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Abstract

This thesis describes the applications of superuamnin (SC) sources in biomedical imaging and
optical coherence tomography (OCT). Three appticati of ultra-broadband imaging were
identified, and performed. The first applicatiorvaives clinical study of eyelid basal cell
carcinoma (BCC), a very common type of skin carmerong people with light skin tone in
developed countries. The aim was to develop adadtaccurate detection of BCC without first
needing surgical intervention. The second appbeatelates to photo receptors in mammalian eye.
Retina decoding involving photoreceptor response performed, using a dual-wavelength light
source, tuned at different intensity and exposweatibn. The study was conducted to assist
diagnosis in age-related macular degeneration (Alti) to detect symptoms in early-stage vision
loss. The third application aims to enhance docwrseourity and reduce counterfeit. A novel
broadband polarisation-sensitive (PS-) OCT protetyas developed. Powered by SC sources, this
revolutionary spectrometer based OCT system scansbifefringent imprints in composite
materials, such as cotton-fibre, polymer substratel dichroic ink pigments in banknotes.
Polarisation properties were evaluated and analysed

To enable high-quality OCT application, measuremenit dispersion, noise and polarisation
extinction ratio (PER) were carried out. Noise wharacterised to assist the development of low-
noise SC sources. Dispersion was compensated shigfimaxial resolution (< 5um) imaging can
be achieved. The PER was studied to allow efficgam¢ction and control of polarisation from the
light source as well as that in the OCT system.

Finally, the works concluded further improvemenPiB-OCT system was needed, by incorporating
the master/slave technique and an automatic sfatctequential detection.
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Introduction

High-resolution optical coherence tomography (Od3)fast emerging as an
increasingly common non-invasive imaging of thr@aehsional (3D) microstructures and
biological tissues. It is used extensively in deotagy and ophthalmology [1-2]. The
OCT technology was first reported by the researdug of Professor James Fujimoto, at
the Massachusetts Institute of Technology (MITYL891 [3-4]. It incorporates the basic
principle of low coherence interferometry (LCI) Iopproving multiple direction lateral
scanning capabilities to enhance penetration dgpt]. This technique enables simple
one dimensional (1D) axial scanning, and was lexéended to two and three dimensional
(3D) tomography. According to its inventor, Fujirnoet al, that OCT has significant
advantages over is nearest comparable imaging itiedakuch as confocal microscopy
(CF) and multiphoton microscopy (MPM) [7-8]. In cparison, OCT offers high
sensitivity imaging, high axial resolution, and dgoworking distances [9]. OCT generally
has a much higher resolution but also lower petetradepth when comparing to
ultrasound, photo-acoustic microscopy (PAM), coreduiomography (CT) and magnetic
resonance imaging (MRI) [10]. On the flip side, &k MPM can provide comparable oe
better resolution to OCT, but with much lower s@wgy and therefore shallower
penetration depth. In recent years, specialisthigfield have discovered ways to extend
axial imaging resolution of OCT with broadband oglisources. Many publications have
suggested that the supercontinuum (SC) source$, asichose manufactured by NKT
Photonics and Fianium, is the way forward. Thisaidé employing SC sources with OCT
resonated with among researchers at Applied Ofdicaup (AOG), particularly group
leader Prof. Adrian Podoleanu and Dr Adrian Bra8ince 2013, a collaboration with
NKT Photonics was sought, to explore ways to impr&C sources for use in OCT
imaging. The outcome was the successful EuropeaimnU(EU) grant for project
UBAPHODESA (Ultra-Wide_Bandwidth_Photonics Devic&qurces and Applications).
UBAPHODESA’s main objective was to develop ultr@dwmiband optical sources to
improve OCT imaging systems for biomedical appiars. This thesis summarises the
three years research works carried out to achleategpal.
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1.1 Background

The UBAPHODESA project heavily emphasises on appba related research and
product integration, such as: (a) assembly of higgolution, low noise OCT imaging
technology for the eye and OCT endoscopy; (b) akbeof systems to exploit the broad
bandwith of supercontinuum in spectroscopy and ineal optics applications, and; (c)
evaluate the potential of photo acoustics in addiiagnostic contrast, and be a suitable
light weight, compact and portable technology readhe clinic. On the research part, the
main motivation is to establish a link between Hueirce performance and the clinical
setting, in order to clarify how to improve diagtioxontrast and imaging quality up to the
level of clinical acceptance.

Since NKT Photonics is mainly an optical source wufacturer, they have no prior
experience in areas related to OCT. It is costlgdquire such knowledge in an industrial
setting and time-consuming to train new person@el.the other hand, the University of
Kent already has expertise in OCT, but needs actessitting-edge supercontinuum
sources. Therefore, as the world’s leader in sypgiruum source manufacturing, NKT
Photonics was the ideal industrial partner. Thepegience has indicated the need for
specialised research in the area of noise. Chaisatien of supercontinuum to understand
noise in a variety of broadband optical set-upshen very important for them. These are
the knowledge NKT Photonics urgently need to desiga produce low-noise sources for
their customers. There are a wide range of apmicaitwith supercontinuum lasers: OCT
imaging, material characterisation, metrology aathate sensing. The intent was that,
through this European collaboration, the earlystagearchers (ESRs) should characterise
and optimise the supercontinuum sources at NKTegnate them with high-resolution
OCT systems designed in Kent, and commercialise fil@ imaging solutions to
clinicians. However, as these systems are meantetdoroadband, several technical
challenges persist. Issues such as chromatic &besa dispersion and wave front
distortion have to be resolved.

The UBAPHODESA project also has several other éaching objectives, such as
to establish long lasting collaboration links betwethe partners involved, to secure
Europe’s lead in terms of photonics, optical braadbsources and applications, as well as
by collaborating with the associated partners,miprove education of future specialists
and empower them to react to avenues not identded/et, for future and yet to be
explored supercontinuum applications. That is wéghhical collaboration between NKT
Photonics and academia can yield exciting res¥itgh the expertise in laser system
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design and manufacturing, engineers at NKT Phosoniere able to allocate necessary
resources to assist UBAPHODESA researchers dunieig work. The feedback from this
collaboration was positive. Several ambitious ptgeand researches that transcend
multiple scientific disciplines, such as the OCihiclal trials involving human subjects and
laboratory animals, were realised.

To facilitate technical expertise transfers betwaeademic and industrial partners,
the works discussed in this thesis were performtetiva sites: Applied Optics Group
(AOG) at the University of Kent in Canterbury, UKRANKT Photonics A/S in Birkerad,
Denmark. Equal amount of time were spent in botissiamounting to 18 months each.
While at the University of Kent, two research potge one involving clinicians from the
Maidstone Hospital, and another with the Medwayd®tlof Pharmacy, were conducted.

1.2 Chapters summary

This section provides a brief description on thateots of each chapter and their
relevance to the topic of research as a whole. Waiks presented in this thesis are
organised in the following order: one theoretidahgter (Chapter 2), one practical chapter
(Chapter 3), two experimental chapters (Chapteasid! 5), and two application chapters
(Chapters 6 and 7).

Chapter two is a theoretical chapter reviewing past and curoavelopment of
OCT techniques as well as broadband light sourdés.begin by presenting the brief
concept of coherence and interference, using alsiMhelson interferometer. We move
on to show how a basic interferometric imaging eyshas evolved into the modern OCT
technologies. We then continue into derivationsnathematical expressions for the OCT
signals in both spatial and temporal domains, whigelook into fundamental origin of
lateral and axial scanning, before extending theeacepts into producing a 3D
tomography. We also look into the applications ussthy in various biomedical hot-
topics such as dermatology and ophthalmology. Ghépter also includes a description on
the different types of OCT techniques: time domaspectral domain (including
spectrometer based and swept-source based opsjadioah finally our master/slave (MS)
system. We go further into the capabilities andmidieecks of several OCT techniques
explored, as are their various practical uses. Savhethe practical details of
implementation are also discussed, particularlys¢hevhich are of relevance to the
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methods employed in the following chapters. We taie this chapter by looking into
various optical sources for OCT systems, from mnvalpend to broadband.

Chapter three is the practical chapter assessing measurablenptges, such as
noise, polarisation extinction ratio (PER) and hatadetection to improve OCT imaging
guality. We reviewed various types of noise souraéesluding ways of characterising
them. Some of the noise discussed are from thealsource, while others are added by
the interferometer. The classifications of noiséhvtheoretical modelling form a large part
of our study. We also find ways to optimise the SBIROCT imaging, in an attempt to
improve the axial resolution. Further in this cleptwe investigate the polarisation of
supercontinuum generated in nominally non-birefemgsilica photonic crystal fibres
(PCF) over the entire spectrum of the source, fas nm to 2400 nm. We initially
showed the degree of polarisation varies but inesparts of the spectrum there is a stable
PER of over 10 dB. We later experimentally demaistrhow the spectrally resolved
polarization develops with increasing power anchglthe length of the nonlinear fibre.
The experimental results are compared to numesicalilations of coupled polarisation
states, mimicking the experimental conditions. &agbently, we illustrate the principle to
correctly measure a single-shot pulse-to-pulse rigaligon dependent relative intensity
noise (PD-RIN) in two polarisation directions, dmalv the noise are analysed using long-
tailed and rogue wave statistics. In this chapterused a range of narrow band pass filters
(BPF) between 550 nm to 2000 nm, and fast photectimts, to record pulses from the
source. Peaks from these pulses are first extraatedl then the distribution of the pulse
height histogram (PHH) is constructed. Analysisngshigher-order moments about the
mean (variance, skew and kurtosis) showed thatard)nd the pump wavelength of 1064
nm, the PD-RIN is lowest, PHH exhibits a Gaussiastribution, and higher order
moments are zero, (2) further away from pump, PN-Ricreases in parabolic fashion,
PHH follows a left-skewed long-tailed Gamma digitibn, and higher-order moments
increase. Spectrally, the difference of the PD-RiNhe two orthogonal axes increases
with PER. We later show how birefringence increagiis wavelength and how stimulated
Raman scattering (SRS) has a role in spectral broag.

Chapter four is the experimental chapter that shows the use dfroadband
supercontinuum light source with an acousto-optitetible filter (AOTF) to characterise
dispersion in OCT systems. The filter mentionedehisr designed to sweep across two
spectral ranges, from 800 to 900 nm and from 1200500 nm, respectively. In this
chapter, we introduce a fibre-based time-domain 3§3tem, operating at 1300 nm.
Dispersion compensation for 1300 nm was achieve@yBK 7 glass rods in the reference
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arm. The use of AOTF allows evaluation of disparsio under and overcompensated
systems. Further in the chapter, we evaluate thd@FA@ethod using the wavelength

dependence of the optical path difference (OPDY)dbaresponds to the maximum strength
of the interference signals recorded using a miasrobject. In addition, a thorough

comparison is made between the AOTF method andritvee usual method based on

measurement of the full width at half-maximum (FWHM the autocorrelation peak. This

comparison shows that, based on our measuredsegdtAOTF method is more accurate
in terms of evaluation of the dispersion left unpemsated after each adjustment. The
AOTF method also provides information on the digctof dispersion compensation,

which cannot be easily obtained with FWHM of autoel@tion method.

Chapter five is another experimental chapter. This chapter goéngth to explain
the benefit of measuring polarisation propertiessamples, and how a polarisation-
sensitive broadband OCT system is useful in higigldio-security and archaeology. A
detailed theoretical discussion about PS-OCT bednosn the very basic Jones
formulation, to electric field rotation, and furthmto birefringence calculation. We also
describe the construction of the PS-OCT setup, firdtral polarisation selection, to how
we controlled polarisation state at every stagéhefinterferometer system. Finally, we
include a comprehensive discussion on polarisaBosiver system that features a simple,
switchable dual-spectrometer design. The detegctienhanism allows us to extract both
amplitude and phase information from two orthoggr@arisation directions.

Chapter six is the application chapter that incorporates fianett OCT imaging and
dispersion free master/slave interferometer tealign basal cell carcinoma (BCC), a
common type of skin cancer. To illustrate the clihiapplication, we used a conventional
swept source at 1300 nm, with sweeping speed d&Hs0 The imaging part involves a
three-step process. First, 384 channelled spesing @ mirror were stored for 384 optical
path differences at the master stage. Subsequénéystored channelled spectra (masks)
were correlated with the channelled spectrum froenBCC tissue to produce 384-face
OCT images (200 x 200 pixels) for the optical pdifference values used to acquire the
masks. Finally, thesen-faceslices were stacked to form a volume to cross<eefze BCC
tumour margins in the orthogonal plane. Per eaeficecgample, several en face images of
200 x 200 lateral pixels are produced in the timsdan laterally a complete raster of 1.6 s.
Combination of theen-face views with the cross-sectioning views allow forttbe
discrimination of BCCs comparable to using crossiseal imaging alone, as previously
reported using the conventional fast-Fourier-trarmetbased OCT techniques. As for the
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optical source, we determined that it could beaegdl with a broadband supercontinuum
source while maintaining dispersion free imaginthwnaster/slave technique.

Chapter sevenis another application chapter focuses on the afsbroadband
supercontinuum light source to evaluate eye pugsponse. In this chapter, we assessed
the spectral sensitivity of the pupillary light Iet in mice using a high power super
continuum white light (SCWL) source in a dual wareth configuration. This novel
approach was compared to data collected from a tnadéional setup using a Xenon arc
lamp fitted with monochromatic interference filtersradiance response curves were
constructed using both systems, with the addedfibesfea two-wavelength, equivocal
power, and output using the SCWL. The variablesliegppto the light source were
intensity, wavelength and stimulus duration throughich the physiological output
measured was the minimum pupil size attained usdeh conditions. We show that by
implementing the SCWL as our novel stimulus we wadske to dramatically increase the
physiological usefulness of our pupillometry system

Chapter eight sums up the work presented in this thesis, and dherall
achievements during the three years of this reBeaork. Also proposed in this chapter
are area of interests that are worth further ingasons.

1.2.1 Technology limitation

Similar to many imaging technologies, there areehuarieties of fundamentals and
practical limitations in both OCT and supercontimuuAmong the frequently cited
technical limitations, we have compiled a list loémn here as the issues we will address in
subsequent chapters of this thesis.

(a) Axial and lateral resolution

Many commercial OCT systems in the market lack réssolution to resolve
sub-micron histology features, such as the retaeers in the eye or basal cell
carcinoma on the skin. Out of the box improvementlateral resolution of an
existing OCT system can be relatively simple as itwolves swapping the scanning
(or telocentric) lens by another interface optiegvinigher numerical aperture (NA).
The disadvantage, however, is that it reduces #mhdof focus and hence the
imaging depth range and sensitivity. Therefore, esdarm of dynamic focusing is
then required, such as the methods described #1121 by Avanaki and Hughes. On
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(b)

(€)

(d)

the other hand, improvements to axial resolutionegally requires the replacement
of optical sources and spectrometers to broadbardion. In this thesis, we
discussed extensively on the use of supercontingonrces, and methods to
overcome noise, dispersion and polarisation, inp@a 3, 4 and 5 respectively.

Signal to noise

The ability of an imaging system to discriminatesfu$ features relies on its
signal to noise ratio (SNR). Several parametersdegnade its SNR ratings, such as
a noisy optical source, poor coupling efficiencymen free-space to fibre interface,
improper signal attenuation due to low power fréra sample, and signal saturation
at detector.

Chromatic aberrations

The use of refractive optics such as lenses foa-hligh bandwidth imaging is
particularly challenging. Since broadband spectoam easily span across 300-500
nm wide, but very few use the full width, the dlyilio focus all wavelengths into one
spot is not without issue. In general beam propagagll lenses will have some
chromatic aberrations. When focusing a beam, scams pf the will have its beam
waist (or focal point) at a different distance doethe chromatic aberration of the
lens. The focal length of each wavelength is d#ifeér resulting in different
wavelengths focused on different positions, aldregdptical axis.

Polarisation dependency

The challenge to spatially resolhex-vivo and alsoin-vivo images due to
polarisation changes in skeletal muscle, bone, akuh brain relies on the ability to
control polarisation correctly. This area involveemplex coherent detection
technique to pick up the differential signal thahtains two orthogonal polarization
states of the signal formed by interference of tligeflected from the biological
sample and a mirror in the reference arm of a Msdreinterferometer, polarization
capabilities can also extend the penetration dépdirectly by measuring the change
in polarisation resolved depth structural changeiplogical tissues, additional
birefringence properties not otherwise detectabii \wwonventional intensity only
imaging technique, as example, any fibrous strecfarganic or not) will influence
the polarization of light, as shown in Chapter 5.
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(e) Penetration depth

OCT relies on interference and therefore requitebls and deterministic
phase relations between the interfering waved]@g to scattering and absorption in
the examined object, the number of photons in thek&cattered wave conserving
stable phase relations to the photons in the intidave reduces with depth. The
maximum penetration depthz is therefore determined by the depth layer whieee t
object wave exhibits sufficient strength to meabl@&anterference, normally on a
signal strength equal to that of the noise. Figshaws achievable axial resolution

against penetration depth for the different conmgeitmaging technologies.
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1.3 OCT in biomedical applications

OCT has become increasingly popular for skin araldiggnosis. Since 2010, there
are more than 100 peer reviewed papers publislyedraon the use of OCT in these areas.
OCT is currently the preferred way to image théneefor glaucoma, as evidenced in [13].
Many recent OCT systems has also incorporate thensnog laser ophthalmoscope (SLO)
technology in many hospitals and eye clinics inlthé given the added benefits of better
axial resolutions [14]. The main use of OCT on gkito diagnose tumour development,
such as the eyelid BCC. In this section, we intoadthe basic anatomy of both eye and
skin, and the optical properties of their tissuaenap.

1.3.1 Optical properties in tissues

The therapeutic window generally represents thetsgdenvindow of the wavelength
range from 600 nm to 1300 nm. Within the therameutindow, the absorbance of the
main constituents of the tissue is relatively smaalll the light penetrates sufficiently well
in depth. In Fig.1.2, we show the absorption spetdr haemoglobin (Hb®9and Hb),
melanin and water [15].
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Fig.1.2 Therapeutic window with absorbance as fonadf wavelength for well-known
tissue composites (Image reproduced from ref. [15])
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1.3.2 The eye

The mammalian eye is a complex biological imagigsteam. In the simplest form,
the anatomy of a human eye consists of an outer leglled cornea, an iris that controls
the diameter and size of pupil and a lens, as showrig.1.3. Light enters the pupil,
focuses onto the retina and is detected by theopbxdptors [16].

Ciliary body SC'IE”’ Choroid
Iris
\ Retina
Cornea

\
Pupil /

/

Anterior
Chamber

Optic nerve

Lens Fovea

Fig.1.3 Anatomy of a human eye [Source: http://wkmit.org.uk/eye-anatomy]

In the eye, there are two main types of photorexsptone and rod, seen in Fig.1.3.
Overall, there are estimated to be around 105aniltihotoreceptors in our eyes. Generally
there are more rods than cones in our eyes, wdtin plopulation spanning between 5 to 6
million cones, and between 80 and 90 million radg [

Cones are responsible for colour vision and detzalge vision. Cones are typically
40-50 um long, and have a diameter varies fromtd®40 pum. There are three types of
cones, marked S, M and L cones, which correspontirtyeir wavelengths response as
shown in Fig.1.5. The S (short) cone has light iseity in blue (peak at 420—-440 nm), M
(medium) cone is highly sensitive in green (peabk3—-545 nm) and L (long) cones are
sensitive to red portions of the visible spectrus®4-580 nm). Cone cells are most
concentrated at the fovea, with a sparse distobutif cones towards the periphery of the
retina [18].
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Rods, on the other hand, are highly sensitivegiat land can provide some grey scale
vision in low-light environments. Rods have peakpanse between 490-500 nm ranges
(Fig.1.5) [20]. Rods however cannot distinguishoceol but provide only luminosity
information. Rod cells are approximatelyiéh in diameter and distributed across most of
the retina except the fovea and the optic disd) @wihigher density in the peripheries of the
retina than the central area. In the mammaliamaethere are two additional opsins, both
involved in the formation of visual images: rhodiopand photopsin in the rod and cone
photoreceptor cells, respectively. In humans, nogam is found in intrinsically
photosensitive retinal ganglion cells (ipRGCs) [&8]illustrated in Fig.1.4. Photoreceptors
response to light stimulus, including melanopsimpnt the basis of our study in Chapter 7.
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Fig.1.4 Photoreceptors in a human eye [Source:
http://www.bmb.leeds.ac.uk/illingworth/bioc3800iret.gif]
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Fig.1.5 Sensitivity and light response of typicahtan photoreceptors (Source:
http://www.wikiwand.com/en/Photoreceptor_cell, R29])

1.3.3 The skin

The skin is undoubtedly the largest tissue orgahumans. Skin has three layers:
epidermis, dermis, and hypodermis. In the simgkyshs, the epidermis is outermost layer
of skin, provides a waterproof barrier and creates skin tone. The middle layer of the
skin is the dermis, beneath the epidermis and cwnteough connective tissue, hair
follicles, and sweat glands. Finally, the deepdicstaneous tissue is the hypodermis,
typically consists of fat and connective tissue.

At the current stage of OCT development, main eg#ty are focused on the
epidermis. As mentioned previously, the epidermis ithin but tough layer of skin that
protects the body, while it gives skin its colourdamakes and replaces new skin. The
epidermis is made of several different types ols¢c@hcluding squamous cells, basal cells
melanocytes cells and among others.

Basal cells are round cells in the deepest patie@tpidermis (commonly known as
the basal cell layer). Their function is uncledney continually divide, make new cells and
push the older cells toward the surface of the sliare they are eventually shed [21]. The
older cells eventually become mature keratinocgtessquamous cells.
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Fig.1.6 Different layers of human skin [sourceplittvww.cancer.ca/en/cancer-
information/cancer-type/skin-non-melanoma/non-metaa-skin-cancer/the-skin/]

Melanocytes are cells found in the deepest pathefepidermis along with basal
cells. They are also found in hair follicles ané tietina of the eye. The main function of
melanocytes is to produce melanin — the very sabstéhat gives skin its colour and helps
to protect the body from harmful light radiatiomich as those from the sun. Exposure to
ultraviolet (UV) radiation from the sun propels mmbcytes to increase melanin
production. Therefore, longer sun exposure causeskin to darken and become tanned.
The extra melanin produced is transferred to osker cells (keratinocytes) to protect the
skin and the DNA in the cells from the damaging Ughts. DNA is composed of
molecules inside the cell that program geneticrimétion. DNA determines the structure,
function and behaviour of a cell. The amount ofanel produced varies person to person,
but it is largely due to an individual’s genetiongoosition. People with fair-coloured skin
can be assumed to have less melanin produced yrbkanocytes, and are considered at
higher risk of contracting skin cancer such as lbasacarcinoma (BCC) [22].

BCC is a type of non-melanoma skin cancer among&saan populations, and the
most common malignant neoplasm of humans. The B&gcow on any part of the skin,
such as nose, cheek, finger and neck. Howevereyebd BCC is most common. BCC
occurrences are also frequently diagnosed in pewfite fairer skin colour for reasons
mentioned above. Chapter 6 dives into the symptoffBCCs, along with their clinical
significance and our approach to diagnosis usimfgcemaster/slave OCT technique.
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1.3.4 Investigative methods

Imaging human tissues have a challenge. One of tisetn be able to improve
penetration depth and maintain reasonable SNR. tRer skin, OCT with proper
wavelength of 1300 nm. A quantitative study [23F Haund that biological tissues can
allow an increase of the OCT imaging depth at Ia®@Ocompared to 1300 nm for samples
with high scattering power and low water contentr @arlier studies with swept source
[24] to compare 1300 nm to 850 nm also found theesaonclusion on the use of longer
wavelength on skin tissue imaging. Our results veergfirmed by study by Tearney et al.
in 1995 [25], which concluded that high numericpledure OCT enhanced confocal
microscopy have potential for non-invasinevivo diagnosis.

According to a study conducted by [26-27] lighteatiation including both
absorption and scattering in human skin reachesmanmm around 1300 nm wavelength
due to the combination of diminishing scatteringssrsection with wavelength and
avoiding the resonant molecular absorption of comitigsue constituents such as water,
melanin and haemoglobin (see Fig. 1.2). By movimg dperating wavelength of optical
biopsy from 800 nm band, to 1200-1400 nm spectaage, not only can it increase the
penetration depth in skin, but also reduce multiphaabsorption in cross sections, thus
reduce the potential of photo damage and photaitgxvhen imaging with higher optical
power.

For the eye, wavelengths in the region of 1300 aneHittle usefulness for practical
ophthalmology applications, as they are absorbedhleywater contents in the ocular
chamber. Therefore, the use of 1300 nm is limitethé anterior eye segment, where it is
used to image the sclera and iris (front sectiothefeye shown in Fig. 1.3) [28]. Other
wavelengths range in 700-850 nm are more commointfaging the retina. Nevertheless,
the complexity in wavelength selection to image dye have prompted the industry to
explore broadband sources to overcome this situakiere, we will demonstrate a recent
approach is to use the supercontinuum (SC) withtimavelength filtering and
programmable stimulus duration. We illustrate thegiple of operation with SC sources
to evaluate retina photo receptors through pugiitlreflex (PLR), all in Chapter 7.

En-faceOCT on skin and SC with systematic retina decodindetect and analyse
response from the eye form the basis of our funatioor physiological) imaging
application in this thesis.
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2

OCT and sources

The chapter provides an overview on the differgotical coherence tomography
(OCT) methods, and their basic principles of operatA comprehensive analysis of their
advantages and disadvantages is shown in relaiidimeir widely used applications. The
main OCT methods include classical time domain (Ti2wer spectral domain (SD) and
the master/slave (MS) implementations. Among the(BIX systems, we present two
configurations: a spectrometer-based (Sp-) OCTasdept-source based OCT [2]. This
chapter begins by looking into white light intederetry, partial coherence and conditions
to achieve interference, all in Sec.2.1. We thewedoon to the different OCT methods,
where we present TD-OCT in Sec.2.2, FD-OCT in S8cdahd MS-OCT in Sec.2.4.
Throughout these theory sections, we show and cangaivantages of each method to the
other, and how each method can be used to designcamstruct a working imaging
system, all in a step-by-step way. Later in thigpthr, we will present the appropriate
pairing of a particular OCT method with the comnyouted optical sources, which are to
be discussed in later sections. In Sec.2.5, we amithpare the different optical sources,
such as the superluminescent diode (SLD), tundabtrs or swept-source (SS), and the
supercontinuum source (SC).

2.1 Low coherence interferometry

2.1.1 Free space coherence

Low-coherence interferometry (LCI) [1-2] uses lowkerence light beam to probe
different layers of a sample. Light is first deligd onto the sample surface and through the
material layer, and the reflected light is sentkbacthe interferometer. The reflected light
at each different layer produces interference patteat differs in signal strength. A single
interface scan at a depth results in an interfenmogcontaining the reflectivity profile.
When an axial scan orthogonal to the surface i®peed, a two-dimensional (2D) cross-
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sectional image is generated. By combining multigle scans, in the longitudinal
direction, a three-dimensional (3D) volumetric iraa@n be produced [3-4].

To aid our discussion, we will first consider a pley Michelson interferometer in
bulk, as shown in Fig.2.1. In this configuratiohe tlight from an optical source enters a
free-space beam splitter (BS), and it is split ireéerence and sample arms. The beam
from reference arm reflects off a movable mirrand aecombines with the beam back
propagated from the sample. The combined beammistsaghe photo detector. It is worth
nothing that the optical beam travelling into and of the two arms are on the same axis,
therefore LCI observes the collinear condition [Ble use this configuration to illustrate
the principles of coherence and interference.

N

Intensity
H

o

uperk EHTREME

T

Low coherence
optical source

Fig. 2.1 A simple Michelson interferometer in figgace (BS: beam-splitter,f&¥movable
reference mirror, OPL: optical path length, PD: fohdetector, S: sample)

In low coherence interferometers (LCI), we consitien types of coherence of an
electromagnetic (EM) waves: spatial and temporal.spatial coherence, the optical
sources should be single mode (SM) spatially, townakfficient injection in SM fibre,
maintain the uniform phase of the wave front, agtdin the good transversal resolution. In
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temporal coherence, the optical sources should baoohromatic, and exhibit high
correlation between phases of a light at diffeneoihts in space along the direction of
propagation. The classical Michelson interferométebased on amplitude division, and
therefore is widely used to measure the temporakemnce of a source. Interference
resulting from temporal coherence encodes the mgecontent of the intensity
distribution. Light waves with wavelengthandi = AL with constructively interfere at
some point in space until the propagation distam@sgual to or longer than the coherence
length of the optical source.

The coherence lengtly,, can be determined if the source central waveleragtd its
optical bandwidth are known. The actual cohereangth can be calculated as in Eqn. 2.1.

_4In(2) ﬁ
T A

(2.1)

L

wherel is the central wavelength and is the full-width at half maximum (FWHM)
bandwidth of the optical source.

The coherence length can be theoretically deriveminfthe FWHM of the
autocorrelation function (AF) of the source’s efiectield [6-7], denoted by the symbol
I'(x), as shown in Egn. 2.2.

r(x) :_TE(X)E(XH)dT 2.2)

whereE(x) is the electric field, anB(x + 7) is the autocorrelation function of electric
field with time variabler.

The autocorrelation function introduced here isted to the optical bandwidth of
light source used, by the Wiener-Khinchin theoraich states that the Fourier transform
of the autocorrelation function was equal to thev@ospectral density S(v).

Sv) = _]: [ (r)exd jkr)dr (2.3)

Our subsequent studies of noise in Chapter 3 apediion in Chapter 4 will involve
the relationship betwedn(x) andAX.
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2.1.2 Interference

By referring to Fig.2.1, let us begin by writingetlelectric field of the light coming
out form the broadband source in Eqn.2.4. We csam atite the backscattered field from
both reference and sample arms in Eqns.2.5 ande&pectively.

E, = A, coslkz—at) (2.4)
Ex(z.t) = Ry A, coslkz, —at) (2.5)
E<(zs.t) = RgA, coglkz, —at) (2.6)

where Ap is the complex amplitude of the fieldrRand R are reflectivity of
reference and sample arnksis the wavenumber £2\.), z is the propagation directiogzg
andzs are OPLs of reference and sample armss the angular frequency ands time.
The fields and intensities detected at photodica®ine Eqn.2.6 and Eqn.2.7 [6-8].

Erp (Zs’ ZR’t) = ER(ZR’t)+ Es(zs’t) (2.6)
1(OPD) = E +E] +2E,|E,| cod Kz - ) 2.7)

After replacing OPD =zr — zs in Eqn.2.7, integrating the output intensities rothe
detector bandwidth and performing an inverse FE, phhoto-detected signal becomes
Eqn.2.8. The complete derivations of electric fetd photo-detected intensities can be
found in reference [4-8]. The noise and sensitiditycussions are found in Sec.3.1.3 and
Sec.3.1.5 in Chapter 3.

N N
loo(2,) = EZ + D EZ +> 2E|E,|1(z, -2, Jcos(2kz,) (2.8)
n=1 n=1

The first term in Eqn.2.8 is the DC componeRf ], which contains amplitude only

N
but no depth information from the sample. The sdcoerm ZEZZH is the cross
n=1

correlation, which contains the information abdw sample reflectivity profile. The third

N
term ZZ\ElHEz\V(Zn )cos(2kzn) is the autocorrelation function that contains both

n=1
interference and phase information of backscattergdals reflected off different depth
layers from the sample.
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2.1.2.1 Conditions for interference

The conditions for interference [8] can be dividatb four sections. We evaluate
each in more details below by taking two electigtdis Er andEs as shown in Fig.2.1.

(1) Polarisation condition

The dot product of two electric field is not ndlherefore,E, ¢ E¢ # 0

(2) Mono chromaticity condition

As velocity is the same for both waves, = ws, thus phase vectors becorke = ks
(3) Time constant condition

The integration time of a photodetectocan have an effect on phase constant of
detected signal. This condition is dependent on ghase term in our equation as

AD =k(rR —rs) whererr —rs is the OPD. In order for interference to occug fihase

term must be smaller thantlWe can formula the different conditions whereifgrence
may or may not occur in Table 2.1 below, usinggbeeral photo detected sigmhé).

