The frequency is adjusted at around 848 nm as the higher amplification shows

i.e. for a good phase matching at these wavelengths.
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Figure 28. Output spectrum of an FDML laser without chromatic dispersion compensation. The frequency of the la-
ser is optimized at around 832 nm and 848 nm in (4) and (B) respectively. Polarization is optimized in both cases to
obtain a broader spectrum. (4) shows a bandwidth above 50 nm and (B) 25 nm.

However, without using a dispersion compensation element, the long roll-off and phase matching
characteristic of FDML lasers would be absent, resulting in poor-quality OCT images. By em-
ploying three cFBGs (custom-design, TeraXion Inc., Canada), each compensating a third of the
cavity dispersion, the bandwidth of the sweep can be theoretically extended to a maximum of
72 nm. Consequently, three circulators are required, as shown in the first draft of a new laser

presented in Figure 29.

PC

SOA

Figure 29. New FDML laser configuration using 3 cFBGs. SOA: semiconductor optical amplifier, PC: polarization
controller, cFBG: chirped fiber Bragg grating, FFP: fiber Fabry-Pérot.

While employing three cFBGs would indeed expand the available bandwidth, and the SOA
demonstrated its proficiency in amplifying over a wide range, additional hurdles emerged. This
particular wavelength also introduces challenges such as heightened losses in optical components,

reduced gain amplification, and increased polarization mode dispersion. To address these issues,
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a series of experiments were conducted prior to the laser's construction, all of which are detailed

in the subsequent section.

3.2. Challenges in developing an 850 nm swept-source

Optical components have been developed principally with telecommunication aim. Implying
1550 nm, or 1310 nm wavelength range. For this reason, very high performing optical compo-
nents, low loss, high gain etc. can be found. Nowadays, new applications needing shorter wave-
length ranges like for ophthalmic OCT, have brought interest in shorter wavelengths. Production
of 850 nm optical components started a few decades ago and enabled the first retinal OCT. How-
ever, components remain less performant than 1310 nm parts. These induce a lot more challenges
in building swept-sources at shorter wavelengths. Also, 1310 nm is a more forgiving wavelength
than 850 nm due to its lower dispersion, reduced signal loss, and greater tolerance to misalign-

ment.

All experiments carried out to study these new challenges, the description of the methods and all
results are presented in the following order. First, how to accurately compensate for the high
amount of chromatic dispersion. This followed by the issue introduced using circulators at
850 nm, how to deal with PMD. The noise of the laser will also be presented related to the gain
present in the laser. A new layout of the FDML laser has also been tested and is presented in the
following. To compensate for the high losses, it uses a dual amplification method. Finally, the last
challenge that had to be faced was the low performance of photodiodes at 850 nm. Either due to
low sensitivity or low amplification, a new photodiode had to be home-built. A comparison of

different photodiodes is presented.

3.2.1. Measurement of chromatic dispersion in optical fibers

[The work presented in this section has already been published in 2022 at the Photonics West

conference [127]. Most of the sentences, paragraphs and figures are extracted from it.]

As mentioned in the previous section 2.3.1, it is necessary to accurately compensate for the dis-
persion in FDML lasers to obtain a high-performance laser. Chirped fiber Bragg gratings are used
in FDML for this purpose. To obtain accurate compensation for chromatic dispersion, it is neces-
sary to determine the amount of chromatic dispersion in the optical fiber at the design wavelength.
In that context, a high accuracy chromatic dispersion measurement has been developed and is

presented here.

The method used in this setup measures the 1% and 2™-order dispersion of optical fibers with an
ultra-high accuracy system combining a time-of-flight and a phase-shift measurement. The refer-
ence and sample arm, where the fiber under study is placed, are separated to enable the measure-
ment of the time shift in short and long fiber. Thus, the delay between the reference and sample

arm is measured at each wavelength to retrieve the group velocity slope and finally obtain D; and
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D,, the dispersion parameters of the fiber of interest. The system has been built at first around
1080 nm for proof of concept and for characterization, components being more performants al-

lowing for better precision than at 850 nm.

3.2.1.1.  Experimental setup
The optical setup is presented in Figure 30. It consists of a self-built wavelength tunable laser. A
broadband SOA (Innolume, SOA-1070-70-HI-24dB) emits a broad ASE spectrum, being subse-
quently spread spatially by a ruled diffraction grating (Thorlabs, GR25-0610). Only a small frac-
tion of the light is then coupled back into a fiber achieving a wavelength bandpass filtering. The
measured linewidth of the laser is <5 GHz or <20 pm which is limited by the resolution of the
optical spectrum analyzer (OSA) (Yokogawa, AQ6370). The filtered light propagates back to the
SOA where it is amplified. The laser has an optical output power of 9.5 mW at 1090 nm. 30% of
the laser light is coupled out and split again by a 90:10 coupler. The 10% output is used to monitor
the emitted wavelength of the ring laser with the OSA. The light coupled out at the 90% output
is used for the dispersion measurement. It propagates through polarization controllers and a po-
larizer until it is modulated by an electro-optic modulator (EOM) (iXblue, NIR-MX-LN-40). The
light is split again into a 70:30 ratio where the 70% output is going in the sample arm, where
losses from the long fiber spool need to be compensated for. The other 30% are used for reference
measurements. Fast photodiodes detect each signal. In the case of the reference light, a 35 GHz
photodiode (PD1) (Discovery Semiconductors Inc., DSC20H) is used, and in the case of the sam-
ple light, a 30 GHz photodiode (PD2) (Thorlabs, DXM30AF) is used, as shown in Figure 30. The
photodiode with the higher amplification, PD2, is used for the sample arm where the power is
lower. Both PDs are connected to an 80 GS/s real-time DSO (Keysight, DSOZ634A) to acquire
the data. All the dispersion measurements in the 1080 + 50 nm range are realized with a 307 m
long fiber spool of Hi1060. The spool is placed inside a thermally insulated housing where the
temperature is constant at 27°C or 30°C. The output power of the reference and the sample arm

is 1.1 mW and 1.4 mW, respectively, at 1080 nm.
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Figure 30. Dispersion measurement setup based on a tunable ring laser on the left followed by the modulation and
dispersion measurement part on the right. (SOA, semiconductor optical amplifier; FC, fiber collimator; OSA, optical
spectrum analyzer; EOM, electro-optic modulator; AWG, arbitrary waveform generator; DC, direct current; FOI,
fiber of interest; PD, photodiode; DSO, digital storage oscilloscope).
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The optical setup has been adapted to realize 850 = 15 nm measurements. A 610 m long 780-OCT
fiber spool (Nufern) is used as the fiber of interest, and all components were specifically designed
for 810 £ 50 nm with 780-HP (Nufern) single-mode fiber. This fiber spool is placed inside the
thermally insulated housing likewise. The center wavelength of 810 nm was initially chosen be-
cause it was anticipated that an SOA with a center wavelength near 810 nm would be used. How-
ever, the SOA ultimately procured had a center wavelength of approximately 850 nm, which con-

sequently determined the laser's center wavelength.

The modulation is realized by a 24 GS/s arbitrary waveform generator (AWG) (Tektronix,
AWG7122B). It consists of a 4 GHz sine burst with 1000 cycles including a pulse type marker at
the beginning and the end of the burst. It is important to mention here that the AWG used in this
setup does not provide the same output amplitude at different frequency, as shown in Figure 31.
The higher the frequency the lower the output amplitude created by the AWG. Usually, the output
waveform of the AWG is amplified by several amplifiers, such as a MTC5515. The amplification
and the amplitude of the modulation must be adapted as a function of the frequency of the mod-
ulation to reach a voltage near the ; of the EOM, 4.5 Vpp. In this case for instance, as shown in
Table 2 where one amplifier MTC5515 is used at the output of the AWG, the 4 GHz sinewave has
been designed with an amplitude of + 0.3 V to reach an amplified output of 3.95 Vpp. A safety
buffer of 0.5 V has always been kept to remain around 4 Vpp and not go over 4.5 Vpp. The direct

current applied to the EOM must also be adjusted to observe a modulation.
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Figure 31. Evolution of the actual measured output waveform's amplitude of the AWG as a function of amplitude de-
fined in the AWG depending on its frequency.
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Table 2. Definition of the usable amplitude settings depending on the frequency of the modulation signal. The two
first columns represent the setting entered in the AWG. The third column, “Amplitude output” shows the actual meas-
ured output of the AWG, amplified by a MTC5515, and attenuated by a 10 dB attenuator for safety. The fourth col-
umn calculates back what would be the amplified output amplitude without the 10 dB attenuator. The last column on
the right defines which amplitude can be used with which frequency.

Frequency Amplitude V,: Amplitude output Amplitude output without at-  Settings

(GHz) V) with -10 dB (V) tenuator (V): V = V, - 102
4 +0,2 0,885 2,8
4 +0,3 1,25 3,95 v
1 +0,2 1,21 3,83 v
1 £0,25 1,49 4,71
0.40 +0,21 1,26 3,98 v
0.40 +0,22 1,32 4,17
0.040 £0,17 1,297 4,1 v
0.040 £0,18 1,36 4,3

3.2.1.2.  Dispersion measurement
The ring laser is tuned over a bandwidth of 100 nm around 1080 nm by rotating the diffraction
grating. For each wavelength, a reference measurement, and a measurement of the fiber of interest

are acquired in parallel as shown in Figure 32.

The signal is low pass filtered and a 10-times spline interpolation is used to increase the number
of data points. A first coarse estimation of the time delay is determined by placing two markers
on the first pulse of each signal, as shown in Figure 32. The length of the modulation is indicated
by a third marker placed on the second pulse after the sinewave of the reference data. The sine
burst is then cropped out of both signals. A cross-correlation algorithm is applied afterward for a
precise calculation of the coarse alignment error. Finally, both values are added to give the total
delay. Special emphasis should be placed on the formatting of saved data for future processing.
In the case of shorter fiber lengths, failing to consider an adequate number of figures may result
in rounded-up final values, potentially leading to inaccurate information. This process is realized
for every wavelength and all upcoming datasets. The post-processing has been automated to ac-
celerate analysis. The three markers are set once, at one wavelength, for a full set of measure-
ments. Typically, data gathered at the midpoint of the bandwidth, around 1080 nm, is employed
for markers’ positioning. This choice is motivated by two factors. Firstly, it optimizes the signal-
to-noise ratio, as less loss and more power are concentrated within this central range of the gain
bandwidth. Secondly, the delay linked to this central wavelength falls within the midpoint of the
dispersion curve. This ensures the markers' position to remain reasonably close to each pulse,

even for the most distant wavelength.
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Figure 32. Acquired data afier low pass filtering, 10 times interpolation, and mean subtraction at 27°C with 307 m of

Hil060 fiber at 1094.78 nm. The red and blue datasets represent respectively the reference (red) and the sample path

(blue). The green and dark red markers are placed at the beginning of each signal, on the first pulse, as shown in the
inset: zoomed area around the start of the modulated signal in the sample arm.

Since a time-delay measurement at one wavelength takes about one minute, the temperature of
the fiber spool may shift during a set of measurements. The warm exhaust air from the measuring
devices should be discharged in such a way that it does not heat up the measurement setup. To
observe the behavior of the temperature, the time delay is first measured by tuning the ring laser
from short to long wavelengths (forward direction) and afterwards from long to short wavelengths
(backward direction). This gives a time difference between the measurement series of about
5 min. These results are then fitted by a 2"-order polynomial such that a,x? + b,x + c,. The
linear coefficient a, of the fit is determined with a 2"-order Taylor expansion performed at the
center wavelength of a set of measurements. Once all coefficients are defined, D; and D, can be

calculated with the following:

al'n
D, = — 36)
! ¢ Tayvg

az'n
D, =—— (37
2 ¢ Tayg

With T,y the average of all time delays of one set of measurements.

The standard deviation (STD) of a series of values is calculated after removing the 1%, 2", and
3 order. This value will give information on the quality of the last series of measurements. A
short 1 m fiber and a long 307 m fiber are used to evaluate the limits of the measurement tech-

nique.

For a 1 m Hil060 fiber, the group delay’s standard deviation for a set of 14 measurements be-
tween 1036 nm and 1121 nm goes down to 54 fs. For a set of 18 measurements between 1038 nm
and 1127 nm, a 307 m Hi1060 fiber spool induces a group delay’s standard deviation of 414 fs.
The higher STD can be explained by an increased influence of temperature and lower signal-to-
noise ratio when using longer fibers. However, with longer fibers, chromatic dispersion has a
greater impact on the delay, increasing the accuracy of the measurement. Nevertheless, a shift of

0.01 nm in wavelength will impact the time delay by 104 fs with a fiber spool of 307 m, while
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with a 1 m fiber, the impact is in the order of 0.1 fs. Thus, the longer the fiber is, the more accu-
rately the wavelength should be measured. It confirms that the accuracy of the measurement of
long fiber lengths is limited by the resolution of the wavelength measurement and not the time

delay measurement.

This time delay performance enables an accurate chromatic dispersion measurement in optical
fibers. D; measured at 1080 =50 nm equals -33.697 + 0.698 ps/nm/km and, D, equals
0.075 £ 0.003 ps/nm?*km. The results obtained at 850 + 15 nm can be seen in Table 3. The 610 m
of 780-OCT fiber introduces a comparable STD to the one obtained around 1080 nm. However,
the low signal-to-noise ratio, due to less performant components, limits the measurements' qual-
ity.

Table 3. The table presents in its first part the 1 order and 2™ order chromatic dispersion of different fibers at sev-

eral wavelengths. Secondly it shows the group delay s standard deviation and time delay caused by a measurement
error in wavelength for different lengths of fiber.

Wavelength 1%t order disper- 2" order disper- 3rd order disper-
sion STD sion STD sion STD
LT ps/nm/km ps/nm?/km ps/nm3/km
1190 + 45 -20.606 0.789 0.052 0.002 - -
1080 +50 -33.697 0.698 0.075 0.0026 -1.14.10* 5.44.10°3
850 £ 15 -100.186 0.526 0.209 0.031 -2.4.10°3 654.10°
1 m Hi1060 307 m Hi1060 610 m 780-OCT
Group de-
54 fs 414 fs 320 fs
lay’s STD
0.01 nm im-
0.1fs 104 fs 614 fs
pact

The time delay measurements around 1190 nm and 1080 nm have been realized with the same
fiber spool but with two different setups. However, a comparison can be made between these two
graphs, see Figure 33. The setup used in this study can be adapted to any wavelength. Further-
more, a broader tunable source would enable the dispersion analysis of optical fibers over a wider

range.

57



Development of an 850 nm FDML laser

1.5052 T T T T

1.505

1.5048

1.5046 -

3
3

1.5042 |

1.504 -

Group Delay [;:s]

1.5038 \K\

1.5036 =

1.5034 I

1.5032 . : : .
1000 1050 1100 1150 1200 1250

Wavelength [nm]

Figure 33. Dispersion measurement, i.e. group delay measurement realized with a 1080 nm and an 1190 nm system
using the same fiber of interest, 307 m of Hil 060.

In addition, it has been noted that chromatic dispersion cannot be measured in a 1 m fiber. Indeed,
the linear dispersion in Hil060 fiber at 1080 nm is according to our data processing,
- 33.697 ps/nm/km. Thus, to be able to measure the dispersion in a 1 m fiber length, a system with
a minimum resolution of 30 fs/nm should be sufficient. Having a 1 m fiber length, a group delay’s
STD of 54 fs with a 100 nm tunable laser should allow to measure this resolution. However, 1 m
and 2 m fiber lengths measurements could not be achieved reliably. A wrong dispersion value D,
0f-26.614 ps/nm/km and a dispersion slope D, 0of 0.326 ps/nm?/km for a length of 2 m was meas-
ured. For 1 m, the incorrect value D; = - 7.512 ps/nm/km and D, = 0.088 ps/nm?*km was meas-
ured. Down to this precision, many different factors impact the measurement. For instance, spe-
cial attention should be paid to the fiber length connection of the reference and sample arm to
each photodiode. The same regarding the length of the SMA cable linking the photodiode to the
oscilloscope. The temperature that might also have a substantial impact on chromatic dispersion

is investigated in the following paragraphs.

3.2.1.3. Influence of temperature
The fiber of interest is placed, as mentioned above, in a thermally insulated box to control its
temperature. Depending on the experiments, the temperature is set either to 27°C or 30°C. All
measurements are taken 1 hour after the temperature stabilization in the insulated box to ensure
that the entire fiber spool is at the target temperature. All other components are not placed in this
box due to impracticability, which might impact further short fiber measurements. Several meas-
urements were taken at 27°C and 30°C to compare the influences of the temperature on D; and

D,.

According to Yang & al. [159], the refractive index of Hi1060 fiber changes by 1.178.10°C.
Thus, for a shift of 3°C and a fiber spool of 306.789 m, a time shift of 53.162 ps will be observed.

58



Development of an 850 nm FDML laser

The experiment at 30°C and 27°C shown in Figure 34 resulted in 66.479 ps. Both values are in
the same order of magnitude within a factor of 1.25. Nevertheless, a change of 1°C in 1 m of fiber
will impact the time delay by 131 fs. Thus, some uncertainty remains due to the inability to control
all components’ temperature. Indeed, thanks to the forward and backward measurement tech-
nique, a slight temperature shift during each series can be observed with the second-order disper-
sion. Some examples are circled in red in Figure 34. An ideal dispersion measurement setup would

be fully temperature controlled, from the tunable ring laser to the photodiodes.
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Figure 34. Representation of the 1* and 2"¢ order dispersion at 27°C and 30°C — backward and forward measure-
ments. The red circles indicate a temperature shift during each series of measurements.