Table 2.1: Different phase condition for interfezerand output intensities

Phase condition Type of interference
codAd)=1 Fully constructive
0<codAd)<1 Constructive if | > Is + Ir
codA®)=0 No interference
~1<codA®)<0 Destructive if | < Is + I
codAd) = -1 Fully destructive

(4) Coherence condition

Interference is produced as long as the |OPOJ.<of the optical source. The
coherence condition limits the extent of the irgegfhice pattern in a vicinity around the
spatial positions given by OPD = 0. The closer@RD to the coherence length value, the

less visible the interference pattern becomes. Vithei©®PD exceeds the coherence length,
no interference effects are visible.
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2.1.3 Fibre based system

We have shown in previous section the flexibilitf @ free-space (or bulk)
interferometer setup. However, the constant isgugam misalignment and the need for
periodic realignment, free-space configuration fagen out of favour for use on a
permanent prototype. On the other hand, a fullefibased system [9-10] allows the
interferometer to be constructed in a more robusd aliable configuration, thus
eliminating the need to worry about beam misaligningue to movement of optical
components such as mirrors, lenses and beam splifie achieve a fibre based system,
many of the optical sensitive parts are replacada low coherence interferometer, the
most crucial part of the system is the beam splitereplacement with 2x2 directional
fibre coupler demonstrated by Podoleanu in [9]vedldhe interferometer to be made more
compact, light-weight and easily transportable @/hile optical sources and detectors can
be dismantled and re-assembled without having toyabout issues that might arise from
free-space to fibre coupling when switching sources

To
detector

To sample

To reference

exrReme

I

Optical
source

Fig. 2.2 A simple fibre based interferometer witk>x2 directional coupler
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2.2 Time domain OCT

One of the first developed technique in the fidldDET is the classical time domain
(TD) system [3-5]. There are many distinct way enerate a three dimensional image
with time-domain OCT technique. Time domain invahexial scanning by moving the
reference mirror to access different depths in $amphis is achieved by varying the
optical path difference (OPD) between referencesamdple arms. Time delay between the
two signals is equivalent to the distance theseadsgtravelled in space. A typical TD-OCT
setup in Fig. 2.3 consists of three main componeatdroadband optical source, a
Michelson interferometer (in bulk or fibre-based)[@nd a dual-channel balance detector,
used to record and analyse the interference sighial.will discuss in Chapter 3 the
structure of photo diodes, heterodyne detectionraske in TD-OCT systems.

The principle of operation is based on partial ecehee interferometry, where the
photodetector senses the variations in the intmfas, provided the OPD is less than the
coherence lengthC{) of broadband optical source. To better deschieeirnaging process
using TD-OCT, we can assume that the sample hasl@&layered structure. Each layer
returns a replica of the incoming pulse train, geth correspondingly by the distance
between preceding and succeeding layers. By mdhegeference mirror (), the layer
satisfying the coherence gate condition, OPO_<can be selected. In Fig. 2.3, the selected
layer corresponds to the position where the battesea pulse train is matched temporally
by the reference pulse train. Maxima of interfeeerare obtained for each scattering
sample in depth that satisfies the condition OPD @lways). By scanning the OPD, a
TD-OCT system outputs a reflectivity profile (A-sgain depth. To enable two-
dimensional (2D) imaging, a second transversal reahas to be added into the sample
arm, so that to the lateral scanning of the beambeaperformed. Such implementation
was first demonstrated by Huang et al. in 1991 ,[#tjen the first OCT scan was made
public. By collecting A-scans along the transverdiagction, a cross-section image (or a
B-scan) is generated. This method has been wideyk in the OCT community as the
full-field longitudinal (or axial) imaging method.

Another version of TD-OCT isen-face (or flying spot) OCT, based on one-
dimensional (1D) reflectivity profiles or T-scafi$he 1D T-scan are collected by flying the
beam spot transversally, while maintaining the lax@ordinate constant (putting the
reference mirror, M at a fixed OPD). In this case, a B-scan imageoisstructed from
many T-scans repeated for successive pixels irhdégtscanning fast laterally and slow
axially, without moving the M. An en-faceOCT system has the advantage in depth
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sensitive imaging because it is capable of colgca C-scan (constant depth) image, by
repeating the T-scans for adjacent values of tlleogonal lateral coordinate, without
needing to first construct a total volume from Bus@nd then re-slice them orthogonally
to the surface. In the flying spot method, thecars are oriented along tkeoordinate
and repeated along thgcoordinate. Podoleanu and Rosen [12] has pionetred
implementation of flying spot OCT method back irD80and Podoleanu and Jackson had
demonstrated the first 2D scanning with a galvartemes early as 1998 [13]. This method
is subsequently used as the basis for master/stéederometry (MSI) technique to be
discussed in Sec.2.4.

A

A Constant sensitivity

Broadband input

A-scan

Amplitude
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Fig. 2.3 A time-domain interferometer with outpuisBan, sensitivity and axial range M
reference mirror, BS: beamsplitter, S: sample, PRJghoto-diodes, DIFF: differential
voltage output of photo-detector)

Despite the more recent adoption of SD- (or FD-)TO@e TD-OCT remains
popular as it is frequently used to study dispergit], dynamic focus [15] and optical
distortion correction [16]. Since TD-OCT has aninniled axial scan range, this technique
now forms the basis for the more sophisticated enastave interferometer (MSI). The
principle of MSI (or MS-OCT) is discussed furtharSection 2.4 of this chapter.
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2.3 Spectral domain OCT

The spectral domain (SD-) OCT is also known as ieoglomain (FD-) OCT. In this
section, we present the details of the two typeSI@OCT implementations: spectrometer
based (Sp-) and swept-source (SS-) OCT. The spéctnaain method has shown beyond
doubt their capacity to produce reflectivity prefl (A-scans) from multiple depths with
very high accuracy. Therefore, the promises of nggwolution, high sensitivity [17-18] and
faster measurement speed have resulted in SD-O€dmes thede-factomethod in the
industry, and has since replaced TD-OCT in manymergial systems [18].

As TD-OCT only achieves interference with backsrad lights from both arms of
the interferometer within the coherence gate ofsthrce, SD-OCT is able to capture the
signals directly from the entire depth range. Theaqiple of operation between the two
techniques is also different. SD-OCT detects spigtresolved interference signals,
which are generated by the optical path differgi@@D) between the reference mirror and
the sample [17]. SD-OCT requires no depth scanrand,the acquisition speed is limited
by the read-out rate of the line-scan camera orstieeping-rate of the laser [19]. Real-
time imaging is easily enabled because the dataigitign time in SD-OCT is much
shorter compared to TD-OCT. In addition, severgepa have reported that the sensitivity
of SD-OCT to be at least 20 dB higher than thal@fOCT [18].

The general difference between Sp-OCT and SS-O€Tagrthe light source used,
and (b) the type of detector used. In Sp-OCT, Blpica broadband light source such the
supercontinuum (SC) is used to achieve better aggalution. In the detection system Sp-
OCT, the interrogation of spectrum at the intenfieeter output is carried out by a
spectrometer, usually built using a prism or arddtion grating employing a 2D linear
array or a line camera. In the case of the SS-@QUineable laser source is used to sweep
a narrowband output through a large optical banthwiallow the tuning the frequency of
the laser source. The detection mechanism of SS-€@@3ists of photo-detectors, similar
to the one used in TD-OCT [17].

The similarities of Sp-OCT and SS-OCT are the tephes used to interrogate the
modulation of the interference spectrum to gath&rmation about the axial reflectivity
profiles (A-scan). In both of these implementatiotiee A-scan is obtained by a fast
Fourier transform (FFT) of the electrical signabportional to the shape of the channelled
spectrum at the interferometer output, hence c#éfled&sD- or FD-OCT.
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Fig. 2.4 Spectrometer based Fourier domain intenfieter in free-space. (CM: curve/
parabolic mirror, G: diffraction grating, dreference mirror, S: sample, DA: data-
acquisition module, L: lens, BS: beam splitter, OBptical path difference, CL:
coherence length, FFT: fast Fourier transfofuzr, displacement)
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2.3.1 Spectrometer based OCT

The operation of the spectrometer based (Sp-) C&3ically demodulates the output
optical spectrum. The spectrum exhibits peaks esubhs (channelled spectrum) and the
period of such a modulation is proportional to @ED in the interferometer. The larger
the OPD, the larger the number of peaks is showmupe spectrum. As we mentioned
previously, the spectrometer uses a complementatglroxide semiconductor (CMOS) or
a charged coupled-device (CCD) camera.

The linear camera needs pixels of sufficient srsae to be able to sample the
succession of periodicity between peaks and trougtiee channelled spectrum. The linear
camera in the spectrometer converts the receivéidabsignal into electrical signals in
time, so that each layer of the sample having aespondent modulation periodicity
dependent on depth. If a multi-layered sample @sed, each layer has its own distinct
spectrum modulation periodicity to another layegpehding on its depth. The spectral
amplitude is subject to the level of signal beittgrauated. A fast Fourier transform (FFT)
is applied to the signal recorded by the linear @@nand that translates the periodicity of
the channelled spectrum into peaks of differemuency, versus the OPD. Such a profile
is essentially the A-scan profile of the squard ajaeflectivity in depth.

The fast camera used in Sp-OCT has an advantagehavelassical TD-OCT, when
it comes to image scanning and acquisition speedomparison to galvo-scanners that
operate at up to 16 kHz, the line camera is opegadt tens of kHz or more. Most digital
cameras nowadays have a line rate of 250 kHz oentlberefore significantly faster [20].
A detailed comparison between acquisition speeeiiefaceOCT, longitudinal OCT and
Sp-OCT are shown in Table 2.2.

2.3.2 Swept-source (SS) based OCT

SS-OCT uses spectrally narrowband light source$ wajpid wavelength swept
speed. The output power, tuning range, sweepirggaiatl instantaneous coherence length
of the light source determine the imaging speegiidenge and axial resolution of the SS-
OCT system. In swept source, it is important toerathnd the distinction between the
tuneable laser bandwidtkik and its tuning linewidthog.).

Since we are using a photo-diode in SS-OCT gtheeeds to be much narrower than
the spectral distance between the two peaks inaanghled spectrum. If th& is very
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small, it can be approximated with a Dirac deltaction. Therefore, the photo-detected
signal takes the exact shape of the channelledrspe¢19]. The photo-detector collects
the time-varying interference signal. Similar toS@T, a fast Fourier transform (FFT) is
performed onto this signal to translate the pedibygliof the channelled spectrum into
peaks of different frequency, related to the OPDdepth reflectivity profile (A-scan) is
then obtained. Fast tunability of laser sourcesmises the time required to produce an A-
scan. Recently, high-speed swept-source with seWiriz tuning speed [21] has been
developed. In 2010, a multi-MHz line rates systéat used three different Fourier domain
mode locked (FDML) laser has enabled depth scagsrap to 20.8 million lines per
second [22]. Dispersion compensation was carriedoonmprove the coherence length and
sensitivity roll-off of the MHz-FDML laser. The sigsn was subsequently deployed for 3D
retina imaging of the anterior chamber at 1300 88j.[
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Fig. 2.5 A swept-source based interferometer ia §gace (M: reference mirror, BS:
beam splitter, S: sample, PD: photo-detector, M@rascope objective)
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2.4 Master/slave OCT

2.4.1 Principles of operation

The master/slave (MS-) OCT is the most recent itiwarby Adrian Podoleanu and
Adrian Bradu in the Applied Optics Group (AOG). $HMS-OCT technique incorporate
the advantages of time-domain, swept-source andtrspeeter-based implementations,
while removing the need of better signal samplind data linearization before the Fourier
transform (FT) processor. The MSI is based on comg@alectrical signals proportional to
channelled spectrum (CS) shapes at the interfessmattput. It uses correlation as
opposed to convolution in FFT. The higher the anty of CS shapes, the larger the MSI
signal. Since no FT is required, the MSI methodsdoat need to organize the channelled
spectrum data in equal frequency slots (or lin@dion). The dispersion was compensated
for by matching the lengths of fibre and placingitar lenses with those used in the object
arm, in the reference arm. With MSI, we can achidwe theoretical axial resolution
without any re-sampling or linearization. Therefd®Sl is tolerant to nonlinearities when
tuning the swept source [19, 25], and nonlineavitiethe spectrometer grating [24].

The MS-OCT principle of operation involves the udéawo interferometers, Master
and Slave. A Slave Interferometer (SI) first “list2 to the operation of a Master
Interferometer (MI). The Sl and Ml illustrated hexee simple Michelson interferometers.
It consists of two sets of beam splitters (BS)erece mirrors and object mirrors, for each
interferometer. The terminology used is in Fig.2ré described in Table 2.2.

Table 2.2 Optical components and their abbreviationan MSI.

Optical parts Slave interferometer (SI)  Masterrii@®meter (Ml)
Beam splitter (BS) SBS MBS
Reference mirror (RM) SRM MRM

Object mirror (OM) - MOM

Object 0] -

More specifically, signal is acquired by the Slanterferometer on the right, for an
OPD value determined by the Master Interferomebdl).(In the MI, the OPLy is
determined by the difference between the optici Engths measured from the MBS to
the two mirrors, MRM and MOM. In the Slave Intedareter, the OPBis determined by
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the difference between the reference path lengt#agored from the SBS to the SRM) and
the object path length (measured from SBS to diffescattering points in the object, O).
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Fig. 2.6 A Experimental construction of master/slaverferometer based on a SS-OCT in
fibre (OS: swept source; Sl: slave interferomdi&e;l, 20/80 single mode directional
coupler; DC2: 50/50 single mode directional coupkefSH: two-dimensional lateral
scanning head; L1 to L6: lenses; O: object; MO: etatbject; SAB: slave acquisition
block; PhD1, PhD2: photo-detectors; DA: differehéimplifier; CS(OPD): channelled
spectrum delivered by the SAB; C: multiple charsehparison block equipped with P

comparison blocks: C1, C2, ...CP s; SoM: storage lvikmemories, M1, M2, ...MP;
Al, A2,...AP: amplitudes of the interference sigmahf P scattering points inside the
object O from respective depths z1, z2, ...zP; FB3t Fourier transformation block; PC:
personal computer implementing the blocks C, SoM, &nd display of images) [Source:
https://www.osapublishing.org/oe/fulltext.cfm?ure=@1-16-19324&id=260019]
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In contrast to conventional spectral (Fourier) domaterferometry, MSI delivers a
signal from a single deptlg, within the object to be investigated. Initiallfor the
comparison operation required by the MSI methodretation was used [24-28]. To
improve on the calculation speed, a modified cati@h operation was proposed [27,28],
to deliver the value of an A-scan at deptithe MSI signal. The amplitude of the signal
originating from a certain depth in the objectlidasned using the two equations below:

1. Correlation of the current channelled spectrum:
Corr(OPD) = Cs(oPD)0M(OPD,)

where O signifies the correlation operatioBSOPD) is the current channelled
spectrum and1(OPDy) is stored channelled spectr@#D atp position.

2. The amplitude of the correlatio@orr, over a window W = 2S + 1 points out of
the 2M + 1 around wavenumber k = 0

+s
AloPD, )= corr(s,)
n=-s

where Corr() is the correlation operation between the chandeBpectruml
collected when the object is placed in the objeth dSlave stage), and the mask
corresponding to the channelled spectrunxg®llected at the Master stage for an OPD =
2z, when the mirror is used as an object.

The master/slave technique is a revolutionary miethddCT. This can be said since
the MS-OCT operates on a hybrid time-spectral domagthods. The TD side of MS-OCT
allows selecting signal from a selected depth whdanning the laser beam across the
sample. The SD side of MS-OCT improves sensitiaity speed advantage of the spectral
in comparison with TD method. Thus, it allows cotlen of signals from any number of
depths, as required by the user, i.e. of any nunob@n-faceOCT images, from any
depths, separated by any distance from the neiglmgpen-faceslices, all in a single-scan.
When MS-OCT is implemented alongside conventionaCTOconfigurations, the
advantages are even more visible. These include:

(a) In swept-source OCT, noclock is needed,

(b) In spectrometer-based OCT, no resampling of datalimearization and no
calibration of spectrometer are needed.
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The MS method is an alternative to the FT basedaodktas it eliminates several
important drawbacks associated to the FFT technfgueh as dispersion compensation)
and allows real-time production of cross-sectiomalges. The practical illustration of MS-
OCT is shown in Chapter 6, where we collaborateth vilhe Maidstone NHS Trust
Hospital to image three specimens of eyelid basHlcarcinoma (BCC). The practical
aspects of system configuration, technical impletad&om as well as comparison between
conventional imaging results in terms of speedeffidiency are discussed.

There are fundamental differences between TD andn®&thods. One of such
differences is the OPD. In TD-OCT, OPD data aréectdd sequentially, whereas in SD-
OCT all OPDs are interrogated at once. Although rB&hods are superior in terms of
acquisition rate and better SNR, they present sstmeicomings, as detailed in Table 2.2.
Table 2.2 summarizes the parameters which deterthmelepth resolution and the axial
range in each case, as well as other comparaterés, with more details in [12].

Table 2.2 Comparison between different OCT techgiekadapted from ref [12]
(Podoleanu, “Optical Coherence Tomograpi¥ptrnal of Microscopy (2012)).

En-face TD Longitudinal SD- and FD- SS-OCT

OCT TD OCT OCT
Axial resolution  Source optical Source optical Source optical Tuning
bandwidth bandwidth bandwidth bandwidth
Axial scan Unlimited Unlimited Limited by Limited by
range spectrometer  optical BW
Sensitivity vs Constant Constant Max in OPD=0 Max in
OPD OPD=0
Mirror terms None None Exist for Exist for
OPD#0 OPD#0
Max line rate 16 kHz 100 kHz 300 kHz 5 MHz
Time to create 16s 25s 850 ms 50 ms

3D volume of
500x500x500px
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2.5 Optical sources

Broadband fibre optic sources are derived fromfittre optic amplifiers used in the
telecommunications sectors. Due to the design Bpdor telecom use, many of these
telecom fibre couplers are centred around 1300 emrli¢r designs) and 1550 nm (recent
designs). In addition to that, many of the fibreiglers have bandwidth limitation issues,
i.e. narrow band transmission up to several tensmf{passband FWHM not greater than
100 nm). The same can be said for optical soulcethis section, we look into several
optical sources most commonly used for OCT apptioat They include the well-known
super luminescent diode (SLD), short and long gawtvept-source (SS) and the
broadband white light supercontinuum source (SC).

2.5.1 Narrowband sources

Superluminescent diodes (SLDs) are optoelectrosmsiconductor optical amplifer
(SOA) that emit low-coherence light of broad opitispectrum. It is designed based on the
principles of superluminescence and light-emittoigde (LED). The SLDs have been
around since the late 1980s. They are assembldathisim most laser diodes: an optical
waveguide and p—njunction diode, like the one in Fig.2.7. Howewe main problem to
obtain high power emission is to reach high optgaah within diode without using optical
feedback. Earlier attempts to resolve this chakeimglude the use of a multi-mode Fabry
Perot laser. Several mode suppression were usedthes include the deposition of
antireflection coating on diode facets, and theoshiiction of un-pumped absorbing region
in the waveguide. The aim was to achieve a single,l broadband superluminescent
emission with high peak power and low spectral nhatthn, such the one shown in
Fig.2.9. A more recent way to maximise output povgeto use a pulsed SLD through
direct current injection modulation as seeding seun a master oscillator power amplifier
(MOPA) configuration [30].

In a conventional SLD there is no seed laser tplsupput signal. It relies on weak
spontaneous emission into the waveguide mode td bpj and is then amplified by strong
stimulated emission. Most SLDs emit in one of th@velength regions around 800 nm,
1300 nm, and 1550 nm, thus suitable for OCT apiptica in eye and skin. SLDs in the
visible wavelengths are also available, howevet, thair availability is limited due to
selection of readily available diodes and cost ahafacturing them. On the technical side,
the emission wavelengths of SLDs are dependenherband gap of the semiconductor
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diode used. A semiconductor with a larger band giagh as AlGaAs emits a shorter
wavelength, in the region of 800-900 nm. On theeptiand, smaller band gap LEDs such
as the GalnAsP emits a longer wavelength, usuatwéen 1.3um to 1.6um. When a
broader wavelength emission is necessary, the seductor composition can be varied to
shift the central wavelength and optical bandwidth.

.I.
I Electrode
Super luminezcence p—cladding layer =uper luminescence
(AZE) active |aver (ASE]
,.r"/ n—cladding laver
AR coat n—substrate AR coat
1 Electrode

Fig. 2.7 Composition of an SLD diode (source: httpsvw.fiberlabs-inc.com/about-sid/)

Typical output powers are in the range from a feW rto about 40 mW. Their
emission are spatially close to the diffractionitintherefore the spatial coherence and
beam quality are very high. The optical bandwidtraw SLD is usually in the region of
tens of nanometres, up to 150 nm for diodes ergi@n800 nm. This corresponds to a
coherence length of 1-3dn. The bandwidths of SLDs operating at wavelengthsve 1
um are even smaller, between 30-60 nm, such asnthénd=ig.2.9. Apart from that, due to
gain narrowing, there is a trade-off between highgput power and broader bandwidth.
The SLDs are notoriously known for wavelength digband durability. Because of the
semiconductor gain medium, it is not susceptiblauge ambient temperature fluctuation
and have short intrinsic noise As such, we can expery little wavelength drifts over
long hours of continuous operation (< 100 pm/K)rtkermore, these diodes are pretty
long-lasting, can they can have a lifetime thateexts 20,000 hours, which are several
times more than the operational cycles of a swepteg (4000-5000 hours) or a
supercontinuum source (2000-3000 hours). The drekgbaf an SLD are bandwidth and
power limitations.
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The commonly used SLD sources in our laboratorsnaufactured by Superlum,
headquartered in Cork, Republic of Ireland. Onethese model is the S1300-G-1-20
benchtop version from the Superlum S-BroadLighsenges that delivers 20 mW output,
dual-diode configuration with 30 nm bandwidth péod#. The product image, together
with its manufacturer's measured optical spectrurd eoherence function in full power
mode, are shown in Fig. 2.8 and 2.9 respectively.

Fig. 2.8 Superlum BroadLighters series SLD at 13@0with 20 mW output (source:
https://www.superlumdiodes.com/s_broadlighters.htm)
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Fig. 2.9 (left) Optical spectrum and (right) colmeze function at full output power for
Superlum BroadLighters series SLD model S1300-G-(sdurce:
https://www.superlumdiodes.com/pdf/s1300-g-i-20) pdf
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Swept source (SS) is also called fast wavelengtbable laser. Although the swept-
source laser as a wavelength centred at approdimatam, the laser sweeps across a
narrow band of wavelengths with each scan. Mostpsweurces are narrowband with
tuneable bandwidth between 80 nm to 150 nm. Degpiggating on a smaller bandwidth
than a supercontinuum source, SS generally haveehi$NR than many broadband
sources. The SS operates on the principles thaif alie light is collapsed into a single
wavelength, and that narrow wavelength is usedweep across a wider range of
wavelengths. This method substantially increasesSNR while also increase imaging
speed and expand the source coherence length.

The use of SS in OCT has these advantages whenacedo earlier version of SD-
OCT: high sensitivity, slower sensitivity roll-ofhiigh linearity sweeps, fast sweeping,
deeper penetration, higher reliability and robussneand lower cost [31]. Several
implementation of SS in OCT include [32]. There segeral commercial manufactures of
swept source lasers, among them is Axsun Techredpbeadquartered in Massachusetts,
USA. One of the model we used to implement maséeesinterferometer (MSI) in this
thesis is SS1300-OCT benchtop version, with cemtealelength at 1310 nm, bandwidth
100 nm, sweeping rate of 50 kHz, and capable gbudtihng 20 mW power. The output
spectrum from manufacturer’'s datasheet is shovigr2.10.

0 L J
>0 - + ¥ ~110nm

280 1000 1020 1040 1060 1080 1100 1120

Power |[dBm|

Wavelength [nm)

Fig. 2.10 Optical spectrum of Axsun swept-sourceleh®@S1300-OCT at 1 um (source:
http://downloads.axsun.com/public/datasheets/Ax@EIT laser_datasheet.pdf)



Chapter 2 OCT and sources 37

2.5.2 Broadband sources

The supercontinuum generation (SCG) occurs whemémsow-band light from a
pump laser undergoes an extreme nonlinear spdmtoaldening process to produce a
broadband white light output. The output beam igallg spectrally continuous [33]. The
two commonly used optical medium for SCG are: mstroctured fiore (MSF) or
photonic crystal fibre (PCF). However, the SCG psxcwas first reported in 1970 using a
bulk BK7 glass [34]. Currently, SCG process cancagied out in terms of the injected
pulse duration in two broad classes: short-pulsetdeecond regime [35] and long-pulse
(picosecond, nanosecond and CW regimes) [33]. Mecently, reports have confirmed
the possibility of SCG to be performed in a variefymedia and waveguides, such as
water [37] and liquid [38].

Like all optical sources used for imaging, SC sesr@also exhibit spatial and
temporal coherence [39-40]. At the output of SCGlight with very broad spectral
bandwidth, thus low temporal coherence and verk bgatial coherence. A high degree of
spatial coherence allows tight focusing of the S€arb in free-space. High spatial
coherence is this case is important since SC Iiglielivered from a single-mode (SM)
fibre. A good beam injection is therefore essentiah the other hand, the high spectral
bandwidth suggests a very low temporal coherentedas pulses [39, 41]. Supercontinua
generated from periodic pulse trains can have la t@mporal coherence, since the electric
fields corresponding to different pulses are higtiyrelated. Temporal coherence in SCG
is essential for frequency combs generation in P@&wever, the process to generate
frequency combs is influenced by several parametérthe seed laser, such as pulse
duration, pulse energy, initial peak power, pumpvelangth, fibre length and fibre
dispersion [40,42].

The use of PCF has gained significant interesth@ ¢ommunity due to their
unusually low chromatic dispersion [43]. Low dispen can allow a strong nonlinear
interaction over a significant length of the fibi®ince spectral broadening happens as
function of the fibre length, a longer fibre traatsls to broader spectral generation [44].

Pulse duration and peak power of the seed lasgr glaimportant role in SCG.
Firstly, in the femtosecond pulse regime, the spébroadening is largely caused by self-
phase modulation (SPM) [36,45]. When a nominallgefoingent fibre with anomalous
dispersion is used, the combination of SPM ancefitispersion can lead to complicated
soliton dynamics, such as wave breaking effect thedsplitting of higher-order solitons
into multiple fundamental solitons in a processwnas soliton fission [46-47]. Secondly,
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when the SCG process involves pumping with pulseshé picosecond time regime,
stimulated Raman scattering (SRS) and four-wavengi¢-\WM) can cause pulse-to-pulse
intensity fluctuation to increase [48-51], theref@roducing higher relative intensity noise
(RIN) at the output. Finally, SCG using seed laggih CW and longer fibres (greater than
100 m) has also been explored previously [52-54weler, this CW regime is not the
main area of research in NKT Photonics.

The noise properties of the generated continuaiffierent in different parts of the
spectrum [52]. When pumped with short pulses o Bipless, SPM is the major nonlinear
process. The phase coherence of the generatedccenfeaum pulses can be very high,
even after these pulses experienced massive dpbobi@dening [56-57]. The noise is
time-invariant and deterministic, and can be meadelvith NLSE (nonlinear nonlinear
Schrédinger equation). However, when higher-oradditan effects are involved, the SCG
process can be very sensitive to even the smaitestsity fluctuations from the seed laser,
resulting in huge differences in the propertieooé pulse relative to another [58]. These
fluctuations (or commonly known as relative intéysioise, RIN) can affect the stability
of SCG process. It is therefore essential that haracterise the RIN and produce low-
noise SC for better OCT imaging [59-62]. We havdickted Sec.3.2 in Chapter 3 to study
RIN, analyse the characteristics of pulses in gaerdrsupercontinua, and to find out the
different factors that influenced them.

Nevertheless, the strongly nonlinear interactiorpolses within the SCG process
makes it extremely complex to predict noise behagd51]. Thus, numerical simulation
and pulse propagation modelling is required. Ins tlproject, despite a thorough
experimental study on noise with SC sources wergechout [59], some of our results
remained difficult to explain until future modelijns done.

Since NKT Photonics is our industry partner, weehagcess to their commercial SC
sources, such as the SuperK Extreme and Fianiunel&@$e. The SuperK Extreme models
features the EXR series shown in Fig. 2.11). TheREXs the low-noise version and
EXR20 is the high power version. In this thesis, used the EXR9 for polarisation
sensitive OCT in Chapter 5, and EXR20 for retiredatling in Chapter 7. Apart from that,
NKT Photonics also produces a compact version ofs@rce, the SuperK Compact
(Fig.2.12). We used SuperK Compact in Chapter 8haracterise the birefringence of
nonlinear fibre (NLF) used in noise and polarisatmeasurements. The output spectra for
SuperK EXR and SuperK Compact are shown in Fig.2.13
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Fig. 2.11 NKT Photonics SuperK Extreme supercontmsource

Fig. 2.12 NKT Photonics SuperK Compact supercomtimsource
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Noise and polarisation in ultra-
broadband OCT imaging

Noise measurement is an integral part of performaralysis in optical coherence
tomography (OCT) system. The ability to improvensilgto-noise (SNR) for imaging
relies on quantitative analysis of noise factomthidrom the laser source, and those in the
system. Noise in these systems is mainly causeabhyoptimised optical configurations
and sensitivity of the detection system. The daaanechanism used, such as homodyne
or heterodyne can largely influence the noise. difference in noise level is contributed
by the difference in detector noise floor, photeetlons dynamics of diodes, and the noise
current. In our analysis of noise in Section 3.&, eonsider a low-coherence Michelson
interferometer applicable for different modalities OCT techniques. This includes the
classical time-domain (TD) system, to more recemtirfer domain (FD); swept source
based spectral domain (SD) and the master-slave i{MSferometer systems.

The signal-to-noise provides a relative measureoise performance of the source.
This is largely caused by the waveguide reflegtivaind optical components used to
construct the OCT system. At the source, opticalgrolevels predominantly influence
how much noise power is generated. At this stagheotharacterisation process, noise can
be classified into three broad categories: thermagde (TN), shot noise (SN) and excess
photon noise (EPN). In the vast majority of puldima, the emphasis is placed on thermal
and shot noises, while neglecting EPN.

The typical optical sources used are mainly theesiypminescent diodes (SLD) and
tuneable lasers such as swept source (SS). Thewaloggources have limited spectral
bandwidth, usually between 70 nm to about 100 nowever, with the advent of mode-
locked lasers that offer femtosecond pulses ang Wigh peak power, to supercontinuum
(SC) sources with very broad optical bandwidth, itaiaal noise power terms become
significant.



Chapter 3 Noise and polarisation in ultra-broadband OCT imaging 46

In terms of optical bandwidth, we look into varidastors that can affect the SNR of
a fibre-coupled OCT system with balance detectidrese factors typically include fibre-
end reflectivity, cross-coupling efficiency, optigaower at the source, and the beatings
between various frequency components of a spectmnthe case when a broadband
optical source is used. A detailed comparison betw@LD and SC sources reveals the
influence of the optical source bandwidth on EPM@o

Various concepts of improving SNR using experin@moise measurement in time
domain OCT system have been suggested since thaelzade. Sorin & Barney (1992) [1]
proposed that by attenuating reference arm poeddretately while maintaining power in
object arm could suppress relative intensity n¢i&®) from the source. This method can
be achieved by using a fibre coupler with uneqpéttsg ratios. We will present in sub-
section 3.1.1 on how to allocate 20% incident poivtr the reference arm and 80% into
the sample arm. In another experiment publisheddyada et al. (1998) [2], the team
illustrated that by employing a balance detectechhique based on coherent heterodyne
principle, it is sufficient to overcome thermal agléctrical noise caused by the instability
of receiver electronics circuitry. This method ehates the need to manipulate reference
arm parameters. Subsequently, in a year laterjiRadt al. (1999) [3] showed that besides
relative intensity noise (RIN) and thermal noides power required in the OCT system to
achieve shot noise threshold can be lowered usthgabbalance interferometer design. As
a result, they managed to improve the overall SRR tme domain OCT system by a
factor of 6, using only up to 1 mW of source power.

As recent as in 2006, Haskell and Yoshino et dl.réported that despite various
efforts in previous researches to eliminate difiéneoise terms to improve SNR in OCT
systems, none of them have taken into account &ma ewise term called beat noise,
despite being discovered by Mandel back in 196288ht noise (BN) is optical line width
dependent. However, Haskell et al. suggested thknbe detection can suppress beat
noise, but only for source powers up to a few mdlts. In addition, the effect of
broadening the spectra bandwidth of the sourcevallan improvement in axial resolution
and depth penetration of OCT system. When combimiga low-noise high sensitivity
detection mechanism, the use of broadband souotdd make sub-micron resolution-
vivoimaging practical with the classical time domai@configuration.

In the second part of this chapter (Section 3.2¢/llwook into the effect of
polarisation extinction ratio (PER) and polarisatdependent RIN in SC sources.
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3.1 Noise in balanced OCT system

3.1.1 Coupler theory

In this discussion we evaluated the noise from dp#acal source, using a time
domain optical coherent tomography (OCT) systenha&ic Michelson interferometer in
fibre, as shown in Fig. 3.1.1, is constructed.His interferometer, only straight through
reference arm is used for evaluating noise from dpgcal source. The object arm is
neglected for this purpose. On the other handafiil SNR experiment, a combination of
both object and reference arms are used. In thigse we are interested in evaluating two
electrical quantities: DC voltage and alternatingrent (ac, Voc). To achieve that, we
added a detection unit in Fig.3.1.

Object arm
e \| i
M Mo
| s AC | Broadband optical
| D A | source
| Y

~N—_—— e —

Detection unit

o
M AC }
| |
| A— |
' |
' |
' |
! l ___________ |
' |
' |
: |
: — (B ' ;
| M ! | PD2 |
| Reference arm : \ )
L __ . \ _

Fig.3.1.1: lllustration of a time-domain fibre bdsaterferometer for noise measurements.
(AC: achromatic lens; DCG: dispersion compensagiass; DC1 & DC2: directional
coupler; M & M2: mirrors; Mo: microscope objective, Ms: mirror as object; PDPR2:
photodiodes; red lines: free-space beam path; dimees1 single-mode fibres.)
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In a time domain OCT system, we employ two dira@iacouplers, denoted as DC1
and DC2 in Fig. 3.1.1. These couplers form a fibased configuration, and it is more
robust than a standard bulk beam splitter normadbd in a free space set-up. Light from a
broadband source, for example a supercontinuust, dimters the first coupler DC1. The
DC1 has a disproportional splitting ratio in twotputs. We aligned the output with 80%
splitting ratio for our OCT object arm, and a 20ptiting ratio to our reference arms. In
mathematical terms, we denote the coupling ratioyjas= 0.8 and (1 —y11) = 0.2,
respectively.

In the reference arm, light is decoupled from filomeo free space with an FPR2
connector and an achromatic lens. While collimatide, light reflects off two silver
mirrors, Mt and M. The beam path also contains a dispersion comfegsgass (DCG)
for dispersion adjustments. Systematic dispersiompensation in OCT systems is
discussed in further details in Chapter 4. The-f@&ce optical beam is then coupled back
into a single-mode (SM) fibre of second directiooalipler DC2. Another output of DC1
delivers light into object arm. In the object armstruments such as galvanometric
scanners are usually in place to enable scannisgraples such as biological tissue or the
retina. The object arm usually possess more clgg@iein noise control as many samples
can attenuate or distort signal powers. For thésaa, we allocate 80% of source power
into the object. The light from the object is bamkpagated into the SM fibre of DC1, the
same point where initial light into object arm wa@alivered. It is at this point where we
introduce the notion of coupling efficiency: baidaross coupling.

Similar to notation used earlier,: and (1 —y11), a cross-coupling provides 80% of
the backscattered light from the object arm to &t nto the second directional coupler
DC2. Another 20% is delivered into the path thatrexts the source. To avoid damaging
the source, a slight misalignment to the DC1 outiaut be done. However, as the signal
from the sample is usually very weak, the riskerfding light straight back to the source is
usually very low. The combination of two light beamput into DC2 causes mixing and
beating of signals from object and reference anmgime-domain, interference occurs
only when two conditions are fulfilled:

(1) the optical path length between the two arms artelmed, and

(2) optical path difference (OPD) is shorter than tgbktlcoherence length [6].
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We evaluate outputs of DC2 as part of balance tieteanalysis in coupler theory,
to be discussed further in Sec. 3.1.2. An illugtratof directional coupler with varying
splitting ratio can be represented by its eledtald distribution at input and output ports,
as shown in Fig.3.1.2. In a basic ideal 1:2 coypmetical intensity delivered into one of
two equal outputs has a factor B&/2. To simplify our analysis of electric field in fib,

we need to first establish the relationship of s&@ower at input and output ports. To
illustrate this concept, we use an ideal directi@oapler with equal splitting ratio (50:50).

For this couple, we define coupling efficiencyg, = 05 for cross coupling and
(l— yBAL) = 0.5 for bar coupling. A simple representation of tiwegying electric field can

be expressed in vector form, as in Eqn.3.1:
E(t) = Eexfd- j(2mt+4,)  [vim] (3.1)

where Zv is the angular frequency (in m/gyepresents time (in S)p is the phase
constant,Eo is the amplitude of the wave. The veckEit) denotes the complex electric
field composed of both real and imaginary partgresented asH(t)xE*(t) | and carries a
physical unit of Newton per Coulomb (N/C) or momneeniently volt per meter (V/m).
Both parts of this vector field can be related Wyidert transformationd, where ImE(t)]

= JH{Re[E(W)]}.[7][8][9]

E1 Ell —jE2x

=P Eo —jEax

Fig. 3.1.2: Distribution of electric fields at infpand output ports of a directional coupler.
(Subscript ‘I": bar configuration, subscript ‘x’r@ss configuration)yg,, : cross-coupling

coefficient,E(t): complex electric field)
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By considering the case where coupling efficiengyfrequency dependent, where
VBAL(V) is dependent on input optical signal v, as in npractical application, or when

cross and bar coefficient are dissimilar, we caulite the outputs as in Eqn.3.2 and 3.3.

e
E+ _\/E(Eil_ JEZX )’ (3-2)
E = (E, - /Ex) (3.3)
— 2 L X .

To simplify our noise analysis, we prefer to uséorof photocurrent as opposed to
electric field. From theory demonstration using WieKhintchine theorem to evaluate
autocorrelation of electric fiel@&(t), we could thus relate optical irradiandept to the
integral of power spectral density, or measuredcappower, Bpt obtained from a power
meter. As such link is established, we could simgnfirmed that modulus of electric
field is also proportional to spectral distributi@s in Eqn.3.4

[E(t) O41t) (3.4)

Thus, the time-averaged photocurréf} is basicallyPopt divide by photoelectric
conversion efficiency of the diode. For that reason, we could now wiht cumulative
photocurrent at our detector as in Eqn.3.5 to Bgh.

i(t) =i, (1) —i_(1) (3.5)

()= a[E_LL - Jsz (t)][E_:L 0+ JE;x(t)]
= a{|E, (1) +|Ex () - JEL ()Eyxy (t) +cCl,

(3.6)

(1) =a[Ey ()~ JEx OI[Ex () + JErc (1)]
=a{[E,, (1) +Ew ()]~ JE, (DE () +cc,

(3.7)

where is the coefficient of polarisation, subs&itandL denote detected quantities
after cross and bar configurations, subscriptsd--adenote detected photocurrent at PD1
and PD2, respectively, and c.c. represents the leoimgonjugate terms of the sum of
electric fields.
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3.1.2 Photodiode detection
3.1.2.1 Balance detection

The output signals from the second directional teupC2 of our TD-OCT system
shown in Fig.3.1.3 is delivered by two separateefhinto the in balance detection system
The detector is an in-house manufactured, highemresipity balance receiver composed of
two identical broadband PIN diodes. Each of thesmlat has a responsivity curve
averaging 0.8 A/W around the OCT wavelengths, fri200 nm to 1400 nm. A trans-
impedance amplifier (TIA) is used to convert lowdephotocurrent detected from the two
photodiodes (PD1, PD2) into DC voltage. Two operal amplifiers (op-amps), each with
a feedback resistdR- and gain tuneable rheostat were used to consérigtim and a
difference amplifier, with their potential outputstmed SUM and DIFF respectively in
Fig.3.1.3. A feedback capacitGt is placed at leg of PIN diode to suppress DC carepb
and it acts as a rectified bridge for one periodnstantaneous signal. An unamplified
monitor output denoted DC bypasses the voltagebeadamplifier is used as the voltage
reference\Vrer.

1 DC
PD1 \\s: [ Rk /\/\/\/\_ ‘

TIA I

CF NN —
_‘I TIA H [ H] \—_}SUM @

PD2 (':F @

Fig. 3.1.3: In-house manufactured balance detegtbrtwo InGaAs photodiodes for noise
and SNR measurements in an OCT system (TIA: opaatamplifier, 300 MHz, AD} :
summing op-ampA: differential op-amp; PIN: photodiode G10899-01K-PC;R:
feedback resistor, 220@X% Cr: capacitor; HPF: high pass filter; V~: LEVELL bdizand
AC voltmeter 10 Hz to 3 MH2/pc: multimeter/oscilloscope 100 MHz)
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3.1.2.2 PIN diode

A PIN diode is a typicapnjunction photodiode but has a large, wide, undoped
intrinsic semiconductor region betweertype andn-type material. Common materials
include AlGaAs and InGaAs. Upon illumination witiptecal powerP, PIN diode records
continuous photocurrent(t). The relationship of quantum conversion betweettsins
count, photocurrent and responsivity are as shomiegn.3.8 to 3.10 and Table 3.1.1. The
noise equivalent currenNEC) is detector independent and is linked to its oesprity S,
which is wavelength dependent [10].

_nPr
. _1Pq,
79
S= )
. (3.10)

Table 3.1.1: Parameters of a basic PIN photo datesed for noise characterisation

symbol description
Ne number of photoelectrons
n detector quantum efficiency (Si 0.85 A/W farat 1300nm)
h Planck’s constant (6.626x%0J.s)
Vo centre frequency of light source spectrum (Hz)
Oc electron charge constant (1.6%£@)
S detector responsivity (A/W)
T observation time of photodiode illuminated withhigs)
NEC noise equivalent current AHz

Balance detection works when all elements of spelitrewidth are equally split into
two identical outputs, therefore a 50:50 ratio écessary. For an SLD of bandwidth 60
nm, we generally have no problem of large deviafrom 50:50 ratio using commercial
fibore couplers with FWHM bandwidth of +/-40nm at QOBim central wavelength.
However, any mismatch due to splitting efficiensyaf huge concern in operation of
broadband super continuum sources such as the Nii&r& Extreme and Koheras Versa.
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These sources have very large optical bandwidtreM\ifsed with an OCT system at
800 nm, typical bandwidth of 300 nm can be expeciditrefore, to make detection
compatible with all these broadband implementatioms need to take into account of
different noise power as some of them can negatidegrade our system SNR. The most
common occurrence is the huge photocurrent flucinah many narrowband detectors.
The choices of broadband detectors are limited, eareh if they are available, can be
costly. One option is heterodyne detection. Hetgmedsignal detection in time-domain
OCT system can suppress flicker noise (generalbyknas 1ff noise) for signal bandwidth
above audible frequency (AF) range, generally 2@ kit higher. A heterodyne balanced
detection system can additionally suppress lowueegies excess noise (Sec.3.1.3.3) that
present in a non-balanced or homodyne configuratldeterodyne detection can be
achieved by allowing short exposure time (<pE) to PIN diode at measurement. Further
implementation is discussed in the noise measuresaetion.

3.1.3 Noise theory

Noise is defined as the mean square fluctuationHM3n2>) of random number of
electrons on a photodiode over illuminated akeaver observation duratiofir [11]. The
evaluation of noise takes into account of fluctoasi of the envelope power of AC current
on the detector that resulted in a cross coupliffigiency (yeal) of 0.5. As such, the

interference signal,(t) can then be written as in Eqn.3.11 based on daivaf electric

field in Egns.3.6 and 3.7. Similarly, the DC cutrearms can be expressed as in Eqn.3.12.

Lo =i, ) -i_(),,

| * | * (3.11)
=+a[=jEx (DEy (1) + cc.+ JE, (DE, (t) + cc]

o0 =10 1)
=a{(R, ) +(Poc ) = (P ©) +(Po, ) (3.12)

=a{(R®) +(RO)

where a is the coefficient of polarisation, c.c. indicateemplex conjugates,
subscriptsX and L denote detected quantities after cross and@dnfigurations, subscripts
+ and — denote detected photocurrent at PD1 and ieBRectively.
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Photocurrent response for OCT system at detectpubuaan be expressed by taking
into account the cross-coupling terms of firsedironal coupler (DC1) and power from
both arms of interferometeP{er andPogj). Instantaneous photocurrents can be written as
sum of optical power multiplied by photodiode resggity for an equal split output from
second directional coupler DC2, with 50% crosscedficy cancellation. Therefore, we
could expressi¥t)> the photo detected signal as in Eqn.3.13 [1].

(i(t))” = 20 \|{ Prge ) Pog, ) cOS(278,t — ¢, (3.13)

where o is the coefficient of polarisation,n% is the angular frequency of light
source (in Hz)go is the phase constant of the interfering light.

To take a look into the different noise terms,ugtnow consider a light beam from a
single-mode non-polarised source. The root meamrseq(RMS) value of photocurrent
fluctuation measured across a resistor at photedmdput can be described in Egn.3.14.
The equation combines two noise terms: shot n@bH é&nd excess photon noise (EPN).

(D12, = (8130 + {20 Z)

_ 2\ B
- 2q<|dc> Belec+2<|dc> A\Il_;:: (3.14)
- 2| ] Beiec
2q <I1,DC>+<I2,DC> BELEC+2<I1,DC><I2,DC> AV
eff

whereBeLec is the electrical bandwidth (Hz\vert is the effective frequency of light
source (in Hz) ande is the electron charge constant (1.6%%10).

3.1.3.1 Shot noise

Shot noise is produced in OCT system by beatingdxst signals from fibre-end end
reflection and reference arm, and is proportiomakkementary electric charge. grhe
mean photocurrent Bc) for shot noise can be further evaluated on coution from
cumulated currents ofi £ + <l>> due to fibre-end reflectiolker, and that due to reference
arm signal ger. As such, shot noise power can be written as mEgf5.

<Ai§N> =200, Bg ¢ (< Pl> + < P2>) (3.15)

wherea is the coefficient of polarisatioeLec is the electrical bandwidth (Hz) and
Qe is the electron charge constant (1.6%10).
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In a classical light analysis theory, shot noisgeserated by a constant intensity
signal, from photon fluctuation in the same spatestfalling onto the detector area, within
a coherence time of observatian). (The distribution of these photon follow a proitigp
distribution in Egn.3.15, and it obeys the Poissatatistical formulae with a mean square
fluctuation (MSF) of Anz> = <>, By taking into account of PIN photodiode quantum
efficiency,a, we could write Eqn.3.16.

P(n) = —<n> e (3.16)
n!
(an*) = (an) (3.17)

3.1.3.2 Excess photon noise

Excess photon noise (EPN) is produced by the kgafifrourier components within
the broadband optical spectrum, and its resultimgenpower is inversely proportional to
optical bandwidtives of the source, as defined in Eqn.3.18. EPN is @sbnically called
wave interaction noise or photon-bunching effecttfi@at matter. We can therefore analyse
EPN is the form of photon fluctuation in the pddioature of light.

AV, = [j P(v)dv]z/j P2 (v)dv (3.18)

By referring to Eqn.3.17, we could model this nogse>2, effectively adding a
second noise term to make it becomes Eqn.3.19esuty condition that coherence time
of an optical sourcec is smaller than coherence time of our detegtoBy considering the
inverse proportionality between time and bandwidtie, linewidth of our source ought to
be much larger than our detector bandwidth.

(An?) = (an)+(an)®  with condition ¢c <<te) (3.19)

By relating Eqn.3.19 to Eqn.3.15, we could re-wiitsuch that it follows the Bose-
Einstein photon counting distribution. The resgtexpression in Eqn.3.20 is the general
expression for MSF of random photon, which is Isitict sense stationary and ergodic.

_
P(n) - (1+<n>)n+1

(3.20)
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The mean square current fluctuation in Eqn.3.14 temefore be obtained by
multiplying both sides of Eqn.3.19 witlyg{t)? and grouping the termm= ge/t = Ipc as the
time-varying photocurrent at detector output. Thanes the final form of EPN as becomes

B
<A| EPN> - Za(loc)zﬁ (3.21)

OPT

2

with 12. = (R)P,) +(R)* +(R,) (3.22)

To demonstrate the existence of excess noise ¢umemandwidth dependent
broadband sources, as opposed to laser, we lookaiobmparison made by Morkel et al.
(Southampton, 1989) between a HeNe laser and a 2Shbh source. In their noise
characteristic measurement, a detection systemogimgl a 500 kHz low-noise trans
impedance amplifier (TIA) was used to monitor sigflactuation within a 100 kHz
electrical bandwidth to achieve signal-to-noisesgenty over 600:1 and eliminate f1/
noise from SLD source. They recorded a 10 dB/dechdggnal for SLD vs 5 dB/decade
for HeNe. For this reason, they have shown in tegperiment that, using noise curve
from SLD output, due to an additional EPN termatatetected power increased by the
power of two with respect to input sigiat. The measurement was done against a linear
trend observed for HeNe laser. The HeNe laser @-msbise-limited. Our interest to
broadband OCT imaging will likely involve opticabsrces with bandwidth greater than
300 nm. The use of a supercontinuum (SC) sourad as SuperK Extreme from NKT
Photonics A/S is a preferred choice. However, siseie of shot noise in a SC source will
have to be evaluated thoroughly. For this reasatedacated experimental section in this
chapter, Section 3.2.3 will discuss SN and EPNGnirs more details. The ratio,eRv/Sn
of excess photon noise to shot noise for both @iteand incoherent sources can be
verified as in Eqn.3.23, subjecting to bandwidthboth optical sourceBppt) and detector
(BeLec), for incoherent light fluctuations the inequalityEqn.3.24 holds.

R = DB¢ _<10° (3.23)
PI/SN 2QGBELEC
2 BELEC
20eBeiecl e >> loc—— (3.24)
OPT

whereBeLec is the electrical bandwidth (HZ3opt is the optical bandwidth (Hz) and
Qe is the electron charge constant (1.6%10).
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3.1.3.3 Excess noise at low frequencies

A. Frequency dependent limitation

As measurement of noise power spans across seleraties of frequencies, the use
of a band pass filter to restrict measurement ramgaportant. We can typically evaluate
noise suppression performance up to generally H¥)without considering contribution
of 1f noise terms. However, in this case, effect of fuannoise suppression in audio
frequency (AF) band is difficult to quantify withbresorting to expensive equipment such
as lock-in amplifier and high speed oscilloscope. addition to EPN dependent on
linewidth of optical sources mentioned above, savarticles had also identified causes of
excess noise at low frequency, in the audible ramgeto 10 kHz, especially in the
detection mechanism, to be discussed further iailddtin the following sub-section.

In low frequency detection, such as the most coniynosed balance detection
technique, the use passive electronic componekgsréisistors, capacitors, inductors and
op-amps in detection circuitry cannot be avoidednlylof these semiconductor parts have
parasitic effect that is dependent on frequencyte@er sensitivity therefore has a
frequency roll off effect. Detector units operatiag frequency at a few 100 kHz will
remain susceptible to a different IV response taalysis at audio frequencies.

B. Optical beam limitation

Another source of noise at low frequencies is b@ter. Beam jitter occurs due to
backscattering from mainly biological tissue sampleobject with imperfect surface and
refractive indices. The primary concern in deakvith beam jitter is the distortion of beam
guality, mode of transmission in fibre. It has ®rmoted that not all Gaussian shaped beam
spot is re-injected back into single mode (SM)dilmore, and that can lead to fibre-end
reflectivity — another undesirable effect in a frggace to fiore OCT system. On the
spectral side, independent to dispersion in therfietometer, this beam jittering issue often
resulted in non-overlapping of Fourier components ibandwidth in the interferometer,
making spectral density of output beam non timeatiant to the source beam. For
example, a full 300 nm broadband light in measumedfiree space section of the
interferometer, while at the detector, the measumgatical bandwidth becomes
narrowband.
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Parasite interference is predominantly caused Iigamlignment imperfection and
non-optimisation of beam splitting ratios in a bud&am splitter or within a directional
coupler. Without an ideajsa. = 0.5 splitting efficiency, this often leads toegual
photocurrents subtraction due to spectral shap@rtdes between light beams at two
photodiodes. In addition to parasitic effect ategdtdr, stray reflections due to scattering of
light from original path beam in either sample atuoe to surface imperfection or reference
arm due to dust also able to alter non-coherenamlag interference.

C. Semiconductor limitation

Photosensitive diodes with built-ip-n junction also contribute to dark current
production resulted from random generation of etexsd and holes within the depletion
region of these devices. As a result, even at V@mydark current magnitude of a few
pA/NHz, evaluating non-linearity of noise terms diffeiating shot and excess noise at
this current level is difficult.

D. Signal processing, filtering & rectification csinaints

This phenomenon is due to signal amplification pssc Ideally difference in
photocurrents between two outputs (LO-local odoitlaand IF—intermediate frequency)
will result in subtraction to product differentiabalue. However, non-subtracted
photocurrent with frequency component above AF eanij continue to degrade amplifier
performance with increase in intensity noise raticamplified signal. In most practical
case, despite use of low-noise amplifiers (LNAsYhe detector system, quantum noise
remain to dominate noise power up to 10 kHz. Mdjeadvantage of using a non-balanced
configuration is to provide flexibility to cancehptocurrents that are differ from LO value.

As we select our electrical noise bandwidth fogérency analysis, we employ a
linear, time-invariant (LTI) filter for this procesWhen we pass a time varying, non-white
spectral response photocurrents into this eleatrbler, we expect to have output signal
that is at least wide-sense stationary, wheresitsnbment and auto covariance is invariant
with respect to time. Nevertheless, the frequeresponse of the filter and integrated
circuit does vary in time, resulting in non-whiteise, signal whose power spectral density
is not constant but random, and its joint probabitlensity function (JPDF), mean and
covariance changes with time.



Chapter 3 Noise and polarisation in ultra-broadband OCT imaging 59

3.1.3.4 Thermal noise

This form of noise is caused by the load resistoaibalance detector shown in
Fig.3.2 is time incoherent and independent to npisEluced by optical sources. The
variance of thermal noise power due to circuit sesice and limitation of electrical
bandwidth on analogue-to-digital conversion (AD@qess can be written as in Eqn.3.25.

4k T
lec — — Belec (325)

oad

< Ai2

thermal >= (NEHBe
whereBelecis the electrical bandwidth of the detecteris the Boltzmann constark,
is the ambient room temperature (300 Rpaq is the resistance value (f2), NEP is the
noise equivalent power (A.H2) as defined in Table 3.1. Thermal noise usually Very
little effect to overall noise power, and theref@@egligible for most noise analysis.

3.1.3.5 Beat noise

Haskell et al. [4] disputed many findings by OC§earchers in area related to noise
performance analysis. They have further noted thahy previous publications had
omitted an additional noise term — beat noise th&wr Michelson interferometer system.
The concept of beat noise, or loosely defined astlioorder interference in signal
processing, can be obtained by correlating sigfa@m two photodetectors that are
separated in both space and time. It was firstogmed by Alford and Gold back in 1958,
when they showed a time delay produce by an intarfeter with optical path difference
(OPD) that is much greater than the light sourdeecence lengthL¢). This effect has a
correlated intensity fluctuation, in the form o$ectral modulation that was observed as a
result of parametric down-conversion of correlgtedton pairs in a superposition state.

According to Haskell et al. [4] and Mandel [5], theat noise term is equal in
magnitude but distinct from the cross term in tlseial Bose-Einstein photon-bunching
effect. The main cause of beat noise is not dubeftings between various frequency
components in a spectral bandwidth, but rather tugwo partially coherent and
incoherent beamsP¢on and Pincor) reflected off a multi-layered material with vangi
refractive index. Independent of material dispersicefractive index differences as a
function of depth and thickness in an object camseahe backscattered beam to attenuate
in signal strength, propagate at different speed,lase spatial coherence at detector.
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By referring to our Egn.3.2, according to claimsHgskell et al. [4], this beat noise
current term can be written as in Eqn.3.26:

(12, )=a? % l2(P\(R,)] (3.26)

opt

wherea is the coefficient of polarisatioBelecis the electrical bandwidtiBopt is the
optical bandwidthP; andP; are received power at photodiodes 1 and 2.

A detailed analysis carried out by Yoshino et &R][and affirmed by Haskell has
demonstrated that beat noise, as similar to EPN, tisr due to the changes in total optical
power spectrum incident upon the PIN photodiodesiog interference in two partially
coherent beams. The main reasoning could be laith wavelength dependent coupling
efficiency shown in section 3.1.1 of this thesis.

3.1.3.6 Total noise power

Total noise power at output of balance detector lmarwritten as sum of thermal
noise, shot noise, excess photon noise and besd.rs we assume an equal splitting ratio
of 50:50 for the second directional couple DC2 unbalance condition, the spectra
response between its input and output is invariding contribution of frequency
component shift is null. We could theoretically rde the total noise power to become
Eqn.3.27, by combining Eqns. 3.14-3.15, 3.21, 32%.

2 2
<A‘2>=28eec{2';—BLT+aqe{<Pl>+<P2>}+02 <P1>A§:)2> (1+< ZPZJ} (3:27)

wherea is the coefficient of polarisatiomBeiec is the electrical bandwidtiBopt is the
optical bandwidthP1 andP> are received power at photodiodes PD1 and RB the
Boltzmann constanil is the ambient room temperature (300 R),is the load resistance
(in Q), wo is the central frequency of light source (in Hz)js the electron charge constant
(1.6x10'° C).



Chapter 3 Noise and polarisation in ultra-broadband OCT imaging 61

3.1.4 SNR and sensitivity
3.1.4.1 SNR

Signal-to-noise ratio (SNR) is a relative measursuperiority of detectable signal
with respect to degradation in signal quality réeglfrom various events of photoelectron
fluctuation in both input and output of photodetecsystem at unity bandwidth. By
considering an optical source of different freques@nd random phases in a sinusoidal
wave field, with a Gaussian component of noise twuspontaneous emission, electrical,
thermal and mechanical instability in Egn.3.1, wauld derive a probability density
function of noisg(v) in the Gaussian form as a function of SNR in Eg28 and 3.29.

V(t) :\/0 COS(% t+ ¢0) +\/noise (3-28)
SNR=—Y__ (3.29)
<Vn20ise>

wherewo is the angular frequency (in m/syepresents time (in )p is the phase

constantVo is the amplitude of the signal aNbiseis the noise voltage.
3.1.4.2 Sensitivity

Sensitivity §) of TD-OCT system in Eqn.3.30 can be achieved withimal sample
arm reflectivity minRs) and fibre-end reflectivity, mifger) [10]. The Advantage of using
TD-OCT is that the illuminated power is proportibb@ photodiode current, for each A-
scan. Therefore, DC current at detector is propodali toNEC. TheNEC is much lower in
FD-OCT since Fourier transformation takes into act@f receiver quantum noise.

1 2y (1- =5
S oo = Viar = Veal) OBJF;R:EF (3.30)
ELEC
POB.JyBALRREF[qu + RogsVeaL AVEFJ + (NEC)2
eff

where g, is the coupling efficiency of DC2,g; is the power from objectRgcr

is the reflectivity of objectge is the electron charge constaBgLec is the electrical
bandwidth of the detectoNEC is the noise equivalent current andess is the effective
frequency of light source.
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As excess-noise in FD-OCT is significantly largecdled by pixel value to factor
power ofVN), balance detection can't effectively suppressetent noise and thus has no
better sensitivity enhancement otherwise achievablED-OCT system. In an optimised
TD interferometer, the splitting efficiency of firdirectional coupler (DC1) was deemed
necessary to be indifferent to 50:50. As demoredrdiy Rosa and Podoleanu [7], an
optimum efficiency of 80:20 was found. In this casference arm powdlr is four times
as huge aPs, and therefore, the reflectivity in reference asnmuch larger, at least 10x
the reflectivity in sample arnRoes << Rrep). The SNR notation in Eqn.3.29 becomes

I:,OB.] ROB\] I:’REF RREF

2 2
I:’REF RREF + ybal I:’REFRREF

SNRJ (3.31)

where yg,, is the coupling efficiency of DCRx is the power from reference arm

and P, is the power from object arm.

In shot noise limited OCT system, we could work SR, whereNEB = 2Af as in
Eqn.3.32.[13] Signal-to-noise ratio as functiondgftector current for this system using
incoherent sources of varying optical linewidthtced at 1300 nm is plotted in Fig.3.1.5.

SNR:lﬁPS R loc - (3.32)
2 VO NEB 2QeBeIec-'-IDC clec

opt

wherea is the coefficient of polarisatiomBeiec is the electrical bandwidtiBept is the
optical bandwidthPs is power from the sampl&s is the sample arm reflectivitihc is the
noise power from detectoyp is the central frequency of light source (in HgJ,is the
electron charge constant (1.6%2@) andh is Planck’s constant (6.626x30J.s).

By Nyquist sampling theorem, our optimum bandwittthBPF ought to be equal to
or larger than 2f. It is noted that wider detection filter bandwidiecreases sensitivity,
and smaller bandwidth will decrease resolutionoharent light has no contribution to
increase interference fringes, i.e. due to phassmatich of frequency components in
spectra bandwidth, and the auto covariance of tham in time. Thus, no improvement
over sensitivity or dynamic range is attained ferylarge band sourc&aX>100 nm) in a
narrowband directional coupler (BW +/-40nm).
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3.1.5 Noise measurement technique

3.1.5.1 Theoretical modelling

Noise characterisation of an optical source usdelh boms of the interferometer
shown in Fig.3.1.1. We take reference arm powguraportional to input power into our
OCT system, and the object arm power as dependenie surface reflectivity of the
sample. The power of these two beams at the deteatobe written as a function of the
coupling ratio, as Eqn. 3.33 for reference arm, Bgd. 3.34 for object arm.

Prer = V11VeaPopr (3.33)
Poss = (l_ V11)V saLPopt (3.34)

where yg, IS the coupling efficiency of coupler DC%,, is the coupling efficiency

of DC1, andP,p is the input optical power delivered to Port ID&1 (Fig.3.1.1).

To evaluatePog; correctly, we need the Fresnel reflectivity frane objectO(v). A
comprehensive noise measurement for all opticafcesu(SLD and SC) was done by
recoding the voltages are the detectbi; andVpc, using similar set of reference powers
at with the same optical bandwidtWiac is the variance of output RMS signal. Noise
signals were evaluated for electrical bandwiBthec of up to 100 kHz (or 10 ps) using a
voltmeter and an oscilloscope. Graph of noise powgeoutput DC voltage is shown in
Fig.3.1.4. Modelling of SNR using Eqn.3.32 with@% DC1 is shown in Fig.3.1.5.

Ve =0

noise

ts =108

Vbc

» t(ms)

Fig.3.1.4: Oscilloscope readout of noise power fACtuation) sampled over 100 kHz
electrical bandwidth and the linear DC componettadénce detector
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Fig.3.1.5: Theoretical SNR for optical sources vditierent bandwidth centred at 1300
nm

ap?) (3.35)

From the simulation plot in Fig.3.1.5c is proportional to source power. We were
able to relate DC current to electron charge usiiregslope up tb,, = 1.8mA as equal to
1.818 Coulombs, using Eqn.3.35. Therefore, the vademt noise power threshold
necessary to access the EPN regime using opticates® of bandwidti\A=150nm and
central wavelengtlhic = 1300nm can be calculated using Eqn.3.36.was measured
across two parallel feedback resistors, R=Z)bkfore the TIA in Fig.3.1.3.

V2
RI? =—AC (3.36)
RL
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3.1.5.2 Experimental measurements

It is essential to experimentally verify the detgaturrent necessary to access the
EPN regime. We run the noise power test on an Sitb eual-diode configuration (BW
35 nm and 60 nm), as well as three supercontinuaurces from NKT Photonics (SuperK
EXR9, SuperK EXR20 and Koheras Versa, each witMads 150 nm).
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< 35nm sources ASLD D1+D2 60nm < EXR9 150nm
O EXR20 150nm SVERSA 150nm

Fig.3.1.6: Measured noise power relative to inpwer

In the EPN regime, we observed a linear increaseoise power by a factor of
Beled AVet relative to input currenkpc. We could then relate EPN to the time derivative
electronic charge bRI?/t2 For each optical source we evaluated noisd&#pgc up to 100
kHz. For OCT application, we first evaluate the seoiperformance of a narrowband
source, with central wavelength of 1.3 pym and baddhw35nm (or 6.31 THz). We
calculated that coefficiemeied AVert €quals to 0.016 x 19 which is roughly corresponding
to our measurement data of slope value in the negid.013 x 18, for 35 nm SLD and
for 150 nm supercontinuum sources (Versa, EXR9, EXR
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Table 3.1.2: Signal variation vs input power fog 8PN regime

Source <ARP>/<Alpc> BeLed AVet P at <lpc> = 1.8mA
x 106 M@ x 106 [UW] [e]

35nm (SCU, SLD) 0.0130 0.0158 Shot-noise limited

60nm (SLD D1+D2) 0.0081 0.0089 2.00

150nm EXR9 0.0033 0.0037 1.75

150nm EXR20 0.0032 0.0037 2.15

150nm VERSA 0.0031 0.0037 2.25

Notes:

[a] Slope calculated for values measured in Figitigi(Vac)?/Voc.