Five group delay measurements were taken at 2-minute intervals at the same wavelength to study
the reliability of the setup. A standard deviation of 461 fs over the five measurements has been
observed. Wavelength drifting and temperature changes can decrease the accuracy of each meas-
urement and the data processing. Nonetheless, this result remains accurate enough to precisely

determine the chromatic dispersion of medium-length optical fibers, from a few meters.

3.2.1.4.  Cost effective solution
In view of a more cost-effective setup, lower frequency modulation has been used as well as lower
performant equipment. The analog bandwidth of the DSO was reduced to 1 GHz and the sampling
rate to 20 GS/s for this purpose (mimicking a more affordable oscilloscope), as shown in Table 4.

Table 4. I* and 2" order chromatic dispersion measured with 4 different modulation frequency, 4 GHz, 1 GHz,
400 MHz and 40 MHz. For the three lower frequencies, the acquisition frequency and sampling rate were reduced.

Frequency 4 GHz 1 GHz 400 MHz 40 MHz
STD 17 ps 16 ps 79 ps 4 ns
DSO frequency 63 GHz 1 GHz 1 GHz 1 GHz
DSO sampling rate 80 GS/s 20 GS/s 20 GS/s 20 GS/s
1% order -34.5 -34.4 -32.9 -65.7
2M order 0.081 0.075 0.19 -1.24
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It has been observed that a 1 GHz modulation is precise enough to obtain the same standard de-
viation in regard to the 1% and 2"-order dispersion with a group delay standard deviation of
+ 1.227 ps. However, the accuracy is not high enough to recognize any 3™-order dispersion as
shown in Figure 35. Figure 35 also shows that at 400 MHz even the 2™-order cannot be deter-
mined accurately, however, the precision of the time delay measurement is enough to have an

approximation of the group delay with an accuracy of = 15.262 ps.
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Figure 35. Dispersion measurements acquired with a 307 m Hil1060 fiber spool at 3 different frequency: 4 GHz,
1GHz and 400 MHz. The 1%, 2™, 3¢ and 4" order of dispersions are presented. The right y-axis, highlighted in yel-
low, is used to display the data acquired at a frequency of 400 MHz. This allows for a clearer comparison by plotting
it alongside the other frequency data on the same graph, despite the differences in scale.

Regarding the 40 MHz sinewave modulation, different datasets have been acquired with two dif-
ferent photodiodes. Figure 36 shows 3 sets of data points, black (slow PD, 150 MHz PDB150C,
Thorlabs), red (forward, fast PD, 350 MHz PDB130C Thorlabs) and blue (backward, fast PD).
Data acquired with the fast photodiode can be separated into 3 different sets of data and fitted
with three distinct green dotted lines, each separated by about 4.5 ns. The upper line grouping the
more datasets presents a group delay standard deviation of 39.9 ps. Black points can also be fitted
with two distinct orange full lines. The second fit gives a group delay standard deviation 0f 479 ps.
The factor > 10 separating measurements done with fast and slow PD induces the necessity of

using fast photodiodes for all measurements. Even though the modulation frequency is well below
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the RF bandwidth of the photodiodes, employing faster photodiodes enhances information acqui-

sition, leading to heightened accuracy in the cross-correlation step.
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Figure 36. Three series of dispersion measurements were realized at 40 MHz with a 307 m FOL The blue and red
series were realized with the fast PDs. These two series show a shift of the time delay which can be separated by
three different green dotted linear lines. The black series was measured with the slow PD. Each series includes for-
ward and backward measurements.

3.2.1.5. Data processing robustness
Lastly, the robustness of the processing steps is evaluated. Therefore, the fiber of interest is re-
placed by a free space beam path to exclude the effects of chromatic dispersion and have an
accurate method to change time delay values. The length of the free space was first changed in
steps of 0.1 mm to see if the algorithm could detect them. An accuracy down to 385 fs is achieved
with a slope of 3.238 ps/mm, as shown in Figure 37 right (red). A change of 0.1 mm in air should
increase the time delay by 333 fs, here it is increasing by 323.8 fs. The difference of 10 fs corre-
sponds to about 3 um, which is a fair approximation when setting the delay by hand. The standard
deviation almost doubles up to 663 fs when changing the steps by 1 mm, Figure 37 left (red). The
accuracy of introducing the correct delay through free space decreases proportionally with greater
distances, providing a possible explanation. Also, when having steps of 0.1 mm a total distance
of 2 mm is covered when 15 mm is covered with steps of 1 mm. Any angle present in the stage

will have more impact on the delay introduced when travelling longer distances.

When adding the fiber spool, used earlier for chromatic dispersion measurement, the standard
deviation increases from 385 fs to 723 fs in case of the 0.1 mm steps, and from 663 fs to 855 fs
from the 1 mm steps measurements, blue markers in Figure 37. These show the impacts of the
length of the spool on the measurement. Temperature might be one of the most impacting factors

along with a drift of the wavelength during one set of measurements. However, in both cases, the
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software enables to detect a time shift introduced by a 0.1 mm delay with a femtosecond accuracy.

Another phase-shift algorithm such as the Hilbert function could be tried to confirm the results.
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Figure 37. Accuracy measurements, measured on the left every 1 mm step and every 0.1 mm step on the right. The
delay between both colors has been changed by a constant value to enable the plotting of both curve, with fiber spool
(blue) and without (red) on the same plot.

On the other hand, the cross-correlation is highly impacted by the position of the cursors during
post-processing. If the same data are processed twice with different marker positions, the results
will not be identical. The behavior of the cross-correlation is even more interesting since the po-
sition of each cursor does not impact the data processing in the same way. Regarding the left
cursor of the reference signal (green cursor in Figure 32), when moving it forward or backward
rapport to the first pulse, for all wavelengths the same positive or negative shift of a few femto-
seconds respectively is observed. Figure 38 shows this in both graphs. It highlights the differences
between the post-processed data for the optimal cursor position and the same data post-processed
with the shifted cursor positions. These data have been acquired using the 307 m Hil060 fiber
spool. If the cursor is placed a bit on the right of the pulse (after the peak of the pulse), the main
delay measured with the markers will experience a decrease, and vice versa. The cross-correlation
will try to compensate for it; however, it cannot compensate for all the different delays introduced
by the wrong position of the markers. Another point can be discussed in Figure 38. During the
post-processing, all three cursors are positioned on a reference dataset acquired at one wave-
length. All other datasets are themselves post-processed with the position of these reference cur-
sors. The two graphs in Figure 38 illustrate the impact of selecting the reference wavelength. The
reference wavelength is on the left side, 1092.32 nm, and on the right, 1031.36 nm, as represented
by two green markers. It is shown that from the point where the reference value is selected, the
wavelength higher than this one will experience almost the same increase or decrease of delay.

Data acquired at wavelengths lower than the reference experience higher fluctuation.
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Figure 38. The left data have been post-processed with a reference wavelength of 1092.32 nm and the right data at

1031.36 nm, as indicated in both graphs by the green cursor. The five data sets represent the difference in group de-

lay between a dataset processed with precise positioning of the reference left marker and the same dataset processed
with different reference marker shifts, either before or after the first reference pulse of the modulation.

Both other cursors, the one placed on the pulse of the reference signal after the sinusoidal modu-
lation and the one placed on the first pulse of the sample data impact the group delay at a pico-
second level. This confirms that a modulation, composed of two pulses and the sine wave, is well
thought out as the markers can be precisely positioned. The markers’ position must then be as
precisely set as possible for group delay measurements. However, when measuring chromatic
dispersion in long fiber length, around 300 meters, the impact of the markers’ position is minimal,

only about 0.1%.

Combining a time-of-flight measurement with a cross-correlation algorithm enables high-accu-
racy chromatic dispersion measurement for optical fiber longer than 2 m. One of the most limiting
factors is the wavelength measurement which is limited by the resolution of the OSA. Also, the
temperature of the fiber must be controlled and stabilized precisely to exclude any impacts on the
group delay measurements. Each of the mentioned issues does not directly impact the 1%t and 2-
order dispersion, but the combination of all may distort the results. Automating the entire process
could speed up the measurement, reducing the temperature impact and leading to a less time-

consuming measurement.

Moreover, depending on the accuracy required, the modulation frequency can be adapted to a
certain point. A frequency of 400 MHz will provide enough accuracy to obtain a reliable 1%-order
dispersion. Thus, more cost-effective equipment can be used. However, a 1 GHz modulation is
the lower limit for an accurate group delay measurement. With increasing modulation frequency,
a more precise estimation of chromatic dispersion can be achieved. In case dispersion measure-
ments are carried out to obtain the necessary design parameters to custom manufacture cFBGs, a

modulation of 4 GHz is advisable.

Despite the uncertainty mentioned above, the system shows improved accuracy compared to other

methods presented in section 2.3.4 and can be easily adapted to different wavelengths. The
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chromatic dispersion values gathered with the 850 £+ 15 nm setup facilitated the ordering of three

cFBGs for the future 850 nm FDML laser setup (section 3.3).

cFBGs are usually characterized by checking their bandwidth, reflection properties, and chro-
matic dispersion compensation. This was done with the previous 24 nm wide cFBGs but not with
the 72 nm one due to the unavailability of the above-mentioned material during the project phase.
Figure 39 shows the dispersion measurements carried out on a cFBG as a sample using a circula-
tor in blue and a fiber spool of 480 m in red. The value acquired the closest to 840 nm has been
set to zero to enable comparison on the same figure. The 1 and 2" order are presented. The first
order can be compensated precisely with a fiber spool of 480 m due to the close compensation.
However, the second order won’t be compensated for by this fiber length. The fact that the cFBG
compensates for 480 m of fiber and not 500 m can be due to several factors. During this meas-
urement, neither the cFBG nor the fiber spool were temperature controlled, which impacts slightly
the measurement. In addition, there was no quality check performed by the manufacturer leading

to potential undesired manufacturing uncertainties.
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Figure 39. Dispersion measurements were realized around 850 nm on a cFBG (blue) and a fiber spool of 480 m
(red). Their I°' and 2™ order are presented.

Once the characterization of the cFBG was done and the FDML built following Figure 29, another
challenge arose. Circulators introduce a significant amount of PMD, observed as ripples in Figure
27 (A) and in Figure 28. Additionally, from these two figures, it can be seen that wider bandwidths
make achieving a ripple-free spectrum more challenging, while higher gain lessens their impact.

This challenge is addressed in the next section.

3.2.2. Study of the polarization mode dispersion in the laser

[The work presented in this section has already been published in 2023 at the Photonics West
conference [158]. Most of the sentences, paragraphs and figures are taken from it.]
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As mentioned earlier in the theory, light propagates in a single fundamental mode having two
orthogonal polarizations states. If both travel at different speed due to birefringence, PMD occurs.
For instance, a circularly polarized light in optical fiber can become elliptical. Here, the observed
PMD is due to circulators. In circulators both axes of the light are split and recombined. If both
paths experience a different length, PMD will be observed. It will introduce several phenomena
in the laser, like polarization-dependent loss and ripples. On one hand, the polarization will dete-
riorate the output signal, not having the same amplification over the spectrum, on the other hand
it might create ghost images while doing OCT. Therefore, the time delay between the fast and

slow axis of the light must be compensated to achieve a PMD free spectrum, and OCT images.

In general, compensation should be possible, however, it is not clear to which degree PMD caused
by circulators and cFBGs can be compensated for. To further investigate and quantify its contri-
butions of the individual components in the FDML laser, a test system has been set up. Its layout
and all results are presented in the following. Two techniques of PMD compensation are evalu-
ated, starting with a custom designed polarization controller, followed by the use of polarization

maintaining components.

3.2.2.1.  Observation of the PMD
The system consists of an SOA used as light source, a circulator and a cFBG — which were spliced
due to their use in the laser, a separation was not desirable — and a polarizer as shown in Figure
40. To quantify the polarization dependent path length differences of each device, the spectral
separations of the modulation in the output spectrum were measured using an optical spectrum
analyzer. The system on the left, (A), was used to study the circulator’s PMD, and the one on the

right, (B), the impact of the cFBG on the PMD introduced by the circulators.

(A) (B)

SOA Circulator Polarizer Polarizer
I —c>— osa 0sA

PC cFBG

Figure 40. Diagrams of the PMD measurement setup with different devices under test. SOA: semiconductor optical
amplifier, PC: Polarization controller, cFBG: chirped fiber Bragg grating, OSA: optical spectrum analyzer.

Figure 41 (A) shows the output of setup (A) in Figure 40. It shows that it is possible to approach
the right polarization states to almost completely suppress the PMD of one pass through the cir-
culator. This is achieved by aligning the almost linearly polarized emission of the SOA to one

main axis of the birefringence crystal in the circulator using polarization controllers ahead of it.

It is not easily possible to measure the PMD of the light within the FDML cavity after each com-

ponent as this would necessarily cause further losses by adding optical couplers. However, it
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should be possible to compensate for the PMD introduced by individual passes through a circu-
lator to a certain degree since the spectral modulation in Figure 41 (A) is similar for two additional
circulators which are used in the final FDML cavity design later. Thus, additional polarization
controllers are placed in the laser in front of each circulator’s input, allowing to prevent or cancel
out PMD contributions, as shown in Figure 29. A 50 nm wide spectrum has been acquired with
this new conformation, as shown in Figure 41 (B). However, a hypothesis has been raised, that
the PMD here is wavelength-dependent, and these could arise from the reflection of the cFBG.
Indeed, the frequency and pattern of the PMD at the output of the laser differ along the spectrum
despite the presence of polarization controllers. The setup present in Figure 40 (B) has then been
built and results are presented in Figure 41 (C). When looking at the output of the cFBG, the
orange graph is acquired. The orientation of the polarization controller is optimized to achieve
this ripple-free spectrum. When the light is reflected by the cFBG and travelled a second time in
the circulator, here the PMD cannot be fully compensated over the entire spectrum. Ripples can
only be suppressed in a narrow ~3 nm section of the entire spectrum with increasing ripple inten-
sity towards shorter and longer wavelengths. Each wavelength is reflected at the cFBG with a
different polarization state which makes its compensation more complex. The part of the spectrum
without ripples becomes narrower for every pass through each of the circulators. To achieve a
ripple-free section in the output spectrum, each circulator pass must be polarization-optimized for
the same spectral section which is not trivial. Ripples can be suppressed but will not vanish. Some
PMD experiments presented in the next sections have been performed to achieve better PMD

suppression.
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Figure 41. (A) PMD suppression using setup (A) in Figure 40, the yellow curve corresponds to an optimized polariza-
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tion state while the blue one is non-optimized. (B) Output of the FDML laser having polarization controller at each
input of the circulators. (C) PMD suppression using setup (B) in Figure 40, the orange curve corresponds to the out-
put of the cFBG while the green one shows the output 3 of the circulator, after reflection in the cFBG.

3.2.2.2.  Custom polarization controller
An option of compensation is to create a custom polarization controller, being able to compensate
for the delay between the slow and the fast axis introduced by the circulators itself. According to
Figure 43 (A), where high PMD is generated using the setup presented in Figure 40 (A), the
frequency of the ripples average to 249 GHz which corresponds to a delay of 972 A between fast

and slow axis. The delay is calculated as shown in Figure 42.
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Figure 42. PMD delay calculation. Two successive maxima of the PMD ripples are separated by 2n, or 249 GHz in

this case. They correspond to different wavelengths A and A°. A wave with a specific frequency is split into 2 paths
with two different lengths: L1 and L> creating a delay AL. At two different points, the wave has different phases ¢ as
indicated on the left drawing. Using the formula of phase difference, the delay is calculated as shown on the right.

According to Equation (38), where @ is the retardance, N the number of loops for a controller, a
the constant for silica fiber: 0.133, d the fiber cladding diameter 125 pm, A =850 nm and
D =27 mm the size of the loop, a polarization controller of 3,403 loops of a diameter of 27 mm

should help to partly compensate for this delay. Which corresponds to 288 meters of optical fiber.

2
p(Waves) = % (3%)

However, to be able to compensate the PMD with one high order waveplate, the absolute retard-
ance measured in optical path length should exhibit no wavelength dependence. This means that
the fringe frequency must be constant over the spectrum. The frequency of the PMD is then de-
termined in four regions of the spectrum, blue, orange, yellow and purple. Figure 43 (A) shows a
difference of 3 GHz in the PMD frequency over the range, which corresponds to a phase shift of
0.07 rad which can be considered acceptable. However, the PMD highly becomes wavelength
dependent when introducing a cFBG as shown in the previous section. A higher order waveplate
has still been tried to see if it has any impact on the PMD. Plot Figure 43 (B) shows the output of
the systems of Figure 40 (B), with the addition of a polarization controller having 20 and 5 loops
with a diameter of 18 mm. This specific polarization controller has been added to the FDML laser
between the circulator and the cFBG placed ahead of the SOA, as shown later in Figure 49. The
spectrum in Figure 43 (C) has been acquired at the laser’s output. PMD remains but its suppres-

sion is manageable, leading to a flatter spectrum compared to Figure 41 (B).

As illustrated in Figure 43 (C), it is possible to obtain a near top-hat spectrum of the 850 nm
FDML laser output with a FWHM bandwidth of ~50 nm. Ensuring an almost perfect top-hat
spectrum requires a minimum of one hour to calibrate the polarization controller, which is not
practical. Another method using a PM-780 patch cord is described in the next section. The 20-

loop and 5-loop polarization controller is kept in the system.
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Figure 43. (A) Study of the PMD frequency evolution in four sections along the spectrum. (B) PMD suppression with
the addition of a 20x5 polarization controller, showing a wavelength-dependency after the cFBG. (C) Output of the
FDML laser having a 20x5 polarization controller added.