[b] Data calculated usinBe ec at 100 kHz and respectiBrr measured at FWHM.

[c] Minimum noise equivalent power needed to actiesEEPN regime.

[d] Supercontinuum sources: Versa, EXR9 and EXRRAyith 35 nm filtered spectrum.

Rectified signal from differential amplifiers (F&3) was used to measure SNR for
four sources. SNR was measured by taking ratimtefference signaMger + Vogy) over
reference arm signaV/ger) for BeLec up to 100 kHz. The SNR data was compared against
signal into object arm with a reflectivity coefferit of 0.2 (80:20 DC1).

Our measurement shows variation in SNR with resfea@bput power,Pin, where
Pin = Prer. By using 1.25 mW reference arm powa&fidt= 35 nm andic= 1.3 um,Pin =
3.3 mW), we noticed +5 dB difference in SNR betweé&armperK EXR20 and Koheras
Versa. On the other hand, EXR9 has better signabiee than a typical SLD evaluated at
similar reference arm power and optical bandwidhdB (against SLD at 35 nm), +12 dB
(against EXR20) and +17 dB (against Versa).

It worth mentioning that beyonBLim (Prer= 1.25 mW,Pin = 3.3 mW) for 35nm
optical bandwidth, SNR levels off and becomes imetelent of input power. This
observation varies upon system configuration, eatsty due to limiting factors such as
bandwidth and reflectivity in object arm. Therefo@NR dependent noise from optical
sources can only be evaluated for power threshelovwbP. . On the other hand, larger
bandwidth SLD has better SNR than two supercontmwources (SuperK EXR20 and
Versa). The only explanation when SLD is supermSC sources is that for lower input
power, higher EPN threshold for lower input pow€he low-noise version of SuperK
Extreme (320 MHz, 20 ps) has an overall better $fdRormance than SLD, EXR9 and
Versa, with improvement of +11 dB (input 10 pW) 487 dB (input 1.25 mW) over
conventional SLD sources in our optical BW limitaakalysis (35 nm).
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Fig.3.1.7 (top) Measured SNR in time-domain OCTteysin variation to reference arm
power with four different optical sources of 35 rand (bottom) 150 nm for NKT SC and
60 nm for SLD diodes.
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In comparison to noise data, our minimum power perate the SuperK EXR9
beyond shot noise regime was 1.75 pW. However,r@e@at able to draw a conclusion if
increasing the optical bandwidth from SuperK EXR& emake the imaging less noisy than
SLD of similar BW. Nevertheless, in terms of SNRings, comparison between two
supercontinuum sources has again proven that wif0anm bandwidth, SuperK EXR9 is
between +7 dB to +9 dB better than Versa. It hasetmoted that our measured values of
Beled AVert for 150 nm case varied despite every effort toehaxactly 150 nm filtered
optical spectrum going into and coming out from @@T system by making ensuring we
haveAlett = AARer = Alp1 = Adp2. Spectrum at each of these positions were measvited
an OSA. Initial findings indicate that these smadiriations are due to dispersion of
wavelengths in SM fibre and transmission band o @hwectional couplers used. We
therefore able to conclude that:

(@) In total noise power measurement, we observe arlittend in shot noise regime
for detector power up to 1.8 mA evaluated overlantacal bandwidth of 100 kHz.
Noise power is a measure of photocurrent fluctuaitiophoto detector due to noise
from the source.

(b) Shot noise power is independent of laser linewiker), thus a narrowband
source (e.g. SLD) at 35nm and a broadband sup@ncont source (e.g. SuperK
Extreme) at 200 nm makes no difference to curdeictdation at PIN diodes. Shot
noise increases as we increased our amplifier biaitialw

(c) Excess photon noise is inversely proportional tbcapbandwidth. With a 150 nm
broadband source such as the EXR9, we can expactifiees lower in total noise
power compare to a 35nm SLD. Our results provexiviais the case.

(d) SNR measurement gives an in-sight into noise in @@&Iem. With a time domain
interferometer, we observed that at similar refeeearm powerRrer > 150uW),
the low-noise supercontinuum SuperK EXR9 giveshslygbetter SNR than SLD
and two other supercontinuum sources, SuperK EXROMERSA, when imaged
with a sample of surface reflectivig> 0.3.

(e) Independent of optical bandwidth used, we showat SluperK EXR9 gives better
SNR in OCT imaging than two other supercontinuunwrses (Versa and EXR20).
We therefore verified the low-noise claims from NRTotonics.
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3.1.6 Summary of statistical noise

In the analysis of noise power, we provide an ghtinto basic physical quantities
that affect optimisation of an OCT system usinghbobherent and incoherent optical
sources and detection techniques. We began by samglyhe photocurrent flow in
directional coupler, deriving the equations froreatlic field to optical power, to show
how noise power can evaluated from the AC currierctdation with optical couplers with
different coupling efficiency. We have discussedrthal noise, shot noise and excess
photon noise. We demonstrated that thermal noigengrated by instability in electrical
circuitry of the photo detector and the resistdrotSnoise, on the other hand is due to
quantum fluctuation of electrons at detector inthdt follows the Poisson statistical
distribution of mean-square fluctuation (MSFAr>=<n>. The third noise term, excess
photon noise (EPN), is caused by beatings of variourier components in an optical
spectrum. EPN follows the Bose-Einstein probabifiiistribution of MSF An>=<n?>. An
additional term called beat noise was introduceth¢tude partially coherent light signal
and its reflectivity coefficient into the total rsei calculation. A comparison of various
techniques employed to improve SNR were discussktese techniques include
deliberately attenuating reference arm power withirss to reduce saturation, and to
unbalance photo detector system.

We have also analytically shown that despite arease in the bandwidth of optical
sourcesAM (or Av in optical frequency), the upper limit of the SMBuld not be extended
further due to some these main factors: (a) filme-stray reflections, (b) incoherent
spectral bandwidth of signals, and (c) non-overiagn time of spectral powers deviation
from both arms of the interferometer that resuiteteduced interference fringes. It is also
evident that by employing ultra-broadband opticalrses such as the white light
supercontinuum (SC) source from NKT Photonics aalg marginally improved the SNR.
However, this approach requires the SC source topeeating at its full power (100%).
Nevertheless, we also discovered that by usindpre-fhased OCT system, our ability to
manipulate the source optical bandwidth for a gaiSNR is dependent on transmission
band of fibre couplers in use. A narrow band couggl@ot suitable for systems running on
SC sources, not only from the bandwidth perspecing also due to various noise it
generates. A complete redesign of the broadbanpl@ois therefore necessary, and should
be priority for the next project.
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3.2 Polarisation and noise in long pulse supercontinuum

Long pulse supercontinuum (SC) light sources headittonally been ignored when
considered for optical coherence tomography (OCIH] [owing to their poor noise
performance. In the last decade, SC sources hade meoads into other fields of study,
such as optical metrology [17], chemical sensing],[ibre sensor technology [19] and
white light trapping [20]. During these periods,psu luminescent diodes (SLD) and
tuneable lasers such as swept sources have beelywaabpted by OCT developers [21].
However, many of these light sources struggledrtivide sufficient optical bandwidth
needed to response to the increasing demand fhraxigl resolution imaging, especially
in the non-conventional wavelength range [22-23.récently, the use of SC sources have
made a comeback again on tomography imaging anfutregplution OCT with SC has
again been researched [24]. This time around, thi& mrgument for SC wasn’t on RIN,
but the promising imaging results SC sources cdivalle based upon its wider optical
bandwidth and higher power [25] than any othertlggurces.

We believe that the future of OCT relies heavilytba successful development of a
low-noise version of the SC source, and abilitgxploit the polarization effects delivered
by these high performance sources. Recently, alaiion model has shown polarization
dependent output power at longer wavelengths 26yever, this was not experimentally
verified in their later tests and is yet to be otsed [27]. Nevertheless, an earlier study
using direct time-domain measurements of the angsistatistics has concluded that pulse
to pulse stability depends on the pump power apdtipolarization [28]. We also note
that, as early as 1995, polarization effects ragultn spectral broadening in weakly
birefringent micro-structured fibre (MSF) had beewvestigated [29], with these tests later
repeated for its highly birefringent counterpaf@][3-or these reasons, we have initiated a
comprehensive study on SC in three areas of iritquekarization extinction ratio (PER),
polarization changes [31] in a nhominally non-biedent photonic crystal fibre (PCF), and
polarization dependent relative intensity noiseNRBirefringence is an important area to
investigate in SC generation as it provides impdrtaformation on wave propagation in
fibre that could transform polarization states goudarization-mode coupling [32]. We
evaluated the birefringent profile of the output B€am by using different nonlinear fibre
lengths (3m and 10m, model SC-5.0-1040, NKT Phagni
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3.2.1 Polarisation extinction ratio characterisation

The schematic diagram of the first measuremenugds shown in Fig. 3.2.1. A
commercial long pulse broadband supercontinuum (®@Gite light source (SuperK
Extreme, NKT Photonics, Denmark) with a pulse rigjoet frequency (PRF) of 80 MHz
and pulse duration of 5 ps is used for this expemimThe source consists of a pump laser
unit and a non-linear fibre (NLF) of initial leng5 m. A test bench is set-up for the
measurement in the following order: The output bemom the NLF is fed into a
collimating lens (CL) and through a broadband deublan-Taylor Calcite polarizer (350-
2300 nm, Thorlabs) mounted on a manual rotationnhothe polarizer is used to select
the two orthogonal polarization components of lifyotn the SC source. The selected light
is sent into an integrating sphere (INTS) and detebdy an optical spectrum analyser
(OSA). The integrating sphere is an essential phthe system set-up. Light from free
space is collected at the input port of INTS andected by a multimode fibre. The
multiple reflections in the INTS scramble the p@ation and spatial distribution of the
light while ensuring a spectrally flat collectiori the light. Therefore, the variation of
polarization as function of wavelength is negligiblTwo different models of OSA were
used, one for short wavelengths (model AQ6315A,-BFB0 nm, ANDO, Japan) and
another for long wavelengths (model AQ6375B, 12802nm, Yokogawa, Japan). For
long wavelength measurements, a long pass filtBiFfLof cut-off wavelength 1250 nm
was placed after the polarizer to filter out thecpum folding effect that arises from the
limited free spectral range of the AQ6375B.

SuperK
Extreme

R

1 e Power I OSA \
— meter

pump laser —@@—D :§§: | / O

5 NLF
e ©5m el Polarizer LPF INTS

Fig.3.2.1 Experimental set-up for polarization egtion ratio measurements for a long-
pulse supercontinuum system (NLF: nonlinear fidranitial length 8.5 m, CL: lens
collimator, LPF: long pass filter used with the ¢@n wavelength OSA only, FM: flip
mirror, INTS: integrating sphere, OSA: optical sjpem analyser)
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Full wavelengths spectral data (450-2400 nm) fomeasurements was collected in
two stages, and then concatenated. First, a vi€iBlA was used to collect spectrum from
350-1750 nm. Subsequently, an IR wavelength OSA weasl for range 1200-2400 nm.
The data from IR OSA is scaled to spectral poweaiokd with visible OSA at five points:
1250 nm, 1350 nm, 1450 nm, 1550 nm and 1650 nrbritm the IR OSA spectrum to
overlap the visible OSA spectrum to an error ofslegean 0.05 dB. For power
measurements, a flip mirror (FM) was placed aldrglieam path to send the light into a
DC coupled thermal sensor power detector (10A-PhilOPptronics). Power reference
measurements are performed for each spectrum takbnthe OSA, and serves as the
baseline to our spectrum calibration, i.e. stitghof two sets of spectral data. Power
references are also important for different cagesavelength dependent optimizations to
be discussed in Sec. 3.2.1.1t0 3.2.1.3.

To verify our measurement reproducibility, we rethtour NLF to rotate the
polarizations measured, and repeated our PER nsasut to rule out PER artifacts from
the set-up. We also induced stress to the NLF sy €in-curving it, then bending it to
small radius (<1 cm) and re-measured the PER fcn ease. This did not affect our result
and thus verified that the PER of the output wascaased by coil-induced birefringence.
We finally indirectly raised the fibre core tempwirg by changing the pulse duty cycle,
using a pulse picker to operate our source from &tMHz, with constant peak power to
test the condition when higher average power wadirge up the NLF, and repeated the
PER measurements. This also did not change outseswd thus verified that the PER was
not caused by thermally related effects [33]. AgeA1 shows the results of SC stability
test to rule out measurement inaccuracies. Findllghould be noted that although this
paper only describes the study of a single SC sdub@ased on a particular fibre, very
similar effects were measured on other SC sourcenwith the same NLF design but
with another section of fibre as well as on SC sesitusing a different NLF design. The
findings are therefore expected to be generalifmrgecond generated SC sources.

When one discusses PER of a light source one regdgdsas to define a reference
axis for the polarization. Since the fibre was naatly non-birefringent and the orientation
between the fibre and the polarized pump systemumnksown there was no obvious way
to define this. Three definitions of the first svof PER in our SC source have been
identified: total spectral power (Sec.3.2.1.1), maxn power at pump wavelength
(Sec.3.2.1.2) and maximum power at 1950 nm — tkesypned long/red edge of the SC
spectrum (Sec.3.2.1.3). Four different NLF lengtlese also used: initial 8.5 m, 7.5 m, 4.5
m and 1 m. The other axis of PER is always se0ab®thogonal to the first axis.
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3.2.1.1 Optimisation to total power

We initially fixed our first axis of PER characteaition to the polarizer angle that
allowed the maximum total spectral power, as teighe method normally used for a
narrow band laser. Polarizer angles for the maxinfBmay and minimum (Rin) powers
were determined by measuring the total power, ardhare-in referred to as maximum
and minimum polarizations, respectively. We beganmeasurement of PER using a NLF
of length 8.5 m. To clearly illustrate the PER wa#ion with pump power, we recorded our
SC spectrum at three power levels (30%, 60% and%)Ofr both maximum and
minimum polarizations, and plotted PERma&{dB]— Pmin[dB], in Fig.3.2.2. The measured
optical power after the polarizer for two polarisas is shown in Table 3.2.1.

Table 3.2.1 Measured total spectral power for thliferent pump power levels.

Pump power levels

Polarization
30% 60% 100%
Max 480 mW 1150 mwW 15w
Min 285 mwW 650 mW 850 mW

Several deductions can be made from this datat, ks observed that for each
power level, there is no PER in the visible parthted SC spectrum. Second, at the pump
wavelength (1060 nm), PER decreases with increagpioger of the pump laser.
Specifically, when the pump power was increasednfi@0% to 60% then 100%, we
obtained PER at the pump corresponding to 4.951d&3 dB and 0.96 dB, respectively.
When focusing only on the long wavelength rangese® a clear PER for all power levels
and recorded maximum PER > 10 dB at the long eflgach SC spectra, for each power
setting. One noticeable feature is that when pumep is increased, it pushes the PER
further out into the red edge. The changing PERh wicreasing peak power clearly
indicates that the PER is one of the effect ofribalinear processes involved in the SC
generation and not solely due to passive effetheffibre or setup. One effect that could
cause PER is the soliton self-frequency shift (9SESconsequence of Raman self-
pumping that continuously red-shifts a soliton pulas reported in [34-37]. As Raman
Gain is polarization dependent. SSFS could resutigher PER in the wavelength vicinity
where it is present.
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Fig.3.2.2 Experimental results for full length nioelar fibre of 8.5 m. (Top) Two
polarizations for each measured power level (308%p,6and 100%). (Bottom) PER for

three pump power levels.
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We extended our experiment to demonstrate the sopnlof PER as a function of
length, cutting back the NL fiber to 8.5 m, 4.5amd 1.5 m, successively, and repeating
the previous measurements. In the PER measurestents in Fig.3.2.3, solid lines show
the maximum polarisation ), while dotted lines at minimum polarisationm({. The
minimum power is the lasing threshold where SC gaion begins.
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Fig.3.2.3 Experimental results for three fibre lgrsgof 8.5 m, 4.5 m and 1.5 m at full
pump power (100%). Top figure shows spectrum of pwlarizations (max, min). Bottom
figure shows measured PER for spectrum to the igopds.
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At full pump power, we recorded a reduction in lomgvelength PER with
decreasing nonlinear fibre length. At the full lémgf 8.5 m, we recorded PER of 4.86 dB,
followed by 2.8 dB (4.5 m) and 0.7 dB (1.5 m). Sanito the power measurement in
Fig.3.2.2, we observed no PER in the visible p&the spectrum. However, on the long
wavelength edge, we observed that the PER decreastd.F length is cut back. It is
worth noting that this correlation is highly depentl on the absolute signal power
available on the long edge.

3.2.1.2 Optimisation to maximum pump wavelength (1064 nm)

As mentioned, the NLF was nominally non-birefringeFhis is critical, as if it was
truly non-birefringent the only introduction of PEshould come from the PER of the
pump, meaning the natural reference axis for PERIdvbe the polarization angle which
contained the maximum of amount of transmitted puigigt. This was however not the
angle that contained the maximum amount of totakcspl power in our measurement.
Therefore, a second analysis was made where gteafirs was defined by the maximum
pump power, with respect to the polarization rotatangle. A secondary spectrum (for
minimum power) is recorded by turning the polariaé@0° orthogonal to the reference
position. Fig.3.2.4 illustrates measurements foRRE&th reference to pump power. These
measurements were only carried out for fibre lemgth 4.5 m and shorter. We can
compare the difference in PER measured using spidtral power and power referenced
to the pump. Note that the negative PER in Figd3o2curs after 1300 nm, and PER at the
pump is 4.5 dB higher for the low pump power (30%).
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Fig.3.2.4 Experimental results for 4.5 m non-lini@aire length at high 100% and low 30%
pump power. All power measurements are referercedmp wavelength at 1064 nm.
Top figure shows spectrum of two polarizations (phrax). Bottom figure shows

measured PER for spectrum to the top figures.

3.2.1.3 Optimisation to maximum power at red edge (1950 nm)

The last method of evaluation is based on the gssomthat the nominally non-
birefringent fibre actually has birefringence whiafiects the SC generation process and
thus affects spectral broadening in one axis. then assumed that this effect from the
fibore would become clearer the further one was fribr@a pump wavelength. For this
reason, the third method defines the first axishaspolarizer angle that transmits most
light at the longest wavelengths: We shifted ouasueement point to the spectrum red
edge at 1.5 m fibre length, where detectable splegtiwer remains at 10 dB above noise
floor. We found 1950 nm to be a good candidatenanliasis:

(a) SC spectrum at 100% pump power covers this agth, and

(b) PERs at 100% obtained using two former optitiores are sufficiently larger at
1950 nm than at all shorter wavelengths other tharpump.

Measurement results at 1950 nm for 1.5 m fibrepdotted in Fig.3.2.5 and 3.2.6,
with PER optimizations described in Sec. 3.2.1d &a2.1.2.
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3.2.2 Fibre birefringence

Birefringence (or double refraction) is an impottaarea to investigate in SC
generation as it provides important informationwave propagation in fibre that could
transform polarization states and polarization-modapling [38-40]. We evaluated the
birefringent profile of the output SC beam by usdifjerent nonlinear fibre lengths (3 m
and 10 m, model SC-5.0-1040, NKT Photonics). TheFNised was as mentioned
nominally non-birefringent and no asymmetries g structure were visible when it was
inspected under a microscope however, as a PERpygasent in the output it was decided
to measure the birefringence of the fibre. A sefgatest bench in Fig.3.2.7 was set-up for
this purpose. We used a nanosecond SC source S@mnpact, NKT Photonics) that
has a tuneable PRF, and a wider SC spectrum at foweln average power (40 mW, 22
kHz, 500-2200 nm) than the SC source used in thep&@&risation measurements, to
eliminate the mal-effect in the coupling. The outpéithis SC source was released into
free space while collimated, passed through P@afiavhere a linear vertical polarization
was selected, and then recoupled into nonlineae fiith an achromatic lens. Polarizer 2
was rotated at 45° orthogonal to Polarizer 1 altimg beam optical axis, to obtain
interference fringes at the output OSA. Interfeeepatterns were recorded, and analysed.

Superk OSA
COMPACT

CH G Polarizer 2
| :Ijs Lens ¢ S {"‘%&I_\j
B Lens Lens FC

Polarizer 1 ——— /PC  Multimode fibre

Fig.3.2.7 Schematic diagram for birefringence messent of nonlinear fibre (CH: fibre
to free-space collimator holder, thick horizontagél free-space beam path, fibre spool:
nonlinear fibre of lengths 3 m, 10 m, and 30 m,ARC/fibre connector, OSA: optical
spectrum analyser)
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A reference spectrum in Fig.3.2.8 was obtained authPolarizer 2 in place (see
Fig.3.2.7), where the transmission spectrum of dinlyarly polarized light was recorded.
Polarizer 2 was then inserted and rotated to pmdueximum contrast interference
fringes. Spectra for 3 m and 10 m fibres were r@edr The corresponding beat lengh
was calculated using Eqgn. 4 [38-39],

2(pA)?
Ay = A

B= (4)

m m

wherelm andim+1 are the wavelengths at proceeding and succeedmmey andAA
is the midpoint between two minima. The relatiopstbetween beat length and
birefringence is shown in Appendix A2.

The finaln values for each case were obtained by dividng the fibre length (in
meters) [41]. Measurement of broadband birefringemas particularly challenging due to
the wide bandwidth of interest. To reduce chromalierrations in the coupling lenses, we
performed two separate measurements covering tectrsp bands: one for 750-1150 nm
and another for 1150-1550 nm. Two spectra were to@icatenated to produce Fig.3.2.8.
The spectra (all three curves) in Fig.3.2.8 (tdmveed a reduction in signal strength after
1450 nm. This observation was to be expectediasritagreement to our earlier statement
regarding chromatic aberrations. To obtain a fpkdrum up to 2400 nm, one could
theoretically extend the birefringence measurerabote 1450 nm with a long wavelength
OSA, and repeat the same measurement below 75@nththen subsequently concatenate
the resulting spectra. However, our main aim heas o test for change in birefringence
with different length of NLF, not solely on wavelgh per se. From our measurement
results, we see that the interference fringes dszbrfor L=10 m is roughly three times
denser than L=3 m, and this observation is in gagrement with the fibre pitch-to-hole
ratio found in the manufacturer’s specificationsorf then plotted in Fig. 3.2.8 (bottom),
we observed that the birefringence increases witietength, while remains low (<tp
for the entire SC spectrum range. It is therefavafiomed that the NLF we used for
polarisation study is nominally birefringent.

Nevertheless, a full spectrum for 600-2200 nm vader Irecorded with two different
OSAs: a short wavelength OSA for 350-1750 nm andéo wavelength OSA with a 1250
nm long pass filter for 1250-2200 nm. The longerge output were then concatenated
together with the two shorter spectra, using tlleesprocedure as in Sec.3.2.1, to produce
Fig.3.2.9 for NLF length of 10 m.
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3.2.3 Polarisation relative intensity noise

A modification to the PER measurement system (E2dl3 is shown in Fig.3.2.10.
To facilitate broadband RIN analysis, we used a BRR a pass-band of 10 to 12 nm at
full width at half maximum (FWHM), using 100 nm welength intervals between 500 nm
and 1800 nm (FKB-VIS-10 and FKB-IR-10, Thorlabs)e\Wave also studied the RIN of
the two separate polarization components by lookitig the spectral response. Three
separate DC coupled photo receivers (PRs) were[d2¢dThey consisted of a UV/visible
PR for measurement in 450-1000 nm, a near-IR PRh&asurement in 1000-1600 nm (Si
and InGaAs combined), and a long wavelength PRrfeasurement between 1600-2400
nm with an extended InGaAs receiver. The filtereghal is sent to a digital phosphor
oscilloscope (model TDS5052B, 500 MHz, 5 GS/s, fiakk, Oregon, USA). As the
purpose of our measurement was to evaluate SC Rifdrmance for polarization OCT
applications, we focused mainly within the spectsahds for visible wavelength OCT
(650-950 nm) and long wavelength broadband OCTE41I&®00 nm).

High speed )
Polarizer photo detector GHz oscillescope
N i
! i ’ J % D D @_
SuperK Lens Filter Namow BPF
(10/12 nm)

Fig.3.2.10 Experimental setup for pulse-to-pulsH Rieasurement using a high-speed
GHz oscilloscope, photo detectors and combinatfdrand pass filters (BPF).
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Fig.3.2.11 Pulse-to-pulse RIN amplitude measurdd am oscilloscope and band pass
filters.
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Pulse-to-pulse signal fluctuations in Fig.3.2.1Trevanalyzed according to [43-45].
This was done by subdividing the oscilloscope tinaee of an 80 MHz PRF source into
time windows of 12.5 ns, to capture 800 individuadleparated pulses. We define a
collection of pulses aBx = P1, P2, P3, ..., Pn, whereP1 = P1max— P1,min, P2 = P2,max— P2,min,
P3 = P3max— Psmin, ... ... , B = By max— Pn,min, Up ton=800.Pnmin andPnmax represent the
minimum and maximum values, respectively, for thése in each window. Statistical

analysis involves the calculation of sample average and sample varianceﬁ using

Eqgn. 3.37 and 3.38 respectively. RIN for each easalculated by dividing the variance to
its mean, as shown in Egn. 3.39 [46].

. 1 n

p=—2 P (3.37)
k=1

1 < —\2

o; =1 ) (pk - p) (3.38)
=1

0.2

RIN = (3.39)

Higher order moments about the mean were calculdieel 3¢ order and % order
moments, skewyf in Eqn. 3.40 and kurtosig)(in Eqn. 3.41 [47], are used to evaluate the
pulse-to-pulse noise distribution.

1S (o -y
k=1

_ My NS
p=tye 0 - (3.40)
{zmk—mﬂ
Ni=

14 _
EZ(pk -p)*
k=t - _Nic (3.41)

’ ﬁz(p —5)2}

whereun is the expected value af' moment,s is the standard deviatioa is the

sample average is the sequence of pulses (ke= 1, 2, 3, ... , 800), and is 800. The
data standardisation techniques used is shown jpeAgix A4.
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3.2.3.1 RIN

Independent to PER measurements performed in 3€i6.8IN was measured at two
different polarizations when the maximum polarigatiwas optimized to give the
maximum total power after narrow band pass filigBPF). As we are only interested in
relative intensity variation, we measured RIN orximaum and minimum transmissions by
rotating the polarizer at 90° to each other, whecording the pulses from oscilloscope
(Fig.3.2.10). The RIN measured here is essentidlg pulse-to-pulse amplitude
fluctuations. We calculated RIN at two polarizagdor three cutbacks (8.5 m, 7.5 m and
4.5 m) on the same fibre used concurrently withP&dR measurements. Based on RIN
measurements in Fig.3.2.12 to Fig. 3.2.14, we olsksimilar noise evolution reported in
[44]. However, our data showed that RIN is the sdonewo polarizations. We further
verified that RIN is larger with lower pump pow@&006), and that confirmed the technical
understanding where low noise operation with thesamercial sources is achieved when
they are operating at full pump power (100%). We assume that RIN at different power
levels is largely dependent on the different s@aig®C generation, dominated by Raman or
nonlinear processes, which could be modelled thieafly [48] in our future work. For
RIN measurements, the polarization angles usedeéeeenced to the optimisation at total
spectral power, as in the case of PER measurement.
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Fig.3.2.12 RIN measured at two power levels (100& 20% for NLF length at 8.5 m.
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Fig.3.2.13 RIN measured at two power levels (100& 20% for NLF length at 4.5 m.
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Fig.3.2.14 RIN measured at two power levels (100 20% for NLF length at 1.5 m.
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Nevertheless, one interesting observation in Rgl2. when we operated the
measurement with full length NLF, the RIN at bothlgsisations began to diverge at the
long wavelength edge (>1500 nm). The divergencerded is larger when we pumped
with low seed power (30%) as opposed to full po(#®0%). No significant difference in
RIN was observed for two other NLF lengths at 7.8md 4.5 m. This phenomenon can be
explained further with the intensities histograrsadissed in the following sub-section.

3.2.3.2 Pulse height histogram

The use of pulse height histogram to evaluate pei@asity statistics allow us to
interpret the distribution of local maxima of noiaeplitudes that emerge randomly with
low probability, commonly dubbed as “rogue wavedb6,A9-57]. Rogue waves are an
extremely rare event, but their occurrences uswalbpmpanied by an unexpected surge in
signal amplitude that can cause destructive etfeclystem stability. Optical rogue wave
(or rogue soliton) was initially used to describg&reme fluctuations in oceanic waves, but
has now widely used to study noisy processes itotat exhibit long-tailed probability
distributions. One of those areas is the produabiorare pulses of broadband light during
the SC generation process when a NLF or a PCFRe. U$1e noise in this rare process can
be measured by the excess intensities or PSD aptwrum edge. These rare events have
been experimentally and analytically demonstratedotiow a long-tailed or L-shaped
statistics. The SC generation process can be eglyesensitive to noise, thus the process
exhibits high level of instability when pumped waHong pulse picosecond laser. For that
reason, the occurrence of rogue waves indicates itistability is partly due to pulse
modulation and the lack of pulse-to-pulse coherence

To construct our histogram distribution, we neettefirst determine our bin side
To do to that, we use the Sturges’ formula (Eq2)$58], which was originally derived
from a binomial distribution and unconditionallysasnes that the frequency distribution to
be Gaussian (symmetric). It may not be the casenwbgue waves are present. The only
condition for Sturges’ formula to work correctlyts have a sample size > 30. As we have
n=800 pulses analysed at each instance, the acassasyshould not be a great concern.

k =[log, n|+1 (3.42)

wheren is the sample size, and the bracelet denotesthegcfunction.
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Fig.3.2.15 Near-Gaussian symmetric probabilityrdistion for RIN measured at 1000 nm
(BW 10 nm) on polarisation axis optimised to maximiotal power (Rax.
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Fig.3.2.16 Long-tailed probability distribution f&IN measured at 1500 nm (BW 12 nm)
on polarisation axis optimised to maximum total po\{Rnay).
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Fig.3.2.17 Long-tailed probability distribution f&IN measured at 1650 nm (BW 12 nm)
on polarisation axis optimised to maximum total po\{Rnax).

Since we were mainly interested in studying theadyits of solitons collisions at the
longer wavelengths, we plotted in Fig.3.2.15 taB/XZhow histograms of the pulse energy
fluctuations extracted over a 12 nm bandwidth e¢dtwavelength ranges: 1000 nm, 1550
nm and 1650 nm. The use of histograms at spec#ielengths are useful to illustrate how
statistics of pulse amplitude fluctuations can véngm symmetric patterns (Gaussian
distribution overlay) near the pump (1000 nm) tagddailed right-skewed (Gamma
distribution overlay) that decay exponentially ndes red edge of the SC spectrum (1500
nm and 1650 nm). In the former case, we can safgtyme that near the pump, the pulse
break up is dominated by modulation instability YMh the later case, around the long
wavelength edge, the pulse dynamics is dominateRdwan soliton self-frequency shift
(SFSS), as validated in our PER measurements in &@cl.1. The pulse intensity
histogram for the full SC spectrum (including visitwavelength and the blue edge) is
shown in Fig. 3.2.18.

Another way to analyse the extreme events in a tapeous Mi-driven SC
generation is to look at the higher-order sta@stimoments, such as skew and kurtosis.
Sorensen et al [46] has shown that the skew-k@rjmsiduct {-x) is a useful indicator of
the presence of rogue wave like dynamic behaviour.
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Fig.3.2.18 Pulse height histograms at selected l@agths optimised for two polarisation
components (faxand Rin) on full SC power (100%).
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Fig.3.2.19 Skew and kurtosis calculated from intgrigstogram for two polarisation
directions at full SC power (100%).

Table 3.2.2 Skew and kurtosis calculated for ps&ion with highest power (Pmax).