3.2.2.3.  Addition of a polarization maintaining component
The first idea here was to introduce a polarizer, which would cancel one of the light axis, hence
cancel all PMD. It was placed in the first hand before the SOA and on the second hand, it has
been placed after the SOA. Unfortunately, in both cases no improvement was observed. It is
mainly introducing losses in the laser which is not desirable due to the low gain of the SOA.
Secondly, the beating frequency of the length of the PM fiber of the polarizer does not match the
frequency of the PMD introduced by the circulator, which introduces another PMD frequency,

which makes it even harder to compensate.

The second idea is then to match the beating frequency of a PM-Patchcord with the PMD fre-
quency to compensate for it. For this, a 2.9 m PM-Patchcord has been added to the laser at the
input of the SOA. Neither compensation nor amplification of the PMD was noticed, as shown in
Figure 44 (A). Out of curiosity, a 4-meter patchcord has been added instead of the 2.9-meter one,
results are in plot (B) below. The laser is still lasing, however, the presence of previously unseen
intensity dips in the spectrum are a notable anomaly. It is conceivable that they may be attributed

to variations in the frequency of PMD, resulting in unforeseen and erratic behavior that proves

challenging to rectify.
-15 (A) -15 (B) -10 (C)
-20 -20
— . _.-20
Es £ E
h=A S h=A
o) o) o) s f
E 30 B -30 E -30 weeping area
£ g g AL
< < < L |
-40
40 40
-45 45 -50
845 850 855 860 865 845 850 855 860 865 835 840 845 850 855 860 865
Wavelength [nm] Wavelength [nm] Wavelength [nm]
‘ ——  FDML-laser output + 2.9 m PM-Patchcord ‘ ‘ —— FDML-laser output, PM-SOA ‘

Figure 44. FDML laser output with (4) a 2.9-meter PM-Patchcord, (B) a 4-meter PM-Patchcord and, (C) using a
PM-SOA.

Finally, a new SOA provided by Superlum Ltd. with PM-fiber has been tried out, Figure 44 (C).
The losses incurred by employing a PM-SOA, coupled with the presence of ripples, hinder the

attainment of a sweeping lasing spectrum. As depicted in Figure 44 (C), the sweeping range has
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been shifted leftward to scrutinize the ripple patterns. It appears that the upper crests of the ripples
initiate parasitic lasing, giving rise to these spikes. Concurrently, the segment intended for ampli-
fication within the sweeping range remains largely unaffected by the gain medium. Following
exhaustive testing, it has been concluded that the incorporation of PM components is not advisa-
ble for this laser system. This is primarily due to the introduction of losses and the absence of
effective PMD compensation. The same issue would be introduced by for instance using polariz-

ing-fibers or PM-circulators. The PMD must vanish, but high losses might prevent lasing.

To conclude, polarization controllers placed in front of each circulators’ input are the best option
to prevent or cancel out PMD contributions. However, given that PMD is contingent on temper-
ature and the laser lacked temperature control at this stage, daily adjustments to the polarization
were imperative for achieving optimal performance. Finally, an elevated small signal gain would
aid in diminishing PMD, owing to the reduced sensitivity of the SOA to ripples stemming from

the heightened gain. This is evaluated in the following two sections.

3.2.3. Comparison of FDML laser noise at 1300 nm and 850 nm

In this section, the impact of a higher gain on the noise of the laser is presented using a 1300 nm
FDML laser followed by the same experiment on the 850 nm FDML laser. The 1300 nm laser is
selected for its ability to fully leverage the potential of its SOA, unhindered by its COD limita-
tions. Additionally, it boasts a higher small signal gain than 850 nm, approximately 30 dB. For
both lasers, the direct output signal using various driving currents of the SOAs is acquired. This

enables the observation of how the noise evolves in relation to the amplification level.

For this, the direct output signal of the 1300 nm laser and the 850 nm laser are acquired using a
50 GHz (Finisar, XPDV2320R) and a 30 GHz (Thorlabs, DMX30AF), respectively. Both photo-
diodes are connected to an 80 GS/s DSO (Keysight, DSOZ634A). The 1300 nm FDML laser is
driven at 418 480.79 Hz. A narrow sweeping range of 18 nm is used to mimic the narrow band-
width of the first 850 nm laser developed, which is, in this case, 23 nm, limited by the used cFBG.
The 850 nm FDML laser swept at a repetition rate of 411 782.97 Hz. Both lasers are not modu-

lated, four forward and four backward sweeps can be observed in each subset of Figure 45.

The 850 nm laser shows high intensity noise over its entire spectrum. Also, a non-lasing zone at
one turning point of the filter can be seen. This can also be observed in Figure 27 where the right
part of the spectrum is not lasing due to the amplitude of the filter going further than the band-
width of the cFBG. It can also be noticed that less noise is present at the other turning point, where
the amplitude of the signal is the highest. This is due to the shape of the gain medium of the SOA,
higher amplification is present around 820 nm. Figure 27 also shows this. Between the right and
the left of the spectrum, the output of the laser presents a difference in power of at least 5 dB
which impacts here the noise. The maximum current used here, 183.8 mA, is defined by the COD
of the SOA. The maximum usable driving current of the SOA is in theory 200 mA.
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The 1300 nm laser shows full lasing over its entire spectrum. However, like the 850 nm laser, one
turning point has lower intensity compared to the other one at low current level. This difference
is also noticeable at higher current levels even if it appears smaller because of the difference in
scale. Measurements are carried out at low current levels, mimicking the behavior of the 850 nm,

and at maximum current, 700 mA, for comparison.

Both lasers demonstrate a reduction in noise as the driving current of their SOAs increases. While
some noise persists near the filter's turning point, the linear region operates at sweet spot. Addi-
tionally, although the 1300 nm laser exhibits some holes, they are significantly fewer than those

in the 850 nm laser.
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Figure 45. Direct output signal from a 1300 nm FDML laser and the 850 nm FDML laser. Different SOA currents are
being used for both lasers.

This experiment shows that higher gain helps reaching sweet spot operation. For this purpose, a

dual amplification FDML laser has been set up to achieve higher gain in the laser.

3.2.4. Dual amplification FDML laser

In view of increasing the gain in the laser, the FDML layout has been changed to achieve dual
amplification in one round trip. The new laser is now composed of a ring on one side of the SOA,
where the light will propagate through, be filtered and come back to the SOA. On the other side
the light propagates through one fiber, is reflected by a cFBG and comes back by the same fiber
to the SOA. The SOA is modulated with a duty cycle of 62.5 % so that when the sweep is coming
back from the inside ring, the SOA is switched on for an initial amplification. The second ampli-
fication happens when the sweep is reflected by the cFBG (on the right side of the scheme in
Figure 46 part 1), the SOA is switched on again. Inversely, it is switched off to prevent any para-
sitic lasing. Each length of fiber spools (FS) in area 1, 2 and 3 have been precisely calculated to
obtain a round-trip time of about 2.4 us with a sweep duty cycle of 25 % to allow a potential

future optical buffering which would lead to a frequency of 1.6 MHz.

70



Development of an 850 nm FDML laser

Output

Figure 46. Dual amplification FDML laser setup. The SOA is modulated by 62.5 %. The length of part 1,2 and 3 are
precisely calculated to achieve the amplification of the sweep at the right time while avoiding parasitic lasing. SOA:
Semiconductor optical amplifier, cFBG: chirped fiber Bragg grating, FFP: fiber Fabry-Pérot, FS: fiber spool, PC:
polarization controller.

One challenge with this configuration lies in identifying which segment of the filter sweep is
being amplified. To isolate the linear portion of the sweep, various approaches can be employed.
Initially, one can utilize the distinctive features, the edges with higher intensity present in a typ-
ical FDML laser output spectrum. The phase relationship between the SOA modulation and the
sinewave driving the filter is fine-tuned, first towards the shorter wavelength edge and subse-
quently towards the longer one. Averaging these phases is likely to yield to the amplification of
the linear portion of the sweep. Another viable method involves obtaining an interference pattern
using, for instance, a MZI, and observing the phase evolution. If the phase exhibits symmetry
and approaches linearity, it indicates that the phase selection is accurate. Also, when increasing
the fringes frequency, if the sweep is linear, the modulation should vanish evenly over the entire
spectrum when reaching the maximum bandwidth of the detector. If not linear, it will be more
pronounced on one side. With these methods it can also be known which sweep, backward or

forward are being amplified.

The bandwidth of the spectrum is restricted to 20 nm due to the COD threshold of the SOA. The
gain decreases on the sides which does not enable lasing on a broader range. The spectrum in
Figure 47 (A) has been achieved at less than half of the maximum current applicable, 90 mA, but
the internal power was perilously close to the COD limit, 20 mW. The spectrum also shows a
ripples-free-area over 15 nm, which confirms that higher gain enabled to cancel PMD introduced
by circulators. The remaining chromatic dispersion in the laser is introducing noise on the shorter
wavelength of the spectrum, where the frequency of the FFP is not adjusted for, as shown in
Figure 47 (B), which degrades the SNR to 35 dB as shown in Figure 47 (C). Ripples due to PMD
are also noticeable. Despite the last two, the dual-pass SOA FDML laser has a sensitivity roll-off
of 6 dB at more than 1 cm delay as shown in Figure 47 (C). The roll-off and time trace of the

laser were acquired using a Wieserlabs custom made balanced 600 MHz Silicon photodiode.
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Figure 47. (A) Output spectrum of the dual-pass SOA FDML laser sweeping over 20 nm. (B) Time trace of 2 sweeps
at the output of the laser, inset: zoom into the noise evolution along one sweep. (C) Sensitivity roll-off of more than
1 cm at -6 dB, steps of 2 mm for the first 8 peaks, followed by 1 mm steps.

The bandwidth of the spectrum is said to be limited by the COD because the gain spectrum of the
SOA is narrower at a lower current. If the current is increased, the ASE widens, especially in the
shorter wavelength, thanks to one sub-band starting to emit at around 130 mA. However, the
current cannot be turned up due to the dual amplification, which brings the internal power close
to the COD. The issue might be solved by modulating the current of the SOA. A higher current
would be set when the shorter wavelength of the sweep comes to the SOA and would later be

decreased for the 860 nm range, where the gain is higher and does not require a higher current.

Owing to a higher gain-loss ratio in this dual amplification FDML laser, a low noise regime, sweet
spot [113] seems to appear, which will enable a more accurate dispersion compensation than in
the 3 cFBGs configuration. Adjusting the length of the fiber in the laser will imply a higher SNR
and longer roll-off. However, due to a lack of balanced photodiode around 850 nm with band-
width above 1 GHz, a group delay compensation achieving less than 200 fs like in 1300 nm
FDML laser [46] will not be achievable.

3.2.5. Balanced photodiodes for 850 nm

Since the 850 nm wavelength is at the edge of usability for InGaAs photodiodes intended for
1550 nm, 1300 nm, and 1060 nm, it is essential to explore different photodiode options. The re-
sponsivity of four photodiodes from different manufacturers is evaluated and detailed in Table 5

below.

Silicon, highlighted in green in the table, is particularly sensitive around 850 nm, with a peak
responsivity of about 0.4 A/W. A custom-made photodiode from Wieserlabs GmbH is compared
with one from Newport Co., both featuring a similar electrical bandwidth of around 600 MHz.

Additionally, the responsivity of two InGaAs photodiodes is examined, one from Thorlabs and
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one from Optilab. Although they offer faster RF bandwidths than silicon, their responsivity at

850 nm is expected to be around 0.2 A/W, which is lower than silicon.

To practice these experiments, the 850 nm FDML laser is modulated by 25%. A peak power
around ~280 pW is applied to the photodiode and a voltage is measured on a 20 GHz oscilloscope
at 40 GS/s (Lecroy Teledyne, Wavemaster 820Zi-b). From the voltage and the transimpedance

gain of each photodiode, the responsivity is calculated back.

Table 5. Comparative table of the different balanced photodiodes tested with the 850 nm FDML laser

Average RF
Trans-im- Calculated
input Voltage bandi-
Photodiode Type pedance Responsivity
power (mVy, wdth
gain (V/A) (A/W)
(nW) (GHz)
Thorlabs
InGaAs 70 300 30 000 0.052 1.6
PDB480C-AC
Optilab
InGaAs 70 200 4000 0.18 20
Wieserlabs o
Silicon 70.8 200 3500 0.19 0.600
Custom-made
Newport o
Silicon 51 50 700 0.41 0.650
1607-AC-FC

Table 5 highlights the photodiode from Newport Co., which boasts high responsivity. However,
its transimpedance gain of 700 V/A means the signal is not adequately amplified, so the option is
not selected. As for the Thorlabs photodiode, although it offers high gain, its responsivity remains
too low, potentially leading to increased electronic noise compared to the optical signal. Hence,
this diode is also rejected. The Optilab and Wieserlabs photodiodes show comparable responsivity
and gain but differ significantly in frequency. The manufacturer suggests higher responsivity for
both photodiodes used in the Wieserlabs balanced photodiode (0.3 A/W). Additionally, an RF
bandwidth of 20 GHz in unnecessary and can even be problematic, as it may introduce unwanted
high-frequency noise. The 600 MHz RF bandwidth of the Wieserlabs detector is more than suffi-
cient for retinal imaging, as the sample is relatively thin, making it the preferred choice for OCT
applications. However, if roll-off or phase stability need to be measured, the Optilab balanced
photodiode would be preferable due to its higher RF bandwidth, providing more insight into the
light source. Figure 48 offer an overview of all acquired signals. All signals have been low pass
filtered at 2 GHz in post processing to offer a more uncluttered view of all signals together. The
Wieserlabs and Newport diodes exhibit reduced noise thanks to their narrower electricals band-
width. The Wieserlabs’ photodiode stands out with a distinctive electrical signal compared to the

other four. This divergence stems from its unique electronic architecture. While all four diodes
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are AC coupled, in the case of Wieserlabs, the capacitor employed to block DC components
charges and discharges in response to detected light, resulting in potential variations that shape

the signal. This difference will not be seen when used in the balanced way.
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Figure 48. Amplitude of the output of the laser measured with 4 different photodiodes over time. All signals are post-
processed with a low pass filter of 2 GHz.

As shown from the five preceding subsections, a multitude of challenges were encountered in
achieving a high-performance light source. These ranged from combating high chromatic disper-
sion and PMD to addressing issues like low gain. Various experiments were devised to mitigate
and gradually ameliorate each drawback associated with lower wavelengths. The subsequent

chapter will delve into the performance analysis of the finalized 850 nm FDML laser.

3.3.Performances and characterization of the 850 nm FDML laser

This subsection provides a comprehensive characterization of the laser across various stages of
its development. Certain characterizations were conducted during periods when the laser lacked
adequate dispersion compensation and temperature control. Both pre- and post-improvement ex-

periments were carried out to facilitate comparison.

The draft of the 850 nm FDML presented earlier in Figure 29 is updated to the one shown below
in Figure 49. The initial cFBG is strategically placed immediately following the SOA to optimize
the extraction of maximum output power. Additionally, an isolator has been incorporated before
the SOA input. Experimental observations have revealed that the circulator's isolation perfor-
mance was inadequate, allowing laser emissions from the SOA (presented in 3.1.2) to propagate
towards the cFBG, resulting in unintended back-reflection and consequential anomalous behav-
ior. The cFBGs used here have a bandwidth of 72 nm and a reflectivity of ~80% (Teraxion, PSR-
840-72(+D16.77-0.035)-0S1-0R). The output spectrum is depicted alongside the achieved output
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ower in the following subsection. An in-depth examination is also given to the laser's noise char-
p g p g

acteristics, with particular emphasis on phase stability and identification of its sweet spot.

Figure 49. Final 850 nm FDML laser design. SOA: semiconductor optical amplifier, PC: polarization controller,
cFBG: chirped fiber Bragg grating, FS: Fiber spool, FFP: fiber Fabry-Pérot, ISO: isolator.

3.3.1. Optical bandwidth

The output of the laser is acquired with an OSA (Yokogawa, AQ6370) set on 0.02 nm resolution
and on “HIGH 1” sensitivity setting. In Figure 50, the left panel illustrates the laser output without
modulation, while the right panel depicts the output with a 25 % duty cycle modulation. These
spectra showcase the best performance achievable from the laser. Through careful optimization
of the polarization controllers during experimental procedures for characterization or imaging, it
is consistently tried to achieve this level of performance. The non-modulated laser shows a top-
hat bandwidth of 40 nm centered around 845 nm yielding to an axial resolution in air of 10.7 pm.
In this scenario, prioritizing a high-quality spectrum over a wide one is preferable. While it is
feasible to sweep wider than 50 nm, it would result in increased ripples at the spectrum's edges.
Moreover, amplification would decrease in some parts of the spectrum, leading to a less uniform
spectrum that could potentially compromise resolution. The narrower bandwidth observed in the
modulation mode is attributed to careful use of the FFP-TF. Since 75% of the spectrum is cut by
modulation, the amplitude of the filter must be increased to reach a similar bandwidth when no
modulation is applied. A 30 nm bandwidth has been achieved yielding to an axial resolution of

14.4 pum.
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Figure 50. Output spectrum of the 850 nm FDML laser, non-modulated and modulated with a duty cycle of 25%.

Higher noise levels are evident in the modulated laser spectrum compared to the non-modulated
one. This occurs when the laser operates at its optimal "sweet spot". Both spectra were obtained
following meticulous chromatic dispersion compensation and laser temperature control. How-
ever, as discussed later in section 3.3.2, some dispersion remains uncompensated. When modu-
lated, the laser tends to operate closer to its optimal sweet spot due to utilizing a more linear
segment of its tuning curve. This closer proximity to the sweet spot facilitates better mode locking
and higher amplification. The observed noise may be attributed to lower-frequency fluctuations
in the laser light, discernible on the OSA. Similar behavior is illustrated in the left graph, where
the laser exhibits a slight increased noise levels between 840 nm and 860 nm, indicating closer

alignment with the sweet spot.

3.3.2. Chromatic dispersion compensation

All measurements presented in this section were conducted with the laser under temperature-
controlled conditions. The fiber spool temperature was regulated at 30°C using four Peltier ele-
ments positioned beneath it. This temperature was selected to match the conditions under which
the previous dispersion measurements were performed to define the cFBG. The FFP-TF was sim-
ilarly temperature-controlled and maintained at 20°C to remain close to ambient conditions. All
components were housed inside an aluminum enclosure, insulated on the sides with polystyrene.
To facilitate manual adjustment of the polarization controllers, they were mounted externally on
the case. While this arrangement resulted in less-than-ideal temperature stabilization, it minimally
impacted dispersion, as only about 1.6 meters of fiber were exposed. Although the laser exhibited
minor drift over time, the effect was negligible. The most noticeable consequence of imperfect
temperature insulation was observed in the laser's PMD. When restarting the laser after several
hours of inactivity, a slight reset of the polarization controllers is required. However, it remained
stable throughout the day, provided there were no significant temperature fluctuations in the room.
With the laser temperature stabilized, chromatic dispersion measurements could commence, fa-

cilitating the subsequent compensation process.

To ensure precise chromatic dispersion compensation in FDML lasers, our research group utilizes

a specialized LabVIEW based software that has been developed in the past. To use this software,
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high frequency fringes are generated utilizing a MZI. These fringes must have a high enough
frequency so that the photodiode used to acquire them cannot detect them, i.e. the RF bandwidth
of the photodiode is lower than the frequency of the fringe. Thanks to this, the sweet spot of the
laser can be observed and detected with low-cost (i.e. low analog detection bandwidth) devices,
as detailed in [160]. In fact, intensity dips, which cannot directly be detected with these devices
due to their too high frequency, generate lower frequency disturbances in the interference signal
visible on a slow oscilloscope. As the laser approaches a sweet spot behavior, these disturbances
reduce, and the signal drops to 0 V as the fringe frequency exceeds the analog detection band-
width of the detector. Figure 51 shows this phenomenon, high frequency fringes are generated
and acquired with a 600 MHz Wieserlabs photodiode on a 1 GHz oscilloscope (Tektronix,
DPO5104). The oscilloscope is set to Digital Phosphor Technology (X) (DPX) mode. This mode
captures and processes multiple waveforms over time and generates a composite display that fa-
cilitates the observation of the sweet spot. Events that occur frequently are displayed in red, grad-
ually transitioning to purple for less frequent occurrences. This color map effectively visualizes
the frequency of events over time. On the left part, the laser is sweeping at a frequency of about
414 kHz (backward sweep) and shows a narrow sweet spot which moves right or left depending
on the frequency. There is a difference of 0.392 Hz between each dataset. The sweet spot moves
with frequency because chromatic dispersion is still present. If no chromatic dispersion were ob-
served, the sweet spot would be present over the entire spectrum for one frequency. Here it moves
through the wavelengths because all of them are not travelling at the same speed.

Coarse dispersion compensation More accurate compensation

-12 m of fiber .
narrow sweet spot wide sweet spot

90t Sample — 414 364.728 Hz 40t Sample - 425 063.928 Hz

100t Sample — 414 365.120 Hz

110t Sample - 414 365.512 Hz 60t Sample — 425 064.008 Hz

Figure 51. Observation of the laser s sweet spot at different frequencies with a first coarse dispersion compensation
on the left and a more accurate one on the right. High frequency fringes are generated using on the left a backward
sweep and on the right a forward sweep after a removal of 12 meters of fiber. Data are visualized with the DPX mode
of a I GHz oscilloscope.
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Once a sweet spot is observed in the DPX mode, the filter is driven through a range of frequencies
and DPX datasets are acquired at these different frequencies. 200 samples are acquired at 200
different frequencies. This method enables to retrieve the amount of dispersion remaining in the
laser by first summing, for each 200 datasets, all rows in each column to generate 200 individual
1D vectors. These vectors are then transposed to form a new 2D matrix, where each column cor-
responds to one sample (i.e. frequency). Finally, the center of gravity is calculated for each row
(i.e. wavelength) in this matrix, yielding detailed information about the dispersion. In Figure 52,
a first evaluation of the remaining chromatic dispersion present in the laser is measured. The laser
is set so that the output spectrum is ~27 nm, with a 25 % duty cycle. (A) shows that the software
is only able to work in the middle wavelength, where the sweet spot is better defined. This can
also be seen in (B) where the center of the output spectrum of the laser is indented, highlighted
by two black markers. The small set of data that can be worked with is fitted with a 1% order
polynomial as shown in the inset of (A). The linear coefficient gives information on how much
optical fiber must be added or removed to the laser. Here, since Hi780 fiber with a dispersion
of -100 ps/nm/km is used, and the coefficient being -1.35 ps/nm, 13.5 meters of Hi780 fiber must
be removed. Figure 51 right shows the new laser performances after removing ~12 meters of
Hi780 fiber. A wider sweet spot is achieved which proves a reduced chromatic dispersion. A dif-

ference of 40 mHz separates each DPX trace.

When the laser was operated in a non-modulated state, the forward sweep exhibited a slightly
better performance. As a result, all images acquired during this phase, at the university of Kent
were captured using the forward sweep. For consistency, the forward sweep is selected again for
precise dispersion compensation. It is important to choose one sweep direction before optimiza-

tion, as slight variations can occur between forward and backward sweeps.
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Figure 52. First evaluation of the remaining chromatic dispersion in the laser. (4) represents the time delay remain-
ing between wavelengths in the laser. The inset shows a slope of -1.35 ps/nm. Data outside the inset are unusable. (B)
Output spectrum of the laser when measuring the remaining dispersion in (A). It shows a sweet spot behavior around

840 nm.
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After removing these 12 meters of fiber, the laser exhibited a time delay that varied with wave-
length, fitting a second-order polynomial curve. This pattern indicates that significant second-
order chromatic dispersion persists in the laser. Compensating for this type of dispersion typically
involves using a combination of fibers, such as Hi1060 and SMF28, particularly for lasers oper-
ating at longer wavelengths. However, at around 850 nm, options are limited primarily to Hi780
fiber or similar alternatives. To address the dispersion, we attempted to compensate by applying
a uniform temperature gradient across each of the three cFBGs (the gradient is the same for the
three cFBG). This method aims to manipulate the refractive index gradients and thus mitigate the
dispersion effects. Results are shown in Figure 53. Each end of the cFBG is subjected to a specific
temperature, designated as cFBG+ and cFBG-, respectively. The temperatures are precisely con-
trolled using thermoelectric controller (TEC) controllers (TEC1020T, Thorlabs) connected to Pel-
tier elements. After setting the temperatures, a stabilization period of 15 minutes is observed be-
fore initiating the dispersion measurements. The experimental results are presented in Figure 53,
where each curve within the region of interest, marked by a black arrow, is fitted with a 2™ order
polynomial. Above 20 different temperature settings were tested and analyzed. The analysis re-
veals that a too high gradient between both ends of cFBG increases chromatic dispersion. Another
analysis showed that the warmer the cFBG+ side of the ¢cFBG is the more 2™ order chromatic
dispersion. Optimal temperatures of 25°C for cFBG+ and 20°C for cFBG- have been identified
for future use in the laser system, as they demonstrate the best performance characteristics. In-
deed, the 2" order coefficient is the lowest in the case of the pink curve, —0.0140 ps/nm?. Since
the 2™ order chromatic dispersion of Hi780 fiber has been previously measured to be
0.209 ps/nm?/km, it would mean that 67 meters of fiber must be removed to achieve a null
second order. However, this is not desirable since it would worsen the 1% order dispersion remain-
ing in the laser. This second-order dispersion error may originate from the cFBG manufacturer.
According to their datasheet, this parameter is listed as 'not measurable." While they produce
cFBG to the best of their ability based on the specifications given to them, they are unable to
verify post-manufacturing whether the final products meet exact requirements. It might also orig-
inate from the measurement setup developed here and detailed earlier in the thesis, see 3.2.1.
Temperature shift during the measurement or currently in the actual laser might influence this

result.
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Figure 53. Second evaluation of the remaining delay between each wavelength in the laser. Each plot gives the re-
maining chromatic dispersion for four different temperatures applied to the cFBG.

It should also be noted that the usable data region for chromatic dispersion calculation is broader
than in previous measurements as shown in Figure 53 and Figure 52, which had > 20 nm and

< 10 nm respectively.

The limited laser power and increased noise at the edges of the laser spectrum prevent the soft-
ware from accurately calculating dispersion outside the optimal range, as illustrated at the edges
of Figure 53. While the first-order dispersion is successfully reduced, compensating for second-
order dispersion at wavelengths around 850 nm proves to be considerably more complex. The
limited availability of optical fibers designed for operation near 850 nm leaves the formation of
a gradient in the cFBG as the only viable solution for addressing the residual second-order dis-
persion. This approach may be suitable for certain applications, but in cases where second-order

dispersion is excessively prominent, it becomes impractical.

3.3.3. Phase stability

[The work presented in this section has already been presented and published in a peer-re-

viewed journal [31]. Most of the sentences, paragraphs and figures are taken from it.]

As mentioned in section 2.2.2, swept sources must present low phase noise. The phase from one
sweep to another must be as similar as possible. If a laser presents high phase stability, it can be

used in different fields of OCT, like phase sensitive OCT, or dynamic OCT.

Here, the phase stability is measured at the direct output of the laser over 1,000 consecutive for-
ward sweeps. It is important to note that at the stage of this measurement, the laser was not pre-
senting any temperature control and was having a narrow sweet spot at a sweeping frequency of
~2x 414 kHz. Also, all sweep calibrations were done following the CMS methods since these

measurements were performed at the university of Kent where the CMS is mostly used for OCT.

Interferences are generated in a common path configuration using a glass plate thickness of

235 pm introduced halfway through in the reference path, as presented in Ref. [161]. Two
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different glass thicknesses are used before the measurement to create the masks used for signal
processing [38, 39]. A 20 GHz oscilloscope (Lecroy Teledyne, Wavemaster 820Zi-b) was used to
acquire 1,000 sweeps with 80 GS/s in a single acquisition. A trigger phase-locked with the filter
frequency/waveform of the FDML is saved in the meantime and used in post-processing to sepa-
rate each sweep. Such a strategy is employed here to avoid a jitter noise that the trigger from the
acquisition card could generate. Once all forward sweeps are cropped, the CMS protocol is per-
formed, the interference noise is removed, and an iFFT (inverse Fast Fourier transform) is used
to obtain the linearized signal. The phase is then computed using a Hilbert transform (Figure 54
(A)). The standard deviation of each point over the sweep is calculated following the method in
[161]. As shown in Figure 54 (B), the laser has an average standard deviation of 14 mrad over
1,000 sweeps. Due to an optimization of the filter frequency to approach sweet spot operation in

the middle of the sweep, the phase instability is lower in this region.

The phase stability of the laser having a standard deviation of time jitter of 25 ps over 1,000
sweeps makes it usable for phase-resolved techniques, such as OCT angiography [162], which
has already been shown with a 1060 nm FDML laser in [163]. Also, as demonstrated in the pre-
ceding section, enhancing the dispersion compensation broadens the laser's sweet spot, which

suggests improved phase stability because of better mode locking.
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Figure 54. Phase stability of the 850 nm FDML laser. (A) Spectral phase for 1,000 forward sweeps, inset: zoom into
its fluctuation. (B) Standard deviation for variation of phase among all 1,000 sweeps.

3.3.4. Noise characterization

Another interesting objective when doing ophthalmic imaging, apart from imaging the retina and
the choroid, is to image both, the front of the eye (the lens) and the back (the retina) at the same
time. Although the retinal area that can be imaged is limited, as the scanners' pivot point must be
placed outside the eye, in front of the lens, it can bring more information to physicians. Achieving
this “double” imaging requires a laser with a long coherence length, above 2 cm. In this section,

the laser noise is characterized by studying the direct output of the laser. The sensitivity roll-off
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is measured using a MZI and the stability of the laser over a period of 30 min is investigated. All

data acquired in this section are using forwards’ sweep.

Firstly, the roll-off and the power spectrum of the laser are studied. The power spectrums repre-
sent the direct output of the laser detected by a photodiode on an oscilloscope. The first dataset
in Figure 55 was acquired using a 23 GHz balanced photodetector (Optilab, BPR-23-M) and a
40 GS/s, 20 GHz oscilloscope (Lecroy Teledyne, Wavemaster 820Zi-b). The fringes for roll-off
measurements were acquired using both inputs of the photodiode, most of the common-noise of
the laser is canceled out by the balancing. The second and third sets were acquired using a 30 GHz
photodetector (Thorlabs, DMX30AF), non-balanced, and an 80 GS/s, 63 GHz real time DSO
(Keysight, DSOZ634A).

Figure 55 summarizes the experimental results, comprising three sets of data. The top set was
acquired before accurate dispersion compensation was performed. Initially, precise chromatic dis-
persion measurements were not conducted during the first phase of laser development, as the SOA
used had lower gain, preventing the measurement described in section 3.3.2. Once a new, higher-
gain SOA became available, the measurements were completed, allowing for improved chromatic
dispersion compensation. The first top roll-off (left) and power spectrum (right) correspond to the
narrow sweet spot shown in Figure 51 (left), though without modulation here. This state was
consistently maintained at the University of Kent. All results, images and data in the following
sections obtained at this university, reflect this roll-off result. The frequency of the first dataset
do not exactly match the one in Figure 51 (left) because the laser is not modulated here so the
frequency might have been set to another point in the sweep. Also, it is not temperature stabilized,
causing significant drift in the optimal operating frequency from day to day. Additionally, the
polarization required at least an hour of adjustment after several hours of inactivity. Nevertheless,
despite the noisy laser output visible in the power spectrum, the laser shows a sensitivity roll-off

of 6 dB at more than 1.2 cm delay, corresponding to > 6 mm OCT imaging depth (return path).

Both other sets of measurements were realized with the same laser configuration, same dispersion
compensation (length of fiber), duty cycle of 25 % and a bandwidth of ~30 nm. Only the driving
frequency of the filter is different, apart from 190 mHz. The data acquired at 425 061.801 Hz was
chosen for its wide sweet spot, from 230 ns to ~520 ns. The noise is highly reduced in this area
compared to the side of the spectrum. FDML holes, also called ‘intensity dips’, as detailed in
section 2.3.1 can also be observed in this low noise region, as shown with both insets. Each hole
is about 120 ps long. They are due to, as mentioned in 2.3.1, imperfect dispersion compensation.
Certain wavelengths in the spectrum are not subject to direct amplification like others. For exam-
ple, a particular wavelength may arrive at the filter with a delay caused by dispersion, preventing
it from passing through. Instead, it is reconstructed from spontaneous emission, which explains
the resulting drop in intensity followed by an overshoot. Outside this low noise region, the noise

on the edges is due to GHz oscillations, as explained in 2.3.1. In the second and third data sets,
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the oscillations show a frequency around 1-1.5 GHz. When working with a forward sweep, for
the same deviation from the sweet spot frequency, the laser exhibits lower noise levels when
operating at a positive deviation compared to a negative one. Both, GHz oscillations and holes
can be observed in the same graph due to the remaining quadratic dispersion, as shown in 3.3.2.
Here as the frequency increases — from the bottom dataset to the middle dataset — the low noise
region widens, leading to an increase in the number of holes. In the meantime, the GHz oscilla-
tions at the edges decrease, which is in theory beneficial for FDML lasers. However, here, the

longer sensitivity roll-off is achieved with a narrower sweet spot, bottom graph.

The last set of measurements was acquired at 425 061.611 Hz. In this case, a fast Fourier trans-
form (FFT) was generated live on the oscilloscope. The frequency was optimized to obtain the
most discernible point spread function at about 1.5 GHz frequency. By adjusting the frequency of
the FFP, the noise floor fluctuates, raising or lowering. The same impact is observed regarding
the peak amplitude. Once set, the roll-off measurements were realized. As it can be seen in the
bottom right graph of Figure 55, even though the OCT imaging depth is reduced by 6 dB at about
~15 mm, which is the longer measured with this laser, the power spectrum shows a narrower
sweet spot compared to the middle measurement. These measurements underscore the importance
of setting the filter frequency based not on power spectrum analysis or the OSA but rather on the
point spread function on an oscilloscope. The most effective approach to adjust the laser fre-
quency is by directly observing noise in the OCT live image. By fine-tuning the settings to mini-

mize noise within the live image, the optimal frequency for high-quality imaging can be achieved.

Figure 55 shows the laser's dynamic range at different depths. At frequencies below 1 GHz, the
last two datasets demonstrate a dynamic range of 35 dB. For biological tissue imaging — the pri-
mary goal here — a peak signal around 55 dB is expected, resulting in a sensitivity of 90 dB. This
sensitivity is higher than the anticipated value calculated in the next chapter. The first dataset
shows a higher dynamic range, 40 dB but only up to 500 MHz. Notably, the dynamic range de-
creases significantly beyond these limits, dropping to as low as 15 dB, which could reduce image

quality.