Wavelength (nm) Skewy) Kurtosis ) Product {-x)
550 1.42 4.08 5.7936
850 0.16 0.41 0.0656
1000 0.42 1.61 0.6762
1300 0.43 1.56 0.6708
1500 3.93 11.03 43.3479
1650 6.38 32.19 205.3722
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We have chosen six wavelengths of interest, andldasb the values of skew and
kurtosis in Fig.3.2.19 into Table 3.2.2. If the smiintensity histogram exhibits a perfectly
Gaussian distribution function, we shall obtainozésr both skew and kurtosis [46,49].
However, our results have shown that it is notdase. For wavelengths in the vicinity of
the pump (between 850 nm and 1300 nm), we recotdedlowest values for both
parameters. Likewise from the histogram data, weenlked that the pulse intensity
fluctuations are low. This is an indication that thoise characteristics in these wavelength
regions are dominated by low amplitude pulses gaedrthrough spontaneous Ml [46,48].
However, at the spectral red edges, the pulsesityefiuctuations became significant as
evidenced from long-tailed (non-Gaussian) [59]dgsam statistics, and this dynamics can
be attributed to stimulated Raman scattering (SR&gre red-shifted solitons were first
ejected from the pump pulse, and then underwelfisiools in the Raman gain regime [46,
51-54]. Solitons collisions also caused dispersrmges to be generated in the blue edge of
the SC spectrum [49,51,56], and this event canelea Hy the right-skewed histograms
extracted at 550 nm, while the increase in skew kmdosis were recorded at this
wavelength. On the other hand, the rogue wave dvathtbeen observed at 1500 nm and
1650 nm, when the pulse dynamics become dominagedxtreme sensitivity to peak
power variations, as evidenced in the excess \a@flskew-kurtosis product (x = 43.35 at
1500 nm andy-xk = 205.37 at 1650 nm). These values are in goodeagent to the
simulation data performed by [46], where they hadvijpusly shown that the skew-
kurtosis product > 10 yields rogue wave event du8K generation process.

Our measurement and analysis subsequently vermdglier findings on the long-
tailed statistical distribution that the opticalgue waves were originated from the
amplification of noise in the MI process, while tipeimp pulse experienced Raman
induced SSFS, wave-breaking process results intrgbdmroadening as these solitons
propagate down the long PCF, and as pulse-to-glustiations become significant, the
stability SC generation is subsequently affectezlie®al methods to control strong pulse
amplitude fluctuations and harness rogue waves baea proposed [60-63] in order to
improve the noise performance of a SC source.
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3.3 Polarisation noise in OCT applications

In standard narrowband lasers PER is easy to duaantd its cause is generally
relatively simple to explain if one knows how tlaseér is constructed. However, due to the
complex nature of SC generation processes andethating wide spectrum, polarization
properties of produced SC are hard to quantifyraittarize and explain. This is perhaps
the reason why this field has not previously beeplaed in detail. In all three
measurement optimizations in Sec.3.1, we obsengmfisant PER around the pump.
This is expectable 1060-1070 nm as the fibre istshond the polarized pump is not
expected to be completely scrambled by the nonlifiee. It is however interesting that
the PER at the pump is reduced at higher pump mowérere are also some polarization
effects around 1100 nm which is the region wheeeRBman gain from the pump and the
modulation (MI) gain both have peaks [29,37,64-8%.the Raman effect is polarization
sensitive it is not unexpected to see PER effeets.NWWe would have expected to find the
majority of the light generated around 1100 nnnighe same axis as the majority of the
pump light as the Raman Gain is stronger to theespalarization that to the opposite
polarization. However while the measurements ctesily show some PER in this region
there is no clear trend as to whether the majaritshe light around 1100 nm in the same
axis as the pump or the opposite. Further fronptimap i.e. >1200nm we see a PER which
consistently increase with wavelength but decreaseas pushed to longer wavelengths
with longer fibre and/or higher peak power. Thigioa is the part of the spectrum which is
generated by solitons which red-shift from the Mbion through the Raman caused
soliton self-frequency shift effect [35]. The reasihe increasing PER with wavelength
could be that the polarization sensitivity of thankan effect gradually “cleans up” the
polarization of the solitons polarization as theg-shift, however this would not explain
why PER then decrease with fibre length and iningagower. Another theory could be
that the highest power solitons for some reas@emerated in one polarization axis of the
fibre and that the birefringence of the fibre i©Bg enough to keep them in that axis and
that the longest wavelengths which correspond ¢ostinongest solitons are thus always
birefringent [66]. It is also worth noting that fadiugh clear PER effects are visible in the
long wavelength part of the spectrum there wake lit no PER at wavelengths shorter
than the pump which is surprising as it is well wnothat the solitons at the long
wavelength edge of the continuum are responsiblehi® shifting of light to the shortest
wavelengths.
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Our investigation concluded that there can be dd&R on the long wavelength edge
of picosecond generated SC from nominally non-birgént silica PCF. We demonstrate
that some parts of the spectrum shows stable PE®eaf 10 dB, when measured with
reference to total spectra power. Specifically, @emgth of high PER occurred only in the
immediate vicinity of the pump wavelength, and iftcreasingly longer wavelengths. We
experimentally investigated how the spectrally he=stb polarization develops with
increasing power, NLF length and wavelength, thiotlge measurement of spectra and
RIN analysis. We found that there is no significalifference in the RIN of the two
polarizations and that at normal operating condgiae. long fibre and high power. The
source has negligible PER in the spectral bandsalyp used for OCT (650-950 nm and
1150-1550 nm). This report therefore validates 3= sources from NKT Photonics A/S
for use in polarization sensitive OCT applicatiomsthin with optimal low-RIN
performance and some PER.

The other effect we have seen with our measurem@gmilarisation selection. Since
we are using a commercial light source, the NLF assumed to be PM. Depending on
orientation of polarisation axis we assume the NbFbe non-birefringent. However,
results in Sec.3.2 showed the NLF to be nominalgfiingent (<1¢°). We also observed
the change of PER reduces as fibre length decreasdds valid for all fibre lengths we
measured. This indicates it is not due to confimgnh@ss or any polarising effect as both
axes lose power [48]. It is worth noting the chang@ER at the pump wavelength. With
shorter fibre, there is a systematic trend that R&fction is significant away from pump.
First, we showed that the same signed PER is adataivhen total power measurement is
used. In this case, the pump doesn’t move, regesdieEpump power. It appears that some
changes happen at longer wavelength. At low powlee, maximum axis becomes
minimum axis, as evidenced in Fig.3.2.6. This carconsists of the superposition of the
supercontinua generated along each polarisatian[6&]. Second, the PER is fixed at the
pump. This is because everything measured aroumg [i&1a nonlinear process. Therefore
it is the principle fibre axis orientation that wés in self-induced polarisation changes
[67], thus higher PER. Third, PER increases witmpupower at longer wavelengths.
Higher power induces greater Raman self-frequehdy (SFS) on solitons, causing them
to experience greater red-shift. Forth, we obsertte®l birefringence increases with
wavelength. This could be attributed to pulse waffkthat reduces the polarisation
interaction length, resulting in pulses in two pidation axes stopped interacting [66].
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We do not propose to explain the clear PER effdté¢ we have measured SC
generation process are simply too complex to dowvgh any certainty. The general
understanding of how supercontinua are generatee émerged gradually over nearly a
decade of comparison of measurements and incrépagetpiled simulations. However
measurements have generally focused on the vigilelength of the supercontinua and
appear to have over looked these PER effect orloting wavelength edge. Meanwhile
most simulations have generally assumed ideal gi&rfaon-birefringent fibres and often
only modelled the evolution of a single evolutitins therefore expected that considerable
effort will be needed before these PER effectstmafully explained.

On the noise studies, we are unable to make newluzian on the polarisation
dependency. However, the use of higher order masraraut the mean, such as skew and
kurtosis, allows us to at least quantify the naselifferent regions of the spectrum. Our
results have preliminarily validated the earlieaigls from Moller et al that RIN is low
around the pump, and increase in a parabolic waywivelengths further out to the
spectral edges. Nevertheless, we can only obsemwnar variation in noise from our
pulse height histogram (PHH) statistics, for theo tywolarizations. Our long tailed
probability distribution did show little differencim PD-RIN at different pump power.
Without these rigorous analysis, these variatiorg@o little to be noticed experimentally,
and to our understanding, these effect will begmisicant to general SC operations or
when used in imaging applications such as OCT.

Our investigation concluded that the degree of nsdtion varies at edge of the
spectrum in nominally non-birefringent silica PGWe demonstrate that some parts of the
spectrum shows stable PER of over 10 dB, when medsuth reference to total spectra
power. Specifically, wavelength of high PER occdranly in the immediate vicinity of
the pump wavelength, and for increasingly longewvel@engths. Region where PER
appears is dependent on power and fibre length.eWerimentally verified how the
spectrally resolved polarisation develops with @asing power and along the length of the
NLF, through the measurement of birefringence andgyto pulse RIN analysis. The
experimental results are compared to numerical Isitions of coupled polarisation states
mimicking the experimental conditions. This reptrerefore validates the SC sources
from NKT Photonics A/S for use in polarisation-séme OCT applications within two
spectral bands (650-950 nm and 1150-1550 nm) withmal low-RIN performance and
some PER. The results we published are to be wsasbtst in future simulation to explain
our findings.
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A4

Dispersion in OCT systems

High-resolution optical coherence tomography (OQiBs become increasingly
common for non invasive imaging of three-dimensiodD) microstructures and
biological tissues, especially in ophthalmology.[The demand of commercial high-
resolution imaging has increased in the last decadeg to improved capability to track
sub-micron features and layered structures. Theldpment of such systems requires the
use of optical components with different glass kh&ss and densities. However, the
presence of various glass materials of differefracive indices in an OCT configuration
makes the phase velocity dependent on the wavél@fighe excitation signal.

To achieve the theoretical axial resolution deteediby the bandwidtiAZ of the
source, compensation for dispersion in the interfeter is essential. Dispersion occurs
because the refractive index varies with the wangtle Therefore, group velocity
mismatch between different wavelength componentherspectrum leads to deterioration
of the axial resolution, irrespective of the OCTthoel used: time domain, spectrometer-
based (spectral domain) [2] or swept source baBedrier domain) OCT systems [3].
Despite the widespread use of spectrometer-baséds\aapt source-based methods. In
recent times, time-domain OCT retains niche apptioa in microscopy, where high
transversal resolution is achievable using high enucal aperture (NA) objectives [4].

For a time-domain OCT system, a typical compensatiethod, referred to here as
the full-width at half-maximum (FWHM) method, is d&d on iterative adjustment of
dispersion inserted into the interferometer ut@ FWHM of the autocorrelation function
is minimised. This operation is time-consuming,itaequires repetitive procedures and
easily prone to measurement errors. After eachsadgnt, there is no way to know in
which direction to proceed, whether to add or redglass length to adjust the dispersion
introduced by the optical components in the sysféne classical procedure only aims at
finding a minimum of the autocorrelation peak width

We therefore present a better method to evaluaspedsion in time-domain
interferometers. This method involves using a tbieaptical source in a broadband
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range, a mirror placed in the object arm of therfierometer and measuring the relative
position of the autocorrelation peak in opticalhpdifference (OPD) versus the central
wavelength of the tuneable source. The methodlustiated on a time-domain OCT

systems. It is also applicable for Sp-OCT, SS-O64d @nventional FD-OCT.

Previous reports have documented the utilizatiomods of SF11 glass [5] and of
spectral delay lines for dispersion characteriraf®-13]. Similar methods of dispersion
compensation are illustrated here. In this chapter,present a novel approach to use
different BK 7 rod glasses to compensate for dspearof a time-domain OCT system
operating at 1300 nm.

4.1 Dispersion and coherence

41.1 Coherence

In low coherence interferometers with negligiblepdirsion, the theoretical limit for
the axial resolution is determined by half of thmurge coherence lengt@.. For a
Gaussian spectral-shaped source spectrum, witle central wavelength and a FWHM
bandwidth ofA4, C. is given by.

4@ 2
- n A

(4.1)

The inverse proportionality witiAA makes broadband light sources essential for
achieving high axial resolution [1,5,6]. In recgefars, broadband supercontinuum sources
have been used extensively in many OCT applicatidhe larger the optical bandwidth,
the shorter the coherence length. However, dispeiisi manifest, as variation of index of
refraction with wavelength becomes significantdidpersion is left uncompensated in the
interferometer, the autocorrelation peak width nfAascan measured using a mirror as
object becomes wider, resulting in degradatiom@ging resolution.

To study dispersion in optics, let us first consideGaussian shaped pulse, with an
amplitudeAo, angular frequency propagating along-axis through a dispersive medium
with a wave constant as shown in Fig. 4.1. The general expressionHgrgulse can be
written as in Eqn.4.2.
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A (2,1) = [ day, () exi j (et - 52)]

4.2)
= extl j (8,0, = By)][ dehy (@) exd jeutt - B,2)]

where is81 the wave constant of the pulse.

Ael (@)

Figure 4.1: lllustration of broadening of FWHM opalse travelling through a dispersive
medium.

4.1.2 Dispersion

Dispersion disperses a pulse in both space and Timéetter understand these two
effects, we can mathematically represent of angdigpersion, using as a time delay
autocorrelation of the pulse. We can therefore entite expression in terms of wave
number as in Egns 4.3. Its dependence on the arfgeggency is the dispersion.

B@) = o+ (@= @)+ 5 (0= @) By + 2 (@0 ) iy e 3)
where g, = @g_1 (4.4)
dw v,
_d?B_ X dB, _
s B (45)
ﬁ3=d3€= /],j 3£3d'81+/1d2’822j:TOD (4.6)
dw’ 4mrc dA dA

In the Eq. (4.3), the first term from the left d&g®a constant phage. The second
term describes time delay in the form of group gi#jovy. The third term defines group
delay dispersion (GDD) as function of wavelengtfhe forth and subsequent terms in the
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Taylor series expansion denote third order disparéTOD) and higher order dispersions
(HOD) respectively.

In our context of dispersion analysis, we calculdigpersion up to second order
(GDD). The method presented here allows measurenfeatparameteD (umhm) that
represents the axial change in the autocorrelapeak position versus change in
wavelengthA.

This can be evaluated as a slope of a fitting timer a graph of experimental data
collected from the OCT system for different inpuawelengths as shown in Fig. 4.2 below.
The slopeD for different cases of dispersion is illustratenten

From the definition of GDD we can write it as fuioct of time and displacement:

Gbp=2t-82_ 5,02

— = 27T— 4.7)
ANz Aw Av

where At represents timejz displacementAw angular frequency andv optical
bandwidth.

A
_.D>0
-
_-
///
\\\\\\ ///
\\\\ - AZ
~——— -
______________ e | ___.D=0
~ -
- T~
/// =
- T~
gps D<O
- M
-
|~
> 1

Figure 4.2: Dispersion slope as function of disjpersersus wavelength\g is the
displacementD is the dispersiom is the optical bandwidth)

In the graph of Fig. 4.2 above, we experimentalBasure two quantitiesz andAJ.

From the well known equation ofvi, we could relat@v to AL by

Av :/]i2 Y (4.8)



Chapter 4 Dispersion in OCT systems 105

D in Fig.4.2 is connected B8DD in Eqn. 4.7by

DA?
GDD =- 4.9
27c? (4.9)
4.1.3 Autocorrelation of a pulse
The definition of an autocorrelation function i©sm in Eqn.4.10.
s(e)= 1)t -&)at (4.10)

where I(t) = |E(t)|? represents the temporal pulse intensity functamd I(t — &)
represents the intensity of time shifted replicéhef pulse.

«—
A¢

Figure 4.3: A Gaussian shaped pulse with FWHM iatid

Now, taking into account of pulse broadening effeltte to dispersion, the
corresponding change in FWHM of the pulse througllass of thickness can be
assessed as function of dispersion lemhgtlas

D&y = A, 1+(H (4.11)

D

NE:
where Ly = -

_ . (4.12)
4In(2) [GVD
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Dispersion length is defined as the propagatiotadce after a pulse travels, the
pulse width broadens by a factor(.

Therefore, the output temporal pulse autocorrafdtimction is:

Agout:AanJ“(Mn@) oo) 19

in

where GDD =LxGVD (4.14)

Finally, we have to relate the mathematical expoessf acousto-optic tuneable
filter (AOTF) method to the formulas derived forettmethod of measuring FWHM of
autocorrelation function. To do that, we first néedvaluaten versus wavelength, and this
is the dispersion problem. Let us now considers the speed of light, the inverse
proportionality of coherence lengthfrom C_ in Eq. (4.1), we define

nc  AA

J2In@@) 7 (#.13)

The shape of the autocorrelation functiod) ${,8] can be written as

p:

(€)= A exg -t p¥q} (4.16)

1+d? 2_Czl+d2

where ¢ is measured along the depth coordinate, dndefines the dispersion
enlargement, related to the group delay disper€@D) by.

d = p*GDD (4.17)

The larger the GDD, the wider the A-scan peak. Byaading the terms fad we
obtain

4=-pM (4.18)

CL
To obtain the FWHM of the autocorrelation peak, & the exponential term in

Eqn.4.16 to 0.5, and solve for Eqns. 4.9, 4.164t4d. The FWHM of the autocorrelation
becomes
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_C (oMY
A& = > 1+(DCL] (4.19)

By comparing two methods, AOTF measurement ofand FWHM of the
autocorrelation peak, we can observe theoretichly as [D| approaches zero from both
positive and negative slop&s becomes minimum.

In the following section, we will evaluate the béte of AOTF method in
comparison to FWHM method when it comes to miningsilispersion from both positive
and negativd®.

4.2 Methods to evaluate and reduce dispersion

As an optical tuneable source, a SuperK SELECT (N®Hotonics, Denmark)
employing an acoustic optical tuneable filter (AQT$ used. Light is emitted from an 80
MHz broadband supercontinuum (SC) source with atgpa from 550 to 2400 nm, and 2
W visible power (SuperK Extreme EXR20, NKT Phot&)icThe SC output is then sent to
the AOTF module. The AOTF acts as a narrowbandcapbiandpass filter, and combined
with the SuperK, it emits a linewidthl as narrow as 5 nm at wavelengif) tuned within
two bands: 500-900 nm (visible) and 1150-2000 niR}Nas shown in Fig. 4.4. We refer
to this procedure in the following as the AOTF noeth

The AOTF module is a computer-controlled accessttgched to the main SC
source (SuperK Extreme). The graphical user interfsoftware (Super Kontrol 1.06b) as
shown in Fig. 4.5 was used to facilitate the wavglk selection process. The software
allows multiple advanced configuration of outputlesdon, such as one to eight
simultaneous filtered wavelengths output, and pdexezl controls.

To compare the AOTF method with the classical methioFWHM measurement of
the autocorrelation function, a spectral splitugerK Split, NKT Photonics) is used. This
allows transmission of a large optical bandwidtkd ameasurement of the axial resolution
for different conditions of dispersion adjustmehte value predicted by Eq. (4.1) is only
achievable if dispersion is compensated for.
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NKT SuperK Extreme (EXR20)

Ll

e s e

I

500 - 900 1150 - 2000 2400
—o2 | nm

Power fmw/nm)

NKT SuperK Split

Figure 4.4: Broadband supercontinuum source (NKge8< Extreme) with its output fed
into two spectral filtering accessories (eitheoitite AOTF or SuperK Split). The spectra
on bottom right shows the full supercontinuum otitpith two selected bands coloured in
red (500-900 nm and 1150-1200 nm) denote possitifribwavelengths for AOTF unit.
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Figure 4.5: Graphical control user interface fotpot wavelength selection at the AOTF
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The SuperK Split is a passive optical box attadwe8uperK Extreme output. This
splitter unit contains a dichroic mirror to transhanger wavelengthsi(> 1150 nm) and
reflect shorter wavelengths € 1100 nm). The output of spectral splitter isvghan Fig.
4.6 below. The reflected part of the spectrum edusr similar purpose.

1.2

10 +

1 T

= Transmission

0.8

0.6 1 — Reflection nIR

04 +

Transmission Coefficient

0.2

0.0 - L“N\W

450 650 850 1050 1250 1450 1650
Wavelength [nm]

Figure 4.6: Output spectrum from SuperK Split $ptimodule

4.3 Dispersion experiments

4.3.1 Experimental set-up with time-domain OCT at 1300 nm

The AOTF with a wavelength range from 1200 to 1508 was chosen for
dispersion measurement. The schematic in Fig.fows a fibre based time-domain OCT
configuration. The light from the SC (SuperK Extenenters either the AOTF (Sections
4.4.1 and 4.4.3) or SuperK Split (Sections 4.4.@ 44.4), respectively. Light from the
corresponding module enters into the first direwlacoupler (DC1, model FOBC-2-1310-
20, AFW Technologies, Australia) with a splittirgtio of 8020. One output delivers 80%
of light intensity into the reference arm, and 26f4ight into the object arm. Immediately
after DC1, light enters free space in both arms iancbllimated by an achromatic lens
(AC-127-030-C, Thorlabs). The beam from the refeecarm is reflected off a set of gold
mirrors (M1, M2), then into the second directionatipler (DC2, model FOBC-2-1310-50,
AFW Technologies), where it is combined with lighim the object arm, to produce an
interference signal at the output of two InGaAs @849, 500-1700 nm, Hamamatsu)
balanced detectors (PD1, PD2).
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In the object arm, various optical elements contabto dispersion in the system.
These include two lenses for beam collimation (¢R)=7.5 cm, Thorlabs) in each arm of
the interferometer, four lenses for beam expanglidnL4, FL=7.5 cm, Thorlabs) and a
scan lens (SL). The SL is a high NA microscope cbje (20x 0.45, LC PlanN, Olympus,
Japan). A dual-axis galvoscanner, G (Cambridge A@olgy, USA), is installed in the
system to perform OCT imaging (not used here fm $bope). One of the galvo scanners
is employed here to introduce a small phase madulatia small path modulation. The
galvo scanner is driven with a small sinusoidahalgat 1.5 mVpp and 460 Hz. The main
purpose is to modulate the optical path [14], whidnslates into phase variation and
determines a modulation of the photo detected bigmdong as the OPD is less than the
coherence length. The amplitude was kept suffigiesrnall, to secure an OPD variation
smaller than a fraction of the coherence lengthewtise, the measurement of the axial
resolution is affected. This modulation needs tbilgk a high frequency, sufficient to
distance it from the low-frequency range where iienoise dominates the signal. The
strength of the AC component is used to guide tRD @djustment toward OPD = 0,
where the AC signal is maximum.

When the lengths of the two arms are matched, rdguéncy of the photo detected
signal contains frequency components from DC ujO@kHz.

G \': [ AOTF or SuperK
/) { SuperK Spht EXTREME
L, Ly ™M 80:20
Ls — Object arm e
Mx/ l / voltmeter

L gy 50:50
Reference
g A arm ™M on
M\\ (C ©O—( (\ ] .

M3 2 - ~ PD2

DCG -

§

Figure 4.7: System configuration for dispersionrabterisation using a time-domain OCT
system at 1300 nm (G: Galvo-scanner, CM: free-spatibre collimator lens, M1 & M2:
mirrors, MLS: motorised linear stage, PD1 & PD2owdiodes, DC1 & DC2: directional
fibre-coupler, DA: digital-to-analogue convertef,-L4: lenses, M3: object arm mirror,
DCG: dispersion compensation glass)



Chapter 4 Dispersion in OCT systems 111

4.4 Dispersion analysis

4.4.1 Dispersion measurement with AOTF at 1300 nm

To compensate for the dispersion caused by thecaptiomponents, dispersion
compensation glass (DCG) rods made of BK7 glassn&meduced in the reference arm of
the system in Fig. 4.7.

We started with eight BK7 lenses, making a lendtB%5 cm, to compensate for the
four lenses used in the object arm (12.25 cm ial thickness). In the next step, we added
a glass rod of 10 cm more, to compensate for thgrgicroscope objective) of 5 cm
thickness. For the next steps, several combinabbBK7 glass rod lengths were tried.

— B e

— _/
v
BK7 glass (DCG)

Figure 4.10: lllustration of iterative glass adolitimethod for dispersion compensation in
the 1300 nm system

Results are presented in Fig. 4.11 and Table 4.2 fo 55 cm, 60 cm, and 65 cm.
For each such glass length, the OPD position¢, of the A-scan peak was measured
versus wavelength.

The motorized linear stage (MLS) in the referenge B moved in steps of dm to
locate the peak of the time-domain interferencesuesl via the electrical signal delivered
by the balanced photo detector. The process isategpel O times and an average value of
the autocorrelation peak position is calculatece @iatector voltage is measured using the
AC voltmeter, with frequency range from 10 Hz t®@3Hz. For each of the selectedhe
position, &, where a maximum AC voltage is obtained correspundo the largest
interference signal, is recorded. According togpecifications, the MLS has a positioning
error of 0.2um.

Let us denote’ as the OPD value of the A-scan peak at 1300 nnenTkhe
difference in OPDAOPD =¢ - & versus wavelength is graphically represented g Fi
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4.11. Each curve is fitted using a line crossinmguigh the reference poinfo( 1300 nm).
For each such line, a dispersion sldpdpmnm) is evaluated and its value placed in Table
4.2. The 1300 nm reference point was chosen beda@de and DC2 have maximum

transmission at 1300 nm.
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Figure 4.11AOPD versus wavelengi for different DCG length

The data in Fig. 4.11 shows that, in the uncompedssystem, the dispersion slope,
D, is greater than 200m/300 nm. For an added lendth= 60 cm, the slope is reduced to
D = 4 umy300 nm. By increasing slightly, toL = 66 cm, the slope of the curve in Fig.
4.11 is reversed O = -25umy300 nm.

An interesting exercise is to estimate theoretyctle glass length,w, of DCG rods
of BK7, needed to compensate for each measuredrdispD in the system. By referring
to Eq. (4.5), (4.9) and (4.12), we could rew@®®D = L x GVD, whereLw can be
obtained after rearranging terms
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DX 1
L, =|- 4.20
" ‘2n¥ GVJ (4.20)
2
where ewp=d44 -4/t (4.21)
daf o @l v

Group dispersion can be expressed as function eékeagthl and refractive inder

. . dn
In non-vacuumn increases withw, therefored— >0.
@

cn _ ¢
9"  wdn dn (4.22)
1+2=— n-A—
n dw dA
A2 d?n
GVD= — 4,23
2/c? dA? (4.23)

2

WhEI’EE is the second-order derivative of the refractiveeix,n is the BK7 glass

obtained from its Sellmeier equation (Schott N-BEdmund Optics) in the form of:

2 2 2
1= A, BA L, G (4.24)
F-p  X-B, F-C,

with the following coefficient values in Table 4.1.

Table 4.1: Sellmeier coefficient constants for N-B¢lass

Ao A1 Bo B1 Co C1

0.00600 1.03961 0.02002 0.23179 103.5606 1.01047

In order to calculatéwm, an average GVD between 1300 and 1310 nm of £66m
is used. The resultingn values are listed in the seventh column of Talie 4

Then, using the dispersion valubsfor lengths of glass of 55, 60, and 65 cm and
assuming a linear dependence of slop®tave have evaluated thBX can be brought to
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zero using a lengthp = 60.78 cm. Then we compared the variation intlergd glass at
each stepl.o — L and compared it with the predicted theoreticaligahferred by using Eg.
(4.20) and obtained the erro#s= Lo — L — Lw in column eight. These are obviously
affected by how good the estimation of the sIDp&as.

Figure 4.12 presents useful information providediily AOTF method, in addition
to the measurement of the sldpeFor each central wavelength,, of the light from the
AOTF, the amplitude of the interference signal isasured. This measurement is shown
for each correction step in terms of the lengtlBKf rods. The curves are represented in
normalized form, as only the spectral dependencsuoh amplitude is relevant for this
analysis. The FWHM of these profiles show the a@ibf the spectra of signals from the
object and reference arms that contribute to ieterfce. The overlap of spectra is
generally less than the optical bandwidth at thpiirof the system. These FWHM values
are denoted adlexp and are listed in the third column of Table 4.heTassociated
coherence lengtlCLexp, corresponding to measurédexp, are calculated using Eq. (4.1)
and are listed in the fourth column in Table 4.2.
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Figure 4.12: Interference strength versus wavelehgselected by AOTF
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4.4.2 Dispersion measurement with FWHM of autocorrelation at 1300 nm

The AOTF is replaced with a SuperK Split. This a$pa 300 nm bandwidth from
1200 to 1500 nm. The output spectrum is shown ig. Bi.6. The theoretical axial
resolution for this bandwidth would be 3ufin, but the achievable axial resolution depends
on the optical spectrum, determining the interfeeesignal as well as on the dispersion
left uncompensated. The MLS is moved around thetippswhere the maximum
amplitude is obtained, to positiods and &- where the amplitude is 50% of that at the
maximum.

The experimental values of th&:| — & | interval are listed in the fifth column in
Table 4.2. These values represent the FWHM of theelation function, as shown in Fig.
4.13. The autocorrelation function for L = 60 cngyares on solid line) in Fig. 4.13
displays a minimum FWHM, giving an axial resolutioh the system o~9 um. This
should be compared to the most uncompensated €age@CG (unmarked line), at 102
um. The best adjustment is between the curve for@0=m (squares on solid line) and
that for L = 66 cm (triangles on solid lines).

1.0

Intensity normalised (a.u.)
e}
€2}

S
o

-60 -40 -20 0 20 40 60
A§=(&-80)/2 (um)
——No DCG —+L=25.5 —6-L=35.5 =% L=55 -8~ L=60 ~A~L=66

Figure 4.13: Autocorrelation function for 1300 ngstem
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Because signifies OPD, the FWHM of the autocorrelation péaobtained ad¢ 2
given by Eq. (4.19). In Table 4.2, the theoreticastimated FWHM values are calculated
usingD measured in Fig. 4.11, by applying Eq. (4.19) asidg the correcte@. values as
inferred fromAZexp. These values should be compared with the theat€li = 4.96um
given by Eq. (4.1). However, due to the limitednsmission band of the coupler (DC1,
DC2) and of the injection efficiency from free spao fibre, the wavelengths within the
full 300 nm bandwidth of the signal applied frone tbource do not contribute equally to
the interference.

Table 4.2: Comparison between Experimental and Caldated FWHM of
Autocorrelation Function for Six Values of Disperson for system at 1300 nm

DCG D, slope Aétheory USING
length L (um /300 Adexp CiL exp D andC, A&FwH Lin  Lo—L-Ltwn
(cm) nm) (hm)  (um)  exe(um) wm (um) (cm)  (cm)
No DCG 200 75 21.3 100.6 102 60.38 0.40
L=255 120 85 17.3 60.6 70 39.85 -4.57
L=355 85 125 12.9 43.0 55 22.06 3.22
L=55 31 165 10.3 16.3 36 4.84 0.94
L=60 4 200 8.5 4.7 9 0.36 0.42

L =66 -25 170 10 135 29 -4.38 -0.84
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4.5 Comparison between AOTF and FWHM autocorrelation

Two methods of dispersion compensation have beesepted and utilized on two
systems operating at two different wavelength bahus low-coherence interferometer,
driven by a broadband source, the simplest, yet-tonsuming procedure to compensate
for the dispersion is based on the FWHM measureietite autocorrelation peak. This is
performed iteratively by adjusting the dispersign ar down until FWHM minimum is
achieved. The method can reach a FWHM minimum, ridipg on the possibility to
proceed in sufficiently small steps. Adjusting tiass length in System 1 may be difficult,
depending on the availability of different lengtifglass.

The SDL used in System 2 allows continuous adjustne the dispersion
compensation, in contrast to the stepped variaifdhe length of BK7 glass rods. Thus, it
is more likely to achieve the desired minimum dispa compensation than using steps of
glass. Irrespective of the method, however, a singtasurement of FWHM does not tell
which way to proceed, to increase or decrease ltss dength of dispersion in the SDL,
while a single slope measurement using the AOTFhateprovides such information.
Therefore, the AOTF method appears more convenientthe task of dispersion
compensation.

4.5.1 Superiority of AOTF method

The biggest advantage of the AOTF method is thatrimimum slope for the graphs
in Figs. 4.4 and 4.7 represent an absolute achievamndition, and this corresponds to a
zero value, which is known. The value toward whigh tend to direct adjustments is not
known in the FWHM method. In an ideal situation, enhthe dispersion is fully
compensated for, the FWHM of autocorrelation thiecaly becomed\o = C2.

However, in reality, the value measured is typicddirger, as the two interfering
waves may not have similar spectral shapes andnoialge as wide as the original optical
source spectrum. Deviations of the source specshape from Gaussian increase the
value in Eq. (4.1). Even if the spectral shape ftbmsource is Gaussian, the injection into
the fibre may not be uniform over the spectrumyltesy in alteration of the spectral shape
of the interfering field. In other words, the valt@wvard which we push the FWHM
measurement is not known.
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When using the AOTF method, a change of sign instbpe immediately suggests
the direction of the next step. In opposition te &OTF method, the best adjustment when
using the FWHM method is reaching a minimum valoethe FWHM. Therefore, when
using the FWHM method, it is necessary to applpelision correction until a minimum is
found, and this can only be established by comiguvith the process until an increase of
the FWHM value is measured.