83



Development of an 850 nm FDML laser

OCT imaging depth [mm] Power spectrum
0 22 44 65 87 109 131 153 174 196 218 413636 Hz
I ; ; ; . ’ ; f f f \ 3

= 100% DC
=) 1
@ - ;
3 =
2 - 3
s - g
£ <
<Z3 ,

‘ i | JRN | N

0 025 05 075 1 125 15 1 75 2 225 25 -1.6E- -1.25E-6 71E_76 -7.5E-7 -5E-7 -3.5E-7 P

Frequency [GHz] Time [s] SE-2-
OCT imaging depth [mm] . \f% \Aw [
2] [Mpieaa
0 18 36 54 72 9 108 126 M4 162 B ., 425061.801 Hz > | v
0 - ! ; | ; X | ; ! ; ) - il : : |
= o 25% DC g?w 37167 37267 37367
5 S594--F--}--1---1--4---}--1t--J---f-- o] 4E-2-
@ 10 - ‘ = FDML holes
2 s l . ( ° 3E-2-
=4 3
S -20 | [ ‘ \ =
8
2 254 ‘ (i \ \‘ f "‘~ \"‘ I i ‘ 525'2’
£ -30 l \ y \ ’ | < 4
£ ly fildl 1E-2
- A m i 4 i ww»»m i ww
_40 ML ' Il i i | o . | ; ; ; ; ]
0 025 05 075 125 15 175 225 25 7.9E-8 2E-7| 3E-7  4E-7  SE-7 6.6E-7

Time [s] 362

Frequency [GHZ] -2
OCT imaging depth [mm] R 262 - *‘WN}W«
0 18 36 54 72 9 108 126 144 162 18 425061.611 Hz *E'z’ Low noi§%’
5E-2 h

% 25% DC 267 21E-7 23E7 2.5E-7
w - = 4E-2-
2 - 9 382
= _% 2E-2
£
= <
S 1E-24
= ‘ o+ : : : ‘ —
0 0.25 0.5 0.75 1 125 15 175 2 225 25 7.9E-8 2E-7 3E-7 4E-7 5E-7 6.6E-7
Frequency [GHz] Time [s]

Figure 55. Sensitivity roll-off and power spectrum of three datasets at three different frequencies using forward
sweeps. The first dataset, acquired at 413,636 Hz with 100% duty cycle (DC), exhibits a noisy laser output and rolls
off by 6 dB at approximately 0.8 GHz. The other two datasets, obtained after precise chromatic dispersion compensa-
tion, demonstrate extended roll-offs, reaching 12.6 mm and ~15 mm at 425,061.801 Hz and 425,061.611 Hz respec-
tively, as indicated by the red arrows. The power spectra for both frequencies show regions of low noise as high-
lighted in the insets.

Previous studies suggest that backward sweeps offer better dynamic range in FDML lasers at high
speeds [164]. However, initial tests conducted at the University of Kent showed better perfor-
mance with the forward sweep as mentioned previously, so this sweep direction was chosen for
imaging. As new dispersion compensation measurements began, the forward sweep was retained
to maintain consistency and allow for comparative analysis. Thus, dispersion compensation was

optimized for forward sweeps, which were subsequently used in all following experiments.

Overall, these measurements highlight the critical importance of dispersion compensation in the
laser system. Dispersion compensation improved the laser's roll-off performance by more than
twofold. Additionally, this emphasizes the need for precise frequency control — down to a few
tens of millihertz — even though the laser's dispersion is compensated only to within a few pico-
seconds rather than to the ideal <200 femtoseconds. Temperature control is equally essential; a
frequency shift of 190 mHz corresponds to a temperature change of just 5.5 X 1072 °C across

500 meters of fiber which would reduce the roll-off by 6 mm.

Achieving this level of precise control is, however, challenging, since portions of the fiber extend
outside the laser system. Consequently, while the laser may experience minor frequency drift and

might not always operate at peak performance as studied in the following, this is sufficient for
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retinal imaging, where extreme roll-off is not critical. Nonetheless, maximum stability across all

components to ensure optimal performance along one imaging session is tried to be maintained.

To assess the stability of the laser during a typical 30-minute OCT imaging session following
calibration, the laser's spectrum and a representation of the "sweet spot" are recorded at t = 0 min
and at t = 30 min, as shown in Figure 56. The sweet spot is observed by generating an interference
signal with a MZI having a higher frequency than the electrical bandwidth of the photodiode used
(Wieserlabs, custom-made 600 MHz Si), as explained in 3.3.2. The resulting signal is acquired
with the DPX mode of a 1 GHz oscilloscope (Tektronix, DPO5104). The laser optical bandwidth
is observed using an OSA (Yokogawa, AQ6370). Settings and characterization of the laser are
given on the right in the corresponding figure. The optical bandwidth and the driving current of
the SOA are the same in both cases, ~31.7 nm and 152 mA respectively. In case of A), the fre-
quency of the laser is optimized to obtain a wide sweet spot. It can be observed on the left by
sudden drops in amplitude in the center part of the signal. An average output power of
0.420 mW - 4 = 1.68 mW is achieved. The measured output power shows 0.420 mW because
the laser is modulated by 25 %. The power meter shows an average output power, to obtain the
peak power (power of the sweep), it must be multiplied by 4. In B), the frequency is optimized to
reach the highest output power, in this case 0.460-4 = 1.84 mW. The frequencies A)
425,124.121 Hz and B) 425,124.483 Hz differ by only 362 mHz — a small variation that nonethe-
less results in a significant power change of 0.16 mW, approximately 10% of the total output
power. However, by tuning the frequency to the sweet spot, version A), the SOA current can be
increased to achieve the same output power as B), as the output power is ultimately limited by

the SOA's COD threshold rather than its gain.

In Figure 56, panel A) left shows that over 30 minutes, the laser temperature has drifted, shifting
the sweet spot shape and nearly moving it out of the optimal range. However, the optical band-
width of the laser, presented on the right, remains stable in wavelength, with only amplitude dif-
ferences observed. At t = 0 min, the ASE is slightly lower than at t =30 min, which correlates
with the amplified spectrum being more intense around 850 nm at t = 0 min. In panel B), a minor
wavelength shift of approximately 1 nm is evident. Assessing the temperature’s impact on the left
is challenging since the system is no longer at the sweet spot, making differences in the spectra
less straightforward to interpret. However, on the left side, a noticeable edge drift to the left,

marked by two white arrows, provides a clear indication of this shift.
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Figure 56. Investigation of the stability of the laser s spectrum and output power over time at two different frequen-
cies, A) at 425 124.121 Hz and B) at 425 124.483 Hz. On the left side, fringes with frequency higher than the photo-
diode's electrical bandwidth are generated using a MZI and are observed with the DPX mode of an oscilloscope. On

the right, the optical bandwidth of the laser is shown. All data are taken at t = 0 min and t = 30 min. Two arrows in
B) shows a drift in laser temperature. f: frequency, AL: optical bandwidth, Isoa: current of the SOA, Pourpur. Output
power.

Comparing the optical spectra of Figure 56 A) and B), the top of the spectrum in configuration
B) appears noisier than in A). As previously mentioned, this noise occurs near the sweet spot. In
both configurations — A), centered on the sweet spot, and B), offset by only a few hundred milli-
hertz — noise is present, though more pronounced in B). This heightened noise in B) may stem

from the slight offset from the sweet spot and the higher output power.

Additionally, it was observed that when the laser is set to the sweet spot in configuration A), the
output power fluctuates by approximately 12 uW. In contrast, configuration B) demonstrates
highly stable output power with virtually no variation. This intensity instability arises from the
presence of transient intensity dips (holes) in the laser output. Near the sweet spot, these holes

appear and disappear, leading to fluctuations in output power. Outside the sweet spot, this effect
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is still present but the overall noise contribution to the power is more significant resulting in a

more stable output power.

In conclusion, the laser continues to show some instabilities in temperature control, gradually
impacting its performance. Nonetheless, it remains sufficiently reliable for retinal imaging. To
optimize performance, the laser frequency should be carefully set before system calibration. A
frequency closed-loop feedback control could also be implemented to maintain the laser at sweet
spot. Initially, the frequency is adjusted close to the sweet spot by observing the output spectrum
on an OSA and power on a power meter. Once the laser is prepared for imaging, ~30 nm band-
width reach, close to COD operation and minimized ripples, the frequency is fine-tuned based on
noise levels in the OCT image. After identifying the optimal frequency, the SOA current is ad-
justed — either increased or decreased — to achieve an output power just below the COD threshold.
If frequency drift occurs, it can be reset via software — a straightforward adjustment, though it
may require a new background acquisition during imaging due to potential power fluctuations.
Besides moving out of the sweet spot, another concern is wavelength drift, which can affect cal-
ibration accuracy and degrade image quality. If the wavelength drift exceeds 5 nm, lasing may
cease in certain areas, though a simple adjustment to the filter offset will typically recenter it. A
more complex challenge with temperature drift is the potential appearance of ripples or PMD.
When PMD reappears, it disrupts imaging sessions since polarization controllers of the laser need
to be reset which might require time and will necessitate recalibration. Overall, despite the chal-
lenges with temperature control, the laser delivers impressive performance, allowing for retinal
imaging for at least 30 minutes without any issues. If the room temperature is maintained rela-
tively constant, imaging sessions can be extended even further, ensuring excellent results and

reliability throughout the process.

3.4.Conclusion and outlook

Section 3 shows that chromatic dispersion significantly impacts the performance of FDML la-
sers, influencing factors such as achievable optical bandwidth, as well as phase and intensity noise
impacting its coherence length and mode-locking. For lower-wavelength lasers, such as the
850 nm-centered laser developed here, chromatic dispersion increases, introducing additional
challenges that make it more difficult to achieve performance levels comparable to a 1300 nm

laser.

Due to the high chromatic dispersion at 850 nm, the FDML laser design has been modified to
include three cFBGs, unlike standard setups that use only one. This new configuration allows
bandwidths exceeding the 24 nm limit, due to the mask size to manufacture cFBGs. With this
setup, a 40 nm bandwidth has been achieved at a repetition rate of ~414 kHz. When using a 25%
duty cycle, the repetition rate reaches 1.7 MHz through optical buffering (detailed in the next

chapter). Previous swept sources developed around 850 nm have shown much slower repetition
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rates, below 50 kHz, with bandwidths not exceeding 42 nm. These results represent a significant

improvement over published swept sources used for flying spot retinal imaging.

The use of cFBGs requires optical circulators, which unfortunately can introduce PMD at shorter
wavelengths. The combination of PMD and cFBG poses challenges due to the resulting wave-
length-dependent PMD, which complicates system setting. To mitigate this, polarization con-
trollers are placed before each circulator input. Additionally, SOAs at 850 nm provide lower gain
than 1300 nm SOAs, which degrades FDML laser performance. A higher SOA gain would help
counteract PMD since they are less sensitive to polarization. The three cFBGs design, however,
does result in higher optical losses due to the added cFBGs and circulators, although the laser still
achieves the desired wide spectral output. A dual amplification setup, where the sweep is ampli-
fied twice in one round trip, was tested to further boost gain, but the limited SOA COD threshold
constrains the bandwidth. Modulating SOA current relative to wavelength could improve perfor-
mance by maintaining levels below the COD threshold, but this technique has not yet been tested

due to potential risks to the SOA.

Another key challenge at 850 nm is photodiode responsivity. Silicon photodiodes have a lower
responsivity (0.5 A/W) compared to InGaAs at 1300 nm (0.9 A/W), which represents almost a

3 dB sensitivity reduction in OCT systems.

In terms of other performance characteristics, chromatic dispersion has been compensated for,
leaving only a residual second-order dispersion of —0.0140 ps/nm?, though further improve-
ment is limited by quadratic dispersion, which is difficult to offset without specialized fiber types
around 850 nm. Phase stability is promising, with a time jitter standard deviation below 25 ps
over 1,000 forward sweeps, though it could be further enhanced by improved chromatic disper-
sion management which would improve the laser’s mode-locking. A more stable interferometer
design with effective temperature control would further enhance our analysis of the laser's phase
stability. Despite the current open configuration, which may allow some external influences to
affect measurements, the laser still demonstrates impressive performance for phase-resolved
techniques. Its noise characteristics are highly favorable for retinal imaging, achieving over
15 mm of OCT imaging depth at sweet spot. However, this depth is still insufficient to simulta-

neously image both the front and back of the eye, as a depth of approximately 2 cm is required.

While minor temperature fluctuations can cause some laser drift and introduce noise, FDML la-
sers generally deliver excellent stability and ease of control. Although PMD may occasionally
require calibration, the system maintains consistent performance throughout a 30-minute imag-
ing session without the need for frequent adjustments. These results are very promising and un-

derscore the potential for MHz retinal OCT imaging around 850 nm.

The frequency of the laser still requires daily adjustment, as small variations occur depending on
the ambient temperature. This suggests that there is room for improvement in the laser’s thermal
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control; ideally, a perfectly temperature-controlled laser would maintain consistent frequency,

stable to within millihertz precision, from day to day.

New components are planned for testing in the laser, with the aim of achieving even better results.
First, all circulators could be replaced with PM circulators. These PM circulators, constructed
with both PM780 and Hi780 fibers, are designed to block one axis of polarization, which would
eliminate PMD—a significant improvement. However, blocking one polarization axis may intro-
duce additional losses, so this approach will be tested soon to assess its impact on laser perfor-

mance.

The second component under consideration is a new FFP-TF. Throughout this thesis, only one
filter has been used, but higher-performance filters with greater amplitude and reduced loss are
now available and will be evaluated. These filters could provide a laser with a wider bandwidth
and an improved gain/loss ratio, potentially resulting in lower-noise output, as observed in

1300 nm lasers.
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4. IMAGING

To evaluate the performance of the laser for potential future applications, OCT was conducted.
Two image generation techniques were used during the PhD, allowing a comparison of their ef-
fectiveness with this specific laser. These techniques, complex master-slave interferometry and
single-k-calibration were introduced earlier in section 2.1.2. For both methods, the OCT setups
and performances, such as sensitivity and resolution, are discussed, along with corresponding
OCT images. In-vivo retinal images demonstrate the laser's capabilities, and the two methods are
compared. A final comparison will be made between retinal images taken with the 850 nm FDML
laser and images obtained previously in our research group with a 1060 nm FDML laser. The

chapter concludes with an evaluation of the laser’s performance and outlook.

It is important to note here that the two imaging techniques were done at different stages of the
laser's development. The complex master-slave technique was used when the laser did not have
temperature control and was lacking some dispersion compensation of -1.35 ps/nm, its optimal
performance was difficult to achieve. The single-k-calibration technique, on the other hand, was
used when the laser was performing at its best. These differences likely affected the results of
both techniques. Additionally, the optical bandwidth, the A-Scan rate and the power applied to
the sample was not the same in both imaging sessions, which also influenced the laser's resolution
and sensitivity. These differences will be discussed in detail in the following sections where both

techniques will be compared.

4.1.Complex master-slave imaging technique

[The work presented in this section has already been published in 2023 in the journal Biomedi-

cal Optics Express [31]. Most of the sentences, paragraphs and figures are extracted from it.]

4.1.1. Setup

In Figure 57, a schematic diagram of the OCT instrument equipped with the FDML source is
depicted. Light from the FDML laser is amplified by SOA 2 and isolated from the OCT setup by
using an isolator. It is then directed towards an 80/20 fiber directional coupler, where 20% of the
optical power is conveyed toward the sample arm. The light is then coupled to free space using a
fiber collimator (F220APC-850, Thorlabs). It is deflected by two galvanometer scanner mirrors
(Cambridge Technology, 6210H) and directed towards a telescope whose output is a 1.5 mm di-
ameter collimated beam. The other 80% of the light is directed towards the reference arm of the
interferometer. The splitting ratio of the coupler ensures a safe power level on the retina while
more efficient collection of light from the sample, i.e. 80%. The backscattered light from the
sample and reference arm interfering at the 50/50 coupler is detected by a custom-designed bal-

anced silicon photodetector from Wieserlabs. Each photodiode has a responsivity estimated to be
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~0.33 A/W at 850 nm. The balanced photodetector has an electrical bandwidth of 600 MHz. A
12-bit waveform digitizer board then acquires the signals at a rate of 4 GS/s (AlazarTech,
ATS9373) before using the CMS procedure to generate images [38, 39]. For calibration purposes
(computation of the functions describing the unbalanced dispersion in the interferometer as well
as the sweeping non-linearity), a model eye including a 19 mm focal length lens (AC127-019-B-
ML, Thorlabs) and a flat metallic mirror were employed. The optics of the sample arm are
mounted on a motorized stage enabling pupil tracking using two cameras. The length of the sam-
ple arm can be adjusted via the computerized stage to change the focal point through the layers

of the retina.
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Figure 57. Schematic of the imaging set-up. The light at the output of the FDML is boosted by SOA_2. It then passes
through an isolator that isolates the laser from the optical setup. The light enters finally the sample and reference

arms which are split by an 80/20 coupler. They are then recombined by a 50/50 coupler and detected by a balanced
photodetector (BPD). BPD: balanced photodiode, ISO: isolator, HPF': high pass filter, PC: personal computer:

During the initial imaging sessions in Kent, which marked the first tests of the laser, it was oper-
ated exclusively at a 100% duty cycle without any modulation. Subsequent sessions explored
different duty cycles. However, to achieve a higher speed than the repetition rate of the laser,
414 kHz, both sweep directions of the laser can still be used. By doing this, the imaging speed
can be doubled and reach 828 kHz. Before performing bidirectional imaging utilizing both sweep
direction, forward and backward, it must be ensured that the calibration is adapted. For this, both

sweeps’ phases have been compared and a custom calibration has been developed.

Figure 58 (A) presents the superposition of both phase evolutions, expressed by g, along the for-
ward and backward sweep. For both curves, coefficients of determination obtained by using linear
fits are above 0.9983. These coefficients could increase towards 1.0 by modulating the laser and
selecting a narrower, more linear part of the driving signal of the FFP-TF. The g functions are
being compared, and the results are shown in Figure 58 (B). It is clear that both sweeps can be
used for imaging due to their similar power level and phase behavior; however, for correct imag-
ing in depth, separate masks need to be employed on each sweep. As a demonstration, Figure 58
(C) shows A-Scans in which correct masks are used for two forward sweeps, where good axial
resolution is achieved, as well as forward masks employed for two backward sweeps, leading to

a degradation in terms of axial resolution and height of the peaks.
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Figure 58. (A) comparison of the phase obtained from the g matrix, used for calibration of the forward and backward
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sweep. (B) shows the g variation between the forward and backward sweep phases in (A). (C) Four A-Scans were
acquired using either a forward or a backward sweep. Each A-Scans acquired with a backward sweep have been
multiplied with a theoretical forward mask, while each A-Scans acquired with a forward sweep have been multiplied
with the corresponding mask (i.e., theoretical forward masks).

It is important to note that, due to the lack of temperature control, the laser exhibited drift in
response to changes in room temperature. As a result, frequent calibrations were required during
imaging sessions. When the room temperature was kept as stable as possible, calibration was
needed approximately every hour. The laser drift could be compensated for by adjusting the fre-
quency of the FFP-TP. However, since the PMD is also temperature-sensitive, periodic calibration
was necessary. Adjusting the filter frequency had a minimal impact on OCT performance, but

polarization adjustments were avoided, as they are more complex and difficult to perform.

4.1.2. Performances

As mentioned previously, the forward sweep demonstrated superior performance, hence all char-

acterizations of the OCT setup and all unidirectional imaging were conducted using these sweeps.

The sensitivity of the interferometer used in the FDML-driven OCT imaging system was deter-
mined by analyzing the direct interference pattern. A mirror was positioned in the sample arm,

and the interference from both arms was detected by the photodiode. Its amplitude, measured in
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volts, and the height of the resulting A-Scan peak, measured on a linear scale, were recorded.
Next, the sample mirror was deliberately misaligned to achieve approximately 15 dB of attenua-
tion. The interference amplitude and peak height were measured again. The STD of the back-

ground noise was determined by blocking the sample arm.

The sensitivity was calculated by multiplying the unattenuated interference amplitude by the lin-
ear amplitude of the misaligned peak, then dividing this product by the attenuated interference
amplitude multiplied by the STD of the background noise. The result was converted to a logarith-

mic scale, and the attenuation loss from the misalignment was added to yield the sensitivity value.

The sensitivity was measured with different reference arm power levels. As demonstrated in Fig-
ure 59, the sensitivity shows a plateau at ~84.6 dB around 200 pW. This plateau (instead of a
distinct maximum) indicates shot noise limited performance as explained in [47]. The calculation
following [8] gives a theoretical sensitivity of 86.9 dB, with a responsivity of the silicon detector
at 850 nm of 0.3 A/W and a power on the sample of 1.2 mW, which was the value used for imag-
ing. The 2.3 dB difference between the measured sensitivity value and the theoretical sensitivity
might be due to inaccurate power measurements, inaccuracy in the assumed RF detection band-
width, or to the fact that the signal is detected using dual balancing with two separate photode-
tectors. The maximum permissible exposure (MPE) value for a stationary, collimated beam on
the cornea calculated using IEC 60825-1 and ANSI 136.1 is 0.720 mW for 850 nm [73, 74]; how-
ever, this is considering a non-scanning system. Due to continuous scanning without interruptions

during an examination, the retina can be exposed with the higher average power of 1.2 mW.
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Figure 59. Sensitivity of the laser measured with different reference arm power levels. The sensitivity shows a plateau
between 100 uW and 300 uW indicating a shot noise behavior.

Axial and lateral resolution have also been measured and compared with theoretical values. The
axial resolution was experimentally measured when imaging the model eye, composed of a lens
and a mirror as detailed in the previous sub-section. 7 B-Scans are acquired by altering the length
of the reference arm by 0.5 mm optical path difference between each. The processed data was
mapped from linear scale to grey scale. Figure 60 shows all peaks at different depths and a Gauss-
ian fit of the first and last one that gives an evolution of the axial resolution from 12.8 um to

12.5 um. An average of 13.16 um for all peaks is obtained over the entire range. The calculation
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gives an axial resolution of 10.58 pm in air for a top-hat optical spectral shape around
840 + 20 nm following [40]. The difference of ~2.5 pm might come from the fact that a Hanning

window is used in the data processing, which will worsen the axial resolution.
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Figure 60. Axial resolution measured for 7 different depths plotted together on the same graph, showing a quasi-con-
stant ~12.8 um resolution over the range. An average of 13.16 um is calculated for all depths.

A lateral resolution of 17.54 um was measured by imaging a 1951 USAF Resolution Target
(Thorlabs, R1DS1P). Please note that this measurement does not fully reflect the actual lateral
resolution achievable on the retina due to aberrations introduced by the eye's lens. The effective
lateral resolution is calculated to be 15 um, given that the beam diameter at the cornea is 1.5 mm,
the eye’s focal length is approximately 17 mm, and M? is estimated at 1.2 [165]. However, this
result does not account for aberrations. Considering these effects, the lateral resolution is esti-

mated to be 25 pm.

Also, in this thesis, the oversampling parameter is defined based on the lateral resolution achieved
with each system. Calculating this parameter in advance is crucial to optimizing the X-Y galva-
nometer scanner settings for capturing high-quality images. The lateral resolution can be meas-
ured using a USAF resolution target or estimated from the waist diameter of the collimated beam
and the focal length of each lens. However, as noted previously, this calculated resolution may
not fully represent the actual lateral resolution on the retina due to aberrations introduced by the
eye's lens. The lateral resolution varies with the beam diameter at the cornea. Here, oversampling
is defined as follows: if the field of view is 10 mm with 1,000 sampling points, each point is

spaced 10 pm apart. If the system's resolution is 25 um, the oversampling factor is defined as 2.5.
4.1.3. Images

Retinal images acquired with the 850 nm FDML laser are presented here; all imaging settings are
shown in Table 6. All images were acquired on the same healthy volunteer with an optical power
of 1.2 mW at the cornea. All imaging experiments presented in this sub-section were performed
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at the University of Kent, where the ethical approval to image the human retina in-vivo was ob-
tained. Two galvanometer scanners are used to acquire B-Scans and volumes (set-up in Figure

57).

Table 6. Acquisition settings of the OCT setup used for each figure presented in this sub-section. FOV: field of view.

Figure n° Sweep acquisition Oversampling FOV (mm) Volume rate
Figure 61 (A-B-C) Unidirectional 2 12 n/a
Figure 62 (A-B) Unidirectional 1.6 15.5 n/a
Figure 62 (C-D) Bidirectional 1 12 n/a
Figure 63 (A) Unidirectional 2 7.8 1 Hz
Figure 63 (B) Unidirectional 1 5 10 Hz
Figure 63 (C) Unidirectional 5 3.2 1 Hz
Figure 63 (D) Unidirectional 2.5 4 1 Hz

Figure 61 shows the macula region of the subject acquired using the unidirectional forward
sweeping of the FDML laser, which corresponds to a rate of 414,000 axial scans per second. A
field of view of 12 mm with 1,000 points was captured, leading to an oversampling factor of ~2.
20 consecutive frames have been used for averaging in (A) and 5 in (C). All three brighter layers
under the external limiting membrane are visible in the non-averaged image (B). Although the
layers are distinguishable without averaging, a 20 times average helps to obtain a better contrast
on the ganglion cell layer from the IPL and to see the external limiting membrane, as shown in

Figure 61 (A).

Outer Nuclear Layer
Outer Plexiform Layer
Inner Nuclear Layer
Inner Plexiform Layer
Ganglion Cell Layer
Nerve Fiber Layer

External Limiting membrane

Inner / Outer Photoreceptor Segm.
Outer Photoreceptor Segm.

RPE Interdigitation

RPE / Bruch's Membrane Complex

Figure 61. Retinal OCT imaging focused on the macula. (A) is 20 times averaged, (B) is obtained without average,
and (C) is 5 times averaged. RPE: retinal pigment epithelium.

Wider B-Scans have been acquired by increasing the galvanometer scanner amplitude, the over-

sampling is hence reduced to 1.6, and the acquisition time is 5 ms. The fovea and the optic nerve
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now fit within the same B-Scan image, as shown in Figure 62. Figure 62 (B) is an unaveraged
frame of the averaged image stack in (A). The three brighter layers under the external limiting
membrane can again be appreciated, as well as the choroid. Figure 62 (C) and (D) are acquired
using the bidirectional sweeping of the filter, which corresponds to 2 % 414 kHz, resulting in an
A-Scan rate of 828,000 per second. All layers depicted in the previous imaging can still be seen
at this higher repetition rate. However, as mentioned in section 4.1.1, two sets of g and & were
used, one for each sweep. This led to a slight frequency shift between the forward and backward
A-Scan. A correction of 3 pixels is applied to each backward sweep, leading to the images (D) in
Figure 62. Image correction has such a small impact on the visibility of layers that it is not dis-

cernible.

Choroid ———
Optic Disc
Optic Nerve
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Figure 62. Widefield retinal images of the optic nerve and the fovea. (4) and (B) are acquired at a rate of 414,000
axial scans per second, 20 times average and non-average, respectively. (C) and (D) are acquired using the lasers

bidirectional sweeping, leading to a rate of 818,000 axial scans per second. (C) is 19 times averaged, and (D) is non-
averaged.

En-face OCT, similar to confocal or fundus images and 3D images, are presented in Figure 63.
The fundus images are obtained by averaging all en-face OCT images together [166]. In (A), an
average of 8 such equivalent confocal images obtained from 8 distinct volumes show the optic
nerve and the macula. Each of the 8 volumes took 1 s, and the fast and slow scanners were driven
at 200 Hz (triangular) and 1 Hz (sawtooth) frequency, respectively. The CMS approach employed
here allowed for en-face OCT and confocal images to be displayed in real-time. For instance,

Figure 63 (B) has been acquired in 100 ms. The volume (B) and (D) have been flattened in post-
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processing for a better rendering. They are presented with three en-face images separated each by

10 frames. In each image, vessels can be seen, as well as smaller capillaries.

Figure 63. En-face OCT and confocal images of the optic nerve and the macula regions acquired at a rate of 414,000

axial scans per second. (A) 8 times averaging of confocal images of the optic nerve and the macula. (B) flattened 3D
of the optic nerve with 3 corresponding en-face spaced by 10 frames. (C) confocal images of the macula. (D) flat-
tened 3D of the macula with 3 corresponding en-face spaced by 10 frames.

4.2.Single-k-calibration imaging technique
A detailed description of this calibration technique to practice OCT can be found in 2.1.2. All
following experiments have been taking place at the university of Liibeck where this calibration

technique is mostly used.

4.2.1. Setup

Before starting an imaging session with the single-k-calibration technique, the laser has been tem-
perature controlled, and dispersion compensated. The temperature control of each component is
detailed in 3.3.2. This ensures better stability of the laser over time and does not require several
calibrations over an imaging session as indicated in 3.3.4. The dispersion compensation attained
by this stage of the laser can be seen in Figure 51 right. The frequency of the FFP-TF is set by

reducing the noise in the OCT imaging preview software.

The output from the laser is entering a booster stage that includes a bufferstage enabling a sweep
repetition rate of 1.7 MHz. A circulator is employed here as an isolation component to protect the
laser from back reflections. This specific circulator was chosen for its ability to block light along
one axis, providing greater control over PMD. Notably, the output signal from the laser can be
significantly degraded by PMD effects in the booster stage, and this circulator helps mitigate that
issue. It features a PM780 fiber at the input and an Hi780 fiber at the output.

The buffer stage consists of two sections, 4x and 2x. The first section copies each main sweep
exiting the laser immediately after it. The original sweep lasts 588.148 ns, while the copied sweep
is delayed by 588.37 ns — an adequate delay, though it exceeds the ideal 588.148 ns by 0.222 ns,

equivalents to an exceeding amount of fiber in the 4x stage of 4.6 cm. This delay creates a small
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gap between each sweep, avoiding overlap, but without a delay so large that it causes misalign-
ment with subsequent sweeps. Each stage must have enough space to accommodate all copied
sweeps without interference. In the second stage, the 2x, the delay exceeds the ideal by 0.496 ns,
equivalent to 10.2 cm of fiber. This second stage prevents any sweep overlap. Also, during devel-
opment several fiber length adjustments of the laser cavity were performed resulting in different
fundamental frequencies making a perfect buffer length impossible. However, as the number of
stages increases — such as with a five-stage configuration to buffer 32 copies — the required pre-
cision in fiber cutting becomes significantly greater. Another technique modulating slightly under

the duty cycle one wants to reach, for instance 23% could also be used to avoid overlapping.

Polarization controllers are placed before each fiber spool in every stage to ensure uniform polar-
ization across all copied sweeps. This is essential, as all sweeps will subsequently be amplified
by a booster (SOA,, Superlum Ltd., SOA-372-SM), which is polarization-dependent. The booster
raises the light intensity to achieve a sample power of 720 uW, consistent with IEC 60825-1:2014
standards. The system is classified as a Group 1 ophthalmic instrument in accordance with DIN
EN ISO 15004-2:2007 Section 5.2 (c), presenting no potential light hazard. Ethical approval for
in-vivo retinal imaging in human subjects was obtained from the University of Liibeck for this

sample power level.
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Figure 64. Schematic of the experimental setup, from the FDML laser to the imaging system. The FDML laser is tem-
perature controlled (indicated by the red thermometer icon). A PM circulator isolates the laser from the booster
stage. The buffer stage (two sections: 4x and 2x) increases the laser repetition rate to 1.7 MHz, given its 25% duty
cycle. Each 50/50 coupler splits and then recombines sweeps, with fiber spools for sweeps delays and polarization
controllers to align polarization. SOA2 boosts the power to 720 uW on the sample, while an isolator further protects
the booster from back reflections. The amplified output is directed into sample and reference arms, split by an 80/20
coupler, recombined by a 50/50 coupler, and detected by a balanced photodetector (BPD).

The OCT setup is comparable to the one developed at the University of Kent as shown in Figure
64. The same fiber collimator and photodiode are used. Both galvanometer scanner mirrors are
also from Cambridge Technology but are from a slightly different model: 6215H. The position of
the pivot point and the focus can be adapted by manual mechanical stages, no pupil tracking is

used here. As shown in Figure 65, the 4 mm beam diameter of the collimator is reduced to a 2 mm
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beam diameter using two spherical lens systems, each consisting of four individual lenses. The
collimated beam is initially deflected by galvanometer scanners, then focused by the first lens,
L1 (focal length of 75 mm), onto a gold mirror, labeled M in Figure 64 and Figure 65. The beam
undergoes a 90° reflection off the mirror — this angle is not shown in the schematic for simplicity.
After reflection, the beam is recollimated by lens L2, which has a focal length of 37.5 mm, pro-
ducing a final beam diameter of 2 mm at the cornea [167, 168]. The spot size on the retina depends
on the choice of the subsequent focusing lens, such as the human eye lens or a simple focusing
lens. For instance, with a 17 mm focal length lens corresponding to the lens of the human eye,
the spot size on the retina with a M? = 1.2 would be 11 um. However, considering the aberrations

in the eye, the lateral resolution is estimated to be 20 um.

4 x 300 mm 4 x 150 mm
=75 mm ~ 37,5 mm
BW=4mm BD =2 mm
C X Y Spot Size 11 pm

Ax =20 pm
75 mm 75 mm 37 5 mm

Figure 65. Optical setup of the OCT sample arm, updated from [42]. Each spherical lens is composed by four indi-
vidual lenses. C: collimator, X, Y: galvanometer scanner, BW: beam waist, M: mirror, BD: beam diameter, Ax: esti-
mated lateral resolution.

The ADC card’s sampling rate was set to 2 GHz due to the narrow bandwidth of the laser output,
making higher rates like 4 GHz unnecessary. This results in a Nyquist frequency of 1 GHz, which
is lower than the typical RF bandwidth (1.6 GHz) of photodiodes used in OCT systems. To pre-
vent high-frequency components, such as RIN, from aliasing back into the signal, a 780 MHz
low-pass filter is placed between the balanced photodetector and the acquisition card. Although
the photodetector in this setup has an RF bandwidth of 600 MHz - making the filter potentially

redundant - it is retained as a precautionary measure.

For calibration, a model eye is used, consisting of a 50 mm focal length lens (LA1131-B,
Thorlabs) and a flat gold mirror. After system calibration with the mirror, a sample eye, referred
to as the 'EVA eye,' was employed. This model includes a lens, silicone, and a retina-mimicking
sample (Modell-Augen Manufaktur), designed to closely replicate the properties of a human eye.
To assess system performance, both in-vivo and ex-vivo images were acquired with two volunteers

and using the EVA eye respectively. Both results are presented in subsequent sections.