If the slope of the graph obtained with the AOTpraaches zero, this means that
the dispersion is compensated and further optimizats not required. Therefore,
measuring the slope with the AOTF method requirdy a single iteration, because the
optimal DCG length can be

(i) calculated from the first measured slope, and

(i)  in principle, can be obtained from dispersion dafathe material. This
procedure was illustrated in Section 4.4.1.

4.5.2 Minimising dispersion

On the other hand, even if a slope near zemdnm is achieved using the AOTF
method, this does not mean that tigwnm reaches the theoretical limit predicted by Eqg.
(4.1) for reasons mentioned above, and as showales in Tables 4.2 and 4.3. Some
large differences between the FWHMFrwim measured andéineory are observed in the
two tables. These differences may be explaineddoas¢he facts that:

(i) the spectra of the two interfering beams do nohade, due to the spectral
dependence of fibre injection;

(i) not all parts of the overlapping spectra contribtaeinterference due to
polarization mismatches; and

(i) the theory presented above for the shape of thecawelation function
assumed a Gaussian profile of the spectrum, wkiclot the case in practice.
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Also, there are several different types of glasghm interferometer, with their own
dispersion. Additionally, the slopes of graphs igsi-4.11 and 4.14 are estimated based on
fitting straight lines to curves that exhibit cleamlinear behaviour.

From a different perspective, let us consider thecgss of seeking minimum
dispersion that can be achieved by the two methbdsed on guidance using FWHM
measurements and using the AOTF measurements. blslagvative of the FWHMA¢ in
EqQ. (4.19) in respect O,

d(aé) _ D [AA® (4.25)

d(D 2
P CEY

L

gives the dependence of the FWHM method on theedigm coefficienD. Let us
consider that we are close to small values in Dyvhich case (4.25) becomes

d(aé) _DIAA

RS (4.26)

In case of a good dispersion adjustment, the del@PD at the extreme values of
the AOTF bandwidth ism, determining a minimum measurable dispersion coefft:

an

D="
AA

(4.27)

Considering that the minimum in D equals the emob evaluation, i.e.d(D) = D,
using (4.26) and (4.27), the error in FWHM measuenioecomes

_(anY* (@) _ (am)’
OKM){MJ 2C,  2C, 4.28)
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As long asom < 2C., thend(A¢) < om. This means that the error in FWHM of the
AOTF, as determined by(A¢), is less than the error in positioning the peakie A-scan
om. That is in fact the error in measuring the FWHMthe method relying on FWHM
measurement. Therefore, Eq. (4.28) demonstratesisupy of the AOTF method over the
FWHM measurement method in bringing the setup clwseinimum dispersion.

4.5.3 Application of AOTF in broadband OCT dispersion measurement

As shown by the measurement of the interferenaeabigersus wavelength selected
by the AOTF in the setup at 1300 nm (Fig. 4.128,dbcuracy of the FWHM measurement
of autocorrelation peak is limited to a bandwidthsmgnals contributing to interference.
This may be narrower than the bandwidth of the A@Tdthod. In other words, the AOTF
method allows measurements at a whole range of larayths, including and beyond the
overlapped part of the interference spectrum theerdhines the effective bandwidth.
Hence better accuracy in compensating for the digpe is achievable with the AOTF
method.

The AOTF method presented is an alternative to rnitethods at hand in OCT
systems using spectrometers or swept sources, gpedral information can be used to
compensate for the dispersion. Although the methredented employs the time-domain
principle, it is equally applicable to swept sou@ET configurations, where the swept
source is replaced with the AOTF module, disperssominimized, and then the swept
source is placed back into the system.
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5

Ultra-broadband polarisation sensitive
optical coherence tomography

Polarisation sensitive optical coherence tomografR$-OCT) is a functional
extension to intensity based light imaging systeyn utilising additional information
carried by polarized light to provide enhance casttrIn traditional imaging, when only
backscattered intensity is collected and analyazédrmation related to depth and layered
structure are neglected. In a typical microscogstesy, researchers in the field worked to
improve axial resolution and penetration depth,iigpo pick up sub-micron features not
currently visible with most commercial OCT systeriiost research target at expanding
the broadband capabilities of such systems by usipgr continuum light sources. At the
same time, intense research has been going onuvelogenew techniques to extract
additional information otherwise not discoverabléwintensity based imaging.

PS-OCT on the other hand measures depth-resolvaseptetardation of incident
optical light and the altering state of light retied from the target sample as a formed
birefringence. Birefringence is the optical progest a material having a refractive index
that depends on the polarisation state and projagdirection of light. When a light
enters a material of birefringence, the incidemghtli can be decomposed into two
orthogonal components with varying refractive imgiccommonly known as parallel (co-)
and perpendicular (cross-) optical axes, thus @alaon dependent phase velocity.
Birefringence occurs in many biological materiaigls as biological tissue structures,
polymers and organic fibres. These structures #hiemolarisation state of the light and
show varying degree of birefringence. Thereforgglht Ispecific contrast not observable in
conventional OCT system can be seen clearly in ES-lthages.

For that reason, many new developments in PS-OG/E Ieen published. The
technique used to implement a PS-OCT system ieraimilar to the normal OCT, as
previously described in Chapter 2. Broadly speakihgse techniques can be divided into
two main categories: (a) time-domain, and (b) spécr Fourier domain. Within each of
these two methods, there exist a free-space (lbnlit)a fibre-based implementation, all for
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the reasons similar to conventional non-polarisaigstems. On the typical approaches to
acquire a PS-OCT image, most of the articles plédisused a circularly polarised incident

light, particularly those implemented in a free<spdor bulk) set-up. The use of a bulk

configuration has its own advantages. It is easiananage since the polarisation of the
free space beam can be easily controlled with $psee polarising components, such as a
polariser or a wave plate. It is also cheaper stalh as it does not required the use of
polarisation-maintaining (PM) fibres and fibre-bagmlarisation rotator.

Fibre-based PS-OCT system was first showcased diy [l back in 2001, with a
single-detector. This approach was subsequentlise@with PM fibres configuration by
Chen [2] in 2003. A year later, Guo et al [3] exted the working principle of depth
resolved birefringence measurement without PM-fblog revising a new mathematical
algorithm to take into account of the optical aargentation of the imaged sample. More
recently in 2015, Ding et al [4] has demonstrathdt tsample birefringence can be
extracted using the Mueller matrix, in an all seaghode (SM) fibre configuration and
single input polarisation state. Speed advantagaasher concern for OCT imaging.

Free-space implementations are rather the prefenettiod to demonstrate proof of
concept for reasons describe above. Hee [5], Hieger [6], and de Boer [7], have all
shown the use of circular polarised incident ligitb the sample to eliminate the need of
complex mathematical calculation such as Stoketwet Mueller matrix. More recently,
the use of single A-scan to extract sample poltisanformation has been demonstrated

by [8].

Since PS-OCT is a relatively recent add-on extenwdunctional imaging, most of
the published articles now use some variant of wadtth tuneable lasers. At the same
time, the use long pulse supercontinuum (SC) Iggirces in OCT imaging has seen
greater adoption in recent years, replacing trawkti SLDs and swept sources. The SC
sources therefore open up the new possibility shddroadband PS-OCT. To the best of
our knowledge, there has been no publication onutee of an SC source in PS-OCT.
Furthermore, the results from our polarisation retton ratio (PER) measurements in
Chapter 3 have shown that the random polarisatisipud from SC sources can be
controlled, thus allowing us to select one poldidgaat one part of the spectrum for use in
OCT application. Therefore, in this chapter, wel @wémonstrate the practical application
of imaging banknotes using a dual-spectrometerpsgiawered by a high power NKT
SuperK system. Our spectrometer based PS-OCT cesfve working principles shown
in [1,4,6].
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5.1 Proof of concept

5.1.1 Polarisation of light

Light as an electromagnetic wave, is composed ofekeatric (E-field) and a
magnetic (H-field) that travel at the same velodaitythe same direction. Both E- and H-
fields are vector quantities, carrying informatimm magnitude and orientation. Maxwell’s
equation relates E-field to H-field: they are alwa90° out of phase and mutually
perpendicular to each other. The light polarisattan be defined by the orientation of its
E-field. There are three polarisation states: {@@dr, (b) circular, and (c) elliptical, as
shown in Fig.5.1. Their Jones vectors are in Table

Circular Elliptical

Fig.5.1 lllustration of linearly, circularly andligitically polarised EM waves, and their
Jones vector directions. [Source: http://hyperptsphy-
astr.gsu.edu/hbase/phyopt/polclas.html]

To analytically describe the polarisation of lighte consider a monochromatic plan
wave of frequency travelling in thez-direction, in free space, with speed of lighfThe
electric field lies in thexy-plan and can be describe as in Eqn.5.1 [9]

E(z.t) = Rd Aexd j2rlt - 2/ )] 5.1)

where t is time, Re{} denotes the real part of dwmplex field, the vectoA
represents the complex envelop of the sinusoidattion. The notationA can be
decomposed int8x (horizontal) and®y (vertical) components, as in Eqn.5.2.
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A=A R+AY (5.2)

The propagation of two polarisation components ¢en described using the
polarisation states, s- and p-. S- and p- polaoisaitates refer to the plane in which the
electric field of a light wave is oscillating, diistrated in Fig.5.2. S-polarisation (S-pol) is
the plane of polarisation perpendicular to the padele p-polarisation (P-pol) is the plane
of polarisation parallel to the page [10].

Reflected

light
/ Air

Glass
() S-polarisation
<«—» P-polarisation
Transmitted

light

Incident light

Fig.5.2 lllustration of s- and p-polarisation stater incident, transmitted and reflected
lights interacting between air and glass interface.

Table 5.1 Jones vectors for different polarisatifdrig

Linearly polarised Circularly polarised
Horizontal Vertical a’® from Left hand Right hand
(x-direction)  (y-direction) X-axis

o L

o) Bl B
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5.1.2 Slow and fast axes determination

Slow and fast axes in the context of optical bingfence refer to the difference in
phase velocity between the two modes. In a birgém material, such as an optical
retarder, the fast axis is the axis with the loe#ective index, allowing the light through
faster, thus a higher phase velocity. On the olfaerd, the slow axis corresponds to the
mode with the higher effective index, and lower gghaelocity. The phase velocity, of
light can be determined if the effective indewi of the medium it traverses through is
known, using Eqn.5.3.

V, =C/ Ny (5.3)

wherec is the free space velocity of light (~3 x216/s).

To correctly determine the axis of a retarder, sagl half wave plate (HWR/2) or
quarter wave plate (QWR/4), is essential. There is a simple way to find #xes of a
retardation plate. This procedure requires twodlirngolarisers, LPand LRB. The first step
involves orienting one LPso the axis is horizontal. The second step regtivat the other
linear polarizer LRis placed in front of LE and orienting LPso that the axis is vertical.
Finally, the optical retarder is to be placed be&méhe two crossed polarisers, and the
retarder is to be rotated until maximum transmisgm reached. The transmission light
intensity can be probed using a broadband optmakp meter. The fast and slow axes will
be at £45° from horizontal.

Table 5.2 Input and output polarisations with Qi alWP

Input Output
Quarter wave plate Linear +45° Right hand circular
(QWP) Linear -45° Left hand circular
Linear non 45° Elliptical
Left hand circular Linear +45°

Right hand circular Linear -45°

Half wave plate Linear 6 Linear -6
(HWP) Left hand circular Right hand circular
Right hand circular Left hand circular
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5.1.2 Jones matrices

The Jones matrix calculus is a matrix formulatidrpolarised light. It consists of
two forms: a 2x1 Jones vectors to describe onlyfigdd components, and a 2x2 Jones
matrix to describe the polarising components. Tée af Jones formulation is only limited
to treating the completely polarised light. Therefainpolarised or partially polarised light
cannot be represented with Jones formulation. Tdmes) matrices are also used when
treating interference phenomena or when the etefigid amplitudes are superposed. To
illustrate Jones formulation, we first introduce thones matrices for a general retarder in
Eqn.5.4, and then use it for different polarisitgngents, such as a retarder, a polariser, a
half wave plate and a quarter wave plate are repted in Eqn.5.5 to 5.8 [11].

M(5.6)= [cosz @+ (sin> 8@ %) cosfsingd(L-e /) J (5.4)

cos@sin@{l-e ) (cos @& %) +sin’ @
Wheres is the phase retardation afds the fast-axis orientation.

If we now consider a retarder plate with y-axidast-axis and x-axis the slow axis,
the retarder’s Jones matrix becomes

_1(e? 0
w0 o

A polariser with polarising axis along x-axis canwritten as

10
Mew = o g (5.6)

A QWP with the fast-axis along the x-axis is theref

Moy =171 © 5.7

A HWP with slow-axis along the y-axis becomes

M (0] 5.8
HWP__J-O (5.8)
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We will use the Jones matrices discussed here goesent the polarized beam
propagating through different polarising elements iPS-OCT system. We’ll describe our
polarisation sensitive interferometer in Sec.5.2d ahe controlling polarisation in
Sec.5.2.1.

5.1.4 Bank notes

Bank notes or paper currency are secured instriandihiese papers usually have
security identifiers such as micro embossed threadtermarking, diffractive holograms,
and specialized inks, printed traditionally on oattfibre or more recently on polymer
substrates. Common security features include vamiaif paper thickness and density to
create subtle variations in the light and dark sireaks pigments that exhibit dichroic
properties that alter light polarisation at angkeswell as more sophisticated liquid crystal
holograms that are birefringent, as documented2h [

Most recently, the introduction of polymer bankeshave transformed the industry.
The new polymer notes are more durable, cleanestewaesistance and difficult to
counterfeit. The use of plastics in security docotaextends beyond currency. More and
more previously paper based documents, such asglticense, identity cards and access
control credentials are now phased out in favouhefpolymer version.

Since polymer substrate is made out of the symthetimposite material, its
composition has widely characterised in the chewnisboratories using well-established
spectroscopy techniques, such as X-ray diffractiiiJR, Raman and UV/visible
spectroscopy. Many of these analytical techniquesuse to determine the molecular
structure of unknown organic compounds presentignper. Many of these compounds
are birefringent. The use of optical coherence gnaohy (OCT) to perform meso-scale,
volumetric characterisation of polymer compositpslymer blends, biomaterials, and
ceramic coatings have been done by researchehge iNational Institute of Science and
Technology (NIST) in USA [13-14].
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5.2 PS-OCT system set-up

An OCT system configuration with dual-spectrometetection is constructed as in
Fig.5.2. A free-space in bulk concept of Michelsaterferometer is used. To illustrate
wideband OCT capabilities, a commercial, low-noggercontinuum source (SuperK
Extreme EXR 9, NKT Photonics, Denmark) that emitsr@adband light from 480-2400
nm (visible power 900 mW), pulse repetition freqeerfPRF) of 320 MHz, and pulse
duration of 5 ps is used in this experiment. Theeski output is fed into a spectrum
splitter unit, SuperK Split (NKT Photonics). The gg&uK Split is a passive optical
accessories attached to SuperK Extreme output.sphitser unit contains a dichroic mirror
to transmit longer wavelengths & 1150 nm) and reflect shorter wavelengths< (1100
nm). In this experiment, the visible band with usdimndwidth from 650-1100 nm is used.
The theoretical axial resolution for this bandwidtbuld be 1.2um, but the achievable
axial resolution depends on the polarisation oficapt spectrum, determining the
interference signal as well as on the dispersiftnulecompensated. A broadband double
Glan-Taylor Calcite polarizer (350-2300 nm, Thodpks used to rotate the output beam
into linear vertical polarisation. This beam isisply a non-polarizing beam splitter (BS),
into the reference (reflected) and sample (trariedjitarms. Dispersion optimization was
performed using advanced method described in [4].

The reference beam transmits through a dispers@mnpensation glass (DCG,
LSMO3DC, Thorlabs), and a quarter wave plate (@YvBriented with its fast axis rotated
to 22.5° to the horizontal polarisation, resultinga right handed circular polarisation. The
reference beam is reflected at movable reference®n{MR). The back propagating beam,
now left handed circularly polarized, passes throQyVR:, and resulted in the reference
beam rotated at -45° to the linear horizontal. Tié&am provides reference intensity
equally in two components, horizontal and vertioahich will be decomposed with
polarizing beam splitter (PBS) at the interferomeiatput.

In the sample arm, a quarter wave plate (QWP oriented at 45° to provide a
circular wave into the sample. The beam passesighra 2-axis galvanometric scanner
(XY), denoted respectively asxGframe) and & (line). Both G« and G are driven with
sinusoidal signal. Since camera has a maximumrkbe of 250 kHz, each of the 500
lateral pixels are acquired within 4 ps. To achiamémage of size 500x500, that requires
2 s per B-scan. The scanned beam goes through anoPi@nized microscope objective
lens (LSMO02, 5x, Thorlabs) with focal length 7 mMmlith a measured transversal
resolution of 10 um, the lateral image size is tedito 1.8 cm x 1.8 cm. The maximum
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scan area is triggered when 5V TTL signal is swgplio both galvo-scanners. The
backscattered beam from the sample passes throMgRs,Qresulting in an elliptical
polarisation state containing birefringence infotimafrom the sample.

The interferometric signals from reference and darapms are combined at BS, and
are sent through a PBS where two polarisation comms are extracted, collimated into a
fibre using a free-space to fibre coupler (SCT, é&KpSelect, NKT Photonics), and
delivered to separate spectrometers (SP1, SP2jefmction. The detection mechanism
consists of broadband visible range spectrometamsiél Cobra-S C-650-950-S2K, 650-
950 nm, Wasatch Photonics), one for each polapisaibmponent.

5.2.1 Polarisation selection and switching

At the output of SuperK Split, the light is polas as resulted from random nature
of supercontinuum generation. A broadband polaseéects a vertical linear polarisation,
represented by its Jones vector as

— 0
E= E{J (5.9)

WhereEo = Ag exp (ot), E denotes vector component of electric fiedd,is the
signal amplitude, Jones matrix of 0 and 1 represenizontal and vertical polarisation
states. The backscattered sample signal detectecklike PBS [5] can be written as

— E codd)e?
Es =—2+R . 5.10
52 \/_(sin(d)e‘(”“"”)] 519

The back propagated reference signal can equallggyesented as

e-E1(1
Ee = \/E(—J (5.11)

Another way to experimentally verify that a cirauig sent to the sample is to put the
second polariser P2 at the position of sample \(8) the reference arm blocked, light
from the first polariser (P1) enters the Q¥VPouncing off the galvo-scanner mirrors XY,
and into P2. Polariser P2 is then rotated arouriit.36the polarisation coming out from
the QWR is circular, power reading at the P2 output remawonstant for all angles of P2.



Chapter 5 Ultra-broadband polarisation-sensitive optical coherence tomography 131

SOT SP1

R . e
—

CH1 SCT -

—_

SP?2

PBS n 3 i
- R

SUPERK SPLIT
Xy QWPs RS 3

e =

P1

DCG

¥ 1 QWPRr

SUPERK
i — Mk EXR9

Fig.5.3 Experimental set up of a broadband duatispeeter PS-OCT system powered by
a supercontinuum source. (BS: beam splitter, DG§pedsion compensation glassgiM
movable reference mirror, P1: broadband polarRBS: polarizing beam splitter cube,
QWP: quarter wave plate (subscripts ‘R’: refererge,sample), SCT: SuperK Connect

free-space to fibre coupler, SP: Wasatch spectensieXY: dual-axis galvo-scanner. The

QWRk is rotated to 22.5° of the fast-axis, a round-trgam is rotated by 45° and QWPS is

rotated to 45° to provide circular light into trengple. CH1 & CH2 represents the
horizontal and vertical polarisations.)
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5.2.2 Polarisation detection

OCT interference signal recorded from the specttemgan be written in Eqn.5.12
as the sum of amplitude modulation in both sampteraference arms

| cn (Z) =lren +lsen ¥ 2yl renlscn D’(Z_ Zo)CodCD CH ) (5.12)

wherelcH represents interfered signals for two channell@ldrsation components,
horizontal and vertical GH1, CH2), Ir and Is each corresponds to signal intensities
recorded in reference and sample armis,the OPD position (whem is when OPD=0),
cospcH) is the phase term of the oscillating signal. Timerference signal at different
OPD position is fast Fourier transformed (FFT) todquce A-scans. B-scan is produced by
transverse scanning the sample orthogonal to tliacgy as discussed before in Sec.2.3 in
Chapter 2 on spectrometer-based OCT method.

At the interferometer exit, the OCT light beam jditsup into its horizontalKl) and
vertical () component by the PBS, and are then detected pgrate detection units,
spectrometers SP1 and SP2. By the respective samplitudes Achi, AcHz) and the
relative phase differencAdcH, Jones vectors are detected for every image phtedse
Jones vectors enable the calculation of the samdeefringent properties, namely of
phase retardatiofias well as sample reflectivity intensRy [15]:

Rp :‘ACZZHZ _ACZ)HI‘ (5.13)

o= tan’l(MJ (5.14)

H1

Sinced = AnxL is dependent on sample birefringence, the valueamicumulates as
a function ofL, the distance light travelled in a birefringent eratl [15]. Therefore, the
measured phase retardation results are cumuldtineebirefringence measured in this case
is similar to the one measured in nonlinear fibweK) in Section 3.2.2, where the beat
length analogy in fibre is similar to the thicknesfk birefringent material imaged. In
nominally non-birefringent samples, the phase deiawn however is small and limited. In
a strongly birefringent sample, the cumulative ghatardation can be huge.
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5.2.3 Dispersion compensation and spectrometer calibration

To optimize for polarisation sensitive sample resmm we calibrated our
spectrometers using a dummy sample of known birgémce: layered transparent masking
tape on top of an IR sensor card. A simple calibnatconsisting of transmission
polarisation extinction ratios (PER), verifying tipelarisation state across all points of
interest along the beam paths, were measured.uliseguent step involved wavelength to
pixels calibration of our spectrometer. Calibratiomolves a two steps process: (a) placing
narrow bandpass filters (BW ~10 nm) of central wengths at every 50 nm interval
between 650-950 nm, in the reference arm of therfemometer in Fig.5.2, and (b)
interpolating the peak pixel number recorded atelengths interrogated. The resulting
calibration curve for this specific model of Col8aspectrometer is shown in Fig.5.3.
Based on our calibration data, we can assign lopigst number 1 to 650 nm, and highest
pixel number 2048 to 950 nm, thus giving us a bbaad operating range of 300 nm.
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Fig.5.4 Pixel number to wavelength calibration eufor Wasatch Cobra-S model
spectrometer (650-950 nm)



Chapter 5 Ultra-broadband polarisation-sensitive optical coherence tomography 134

Peak Height sensitivity (dB)

1000

Z-space position

| —=— Apodize + spline, repeat |

Fig.5.5 Sensitivity roll-off for Wasatch Cobra-Segfrometer

5.2.4 Technical challenges

To ensure that both channels are calibrated, wéonpeed power and spectral
reference measurements using a mirror as the sa@pk challenge when using a free-
space configuration is to maintain the same begection efficiency into the SM fibre
connected to the input of the spectrometers. Waaseld 10 mW from the SuperK Select.
After the first polariser P1, total power availalide the interferometer was measured at 7
mW (equivalent to 3.5 mW each into the referenat sample arm). Throughout the beam
propagation path, from P1 output, to the sampleaf®) reference mirror (b, spectral
shape was checked with a short-wavelength optipakttsum analyser (OSA, model
AQ6354, ANDO) to ensure the optical bandwidth watagt. By blocking the sample arm,
a well calibrated recorded an equal 28 at SP1 and SP2 after the SCT (taking into
account of 35% free-space to fibre coupling efficyg.

We then performed the similar procedure and medstire “reference sample arm
spectrum”. This is the reference (baseline) specttrecorded for two polarisations output
when a mirror is used instead. The main reasorethgsctra were acquired was to obtain a
baseline so it can be used to normalise againsgpeetrum recorded with our birefringent
sample, in each individual channel (SP1 and SRA} offsetting fibre coupling efficiency
and improve SNR due to the low backscattered sifyjoal our sample. This will give us
the correct interference spectrum irrespective eanb alignment issue. The output
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spectrum from the sample is shown in Fig.5.6. Nlo&t there is some differences between
the two spectra, due to the rotated polarisatiatesdf backscattered circular wave from
the mirror. By comparing the spectra in Fig.5.6iasfathe calibration curve in Fig.5.4, we

can be certain that the full 300 nm BW was deteatdtie spectrometers end.
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Fig.5.6 The “reference sample spectrum” recorde@teabutput of (top) Channel 1, using
spectrometer SP1 and (bottom) Channel 2, usingrspeeter SP2.
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5.3 Imaging results

5.3.1 Birefringence samples

Two banks notes, specimen 1 (US $20, cotton-fitmyep Federal Reserve) and
specimen 2 (£5, polymer, Bank of England), weregeaaon their obverse side. The area
imaged for both bank notes are crossed out in Figdhd 5.8 respectivelyihe area
imaged for specimen 1 is the upper-right cornemmgothe numeral ‘5’ imprint. For
specimen 2, the image area is around eagle makirige bottom section.

Fig.5.7 The sample with a crossed out section sipitie scan area of 8 mm x 8 mm of
Specimen 1 [Source of image: http://www.bbc.co.aiwsround/36426215]

THIS NOTE IS LEGALTENDER \
“DEBTS. PUBLIC AND PRIVATE

%W%fu& R

Frearurer of the Urited Stetes
I

i SncxsoNf 2

Fig.5.8 The sample with a crossed out section spittie scan area of 8 mm x 8 mm of
Specimen 2[Source of image: https://www.uscurregay/security/20-security-features-
2003-%E2%80%93-present]
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5.2.2 Cross-section images

To demonstrate the sophistication of our PS-OCTiesys we collected cross-
sectional images (B-scans) from two different ban&s with scan regions identified in
Fig.5.7 and 5.8. To facilitate the collection ofsBans for both polarisations, the two
channels of the PS-OCT output were used [6]. Ed¢heoB-scan were normalised to the
reference sample spectrum collected using mirrorsasiple to eliminate intensity
discrepancy due to different fibre coupling effittg at each channel. The data were then
processed using Egn.5.13 and 5.14 to produce tlagem of reflectivity and phase
retardation, respectively. The direct cross-seabiotput images for Specimen 1 are shown
in Fig.5.9, while the post-processed PS-OCT imdgeseflectivity and phase retardation
are shown in Fig.5.10. For Specimen 2, the cormdipg images are shown in Fig.5.11
and 5.12, respectively.

Fig.5.9 PS-OCT images output from (left) horizomalarisation, and (right) vertical
polarisation for Specimen 1.

Fig.5.10 Post-processed PS-OCT images of Specinfleft)lintensity image showing
reflectivity, (right) phase retardation.
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From Fig.5.9, we observed that the reflectivity gagorovided us only the depth
information as well as the microstructure of theoimt and the polymer layer underneath.
We can deduced from Fig.5.10 (left) that the polyswbstrate is basically transparent, and
reflects the imprint structure as light passesugloit, as the non-structure in this layer
registered the same periodicity as the first imgeger, only reduction in signal strength.

Fig.5.11 PS-OCT images output from (left) horizdpiaarisation, and (right) vertical
polarisation for Specimen 2.

Fig.5.12 Post-processed PS-OCT images of SpecinfleftZintensity image showing
reflectivity, (right) phase retardation
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A very good example to compare the difference bebnmlymer birefringence and
fibre paper is to look at B-scan obtained in FitXleft). In the latter case, we observed
that the reflectivity image registered a structofreneven surface of the paper.

We have therefore illustrated the proof of concefpar novel broadband PS-OCT
technique with a dual-spectrometer set-up, with B680optical bandwidth between 650-
950 nm, powered by a supercontinuum source. Tmfiguration allows us to achieve an
axial resolution of um in air.

5.3 Future work

Our dual-spectrometer approach allows the use mjlesispectrometer with an
automatic fibre-based switch replacing the PBS cabéhe interferometer output. This
recommendation will eliminate free-space to fiboeigling deficiency as only one single
input to the detector is needed. The automaticrigalégon switch will allow sequential
recording of B-scan from each polarisation componémus saving cost. This is the
recommendation future implementation when the gty optical parts become
commercially available.
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6

Application of OCT in biomedical
Imaging

Optical imaging of skin malignancy has generatedgehimterest among the medical
community recently thanks to more recent develogneércontactless and non-invasive
imaging technique such as OCT. In this chapterte@eed up with clinicians from the
Maidstone and Tunbridge Wells NHS Trust HospitabfPDr John Schofield, Dr Mona
Khandwala, and Miss Rongxuan Lim, to image bashlceecinoma (BCC) using then-
faceOCT system we developed in Applied Optics Groapha University of Kent.

BCC is the most common form of skin cancer in Caizres [1] and accounts for 80-
90% of all eyelid malignancies [2,3]. It is estimatthat there are 53,000 new BCC cases
diagnosed in UK yearly [4]. The gold standard fombur diagnosis involves surgical
biopsy for histological analysis [5]. To reduce ipat morbidity from surgery, non-
invasive methods of diagnosis and determining tunmoargins have been investigated in
recent years. They include reflectance confocalresmopy (RCM) [6], high frequency
ultrasound (HFUS) [7], multispectral imaging [8]ultiphoton microscopy [9], fluorescent
technique [10], confocal scanning laser microsc@P$LM) [11] and optical coherence
tomography (OCT) [12,13]. Although these technadsgprovide valuable information,
they are not yet widely adopted by mainstream hezdre professionals to provide high
level of certainty essential for accurate treatmblaine of these emerging techniques have
been used entirely independently, or proved toupesor to the gold standard. These new
techniques are often used to bridge the gap oftditon on established technologies,
demanding new imaging systems with better penetratdepth and sensitivity.
Nevertheless, recent literature has suggested@dt in en-face imaging mode presents
the potential of improved diagnostic specificity BCC morphology compared with
clinical assessment and dermoscopy alone [14-15].

For this reason, we implemented an-faceoptical coherence tomography (OCT)
system powered with our enhanced master-slave (M&)nique [16]. Compared to
conventional fast Fourier transform (FFT) based Oth& MS technique is tolerant to the
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non-uniformities in the modulation frequency of tepectra acquired as well as to
dispersion in the interferometer [17]. Therefolge MS technique allows achieving the
theoretical expected parameters for the sensitigityl for the axial resolution, as
determined by the bandwidth of the system, anchbyspectral domain principle. The MS
technique leads to attainment of such values wihneed for resampling of data. In
conventional FFT based OCT, the axial resolutiod aansitivity are as good as the
resampling and data linearization methods, whiategaly operate well at shallow depths
only. Additionally, the MS technique gives direatcass to information from selected
depths, allowing real time display of one or moneface OCT images from such depths
[18]. The MS method has been applied to OCT imagihghe eye fundus, and by

harnessing the power of graphic cards, real tinoelymtion ofen-faceimages was made

possible [19].

This is a pilot study aiming to correlate the hisgical features of periocular BCC to
features seen on the OCT scan using the MS teohiniquthe best of our knowledge, this
is the first pilot study using Master/Slave OCThicue for imaging periocular BCCs.
Prior to this thesis work, three other studiesntage BCC were conducted by our group in
collaboration with clinicians from the Maidstone $fhital. These studies has explored the
use of dual wavelengths (840 nm and 1300 nm) tiomeain (TD)-OCT [20], FFT based
OCT [21] and dynamic focus (DF)-OCT [22]. Basedtba experience we gathered from
these three tests, we identified that essentigbdarforming accurate correlations with
histology data, is to acquire high resolution O@iages and correctly identify the margins
of any skin lesion precisely. On the wavelengtles@n, we identified that light at 1300
nm suffer less scattering in tissue, thus providietfer signal strength compared to 850
nm when used for imaging BCC [19-23].

Independent to our group’s research, the use 00 180 for OCT imaging was
further documented by the study of BCC that emply®mbined RCM/OCT system for
ex-vivo imaging [24]. The data processing of OCg@nsils is based on conventional FFT
based technique. In contrast to MS technique, digpe compensation and interpolation
are employed. The resulting set of 512 OCT rastexges using their method could be
acquired in 13 s. While the RCM channel deliverdame images, the OCT is performed
in cross section. Single en-face images are irddmgesoftware cut of volumes of A-scans
and placed in comparison with the RCM images. Aaogtudy employed a commercial 20
kHz tuneable laser to produce 120 stack OCT imafijeze 6 mm x 6 mm in between 10-
20s [25]. None of the OCT systems referenced alameecapable of producingn-face
images in real time.
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As we move towards clinical diagnosis, speed igltihate premium when it comes
to sheer volume of patients. Across the UK, mosiepts spent only 3-5 mins at their
general practitioner (GP) office. The ability totgen en-face scan done within this
timeframe will revolutionise the way OCT is peragivin the medical community, and
open the door for rapid technology adoption acedlsisealth care sectors.

The use of high-definition OCT as an auxiliary diagtic tool to histology has
received overwhelming positive response by climsjaas evidenced by a study that
looked into the effectiveness of locating BCC w@kCT. This was compared to histology
analysis involving both experienced and inexpemencermatologists [26]. We drew
inspiration from these state-of-the-art researaldies in developing our Master/Slave
OCT system, with an aim to offer simplified, moadust image display in a shorter time.

6.1 Clinical significance of BCC

6.1.1 Classification of BCC

Basal cell carcinoma occurs when one of the skiaal cells develops a mutation in
its DNA. Most of the damages to basal cell's DNA& aesulted from accumulated dosage
of direct ultraviolet (UV) radiation, such as chiorsunlight exposure, persistent use of
commercial tanning lamps, undergoing repetitivaatoh therapy for psoriasis or other
skin conditions. However, many clinical findingsveashown that sun exposure alone is
not necessary the only cause of skin cancers thalap on skin not ordinarily exposed to
sunlight. Several risk factors in Table 6.1 couldicate potential development of BCC.

Table 6.1 Four major statistical risk factors of@@atients

Risk factors BCC likelihood

(a) Age BCCs are more prevalence for over 50s since tumours take decades
to develop and metastasise

(b) Sex Men are statistically (about twice) more likely to develop BCC than
women in general populace

(c) Hereditary Persons with family history of skin cancer can expect higher
probability to develop BCC some stage in their life

(d) Skin pigment | People with fair, light skins are more likely to contract BCC than those
with darker skin tones
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Based on the statistics gathered over decadesjcf@ns can now better identify
group of patients with higher risk of developing Gn their life, and perform early
diagnosis as part of the routine medical examinatio

Classical treatment protocols for BCC involve scagjitechniques carried out by a
surgeon and a histologist. After the patient wasnao surgical theatre, the skin area with
distribution of basaloid cells is marked off, arfterh excised together with a variable
margin of clinically normal surrounding tissue. $happroach of removing additional
healthy tissue is to make sure the entire sectdrashtloid cells is excised in one go, to
prevent tumour tissue left behind. Depending ohahdiagnosis, the variable margin can
often result in too much normal skin being discdrdeherefore, one of the aims of an-
face OCT system is to address this problem by prolwegaictual tumour margin. After the
surgical operation, the peripheral and deep surgitagins of the excised tissue are
examined histologically using intra-operative frozgections. A more common way is to
use the postoperative vertical sections taken ffonmalin-fixed, paraffin-embedded
tissue. This approach is used primarily for incmegly wide surgical margins for
incompletely excised and recurrent lesions.

Broadly speaking, clinical classification of BCQldanto four major types: nodular,
superficial, pigment and morpheaform. Other morenglex forms of BCC such as
infiltrating, micro-nodular, and differentiated B&&ontain one or more features of the
major subtype. In Table 6.2, we grouped the dontinharacteristics of BCC associated to
its sub-types, with the reported occurrence of éggé relative to the others.

Table 6.2 Four major BCC subtypes and their astatisistomorphology features

BCC subtype Histomorphology features Prevalence

Nodular translucent node with a rolled border, Most common
peripheral palisade of basaloid cells

Superficial proliferation of basaloid cells parallel to long axis of | Common
the epidermis, slit-like retraction of the basal cells

Morpheaform sclerosing type with columns of thin basaloid cells | Least common
enmeshed in a densely collagenised stroma

Pigment subset of superficial BCC predominately on people | Very rare
with dark eye colour and darker skin phototypes
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The symptoms of an early stage BCC can be idedtifiethe area of skin or lesions
that appears to change in texture, colour and tsireicBy relating these symptoms to
major BCC subtypes, we can design an OCT systeidetatify patients with these skin
characteristics. For the most common case, a no®@& exhibits a translucent lesion
with pearly white, skin-coloured or pink bump, aliag tiny blood vessels to be visible
from the lesion surface. An OCT system operatinthan 1300 nm is best suited to probe
this kind of BCC. On the other hand, BCCs withat,fscaly and reddish patch scattering
around the skin can be detected by naked eye. Al §Gtem can be used to aid the
validation of tumour, therefore eliminating falseghosis. However, as the presence of
BCC on skin lesions can be random, an OCT techyologpable of automatically
distinguishing one BCC subtypes from another iSulsén our application chapter, we
concentrate only on eyelid (periocular) BCC using MS-OCT system.

6.1.2 Histology tissue imaging

Three consecutive patients over the age of 18 withiopsy proven periocular
nodular BCC, without previous eyelid surgery, wereolled into the study. The study
protocol (“Ethical Approval”’) was approved by theedearch and Development
Department of the Maidstone and Tunbridge Wells NH8st, and also by the Ethics
Committee at the School of Physical Sciences, Usityeof Kent. Informed consent was
obtained from the participants. All procedures tietpto removal, storage and transport
were carried out in accordance to Human Tissue2B804 (UK) under the licence acquired
by the NHS Trust from Human Tissue Authority (HTA).

All BCC lesions were surgically excised with prestetined 2nm margins of
normal skin. The orientation of each specimen weified by using 6/0 silk sutures of
various lengths to mark 3 of the margins of théolesThe excised specimens were placed
in 10% neutral buffered formalin and transportednfr Maidstone Hospital to the
University of Kent within 3 hours of excision forG¥ imaging. For purpose of image
acquisition, the BCC tissue was placed on a traespanicroscope glass slice, with its
superior margin aligned to the horizontal directioh the optical beam axis at the
microscope focus of the OCT machine. After OCT imggvas completed, the specimens
were placed back into 10% neutral buffered formalind transported to the Maidstone
Hospital Histology Department the same day.
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6.1.3 Histology correlation

The specimens were allowed to fix in 10% neutrdfdyad formalin for 24 hours
and then "bread sliced” at 2 mm intervals at 90r@egy to the skin surface retaining
orientation as denoted by marking sutures. Eacte sWas processed and paraffin
embedded with serial sections cut at 2 um inteptaEn mounted on glass slides, stained
with haematoxylin and eosin and viewed in a coneeaal light microscope.
Photomicrographs were captured for comparison V@@T images and correlation
undertaken by identification of the matching featuof the OCT and histology images
under supervision of Prof. Dr. John Schofield hat Maidstone Hospital.

The procedures to correlation are described inildetaSection 6.2.2En-faceOCT
images are matched side by side to histology insgdifferent tissue depth, beginning
from slice 192 (denoted as middle point) and ex&rety 5 slice interval above and below
the middle. Probable BCC features em-face images are searched by naked eye
comparison to description in Table 6.2, then cateshgainst confirmed BCCs in histology
image. To assist with large number efh-faceimages, ImageJ software was used to
facilitate image manipulation: slice stacking, stommation and 3D volume construction.

6.2 en-face imaging

The imaging oen-faceBCC samples were performed using a custom buikQT
system as discussed in Section 6.2.1. The posysaisand step-by-step correlation of en-
face images to histology scans are demonstrate8estion 6.2.2. Finally, a technical
comparison has been made between our currentgesulige qualities and OCT system
performance in Section 6.2.3.

6.2.1 Master/Slave OCT machine

The schematic diagram of the MS-OCT system assehibkehown in Fig. 6.1. Light
is first emitted from a tuneable swept source (§®)xating at 1310 nm central wavelength
with a 100 nm sweeping range, 50 kHz sweeping sp@edl5 mW max output power
(model SSOCT-1310, Axsun Technology, MA, USA). Amerferometer, using two
directional fibre couplers, DC1 and DC2 was assethbl'he light from the source enters
the first directional coupler (DC1, model FOBC-210320, AFW Technology, Australia)
with a splitting ratio of 80:20. One output deliged0% of light intensity into the reference
arm, and 20% of light into the object arm.



Chapter 6 Application of OCT in biomedical imaging 147

In the object arm, the interface optics includeseahromatic lens (CM) to collimate
the output beam of the fibre, four lenses for beapansion (k-L4, =75 mm, AC-127-
030-C, Thorlabs) and a scan lens (SL). The SL i®@m optimized microscope objective
(LSMO03, 5x, Thorlabs). For a 4 mm beam diametendent on the SL, transversal
resolution of the spot on the sample is 15 um. ffAesversal resolution obtained was
verified by imaging a USAF 1951 resolution targed.facilitate image acquisition, a set of
two galvo-scanners are installed in the object alemoted respectively asc@&rame) and
Gy (line) in Fig. 6.1 below.
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Fig. 6.1 MS-OCT system configuration{G5y: galvo scanners,il.Lo, L3, La: lenses, SL:

scan lens, M Ma2: mirrors, CM: free-space to fibre coupler, MLS: torized linear stage;

DC: directional coupler; PD1, PD2: InGaAs photodisdMs: mirror used at the Master
stage, to be replaced with the BCC specimen &bldnee stage).
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Both Gx and G are driven with triangular ramps. Since SS hasmag frequency of
50 kHz, each of the 200 lateral pixels are acquisgtiin 20 pus. G is driven with a
triangular signal, where each ramp duration is 2ipel x 200 pixels = 4 ms, with every
other ramp discarded, so at a frequency of 125THe.frame scannery3s driven with a
triangular signal, which for 200 lines, requires 1s. With a measured transversal
resolution of 15 um, the lateral image size isteaito 3 mm x 3 mm. A single ramp of the
frame signal is used for data acquisition while otieer ramp is used for data transfer to
the GPU and data processing. As a result, the teegled to acquire each 2D en face
dataset of 200 x 200 = 40,000 channelled specit®is.

The light into the reference arm is reflected oBed of mirrors (M, M>), then into
the second directional coupler (DC2, model FOBC32at50, AFW Technology,
Australia), where it is combined with signal froletobject arm, to produce interference
patterns. The outputs of the DC2 are connectetdd@hoto detectors PD1 and PD2 of a
balance photo-detector module (model BPD-200, $ad#gan, 200 MHz). This signal is
sent to a digitizer (Alazartech, Canada, model A35®0 500 MB/s). This is embedded
into a PC with an Intel Xeon processor (model E5648 GHz, 6 cores) and a GPU card
(GeForce GTX 780 Ti), loaded with a custom 64-@bVIEW 2014 program to display
simultaneously en-face images from 40 differentlep28-29].

The imaging process using the master-slave (MShodeis a two-step process.
First, at the Master stage, a mirrordMs placed in-lieu of the BCC specimen in the foca
plane of SL. A set of 384 channelled spectra (maske collected and stored. The masks
are acquired for MLS positions separated by 10 pepssusing a motorized translation
stage, MLS (model MFA-CC, repeatability 0.3 um,exp@.5 mm/s, Newport) driven by a
motion controller (ESP301, Newport). These masksagent the channelled spectra at the
OCT interferometer output for 384 values obtaingdefuivalently displacing the mirror
MS by 5 um. Thus, with 384 masks, an axial deptigezof 1.8 mm in air is achieved.

A special program was created to allow quick aatgars of masks by shifting the
MLS to a new incremented position by the chosefedhtial interval (10 pm) followed
by time to wait for mechanical vibrations to setfled then followed by the storage of
mask for that position, and then moved to the pasition and so on. The whole process
takes less than 5 minutes and once masks are tedllfte process does not need to be
repeated. Collection of masks is performed withvottage applied to the two galvo-
scanners, i.e. using the optical beam on axis.
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The second (Slave) stage involves imaging the B@€cimen that replaces the
mirror Ms. Each BCC specimen is positioned in front of the 334 en-faceimages are
obtained by correlating the 384 masks with the meduchannelled spectra of the BCC
tissue, but a reduced number of such images isagfesgh, in this case 40. Figure 6.2 shows
a typical screen of the raster displayed by the tst®inique. Three categories of images
are simultaneously presented and they are refreshedtaneously:

(a) en-faceOCT images (reference to XY plane) at 40 simulbaisedepths,

(b) two cross section images (B-scans, one at 90° gotiad to surface YZ, another
at 90° orthogonal to surface XZ), and

(c) a compound image to help with guidance, made filoenalverage of the 4én-
faceimages displayed.

The en-faceOCT images and the compound image have 200x2@dspihilst the
cross section OCT images have 200 pixels laterdl 284 pixels in depth (along the
vertical axis, equal to the number of masks). Tifferéntial distance between the numbers
of en-faceimages displayed as well as the depth of the énstaceimages in the left
corner can be adjusted with cursors on screen qlnotvn, but similar to the procedure
detailed in [28]). The compound display was fousdful in adjusting the relative position
of the specimens in front of the scan lens SL. Hbre uses the 40 images displayed,
however this can be modified to use any humbeminader of the 39&n-faceimages
generated by the end of each scanning frame.

Each category of images is produced using a sppoigiram developed in CUDA
(Compute Unified Device Architecture). The simuttans display of the three categories
of images takes advantage of methods developegkinopis reports [22], [29], to speed up
the processing of comparison operation at the gbtbe MS technique to the level where
it can compete with the FFT based OCT method, whi@ntaining the other MS
advantages (tolerance to dispersion and tuning imearities with implications in
achieving high axial resolution and better seniyfjv

The axial resolution of the system is determinedthry tuning bandwidth of the
optical source. With a SS afA=100 nm bandwidth, we can expect an axial resaiubio
around 7.5 um (Egn. 2.1). When a broadband soutte300 nm) is used, a sub-5 um
axial resolution can be achieved.
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40 en-face images
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Figure 6.2: lllustration of Master/Slave raster m&ichm 3 categories of images. (a) 40 en-face OAges separated axially by 5 um
(measured in air), (b) two cross-section OCT imagepiired from two orthogonal orientations andaftlaverage of the en-face images
displayed for guidance. The horizontal size ofralhges and the vertical size of en-face OCT imagesm x 3 mm. The vertical size of

the two cross section images is 3 mm x 1.5 mm (aredsn air). The en-face images have 200x200 pwbile the cross section
images 200 x 300 pixels.
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Histology data are collected in cross-section plahieerefore, to compare and
correlate suspected BCC features side by side,esd to prepare such cuts from tre
faceimages produced by the MS technique. Thereforesdbsequent analysis, tee-face
slices acquired are stacked to form a 3D volumslide was cut orthogonally to the:n-
facesurface to produce a cross section OCT imageéh@srsin Fig. 6.3.

en-face image .
@ -8cC 200 pr J
Master/slave X

imaging technique ;L

Histology cut (cross-section)

/
e __4
o

Fig. 6.3 lllustration of assembling cross-sectioars fromen-faceimagesEn-faceimages
are delivered by the MS-OCT technique

6.2.2 BCC correlation techniques and results

The three separate excised BCC specimens’ biopsyes from the three patients
were imaged using the MS-OCT system. Each samgléé&an marked Case 1, Case 2 and
Case 3 respectively.

To allow comparison to histology data, we assembieden-face images into a 3D
volume. A cross section OCT image was then sliaéidogonally to the volume surface.
Using this method, 200 cross section images wecenstructed at different lateral
positions. We ran our algorithm through all thesages from the centre of the sample to
locate possible BCC features contained within eadss section images. Diagnosis of
BCC via OCT correlation requires demarcation of aummargins to determine BCC
invasion, and visual interpretation of morphologjifsstures as reported in pathology-to-
OCT correlation studies [30-33].
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Histology images of Case 1 using an Olympus BX56rasicope are shown in Fig.
6.4. The haematoxyphilic (purple) areas equateotmles and strands of BCC. The
eosinophilic (pink) areas are supporting stroma aadnal dermis. The corresponding
OCT cross sections are shown in Fig. 6.5. The aceasaining BCCs are compared
against the marked area in the histology imdgefaceimages taken at 30 um axial
interval from each other (measured in air), showesures at depths of 450, 480 and 510
pum from the top of the sample are shown in Fig. Bl corresponding BCC areas are
noticeable with several dark spots surrounded Ighbregions.

Figure 6.4: Histology images of the nodular BCCresponding to tissue sample of Case
1. The images show tumour lobules that correspoitbheycomb structures. The lateral
size x depth size of left image is 5 mm x 3 mm. frheédle image shows an enlarged view
of the white boxed region in the left image. Thghtiimage shows an enlarged view of the

black box area in the left image. Magnificatiorit k10, middle x20, and right x 100.

Figure 6.5: Results of Case 1. Cross section OGihés of eyelid BCC taken from three
consecutive transverse slices at the centre dfahwple. The left, middle and right slices
are each separated by 15 pm. The size of imagé mrh x 0.8 mm. The arrows show the
suspected areas of BCC.
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Figure 6.6: Results of CaseHn-faceOCT images of eyelid BCC taken at different
depths. The depth was measured from the top afahmple in air. The lateral size of image
is 1.5 mm x 1.5 mm. The arrows show the areas o BQrelated with histology data.

A more extensive type of BCC was spotted from agrotbgion of Case 1 as shown
in Fig. 6.7. The tumours spread around in a nofeumied pattern surrounded by healthy
tissue. In theen-faceimage, noticeable pattern of uneven dark stretchdiate the
presence of tumour. One definite indicator of BGCACT images is the reduction of
signal intensity. The presence of BCC in #émefaceimages in Figs. 6.6-6.7 are manifested
in clusters of signal-free dark spots, rather timacontinuous bounded areas, primarily due
to the position of BCC tumour spreads across malagial layers oén-faceimages.

Figure 6.7: Results for another region of Caséett){ histology image showing blocks of
BCC tumours. (right): En-face OCT image of corregting region taken at a depth of 780
pum from top of sample (measured in air).
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The second experiment was carried out using sampl€ase 2. Clinical microscopy
images are shown in Fig. 6.8. The purple areasdargified as BCC by the histologist.
Cross section anen-faceimages taken from this case with features assutiait BCC are
shown in Figs. 6.9 and 6.10. Various features ateated in the cross section OCT images
in Fig. 6.9:

(1) sweat ducts identified by a consistent shallowtshaf
(2) cross section blood capillary showed up as a higgflgctive circle, and

(3) suspected BCC tumours with irregular reflectivipntrasts.

Other features suspected to be BCC in OCT imagetedted by an early report
using time domain OCT with dynamic focus [22]) aso be seen in images generated
using the MS-OCT.

These features are noticeable in Fig. 6.10 withtesead high-reflectivity areas that
exhibit size enlargement as we move deeper intohd&CC tissues are usually highly
reflective at 1300 nm, leading to dark scatteredgma surrounded by low-reflectivity
tissue. The tissue areas that are lacking theslonamlark patches are identified as healthy
tissue.

Figure 6.8: Histology images of superficial BCCrirtissue sample of Case 2. The image

on the left shows a tumour exhibiting nested amdting patterns. The lateral size x depth

size of the left image is 4 mm x 3 mm. The middbage is an enlarged view of the white

boxed region in the left image. The right imagansenlarged view of the black box area in
the left image. Magnification: left x20, middle x5hd right x 50
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Figure 6.9: Results of Case 2. Cross section OGpés of eyelid BCC taken from the
centre of tumour. (1) sweat ducts. (2) blood capjllunder the dermis layer. (3) suspected
areas of BCC. The lateral size x depth size of ariad.5 mm x 0.6 mm

Figure 6.10: Results of CaseEnh-faceOCT images of eyelid BCC taken at different
depths between 450 to 950 um. The depth was mebkiare the top of sample in air. The
arrows show the areas of BCC correlated with hegfpldata in Fig. 6.8. The size of each
image is 1.5 mm x 1.5 mm
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An immediate practical advantage eh-faceimaging is showing the direction in
which tumours metastasize. With eaeh-faceimage displaying the area of BCC in
transverse plane in constant intensity, less caat@d analysis is required to identify the
tumours, compared to measuring reduction of sigtr@ngths in the cross section OCT
images. This feature is particularly important &teimine the lateral borders of a BCC
tumour adjacent to healthy tissue.

The MS-OCT ability to detect pigmented type BCQugher evidenced in Case 3.
Histology images in Fig. 11 show tumour lobulesatrated in pigment surrounded by
healthy tissue. Due to high reflectivity of BCC,gher concentration of tumour cells
blocked light transmission in tissue, producinggnal-free dark spot in the middle of the
cross section OCT image as evidenced by arrowsinlg.

Figure 6.11: Histology images of Case 3. Imagé)rsfiows an enlarged view of the white
boxed region in image (a). Image (c) shows an gathrview of the black box area of
image (a). The image (d) shows an enlarged redionage (b) indicating presence of
nodular pigmented type BCC tumour lobules bendslepidermis. Magnification: (a)

%20, (b) x50, (c) x100, (d) x200
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Figure 6.12: Results of Case 3. Cross section @@AQes of suspected BCC taken at three
lateral positions from the centre of sample. Thievas show the areas with pigment
correlated with histology images. The lateral sizgepth size of each image is 1.5 mm x
0.6 mm

~

Figure 6.13: Results of CaseEn-faceOCT images of eyelid BCC taken at different
depths in the range 425-650 um. The depth was mezhfom the top of the sample in air.
The arrows show the areas of BCC. The size of eaabe is 1.5 mm x 1.5 mm
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This region can be further verified by scanningtigh different layers of then-
faceimages in Fig. 6.13. As we move further in deptloyencommon features pointing to
potential BCC start to unfold. OCT images are pdasiele by side with histology images
where correlation of tumour features was perforniedrig. 6.11, depth data froen-face
images are in agreement with histology data thatvsstructures of BCC at approximately
0.5 mm underneath the dermiBn-faceimages in Figs. 6.6, 6.10 and 6.13 are in their
original form, free from any quality adjustment.the slightly pixelated cross section OCT
images of Figs. 6.5, 6.9 and 6.12, predominant tumike features remain easily
recognizable. Studies have shown that image pasepsing methods such as spatial
compounding and de-convolution algorithms can kedus reduce speckle and enhance
signal to noise ratio in the acquired multilayeages [34,35].

6.2.3 Comments on technology

Based on previous experiments to characterise B@@oging OCT systems at two
different wavelengths, 830 nm and 1300 nm, we fwreluded that 1300 nm was better
suited for imaging eyelid skin tissue [20]. MS-O@&Tan improvement on the technique
used in two previous set-ups, using SS-OCT [21]RReOCT [22].

In Section 6.2.1 and 6.2.2, we have demonstrat@dMIS-OCT technique is proven
to be successful in detecting complex morpholodealures of skin in all three specimens
imaged. Several skin features that were observed) IBF-OCT technique [35], are also
present in the MS-OC&n-faceimages. These are:

(1) nodular structure of abnormal tissue,
(2) superficial structure of scattered tumour nm@sgand

(3) cross section of blood vessels, sweat ductsemat glands in the upper dermis.

En-faceimages are extremely easy to manipulate, espgde@il clinical analysis
post-processing. Since oan-faceimages are stored in TIFF (Tagged Image file fagyma
extension, we can export these images to exteofare packages like MATLAB and
ImageJ. A volumetric scan can be obtained by stacéll of 384 slicegn-faceimages on
top of each other. Subsequently, a B-scan (cradsesg image is generated when the
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volume is sliced at 90° orthogonal to tea-facesurface. BCCs in cross section OCT
images can be identified by three main phenomena:

(a) abnormal reflectivity profile as we go in depth
(b) obscure regions with clear margins and

(c) repetitive inhomogeneous features different fromdhrrounding cells.

Similar morphological features are also used totifiepotential BCC candidates in
the en-faceimages. A side-by-side comparison with histologyages for all three cases
further validates the use of these criteria in Q@&ges with high certainty to locate and
detect various types of BCC.

In the first two BCC structures, nodal and sup@lfjadhe presence of BCC tissue in
en-faceimage can be determined from the absence of lkeftédcted signal in a bounded
area with clear edges. The presence of some randemeflectivity black spots indicate
distribution of pigmented BCC structures. The latlsignal from BCC structures can be
explained by higher absorption due to their desseicture compared to normal tissue [20,
21]. This feature is predominately visible on OG/Btems operating at 1300 nm than on
systems using shorter wavelengths.

Conventionally, averaging multiplen-faceimages usually improves the signal to
noise, allowing better location of BCCs otherwiseaticeable in a cross section OCT
image, but this is done on the expense of axialuésn. Therefore, our approach to better
SNR is to improve the axial resolution by using@aolband optical source that can deliver
bandwidth of 300 nm or wider. Despite this chapkemonstrating MS-OCT with a swept
source, the Master/Slave method can equally baeempfid an ultra broadband source, by
using a supercontinuum source and a spectrometegrder to achieve better axial
resolution [37]. The fundamental work recorded his tthesis builds the foundation to
future exploration of such an option.

In this pilot study,en-faceimages of BCC samples taken from three patientg we
produced using the novel Master/Slave method. licades, the suspected BCC regions
showed significant reduction in the signal stresgtbmpared to uniform signal reflectivity
in neighbouring tissues. In some cases, the presaingotential BCC can be identified by
irregular scattering of high reflectivity dark spo{Fig. 6.6) and inconsistent light
distribution pattern (Fig. 6.7) in skin tomograms.
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All features associated with BCC demonstrated intbree previous studies [20-22]
are also seen witan-faceimages obtained using MS-OCT. Three common typéxCe
were identified and fitted well with histology @fia. In particular, nodular BCC are noted
with their low reflectivity of light at 1310 nm, @$ely corresponding to BCC on correlation
by the histologist following standard laboratorygessing. Other subtypes of BCC may
also be picked up by their irregular reflectivityople in en-faceimages. High accuracy in
distinguishing uncertain tumour lesions from heakhkins was established [15].

A further study has been planned once a portableltedd probe incorporating
Master/Slave technique is manufactured. This wakeethe transport of technology for
clinical trials at hospitals, allowing imaging te lbarried out in real time, in three possible
scenarios, involving botim-vitro andin-vivo experiments:

(1) pre-surgery diagnosis,
(2) intra-operative assessment of precise tumour margin

(3) post-surgical side by side histology assessment.

In-vivo OCT imaging would be preferred for its enhancedichl value to
dermatologist and pathologist [37-39], as the watartent and skin optical properties are
preserved. We acknowledge possible signal distwstidue toin-vitro imaging. For this
reason, further work in axial resolution improvernand the development of polarisation-
sensitive capabilities will be required.

The use of MS-OCT technique has allowedfaceimages to display noticeable
BCC features in real time. With no further imagegassing required, rapid assessment of
BCC extent and surgical margins in excised skircispens can be carried out, allowing
for enhanced management of patients in the clirsetting. In addition to that, a quick
patient turnover also save time and eliminate diagnerrors.

This is a preliminary study to assess the valuah®én-facedisplay in diagnosing
BCC. The MS technique is ideally suited to delisech display as the image is assembled
directly while laterally scanning with no need taitvfor a whole assembly of A-scans to
be subsequently cut.
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6.3 Imaging of mammalian embryos

In recent years, ability to perform live tissue gimgy has gained traction in the area
of fertility treatments. As demonstrated in pre\d@ection on the benefits ef-factOCT
imaging for BCC, we teamed up with researchers flnGary Robinson’s group at the
School of Biosciences, at the University of Kemtg &arried out the pilot project to image
pig embryos using the our MS-OCT system.

Several new researches in this area were donepmwa the field of reproductive
biology and medicine, the efficiency of in vitrortigsation (IVF) to above 40% for
women [40]. Currently, the lack of non-invasiveatiraents procedures was cited as the
main cause for low fertilization efficiencies [41\Vithout the use of high resolution,
functionalin vivotomography imaging, there is no way to accurategeas the quality and
development potential of embryos, prior to the IWBnsfers. More recently, several
groups have started to employ OCT imaging to a&hibis goal [41-44].

Our aim in this project was not to primarily evakiaghe oocyte development
process, but rather to test anm-faceOCT capability to achieve the axial and transversa
resolutions needed to discriminate the featuresubtcellular structures of the embryos.
To do that, we replaced the microscope objecti@ie{tentric lens) in Fig.6.1 of Sec.6.2 to
a high NA version from Olympus. The new MO allows 0 image with a transversal
resolution of ~ 5um, as opposed to the previous ~1grh used for BCC imaging. The
axial resolution remained as it was, since we tiseddame Axsun swept-source with a 100
nm optical bandwidth (model SS1300-OCT). The imagegl embryos are shown in
orthogonal views (XY, YZ and XZ) Fig.6.14, all 4bmltaneousen-faceOCT raster scans
in Fig.6.15 and 3D volume displays in Fig.6.16.

We have demonstrated how live embryonic imagingh em-faceOCT can be used
to assess structural and functional birth defedtsing the early stage development of
fertilisation process. Therefore, we have shown tha master/slave OCT technology can
be used for various biomedical applications, moited to only BCC diagnosis.
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Figure 6.14: Orthogonal views of a pig embryo vatbss-section diameter between 80-
100um in Imaged (top lefen-faceslice XY, top right: YZ, bottom left: XZ). The css-
section yellow line indicates the centre of thegemaBottom right: C-scan averaged taken
on two adjacent pig embryos)
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Figur 6.15: Tllustration of Master/Slave raster scan for pig emb

by 5 um (measured in air), (b) two cross-section OCT images acquired from two orthogonal orientations and (c) an average of the en-face images

displayed for guidance
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Figure 6.16: Volumetric 3D views of a pig embrydweross-section diameter of 10t
in ImageJ
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Application of supercontinuum light
sources in vision science

Application of a broadband supercontinuum sourcesgbeyond OCT imaging.
Today’'s supercontinuum sources have ventured ih® regime of complex light
manipulation and they have also taken advantadellafange power controls. This niche
opens up exciting new field of possibilities in rmead imaging and also vision science
research. To demonstrate such capabilities, walnmlated with Dr Gurprit Lall of The
Medway School of Pharmacy in Kent, and used a sopé&nuum white light (SCWL)
source from NKT Photonics A/S, to study the pujght reflex in mammals upon multi-
colour light stimuli.

In this chapter, we assessed the spectral sensittithe pupillary light reflex in
wild type mice using a high power SCWL source olual wavelength configuration. This
novel approach was compared to data collected faomore traditional setup using a
Xenon arc (Xe Arc) lamp fitted with monochromatintarference filters. Irradiance
response curves (IRCs) were constructed using fyattems, with the added benefit of a
two-wavelength, equivocal power, and output ushiey $CWL. The variables applied to
the light source were intensity, wavelength ananshius duration through which the
physiological output measured was the minimum psigé attained under such conditions.
We showed that by implementing the SCWL as our hstiewulus, we were able to
dramatically increase the physiological usefulressur pupillometry system.

Our experiment focuses mainly on the papillarytliggsponse in the mammalian eye
that closely resembles that of humans. The mammal& is an essential component of
the central nervous systems’ (CNS) sensory compiéeniieis primarily, responsible for
generating a visual representation of our envirantmé&his is possible through the
decoding of light by a structure termed the retimdnich contains complex neuronal
structures capable of detecting the spectral coitipof a light source and converting
this into an electrical impulse. The retina, itsebats the back of the inner eyeball and
forms optic nerves that feed the brain; ultimatelyminating at the occipital lobe. It's
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composition consist of a number of relay networkscl contain specialised cells capable
of converting light, photos, into electrical sighalThese cells are termed photoreceptors.

The mammalian visual system consists of three tyhgshotoreceptors defined by
their spectral sensitivity to light. Rods and comee typically referred to as the ‘classic’
photoreceptors and are responsible for creatinguabimage of our environment. A third
class of photoreceptors has been identified inr¢hieal ganglion cell (RGC) layer of the
retina, with the sole role of encoding ambient tifgr non-image forming (NIF) visual
responses e.g. pupillary light reflex, circadiatr@nment - impacting behavioural and/or
physiological responses. However, establishing imividual contribution of each
photoreceptor class to NIF events remains problentaie to the overlap in spectral
sensitivity across these cell types, shown in Fid.. There is a clear distinction in
sensitivity profiles of each receptor, however ¢hisralso great overlap. In an intact retina,
it is extremely difficult to tease out the contrdimmn of each photoreceptor to a
physiological or behavioural response. Traditionadtudies have used murine transgenic
models, which either ablate or disable function aofparticular photoreceptor class.
However, a limitation of such an approach is tHeelli probability of alterations in
physiological function and structural reorganisatid the retina.

The pupillary light reflex (PLR) is an autonomicspense to bright light. It is well
established that the degree of iris constrictiorelative to the intensity of the source light
being presented to the eye. Foremost, this reftéx to protect the retina from damage by
bright light. However, we can also use this reflexunderstand how light is decoded by
the retina and used to determine a physiologicgdudu Through manipulation of the light
source, for both intensity and wavelength, it isgible to assess/allude to the contribution
of each receptor class to the PLR. Clinically, BdR has shown promise in the assessment
of brainstem function and in the management of ,p#mnough the impact of pupil
sensitivity to opioids [1].