4.2.2. Performances

In Section 4.1.2, the sensitivity of the system was measured using a slightly modified technique.
The method used here is illustrated in Figure 66. All A-Scans within a B-Scan are averaged in
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linear space, and the averaged background, calculated across all B-Scans, is subtracted from this
averaged A-Scan. The resulting data is then converted to decibels (dB), and the index i of the
highest peak in this graph is identified. Using this peak index, the biased sensitivity is calculated
by dividing the averaged A-Scan, after background subtraction, by the standard deviation of the
background noise. To determine the sensitivity, the system’s initial attenuation (used to prevent
saturation during measurement, optical density (OD) of the filter used) is subtracted from the
calculated SNR. This provides the sensitivity in dB, representing the system's ability to detect

faint signals.
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Figure 66. Sensitivity calculation. From a C-Scan acquisition, a unique A-Scan is extracted by averaging all A-Scans
of a single B-Scan. The average of the background is subtracted from this A-Scan. On another side, the standard de-
viation of the background is calculated. The sensitivity is finally obtained by dividing both terms and by subtracting

the attenuation of the optical density (OD) filter.

To perform the sensitivity measurement, the current of the booster amplifier following the laser
is adjusted so that the sample mirror receives 720 uW of power, resulting in approximately
100 uW of power on the photodiode from the sample arm. At its maximum, the reference arm
delivers ~400 uW of power to the photodiode. To avoid saturation, an 0.8 OD filter is placed all
along in the sample arm, reducing the power by 22.5% each way (as the light travels along the
same path twice). For each measurement set, after optimizing the power in the reference arm, a
calibration spectrum and a background measurement are taken. Once the system is calibrated, a

sensitivity measurement is conducted.

To measure the sensitivity at several reference arm powers, the sample arm is shuttered allowing
only the power from the reference to be measured with a power meter. The measurement is done
using the port normally going to the balanced photodiode. The power level of the reference arm
is adjusted by manipulating an iris positioned in the free-space beam path of the reference arm to
analyze which power level provides the highest sensitivity. After adjusting the power, the meas-
uring port is carefully reconnected to the balanced photodiode to obtain a flat signal, indicating
proper balancing of the system. A background measurement is then acquired. A supplementary
OD filter of 1.3 (transmission of 8%) is placed in the sample arm and the sensitivity can be meas-
ured after opening of the sample arm. It is important to acquire a new background for each power
level since the intensity noise will change accordingly, however most of it can be compensated

by the background subtraction.
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Figure 67. Sensitivity measured with different reference arm powers with a calibration realized at 5 different depths.

Figure 67 shows that the highest sensitivity is achieved consistently when the reference arm
power is between 300 pW and 400 pW. The figure also indicates that the calibration position has
a strong influence on the achieved sensitivity. When calibration is performed either too close to
zero frequency (at 100 samples) or too far away (beyond 250 samples), the maximum sensitivity
decreases from the shot-noise-limited value of 84 dB (measured at 150 and 200 samples) to

around 80 dB.

The theoretical value of the sensitivity has also been calculated following [8]. With a sample
power of 720 uW, a sweep repetition rate of 1.7 MHz, and a photodiode responsivity of 0.3 A/W,
the sensitivity is calculated to be 85.2 dB. The 1.2 dB difference between the theoretical and ex-
perimental values may be attributed to the fact that the signal is detected using dual balancing

with two separate photodetectors as mentioned previously.

The lateral resolution has been measured using a 1951 USAF target and a focusing lens of 50 mm
focal length. Since group 5, element 6 have been resolved, this led to a lateral resolution of
17.54 um, as measured at the university of Kent. As mentioned previously, note again that this
does not fully reflect the actual lateral resolution achievable on the retina due to aberrations in-

troduced by the eye's lens. For simplicity in calculation, Ax is estimated to be 20 um.

The axial resolution was determined by imaging a gold mirror positioned behind a 50 mm focal
length lens. A single B-Scan was acquired at five distinct depths, separated by 1 mm intervals.
The first 50 A-Scans from each B-Scan are fitted with a Gaussian fit to measure the FWHM,
meaning the axial resolution, for each peak. The average of the S0 FWHM values at each depth
is taken and displayed alongside a single A-Scan at each corresponding depth in matching colors,

as shown in Figure 68.
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Figure 68. Axial resolution measured at five different depths, with an average resolution of 29.34 um across the
whole range. Each peak is fitted with Gaussian fits shown as dashed lines in matching colors. Each axial resolution
number given at each depth is the results of an average over 50 A-Scans.

Figure 68 demonstrates an average axial resolution of 29.34 pm over a range of 5 mm. The meas-
ured laser bandwidth is 30 nm, which, according to equation (9), would typically correspond to a
resolution of 14.45 pm. However, this theoretical value assumes the maximum bandwidth occurs
within the -3 dB region. Due to the shape of the ASE of the SOA (Figure 25), it is challenging to
achieve the full 30 nm bandwidth within this 3 dB range. With the current resolution of 29.34 pm,
this would equate to a bandwidth of 14.78 nm at 3 dB, which does not fully align with the laser's
output spectrum presented in Figure 50 right. Additionally, the use of a Hanning window in data
processing, the calibration method and the presence of ripple could also contribute to the reduced
resolution. While this non-ideal axial resolution may limit the sharpness of retinal images, as
observed at the University of Kent, most retinal layers remain clearly visible. The images show-

casing these layers are presented in the following section.

4.2.3. Images

Retinal images presented in this section have been acquired with the 1.7 MHz 850 nm FDML
laser. All imaging experiments presented in this sub-section were performed at the University of
Liibeck, where an ethical approval to image the human retina in-vivo was obtained for an optical
power of 0.720 mW at the cornea. All images were acquired on two healthy volunteers and on a
sample eye called EVA. As mentioned in 4.2.1, the lateral resolution is estimated to be around
20 pum. This factor is used here to calculate the oversampling parameter. All imaging settings for
each image are shown in Table 7, the oversampling parameter, the field of view (FOV) and the

volume rate in the case of the presentation of a volume data.
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Table 7. Acquisition settings of the OCT setup used for each figure presented of this sub-section. FOV: field of view.

Figure n° Sample Oversampling FOV (mm) Volume rate
Figure 69 (A-D) 5 24
EVA n/a
Figure 69 (E-F) 2 16
Figure 70 (A-E) 4 17x8 0.4 Hz
Figure 71 (A-B) 6 4.8 n/a
. Subject 1
Figure 71 (C) 5 5x5 1 Hz
Figure 71 (D-E) 5 22 n/a
Figure 72 (A-E) Subject 2 2.8 11x7 1.2 Hz

Figure 69 presents images acquired on EVA, using two different power levels. A power level of
1.22 mW matching the setting used previously in Section 4.1.3 at the University of Kent, while
0.720 mW corresponding to the maximum in-vivo power level utilized at the University of
Liibeck. For each power setting, a volume was acquired, at two specific regions within the volume
shown below: one focused on the macula and the other displaying an alternate retinal region,
highlighting different structural features. Each region includes a 10-frame averaged image (A, C,

E, G), alongside a single frame from each volume (B, D, F, H) positioned below.

These images — both single frames and averaged frames — allow for the observation of multiple
layers within the sample eye. Averaging enhances the visibility of each layer, although with higher
power levels, all structures visible in the averaged images are also discernible in single frames.
For the lower power setting, however, deeper layers are challenging to distinguish without aver-
aging. Additionally, the higher power dataset reveals deeper structures, demonstrating the ad-
vantage of increased power on the sample: the higher the power, the more details become easily

visible.

Figure 69 (E) and (F) show a reflection above the retina in the top right corner of each image.
This reflection results from the silicone layer in the EVA model, which mimics the vitreous humor
between the lens and the retina. Since silicon and retina are not fully in contact, an ultrasound gel
should be applied at their interface to ensure index matching. Without adequate gel, a significant
portion of the signal reflects off this layer instead of reaching the retina. In this instance, a lack of
gel at that position caused the reflection, though it had minimal impact on the retinal imaging.

Additionally, the optical focus must be adjusted precisely on the retina, not the silicon.
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EVA EYE 1.22 mW

Figure 69. Retinal OCT imaging of the sample eye EVA across two sessions with varying optical power settings. (A-

D) show images obtained at 1.22 mW at the cornea, while the bottom row (E-H) represents imaging at 0.720 mW,
aligned with MPE for in-vivo imaging. In each session, two regions were extracted from the same volume: one cen-
tered on the fovea and another isolated view of the retina. For each region, both a 10-frame average and a single
B-Scan are displayed.

Figure 70 displays in-vivo retinal OCT images from a single volume, presented as a 3D rendering
in D). Panel A) shows a single frame extracted from the 5-frame average in B), both of which
highlight the fovea and optic nerve of Subject 1. Several retinal layers are visible, though the
image appears relatively dim, with limited axial resolution that prevents clear observation of the
three layers of the RPE. Panel C) presents a 10-frame average at a slightly different position than
A) and B), demonstrating that additional averaging does not significantly enhance or reveal more
details of the sample. This volume was acquired in 2.5 seconds, which explains the slight eye
movement, especially noticeable along the slow axis in D), where ripples caused by subject mo-
tion are evident. By halving the oversampling rate, the volume could be acquired twice as fast,
reducing sensitivity to patient motion with minimal impact on lateral resolution. However, when
viewing the en-face image — calculated using the standard deviation between each horizontal
frame — minimal patient motion artifacts are discernible, as shown in E). Also, E) highlights by a
blue dotted circle a black spot. This could initially be interpreted as an anomaly in the subject's
retina. However, in Figure 71 C), which corresponds to the orange dotted frame in Figure 70 E),
the same black spot is visible, though at a different position within the same retina. Additionally,
the black spot is visible in Figure 72 A), top right, corresponding to another subject, and has also
been observed in the sample eye, though not shown here. This suggests that the black spot may

be due to debris on the optics, possibly on one of the mirrors or lenses.
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Figure 70. Retinal images from the volume shown in D). B) displays a 5 times average B-Scan, where both the fovea
and optic nerve are visible. A) is a single frame from B). C) presents a 10-frame average. E) provides an en-face view
of volume D) calculated using the standard deviation between frames. The blue dotted circle marks an anomaly on
the retina, while the orange dotted frame corresponds to the area highlighted in Figure 71.

Figure 71 presents additional retinal images of Subject 1. These images are narrower and focus
either on the fovea or the optic nerve. In panels A) and D), a 20-frame average reveals the IPL
and Outer Plexiform Layer (OPL) more clearly than in Figure 70. These layers are also visible in
panel B), a single frame extracted from A). For panels A) and B), the Y-scanner was switched off
to scan the same position repeatedly, aiming to improve contrast through averaging. This adjust-
ment resulted in enhanced contrast in the IPL and OPL. In panel D), a portion of the choroid is
visible adjacent to the optic nerve. Panel C) shows an en-face image of a volume centered on the

fovea highlighting the black spot.
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Figure 71. Close-up images focusing on either the fovea or the optic nerve. (4) shows a 20-frame average, with (B)

displaying a single frame from (A). (C) represents the en-face (calculated by standard deviation between each frame)
of a different volume, identifiable in Figure 70 by the blood vessel patterns. (D) is a 20-frame average, while (E) pre-
sents a single frame from (D). The same blue dotted circle marks an anomaly on the retina at another position.

The final imaging session, shown in Figure 72, presents a volume acquired from Subject 2. Two
3D renderings are displayed in panels D) and E). Panel A) shows the en-face image calculated
using the STD. Panels B) and C) display orthogonal views of the volume, with the orange markers
indicating positions in A). Panel B), corresponding to the slow scanning axis, reveals some subject
motion, as the retina appears less smooth than in C). However, the movement observed is less
pronounced than the ripple seen in Figure 70 D). This volume was acquired in less than one
second, which likely explains the reduced motion artifacts. The stability of the images also varies
depending on the subject. To minimize motion artifacts, faster scanning would be beneficial,
which goes in hand with even faster lasers. While subject motion can be corrected during post-
processing, the movements in this case are minimal enough that the entire volume can still be

appreciated without correction in real-time imaging.

However, the volume quality might be impacted by the quality of the calibration. In this dataset,
two lines are visible in panels B) and C), which result from this calibration. The characteristics of
the laser can vary from day to day, potentially affecting the imaging quality. It is likely that in-
creased ripple in the system could disrupt the calibration, leading to the appearance of these lines.
In B-Scan renderings, the lines are not particularly problematic. However, in the 3D rendering,
since the lines are positioned above the volume, they may obscure retinal features beneath, as
shown in panel (D), where the lines, corresponding to planes in volumes, cover nearly the entire

volume.
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Figure 72. Retinal OCT imaging showing the fovea and the blood vessels of the retina of subject 2. A) shows the en-
face of the volume, calculated by standard deviation. Orthogonal views are presented in B) and C). D) and E) show a
3D volume of the acquired data. The same blue dotted circle in A) marks an anomaly on the retina at another posi-
tion.

4.3. Imaging comparison

This section compares different ophthalmic SS-OCT imaging results. First, it compares the results
obtained in this thesis, the one from the University of Kent and from the University of Liibeck.
Both sets of results were acquired using the same laser but at different stages of development,
which led to varying characteristics, except the center wavelength which remains ~850 nm. Ad-

ditionally, the two institutions used different calibration methods, which will also be discussed.

The second part of the section focuses on a comparison of retinal imaging at two different wave-
lengths: 850 nm and 1060 nm. For this comparison, only images obtained with FDML lasers are
considered, which includes the images presented in the chapter 4 for 850 nm and results from
previous group members at the University of Liibeck, who used and developed 1060 nm FDML

lasers. A conclusion on the imaging potential and outlook is then given.
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4.3.1. Comparison of 850 nm SS-OCT with FDML laser

In this section, both systems from the University of Kent and the University of Liibeck are com-
pared, from their setups to the images obtained. As detailed in previous sections, the laser was at
different stages of development at each location. In Kent, the setup lacked temperature control,
sweet-spot tuning, and used coarse chromatic dispersion compensation. It could image with an
axial scan rate of 414 kHz or 828 kHz in bidirectional OCT. In Liibeck, the laser was more ad-
vanced, with precise temperature control, a sweet spot over half the bandwidth, and an axial scan
rate of 1.7 MHz. However, the bandwidth was reduced by 10 nm due to modulation requirements.
Since modulation was set to 25%, filter amplitude was increased by ~30% — while limiting this

increase to protect the filter — resulting in a final bandwidth of 30 nm.

In both systems, the laser output passes through a secondary SOA to boost the power to levels
sufficient for the sample, 1.2 mW for Kent and 0.720 mW for Liibeck. However, in the case of
the Liibeck setup, the laser output also passes through a bufferstage before reaching the booster
SOA, which increases the optical losses. It then reduces the optical power before amplification,
meaning that the SOA may not operate in saturation in this setup. Nonetheless, any noise intro-
duced by the SOA should be effectively compensated by the dual-balanced detection system,
which helps to maintain a high signal-to-noise ratio and minimize the impact of the noise from

amplifiers.

Once the signal is amplified, it enters the OCT setup, which is comparable in both systems. The
same couplers, reference arm, and photodiode are used in each case. The only difference lies in
the sample arm configuration, which affects system sensitivity due to varying levels of optical

loss between the two setups.

Two key factors that influence image quality are the laser’s sweep repetition rate and its band-
width. The laser used at the University of Kent features a wider bandwidth and a slower sweep
rate, which contributes to a better axial resolution and higher sensitivity, as demonstrated in Table

8.

Table 8. Parameter summary of both imaging setup at the university of Kent and Liibeck.

Parameter Kent Liibeck
Repetition rate 414 kHz 828 kHz 1.7 MHz
Calibration method CMS Single-k-calibration
Power on sample (mW) 1.2 0.720 1.22 (EVA)
Sensitivity (dB) 84.6 84
Axial resolution (um) 12.8 29.34
Lateral resolution (um) 17.54 17.54
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Figure 73. Comparison of retinal images obtained at the University of Kent (A, D) and the University of Liibeck of

subject 1 (B, E) and of subject 2 (C). Panels (4) and (B) display the optic nerve and fovea without averaging, while

(C) present an orthogonal view displaying an area close to the optic nerve. Panels (D) and (F) present en-face im-
ages of the optic nerve and fovea.

These improvements in axial resolution and sensitivity are evident in Figure 73 (A), where finer
details and enhanced contrast in the retinal layers are more distinct compared to (B) and (C).
These last two images (B) and (C), although acquired using the same setup and power, exhibit
noticeably different contrasts. This may be due to better focus in image (C). Additionally, the
images capture different subjects, which could influence the results. Despite this, both images

display similar axial and lateral resolution. It is important to note that a higher power level was
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used in the Kent system, which contributes to increased sensitivity. A comparison conducted at
the University of Liibeck on the EVA eye, using power levels of 0.720 mW and 1.22 mW com-
parable to the one used in Kent, demonstrated that higher power enhances the visibility of deeper
structures and makes the upper layers more distinguishable — advantages that are reflected in the
results from the University of Kent, shown in the images below. Nevertheless, the power level

does not affect axial resolution, which is notably superior in the Kent system.

The complex Master-Slave calibration method demonstrates superior performance in achieving
more accurate calibration, resulting in consistent axial resolution across depth compared to the
single-k-calibration. This approach is particularly beneficial for noisy lasers, where precise cali-
bration is critical. On the other hand, the single-k-calibration remains highly effective for com-

mercial or, in general, ultra-low noise FDML lasers.

To compare the en-face images in Figure 73, image (C) was acquired at a volume rate of 1 Hz,
while image (D) was captured at a slower rate of 0.4 Hz. The longer acquisition time for image
(D) is due to its wider FOV and higher oversampling. In the Liibeck setup, the faster laser oper-
ating at 1.7 MHz enables rapid image acquisition, but the increased oversampling and larger scan
area slowed the process. Both images show similar lateral resolution, resolving the same types of
vessels. To fully leverage the speed advantage of the laser, oversampling should be optimized to
balance detail and efficiency, ideally not exceeding three times. Additionally, the faster acquisi-

tion speed makes the imaging process less sensitive to patient motion.

4.3.2. Comparison of 1060 nm and 850 nm SS-OCT with FDML laser

To start, there are notable technical differences between the two wavelengths used for SS-OCT
imaging. A significant challenge with the 850 nm wavelength is that the scanning line becomes
clearly visible to the eye during imaging. This bright line can cause the eye to instinctively follow
the moving scan, leading to increased eye movement and motion artifacts. In contrast, the
1060 nm wavelength either produces no visible line or a faint green line (due to two-photon ab-

sorption), minimizing this issue and reducing eye movement during scanning.

The second challenge lies in the choice of photodetectors. At 1060 nm, InGaAs photodetectors
are employed, offering significantly higher responsivity, 0.72 A/W, compared to silicon photode-
tectors used at 850 nm. While some silicon detectors with responsivity as high as 0.5 A/W are
available, they often come with a considerable tradeoff: a significantly reduced electrical band-
width, 200 MHz, or low transimpedance gain, 700 V/A. This creates a balance between achieving
higher responsivity and maintaining sufficient bandwidth for optimal imaging performance. This
reduced responsivity limits the sensitivity of systems at 850 nm by almost 3. Also, the maximum
permissible power for a static beam is higher at 1060 nm, allowing up to ~1.6 mW, compared to

only 0.720 mW at 850 nm.
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Figure 74 shows retinal OCT images acquired with two FDML lasers sweeping around 1060 nm.
The first study by Kolb et al. [9] presents wide-field OCT images acquired at 1.68 MHz with an
axial resolution of 14 um in air. It also includes images acquired at 0.84 MHz for a 100° FOV,
though these results are not shown here. The second study, presented by Klein et al. [8], demon-
strates retinal OCT images with the same axial resolution and same sensitivity, ~90 dB, but at an
axial scan rate of 3.35 MHz. Both articles feature en-face projections illustrating the FOV: 85° in
the first case and 44° in the second. The first study shows images averaged over six frames, while
the second provides single B-frames. This comparison highlights the level of detail visible in both

cascs, averaged or not.

In both articles, megahertz repetition rate lasers are used to enable fast scanning without under
sampling. Achieving a high sampling point is critical to not miss feature in the sample. Scanning
more slowly would increase sampling; however it would make the process more sensitive to pa-

tient motion, which is undesirable.

Kolb et al. Ultra-widefield retinal MHz-OCT imaging with up to 100 degrees viewing angle (2015).

1.7 mm (air) full imaging range

zero delay

1900 A-scans ~44 degrees (12.5mm)

Figure 74. Retinal OCT imaging at 1060 nm, as presented in two articles. The top images, sources from [9], display
an en-face projection of the retina with an 85° field of view. Next to it, the panel features a B-Scan averaged six times
accompanied by two subfigures providing detailed zoomed-in views. Additionally, E) shows a single, non-averaged
frame corresponding to D). The bottom images are extracted from [8]. They display a field of view of 44°. An en-face
projection is given on the left with two red horizontal bars indicating the position of the single B-Scan (b) and (c).

Regarding tissue imaging, biological tissues scatter less at longer wavelengths, allowing for
deeper penetration at 1060 nm compared to 850 nm. This is clearly demonstrated in Figure 74,

where many features of the choroid beneath the retina are visible. In contrast, at 850 nm, it is
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difficult to observe structures below the RPE unless higher power is used. However, we still ob-

serve some on the left side of Figure 73 (A).

At 850 nm, a smaller lateral resolution can be achieved due to the optical properties at this wave-
length, offering certain advantages for imaging fine structures. Furthermore, the axial resolution
at 850 nm can be extended below 10 pm since it is not constrained by water absorption, as demon-
strated in the higher axial resolution images from Kent compared to those obtained with the
1060 nm laser presented here. In terms of speed, the 850 nm system can achieve comparable per-
formance to the first article by Kolb et al. and may even approach rates of 3.35 MHz in the near
future. However, at this current stage, the laser suffers from poor axial resolution, limiting its
performance. Despite these potential advantages, imaging at 850 nm provides significantly lower
contrast in the choroid compared to 1060 nm, as previously discussed, which diminishes its over-
all utility for deeper tissue visualization. Besides, the performance of these systems depends on
the development of components such as balanced photodetectors. Therefore, it is challenging to
bring the 850 nm system up to the same level of performance as the 1060 nm system without

access to comparable components.

4.4.Summary and outlook

Retinal imaging has been successfully performed using the newly developed 850 nm FDML laser.
For the first time, retinal images were acquired at 850 nm using swept-source flying spot tech-
nology, with a scanning speed surpassing 50 kHz. Furthermore, we significantly advanced this
capability, achieving an unprecedented imaging rate of 1.7 MHz — more than 30 times faster. This
remarkable increase in speed provides an undeniable advantage in reducing the impact of mi-
crosaccades and patient motion during imaging, opening up potential applications in phase-sen-

sitive imaging.

Images acquired at the University of Kent demonstrate an axial resolution of 9.89 um in water,
enabling clear distinction of individual layers within the RPE. These images exhibit high axial
resolution with a sensitivity of 84.6 dB, providing sufficient contrast to distinguish most retinal
layers. While most images were captured at a sweep repetition rate of 414 kHz, imaging at
828 kHz was also achieved by utilizing both the forward and backward sweeps of the laser. To
ensure high-quality imaging in this bidirectional mode, each sweep required calibration with spe-
cific masks — forward sweeps with forward masks and backward sweeps with backward masks.
This approach successfully maintained axial resolution, as no degradation in image quality was

observed.

While the laser at the University of Kent demonstrated good axial resolution, its capability for a
faster repetition rate was showcased at the University of Liibeck, reaching 1.7 MHz. This speed
was achieved through the implementation of optical buffering, allowing the main sweep to be

copied four times. The high repetition rate enables the acquisition of a wider field of view without
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compromising sampling density. The imaging software developed at the University of Liibeck
also offers a live preview of the volume during acquisition, providing a highly convenient tool

for real-time sample analysis.

Despite the laser’s 30 nm output spectrum centered around 850 nm at the university of Liibeck,
which theoretically provides an axial resolution of 15 um in air, the measured resolution using
the acquisition software is approximately 29 um. This discrepancy arises because the spectrum
does not fully reside within the -3 dB region, which defines the theoretical model. A flatter spec-
trum or one entirely within this region would yield results much closer to theory. However,
achieving this is challenging due to the shape of the ASE of the SOA used in the laser. Moreover,
the slight worsening of axial resolution with depth, which does not occur in the Kent system,
suggests that the calibration method affects the axial resolution. The use of CMS calibration
proved advantageous, achieving measured axial resolutions closer to the theoretical limit and re-
mains constant over depth, compared to single-k-calibration. CMS demonstrated superior per-

formance for this laser system, optimizing its imaging potential.

Both university systems exhibit shot noise behavior and achieve comparable lateral resolution.
Their sensitivity is also similar, despite differences in optical power at the cornea. The study on
the EVA eye showed that increasing the power from 0.720 mW to 1.2 mW significantly enhances
imaging performance. Notably, the 0.720 mW power limit is calculated for a static beam; if cal-
culated for a scanning beam, as is standard in commercial systems, imaging quality would im-
prove substantially. Sensitivity levels could approach those of 1060 nm FDML lasers, reaching
approximately 90 dB. This distinction is crucial when comparing imaging from medical devices
and research setups, as safety constraints in research devices often result in lower contrast im-
ages. Additionally, faster lasers permit quicker scanning, allowing for higher permissible power

levels to be applied to the sample.

While imaging performance at 850 nm does not yet match the capabilities of 1060 nm systems,
there is significant potential for improvement. Achieving the full promise of this wavelength will
require advancements in key components, such as developing SOAs with higher gain and opti-
mized silicon detectors. Implementing new filters in the laser to enhance the laser performance
and support a broader bandwidth. These enhancements could enable both better sensitivity and

wider bandwidth, which are crucial for high-quality imaging.

This study demonstrates that 850 nm systems can achieve fast imaging speeds while maintaining
good axial resolution, a critical step towards bridging the gap with 1060 nm systems. One limita-
tion at 850 nm lies in penetration depth, as tissues scatter less at longer wavelengths, giving
1060 nm an inherent advantage in visualizing deeper structures. However, the ability to combine

fast imaging with improved axial resolution at 850 nm indicates that comparable performance
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could be achieved with further development. Moreover, there is substantial room to increase im-

aging power safely as mentioned above.

By addressing these limitations and optimizing power usage, 850 nm imaging could rival the
performance of 1060 nm systems in many applications, providing fast, high-resolution imaging

while maintaining safety standards.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

In this work, a novel 850 nm swept-source was developed, achieving remarkable advancements
compared to existing systems operating at the same wavelength. This marks the first-ever Fourier
domain mode-locked laser at 850 nm. Despite the technical challenges associated with this wave-
length, the laser achieved an exceptional sweep rate of 1.7 MHz — 30 times faster than previously
reported 850 nm sources used for retinal imaging. The innovative design specifically tailored for
this system enabled an axial resolution of approximately 10 um. Additionally, the laser demon-
strated a long coherence length, supporting an OCT imaging depth of 15 mm, which enables ret-
inal imaging. The laser also showed high phase stability through 1,000 consecutive forward
sweeps which shows potential for phase-resolved techniques such as OCT angiography. A further
advantage of this laser is its ease of transport, as it successfully enabled OCT imaging in two

different countries.

The laser's performance was validated through in-vivo retinal imaging, which successfully visu-
alized most retinal cellular layers. Two calibration methods were tested and proved compatible
with the laser, highlighting their adaptability to its unique characteristics. The quality of the re-
sulting images depended on several factors including the laser itself, its sweep repetition rate, the
chosen calibration method, and the applied power on sample. The resolution achieved with the
CMS calibration technique allowed the clear distinction of the three layers of the RPE, while the
high speed facilitated wide en-face views of the optic nerve and macula with sufficient over-
sampling and live volume preview with the single-k-calibration. However, information from the
choroid was consistently absent due to high scattering in the upper retinal layers, a limitation that
highlights the inherent trade-offs of using 850 nm compared to 1060 nm, which provides better

choroidal imaging.

Despite this limitation, commercial SD-OCT systems frequently utilize 850 nm light for imaging,
demonstrating its feasibility to also image the choroid. Enhanced penetration and contrast could
be achieved by increasing the laser’s power, provided adequate safety mechanisms are imple-
mented. Additional engineering improvements would further unlock the laser’s potential. For in-
stance, more robust temperature control is required to ensure long-term stability, and polarization
controllers should be automated and integrated into the system for optimal performance. A fre-
quency-control mechanism would also help stabilize operation over extended periods by regulat-
ing the frequency of the laser to remain at sweet spot. Despite engineering improvement, address-
ing chromatic dispersion presents another opportunity for refinement, however it is more chal-
lenging. The introduction of a new customized cFBG, or chirped mirror compensating for the
remaining dispersion would enhance the laser’s performance. However, this would introduce ad-

ditional losses and PMD due to the potential addition of one more circulator. Testing circulators
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with a blocked light axis might mitigate ripples but would increase the losses necessitate a higher-
gain SOA or the reintroduction of dual-amplification with current modulation. Combining these
innovations, dual-amplification, one axis circulator and better chromatic dispersion compensation
could extend the laser's roll-off beyond 17 mm, enabling full eye imaging. The latter might be
limited by the balanced photodetector’s low electrical bandwidth. In addition, incorporating a
newly developed FFP-TF with enhanced performance — such as reduced loss and greater tolerant
to high amplitudes — would enable a wider bandwidth, resulting in improved axial resolution, or

support higher sweep speeds, potentially reaching 3.4 MHz.

Finally, the laser’s unique capabilities open the door to exploring novel imaging modalities within
OCT. Its high sweep repetition rate, phase stability, and rapid volumetric acquisition make it suit-
able for dynamic OCT on small volumes. Additionally, its 850 nm wavelength lends itself to op-
tical coherence microscopy, potentially offering improved transverse resolution. Coherent aver-
aging could also enhance the quality of acquired B-Scans. Together, these possibilities highlight
the broader potential of the laser in addressing various OCT research frontiers and advancing the

field with its unique combination of speed, stability, and resolution.
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1 GHZ OSCIIOSCOPE. .. vevvivierieeieeniietieteeteete et e e et esbeestesse et eesseessessassaesseessasseessessaessesseessenseassassaessesseassesenssenseessansaessensenn 77

Figure 52. First evaluation of the remaining chromatic dispersion in the laser. (A) represents the time delay remaining

between wavelengths in the laser. The inset shows a slope of -1.35 ps/nm. Data outside the inset are unusable. (B)
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Output spectrum of the laser when measuring the remaining dispersion in (A). It shows a sweet spot behavior around

Figure 53. Second evaluation of the remaining delay between each wavelength in the laser. Each plot gives the
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stage. The buffer stage (two sections: 4x and 2x) increases the laser repetition rate to 1.7 MHz, given its 25% duty
cycle. Each 50/50 coupler splits and then recombines sweeps, with fiber spools for sweeps delays and polarization
controllers to align polarization. SOA2 boosts the power to 720 uW on the sample, while an isolator further protects
the booster from back reflections. The amplified output is directed into sample and reference arms, split by an 80/20

coupler, recombined by a 50/50 coupler, and detected by a balanced photodetector (BPD). ........cccevvvvvieriecienieiennen. 99
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Figure 69. Retinal OCT imaging of the sample eye EVA across two sessions with varying optical power settings. (A-
D) show images obtained at 1.22 mW at the cornea, while the bottom row (E-H) represents imaging at 0.720 mW,
aligned with MPE for in-vivo imaging. In each session, two regions were extracted from the same volume: one centered
on the fovea and another isolated view of the retina. For each region, both a 10-frame average and a single B-Scan are

ISPIAYEA. ...ttt ettt et b et bttt h et h et h et e h e et e h e et e eh e e bt eh e et e bt et e bt et e nbe et e ebtereene 105

Figure 70. Retinal images from the volume shown in D). B) displays a 5 times average B-Scan, where both the fovea
and optic nerve are visible. A) is a single frame from B). C) presents a 10-frame average. E) provides an en-face view
of volume D) calculated using the standard deviation between frames. The blue dotted circle marks an anomaly on the

retina, while the orange dotted frame corresponds to the area highlighted in Figure 71........ccoocvvevenievienencieniieienenns 106

Figure 71. Close-up images focusing on either the fovea or the optic nerve. (A) shows a 20-frame average, with (B)
displaying a single frame from (A). (C) represents the en-face (calculated by standard deviation between each frame)
of a different volume, identifiable in Figure 70 by the blood vessel patterns. (D) is a 20-frame average, while (E)
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Figure 72. Retinal OCT imaging showing the fovea and the blood vessels of the retina of subject 2. A) shows the en-
face of the volume, calculated by standard deviation. Orthogonal views are presented in B) and C). D) and E) show a
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Figure 73. Comparison of retinal images obtained at the University of Kent (A, D) and the University of Liibeck of
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Figure 74. Retinal OCT imaging at 1060 nm, as presented in two articles. The top images, sources from [9], display an
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ACRONYMS AND ABBREVIATIONS

ADC
AlGaAs
ASE
AWG
CCD
CFBG
CMS
COD
CS

CwW

dB
DBR
DGD
DPX
DSO
EOM
FDML
FD-OCT
FFP-TF
FF-SS-OCT
FFT
FOV

FS

FSR
FWHM
GaAs
GVD
iFFT

IPL

Analog to digital converter
Aluminum Gallium Arsenide
Amplified spontaneous emission
Arbitrary waveform generator
Charge coupled device

Chirped fiber Bragg grating
Complex master-slave
Catastrophic optical damage
Channel spectrum

Continuous wave

Decibel

Distributed Bragg reflector
Difterential group delay

Digital Phosphor Technology (X)
Digital storage oscilloscope
Electro-optics modulator

Fourier domain mode locked

Fourier-domain optical coherence tomography

Fiber Fabry-Pérot — Tunable filter

Full field — swept source — optical coherence tomography

Fast Fourier transform

Field of view

Fiber spool

Free spectral range

Full width half maximum
Gallium Arsenide

Group velocity dispersion
inverse fast Fourier transform

Inner plexiform layer
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LASER
LED
MECSEL
MEMS
MPE
MZI
OCT
OCTA
oD

OPL
OSA

PD

PM
PMD
RIN
SD-OCT
SESAM
SM

SNR
SOA
SS-OCT
STD
TD-OCT
TEC
VCSEL
VECSEL

Light amplification by spontaneous emission of radiation
Light-emitting diode

Membrane external-cavity surface-emitting laser
Micro-electromechanical systems

Maximum permissible exposure
Mach-Zehnder Interferometer

Optical coherence tomography

Optical coherence tomography angiography
Optical density

Outer plexiform layer

Optical spectrum analyzer

Photodiode

Polarization maintaining

Polarization mode dispersion

Relative intensity noise

Spectral-domain optical coherence tomography
Semiconductor saturable absorber

Single mode

Signal to noise ration

Semiconductor optical amplifier

Swept-source optical coherence tomography
Standard deviation

Time-domain optical coherence tomography
Thermoelectric controller

Vertical cavity surface emitting laser

Vertical external cavity surface emitting laser

135