Traditionally, the PLR set-up has utilised a powkrKe Arc light source with
wavelength and intensity all regulated by chromaticeutral density (ND) filters. This
set-up is ideal for looking for the change in pugpinstriction to single intensities at
particular wavelengths, be it monochromic or baagsp(BP) in nature; however lacks the
ability to look at responses to dynamically chagdight stimuli.

In this study, we propose the use of a broadband/ISGource to generate a dual
light stimulus of equivocal power. We will useghdesign to show the ability of a two-
channel setup in demonstrating the retinal seitsitte light. There is great potential in
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this novel use of a SCWL in both providing betterderstanding of photoreceptor
contribution to physiological outputs as well asreasing the resolution of this technique
to assist in clinical diagnosis and healthcare.
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Fig. 7.1 Spectral sensitivity profiles of the clas®tinal photoreceptors.

7.1 Pupillometry

7.1.1 Pupil light reflexes in mammals

Pupillometry was conducted as previously descrifiattas et al., 2003) [1] on
anaesthetised adult mice. Animals were stably emidato a 12 hr: 12 hr light dark (LD)
cycle (white LED source, 1000 lux) and recordingsrevrestricted to between 4 and 7 hr
after lights on. All experiments were preceded byrlof dark adaptation (Fig. 7.2).
Pupillary responses were elicited through a Gadafekegrating sphere applied to one eye,
previously dilated with 0.1% atropine, allowing sensual pupil constriction from the
other eye to be recorded with a digital chargedstenli device (CCD) camera. Light
sources consisted of either a Xe Arc source, @lterwith neutral density and
monochromatic interference filters, half bandwidffWHM <10 nm) or a dual laser
configuration with a broadband SCWL source, and t@mputer controlled wavelength
selection modules. Stimulus protocols were prograchiand run via the associated NKT
controller computer software, generating a multis@langth output.
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7.1.2 Animals and ethics

Experimental procedures were carried out undendiedoy the Home Office (UK) in
accordance with the Animals (Scientific Proceduras) (1986) and following ethical
approval from the University of Kent ethics board.

Adult C57BL/6J mice (50-80 days old, n = 20) weraimained under a 12:12 light —
dark (LD) cycle, room temperature 22 + 2 °C. Alfogfs were made to minimise the
number of animals used and their suffering. Anineais kept in secure facilities at the
Charles River laboratory in Ramsgate, Kent. Expents on light stimuli with
supercontinuum light sources were conducted alairacility.

7.1.3 Image capture and analysis

Pupil recordings lasted for 63 seconds in all expents. Images were captured at a
frequency of six per second. The first three sdsamere used to record fully dilated dark-
adapted pupils. For the experiments using the Xe Anages were captured for 60
seconds with the stimulus set to a 480nm light.welcer, under the SCWL, images were
taken for 15 second under a 560nm light and thenatidition of a 480 nm light for 45
seconds ensued. Fig. 7.2 shows the stimulus pristémoboth configurations. Fig. 7.3 and
7.4 show the entire experiment cycle with wild tyméce, and the recorded pupil size
throughout the process.

(a) 480 nm

| 1 1
(b) : : : 560 nm
— I |

T T T » Time (s)
35 0 15s 60s

Fig. 7.2 Stimulus protocols for a Xenon arc comsgsbf: (a) a single 480 nm light pulse
for 60s, and through the SCWL and (b) a dual stimglenerated at 560 nm for 60 s and at
480nm signal for the last 45s.
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Fig. 7.3 Stimulus protocols for supercontinuum gstitsg of a dual stimulus generated at
560 nm for full 60 s and at 480nm signal for th&t kbs (from t=15s onwards).
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Fig. 7.4 Stimulus protocols for a supercontinuumsisting of: a single 480 nm light pulse
for 60s.
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Minimum pupil sizes were calculated by obtaining gmallest pupil size attained
under any given light stimulus and presented redato the dark-adapted pupil areas of
individual animals. In detail, the normalised minim pupil area (Rpupi) is calculated by
dividing the smallest pupil area achieved througl stimulus duration (Nn) by the
largest dark-adapted pupil @) pre-stimulus (Eqn. 7.1).

N

ANpupiI = NZ: (7.0)

Statistical analysis: Nonlinear regression (curitg dnalysis was performed by
measuring the irradiance response curve (IRC) ftwerdiffering light stimuli and sources.
Significance was assigned using the extra sum-o&iss F test set to p<0.05. All analysis
was undertaken using Graphpad Prism (Ver.6 for Mash, Graphpad Software, La Jolla
CA, USA).

Pupil areas were measured using ImageJ softwardbQvINIH, open source).
Collected images were imported into ImageJ as TiEEB (8-bit). The ellipse tool was

used to highlight the circumference of the pupd #me area (pixcels2) computed as shown
in Fig. 7.5.

Fig. 7.5 Pupil area was measured by drawing elijpseund the circumference of the pupil
in dark adapted, dilated (left) and constrictedht) eyes.
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7.1.4 Dual laser and multi-wavelength setup

Two separate laser systems were used for this iexgetr, Xenon Arc and
supercontinuum from NKT Photonics A/S.

7.1.4.1 Xenon Arc

The traditional, single light source, pupillomeayparatus typically consists of a full
spectrum xenon arc lamp fitted with a filter hol@erd shutter. A light pipe was used to
feed the integrating sphere, where the light stimwvas presented to the mydriatic
containing eye. The system schematic is shown &gin7.6. In this configuration, the Xe
Arc light is sent into a light tube (LT), whichtisen sent into an integrating sphere (INTS).

CCD

O——
o ]
PC | =
Xe Arc

Fig. 7.6 Schematic of a single Xe Arc light souused to provide a stimulus. (LT: light
tube, INTS: integrating sphere, CCD: charge-coupliedce camera)

7.1.4.2 NKT supercontinuum white light source

A broadband SCWL source (SuperK Extreme EXR20, X000 nm, NKT
Photonics, Denmark) was used to provide a duat kghfiguration capable of generating
high power light at two different wavelengths. Asown in Fig. 7.7, the output of the
SCWL was fed into two wavelength tuning units, sibie/NIR multi-line selector (SuperK
VARIA, 500-840 nm, NKT Photonics) to generate 560 & 10 nm light, and a UV
extension module (EXTEND-UV, 350-480 nm, NKT Photsh to produce light at a
bandwidth of 480 nm £ 10 nm. The SuperK Varia hasctal line output as shown in
Fig.7.8. Wavelength selection was made possiblutiir a single interface user software
developed by NKT on a PC running Microsoft Windows.
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The 560 nm light from SuperK VARIA was reflectedf ef gold mirror (M) and
combined with 480 nm light from Extend-UV using and) pass dichroic mirror (DM,
DMLP505, Thorlabs). The combined beams were trmipled into one end of a silica
light tube (LT), while the other end was connedi@the providing port for the integrating
sphere, INTS (1S200-4, Thorlabs). The effectivénigower was measured using a digital
handheld optical power meter (PM100D, Thorlabsyigged with a Silicon diode sensor
(S120C, Thorlabs). The illuminating beam spot atphesenting port of INTS has an area
of 0.5 cnf (Table 7.1). Each beam of the two wavelengths &ad mW initial power
measured at the stimuli port of the INTS.

CCD
Camera
7 y
e SuperK
Select
SuperK l
Extreme EXR

Fig. 7.7 Schematic of the dual stimulus SCWL ligbtirce. (M: mirrors, DC: dichroic
mirror, LT: silica light tube, INTS: integrating Bpre)

Absorptive neutral density filters (part numbers19B to NE40A, Thorlabs) were
used to attenuate power by a factor of 10. Thectéke quantum flux densities (in lageff
photons/cri/s) of each stimulus was estimated by integratirgspectral power density of
illuminating wavelengths (470-480 nm and 555-565 ) nosing Eqn. 7.2. The
corresponding power values are shown in Table 7.1.
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where E=P/d is the illuminating energy per unit area, P is theewver metered
intensity in mW and glis the illuminating beam spot in éni; is the total illuminating
energy per pulse emitted from the SCWL source,Egnd a constant value obtained from
the product of Planck’s constam{6.636 x1034J.s) and the speed of ligkt(3x1F m/s).

0,9

. Ry
. (i |

AT

0,2
J,\ YATATATAN

350 450 550 650 750 850
Wavelength [nm]

Normalized transmission

0,1

0

Fig. 7.8 Spectral line output of SuperK VARIA (NKAhotonics A/S, Denmark).

7.2 Pupil stimulus and results

7.2.1 Light stimulus

The initial set of experiments was performed udimg traditional Xenon arc light
source. Minimal pupil sizes were measured follgp@xposure to a single intensity of 480
nm light. An irradiance response curve (IRC) wasastaucted showing the relationship
between minimal normalised pupil size and intenffig. 7.9). Irradiance response curve
shows maximum pupil constriction to the brightaght, with a decline in response as
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intensity reduces. At the highest light intensiged we attained a normalised minimum
pupil size of 0.09£0.001 (mean + SEM, n=5), appmate >90% constriction. The amount
of constriction declined as a function of lightansity, with the dimmest light invoking the
least response.

The use of the SCWL source allowed us to generate dptical beams, power
equivocal, of different wavelengths of light, 560nnand 480 nm. Following dark
adaptation, a 560 nm stimulus was presented fasetdnds. This allowed the pupil to
reach a steady state at the high intensities ot iged at this wavelength. Under these
conditions, we were able to generate an approxir@éé constriction at the brightest
intensity; however, this soon tapered off, as thmawdus intensity was reduced (Fig. 7.10).

Following the 15 seconds of exposure to the 560light, we presented a second
pulse consisting of 480 nm. The combination of366 nm and the 480 nm stimulus was
able to generate a full constriction in a similaarmer to that achieved with the Xenon arc.
The captured pupil diameter at different time ins&s, at different illumination intensities,
are shown in sequence in Fig. 7.11. On furthelyarsa the overall decrease in sensitivity
is statistically significant, with a reduced sengly observed with the 560 nm light
stimulus (p<0.001, F(3, 58)= 58.48). This decraasmnstriction, relative to 480 nm, can
be attributed to alterations in mouse retinal ptrexteptor responsiveness. Finally, both
IRCs produced using the Xeon arc and SCWL in diggit Iwere statistically identical
(p>0.05, F(1,58)= 0.23, Fig. 7.12), thus, affirmitige use of the SCWL as a viable
alternative to the traditional Xenon arc light smaim driving the PLR.

Table 7.1. Effective quantal flux density calcuthsd different wavelengths and
illuminating power levels.

Power per Quantum flux density
wavelength (UW) (loguo effective photons/cm?/s)
Dual-wavelength SCWL Xe Arc
560 nm 480 nm 480+560 nm 480 nm
1000 15.75 15.68 16.02 -

100 14.75 14.68 15.02 1451

10 13.75 13.68 14.02 1351

1 12.75 12.68 13.02 1251

0.1 11.75 11.68 12.02 1151

0.01 10.75 10.68 11.02 10.51
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Fig. 7.9 The pupillary light reflex of dark-adapteuce using a 480 nm light generated by
a Xe arc source.
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Fig. 7.10 Irradiance responses using a 560 nm (miige curve) and irradiance
responses using a 560 nm+480 nm (light red cutuaykis.
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Fig. 7.11 (a)-(d) pupil images from dark adapted3s) through to 560 nm light (t=10s)
and finally 480 nm+560nm (t=20s).

The mammalian retina exhibits varying spectral geity to both environmental

and full spectrum white light. It is most sensitito ‘daylight’ blue, something that had
developed through evolution. With the use of tA& we were able to show this shift in
spectral sensitivity remarkably easily. The moretena was less sensitive to the 560 nm
light; however, we were able to recover the fulpense by the presentation of a 480 nm
stimulus. This difference can be attributed to thgponsiveness of the photoreceptors to

phonics wavelengths.
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Fig. 7.12 The dark adapted pupillary response @080 nm Xe arc versues a dual 480
nm+560 nm pulse, with same irradiance responsdg{pf0.05).

7.2.2 Advantage and significance

The use of a SCWL is a significant leap forwardrfrthe Xe Arc light traditionally
used in recording pupillary light responses. Th&\&Qjives the experimenter much more
control over the light stimulus, through wavelendtitensity and, most importantly, a dual
light configuration. Together, this will allow moreomplex lighting protocols to be
developed that can further assist in unravellirgabmplex coding of light that gives rise
to the pupil light reflex and other photic drivenygiological responses.

The SCWL has a great advantage over other bespgstenss. A typical dual-
wavelength stimulus, using a Xe Arc, would reqaireomplicated configuration of optical
band pass filters, shutters and light/ power geoesa This presents with some significant
limitations; for instance, a two-wavelength opticahfiguration would require two optical
pathways, thus increasing the complexity and faootpof the apparatus. Our approach
minimizes space usage and eliminates the nee@duesitial light illumination (Fig.7.13).
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One of the major issues faced with any experimeptatocol using filtered light
from a full spectrum light source is the consisteraf power output at varying
wavelengths. The use of a SCWL laser enables gsléut the output power at a specific
wavelength. This is possible because the powerityerss proportional to the laser
repetition rate and the optical bandwidth; the $Kp€ARIA is able to maintain these
parameters constantly across the entire visibletspa for every wavelength (450-850
nm, Fig. 7.8 and Fig.7.14), thus allowing the useselect the desired power output. In
addition, the output intensity can be manipulatgd varying, the picoseconds pulse
duration and optical bandwidth in steps of nanoesgtthus maximizing the available
spectrum peak power.

The timing of a stimulus is also critical. We wettdle to use a delayed onset in light
stimulus in order to highlight the spectral sengyiof the retina to different wavelengths.
Our protocol required the two wavelengths to bes@néed 15 seconds apart. However,
our SCWL has a variable repetition rate rangingnfra MHz to 80 MHz, which can
generate triggering rates between 15 ns to 0.5huws; allowing rapid cycling of stimuli
with varying intensities and wavelengths.

There is great potential in using the SCWL in bb#sic biological sciences and
within the clinical setting. We have just touchéx tsurface here by demonstrating the
usefulness of a dual wavelength light source irsatisng out physiological spectral
sensitivity in a mouse model. In addition, thex@irange of clinical uses for such a system
spanning from neurosurgery, psychiatry, ophthalmgylihrough to sleep medicine. There
is a wide spectrum application for the SCWL andbegbeve this to be of great benefit to
the advancement of science and healthcare.

7.2.3 Potential breakthrough in vision science

In recent years, age-related macular degeneraidD} has become one of the
main causes of blindness. Vision degradation carattrébuted to photoreceptor loss.
Earlier studies [13] had concluded that in middteistage AMD patients, retinal pigment
epithelium becomes dysfunctional, resulting in rdds in older eyes and cones began to
degenerate. The relative numbers of rods to coresrbe imbalance. Our approach to
testing receptor sensitivity can be used to diagnuatients with early-stage AMD, by
probing the individual photoreceptor responses Hn efficient technique made possible by
the dual/ multi-wavelength selection on the supetiocoium source.
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Fig. 7.13 Experimental set-up at Charles River tatayy.

Fig. 7.14 Multi-wavelength output of the NKT Supevtaria module.
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Conclusion

The works in this thesis have shown that high-tggmt OCT is now one of the
preferred method for non-invasive imaging by oplmizdogist and dermatologist. The
application of ultra-broadband OCT has seen sigguifi demands from health industries
with promising results. Several commercial protetypf portable and handheld OCT
devices have been manufactured in the last thraes yehile this thesis was in progress. It
is now established that OCT is a mature technolagg,can be independently deployed in
hospitals and surgical theatres. The general anlomi broadband OCT technology will
take time. However, there is still more catchingtopo to enable real-time, reliabie,
vivo biomedical diagnosis with broadband OCT. It isréfiere essential that further
development in this area is more commercial orggntgo that extension of OCT
capabilities can be used to attract industry istsce

Most parts of this thesis have focused on technoddbgproblems that hindered the
use of OCT in clinical environment. In Chapter 2 weviewed scientific research and
technological development of OCT since its earlyetion in 1990. We showed how this
field had overcome technical hurdles in the eartigslementation, and progressed into the
robust imaging technology we know today. Chapteas@® 4 went further into addressing
numbers of specialised limitations: noise, disggrsand polarisation. We viewed these
limitations as a two-sided challenge: manufacturartefacts in the commercial light
sources as well as due to the imperfect construdfdhe interferometer systems. Not all
limitations are detrimental to our research. Sofnese limitations, noise and dispersion,
for example, can have adverse effect to the imaqumgity if they are left unresolved,
while polarisation can play a vital role in detegtiadditional image features, if they are
used to our advantage. The technical solutionhése limitation resulted in a simple,
broadband polarisation sensitive (PS-) OCT with teréslave interferometer (MSI)
technology. We have discussed in details this implgation in Chapter 5.

A large portion of this research was dedicatedharacterising limitations, as we
researched and resolved them step-by-step. Thetdichnical limitation addressed was
noise. In Chapter 3, we discussed extensively othads used to quantify and minimise
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noise coming out from the light source, and likeavisr noise added by the OCT setup.
This thesis emphasises on the use of supercontinsounces to enhance imaging
capabilities: better signal to noise ratio, minimuhispersion and ultra-high imaging
resolution. We have incorporated light sources vimtreasing bandwidth in our noise
studies: from a dual diode SLD, to swept sources, finally supercontinuum sources.
Based on the bandwidth argument, we have condistetiessed on the potential of
supercontinuum to be used to power OCT systemslewle dismissed the earlier
misconception of supercontinuum as being noisy g of the past. We have evaluated
key parameters in supercontinuum generation, anfdrpged optimisation on several of
these: pulse repetition frequency, energy emisgen pulse, fibre birefringence and
polarisation. These studies aimed to make supemtamh source the preferred light
source for ultra-broadband OCT imaging.

The second limitation we have overcome was disperdtor an OCT system to
resolve image features of 5 um or less axiallis #ssential that we properly compensate
for dispersion. We proposed the state of the aousto-optic tuneable filter (AOTF)
method. In Chapter 4, we have shown the princigl®peration with an AOTF, used
together with a supercontinuum light source. Thisthnd allows us to select a narrow
band light from a broadband spectrum. The AOTF nedwm NKT Photonics came in
handy. It operates in two widely used spectral esnfpr commercial imaging systems:
visible from 500 to 900 nm, and near infrared fradb0 to 2000 nm. A custom built
hardware-based dispersion compensation proceduee guantified using the AOTF,
employing addition of dispersive glass elements.7Bilass rods were added in the
reference arm of the interferometer. Since the Weth of the AOTF module can be as
narrow as 5 nm, it was useful to scan across tladiwand spectrum for dispersion
irregularities. The AOTF method had one clear athger it allows us to speed up the
process to obtain the variation of autocorrelapeak position in OPD versus wavelength,
all in a single measurement. The slope obtainedktuidetermines the direction of
compensation needed. This is in contrast to thes-tonsuming full-width at half
maximum (FWHM) measurement of the autocorrelatimction method, widely used in
the industry. The established method requires plaliFWHM measurements, and does
not provide direction of compensation needed. Quur@ach has established that, by
estimating errors in measuring the FWHM of the Arspeak, the AOTF method is more
superior in reaching the minimum dispersion. laiso applicable for all OCT systems.
Simple dispersion compensation can make commeraiifa-broadband OCT
implementation easier and more attractive.
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The third limitation we encountered and now resodligpolarisation. In Chapters 3
and 5, we have shown that polarisation effecttisaway sword: it can work against us as
well as in our favour. Conventional OCT imaging Iheen intensity based since the early
days. Many commercial systems had adopted simdpraach and have remained so till
this day. However, we have demonstrated in Chafteasd 6 that there are increasing
number of applications where polarisation sensitwmaging can be an advantage. This is
particularly true in areas related to bio-secufgxplosive, narcotics), arts of historical
value (paintings, archaeological artefacts) andpiemhistology structures (skin cancers,
tooth decays, retina diseases), where these spexirhave important multi-layer
birefringent features. The work in second half dia@ter 3 has experimentally and
theoretically verified that polarisation controtjirelements can be added and manipulated
in the optical sources, particularly at differetdges of the supercontinuum generation
process. Armed with the knowledge in polarisatietestion, we can now enhance our
imaging capabilities further.

The forth limitation deals with application practity. In an academia-only research,
we focused on build to order (BTO) imaging equiptndie popularity of customisable
system has become a mainstream niche in medicgbraqot industries. From the very
simpler original equipment manufacturing (OEM) dm4g, to more sophisticated designs
and production for application-specific equipmetite obstacles to incorporate latest
research into existing commercial products neetiemvercome. These hurdles involve
technology integration and compatibility. UBAPHODAk$searchers with academia and
industrial experience can now offer feasible sohasito bridge these challenges.

Chapter 5 is a good example of how research meatketn Equipped with the
knowledge and know-how from Chapters 2, 3 and &4espoke PS-OCT system was
assembled. We aimed to devise a high-speed andcdetvcommercial solution, by
developing a single, switchable spectrometer-ba€¥dT system powered by a
supercontinuum source. All optical components awdity available, and such a system
can be constructed to be portable. In the pastO%-was deemed too much of a
challenge, due to time required to design and taufzture a two-channel polarisation
sensitive detection system, and the relatively lugsts associated to acquire polarisation
sensitive optical parts. We have successfully destnate the ability of our broadband PS-
OCT system to pick up birefringent information frdmanknotes, and this opens up the
possibility of applying polarisation imaging in aderfeit detection of other security
sensitive documents.
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Chapters 6 and 7 focused on the application sidevofnoise supercontinuum and
OCT for biomedical specialists. To illustrate thegiical aspect of a dispersion tolerant
OCT system, we teamed up with clinicians from Meds and Tunbridge Wells NHS
Trust Hospital to do a pilot study. In Chapter & @haracterised different types of eyelid
basal cell carcinoma (BCC), using our sophisticatedter/slave (MS-) OCT system. The
use of MS-OCT technique has allowetfaceimages to detect noticeable BCC features in
real time. With no further image processing reqliimapid assessment of BCC surgical
margins in excised skin specimens can be carrigdatiawing for improved management
of patients in clinics. This preliminary study tesass the values of tba-facedisplay has
evidenced that MSI technique is ideally suited &iwr such display, as the image is
assembled directly, while laterally scanning isf@ened. There is no need to wait for a
whole 3D volume assembly to obtain B-scans. We hblustrated the importance of
collaboration between an academia (University ofitikean industry (NKT Photonics) and
a national health service (Maidstone Hospital)explore innovative treatment options.
Industrial feedback from our collaborators in Cleaf@ was positive. They have expressed
interests for a clinical trial o&én-faceOCT. By combining our research in Chapter 5, we
had further strengthened the case for OCT in halspit

Further demonstration of supercontinuum capatslitteChapter 7 has expanded our
research horizons to include a non-conventionabingasystem to study vision response.
In this chapter, we assessed the spectral senhsitiithe pupillary light reflex in mice
using a high power super continuum source in a-adaakelength configuration. This novel
approach was compared to data collected from a nnaditional, clinical setup using a
Xenon arc lamp fitted with monochromatic bandpaker$. Irradiance response curves
were constructed using both systems, with the addtefit of a dual-wavelength,
equivocal power, and customisable output usingtipercontinuum. The variables applied
to the light source were intensity, wavelength atichulus duration through which the
physiological output measured was the minimum psigé attained under such conditions.
We show that by implementing the supercontinuunrs®as our novel stimulus, these
variables can be tuned automatically and pre-prograd. Results from our tests showed
that we were able to dramatically increase the iplygical usefulness of our pupillometry
system. We also demonstrate the efficiency andctfEness of the supercontinuum
approach, allowing for multi-wavelength, multi-sgesnd multi-intensity adaptation, while
reducing mechanical complexity. Further works imiad) automation in data capture and
analysis have been proposed and revised.
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Most of the work described in this thesis is ainaduture applications. There is
always room for technological innovation. We haeers OCT system evolves for the last
25 years, and we believe challenges remain. OChntdogy is now venturing into
applications in health care and pharmaceuticalosgctwith great commercialisation
potential. That is why we believe in constant inyamment in OCT technology in areas
related to signal processing, user friendlinesd, equipment portability. Our approach to
polarisation sensitive OCT using MSI and superecantm source is the first step to
achieving this goal. To the best of our knowledgere is currently no publication in this
hybrid area of research.

Research and innovation are all about improvinglityuaf life. From biomedical
imaging to accelerating health care diagnosis, rémilts in this thesis have laid the
foundation for research of the future.

8.1 Future works

The author proposes the extension of the studylvmgp BCC in an actual clinical
setting. It should be equipped with smaller optisalirce, and more sophisticated OCT
system, which is polarisation sensitive, broadbamd dispersion tolerant (enabled by MSI
technique), it will become more convenient to tpors such an imaging system into a
local hospital for clinical trials.

Apart from the commercial and medical side, théhaualso noticed a huge potential
in polarisation sensitive OCT applications. Thiedis has demonstrated the use of high-
resolution PS-OCT in detecting highly birefringeieatures in banknotes. The author
proposes further investigation in detecting coueteng in valuable and secured
documents by incorporating the MSI technique, tuirfel projects.

More work is also required in the area relatingpddarisation noise study. Since the
author presented only the results from commeraiglescontinuum sources, the author
anticipates it would be interesting to also theoadfy optimise the different noise
parameters within the supercontinuum generationcga®y through simulation and
modelling. The author has collaborated in part witof. Ole Bang’s team at Danish
Technical University (DTU) in Denmark, to realiskist project. Further research on
supercontinuum noise in general and polarisatiaeenim particular, will be continued by
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researchers at Prof. Bang'’s laboratory, and funtiaak will be carried out for the benefits
of the supercontinuum community.

In the final section of PS-OCT chapter, we mentibtiee need to improve sequential
recording of B-scan from each polarisation companeith an automatic polarisation
switch at the output of the interferometer. Thisogr recommendation to improve
acquisition speed, reduce cost of having one idsté@wo identical spectrometers, as well
as eliminate beam injection issues. Such an impiatien is only possible when the
polarising optical parts are commercially availabléhe future.

On the project to study light response on photeptwrs, the author proposes a
multi-wavelength light stimulus on transgenic miee mice with one or more
photoreceptors or melanopsin cells knocked outéarctivated) genetically. This research
regime will unleash the full potential of superaantum light sources, and make use of the
advanced light control mechanics developed by emgsat NKT Photonics.
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Polarisation extinction ratio (PER) stability test

PER test at 1.5 m fibre length at 30% pump power

Aim: Test for time dependent variation

Methods: Measurement referenced to peak wavelexigtB64 nm

Data: 4 angles (65 & 245 max, 155 & 335 min)
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Appendix

Al: PER test at 1.5 m fibre length at 30% pump powe

Supercontinuum pump laser start-up stability test

Four sets of measurement

2 series (1,2 and 3,4)

1,2 began immediately after pump started emisdi@d%

3,4 began after 45 minutes had elapsed

Stability test at startup
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Appendix

Al: PER test at 1.5 m fibre length at 30% pump powe

Time dependent PER test

Four sets of measurement

2 series (1,2 and 3,4)

1,2 began immediately after pump started emisdi@d%

3,4 began after 45 minutes had elapsed
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Appendix

Al: PER test at 1.5 m fibre length at 30% pump powe

Beam clipping test

Four sets of measurement

2 series (1,2 and 3,4)

1,2 began immediately after pump started emisdi@d%

3,4 began after 45 minutes had elapsed
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Birefringence and beat lengths

Analytical derivations of birefringence, beat lenghs and polarisation axes

First we fixed fibre length L, we inject linearlplarized broadband light (from SuperK EXR) and
to record the optical spectrum after transmissioaugh the fibre, by rotating another polarizer to
obtain max interference intensity. The interferesgectrum of oscillations with a periad, is

used to calculatkpea: L is cut back to obtain differentda

AexpjB (ML) + AexpliB,(A)L)

:2 Aexp( B . B |\ Aexno(ja,ffL)z+ expljoAL)

= 2Aexr{ j w L [xcoddB(A)L)

, Aexr{ B AN, xco{Af”z“) Lj

Where Ag = AL with AS [ A}I_/]

4m
Phase constant is therefofg3 = T

N 2n _ A _ A
Polarisation beat length becomeg,,,=—=—-=—L

A Ang A




Appendix A3

Dual channel heterodyne detector

Analytical derivations of detector currents at thebalance output

At the two outputs of DC2 before balance detectiencould write the optical power that varies for
each detector as intermediate frequency (IF) sigithala slightly smaller current magnitude, and a
local oscillator (LO) signal with a slightly largearrent magnitude. Let us assume IF has an
average power of Sz and LO has an average powér o could now express this power relation
as electric field multiplies by a matrix of coupdicoefficientsypa and (1 —<ybal).

E T Vew  Vew expid,) [ S0
1 — ; bal bal 2 (A]_)
L‘i(t)} exp(""r){m exp(t) 1= Fow }{&t)}

By proportional relationship of electric field thgtocurrents, | E()[J VI(t) , we could now write
the two photocurrents and b of two photodetectors each with quantum efficiea@fas andoz
respectively, in the form of

p_EW a,
Y2 he (A2)

- %{(1- Vou)S2 () + Vot L2 (0) + 2LV Vo @ Vo) X COS(@, ~ @,)t + 6, = 4,
P _IE.0f a.q,
2 2 hw A

{(1_ ybal )LZ (t) + ybal Sz(t) + Zs(t)l—(t)\/ ybal (1_ ybal) XCOi(&)]_ —C()Z)t + ¢1 _¢2]}

azqe
ha

Now, taking average of the photocurrents give D&acomponent, and an IF component of
differential frequencyd(t) — w2(t)) of our mixed signal. When balance detectiowdsking, we
have bothywa = 0.5 and (1 4wa) = 0.5, therefore differential current is subteat;tand IF signal
term S(t) can be neglected. By substituting Eqna2#hain text into the simplified formulae of A2
and A3, we obtained noise components of photoctgmith one-sided power spectral density, in
the form of

Al 2 (V) = qu I (V) + 2qeybal (V)I 2 (V) (A4)

Thus, we can rewrite A2 and A3 in reduced form iizig A4 to form noise power intensity.
(D12 (V) = 201 1 pc (V) + 20,V ()1 pc (V) (A5)

(B12(V)) = 20,1 5 p¢ (V) + 20,V (V)] 2 (V) (A6)
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Data standardisation techniques

Statistical representation of expected value, variece and standard deviation

Data standardisation is essential for statistiesefal earlier articles have mentioned the process.
These include:

Gaver (1985)

Johnson and Wichern (1992)
Everit (1993)

Van Tongeren (1995)
Milligan and Cooper (1988)

ahrwdE

Techniques Mean Variance Std dev

(1) 0-1 Scaling (end points scaling) Different | Different| Different
\4 _Vmin

Vmax _Vmin

(2) Dividing each value by range Different | Different| Different
\%

_Vmin

\Y/

max

(3) Z-score scaling 0 1 1
V-V
o

(4) Dividing each value by standard deviation Different | 1 1
\%
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Presentation on BCC

40 Ajs1anun) YSI00HAVEN — U3 MAIASY WIST-pI

1B 1o 1amod ay) o-. . H-:MVV— T —_— anwen s
mu_CDn_.D_l_n_ .o - ! z LY UL &
.

"DjuIs|aH Jo uoneiejaa(Q sy} pue suonejnfal juswuianch jo spiepue)s ay) o} paisype ysieasay exdsoH 1sni SHN SliBM
abpuqun] pue suo}spiejy pue Jusy Jo ‘Aluf) jo S3RILIWIOD SIIY}8 YOq Woly paulejqo sem Apnjs siyj Joj jeaoidde [eoaiyig

e LI a3
4

. if
UoI}08s-55010 ABOJ0)SIH SUBDS-) Q¢ Wol}

pajoniisuod (7X) ueas-g

Z 358 Wo.) SNSay (ueos-D) a08j-us 904

wr g} jesioAsuel) ‘wrl g [exy :paAsiyoe uoin|osay
(09g) ewoulnies |82 [eseq pljaks usaoid Asdoiq :pabewi sjdwes -

asnoy-ul padojanap ([SW) 1D0 e/e[s-IalSew 82ej-us Juawdinb3
(Wi uenxbuoy ‘ejempueyy BUo ‘pieloyas uyor)
[endsoH 1sni| SHN slIe/W 8bpugun] R suojspie|y -Jsuped pajernosse InQ -

(Buibewr 904 pijeA3) s)nsey




