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Abstract

OPTICAL coherence tomography (OCT) is a non-invasive imaging modality, which
provides mm-deep cross sectional and volumetric images in real-time at mi-
crometer resolution. Additional to its promising imaging capabilities it can

provide label-free detection of flow in semi-transparent and translucent samples. OCT
has gained great popularity in recent years due to enhanced laser and imaging technolo-
gies, offering unprecedented long range imaging at high speed. These technologies, how-
ever, are restricted to laboratories having lithography capabilities to manufacturer laser
gain chips. Laboratories without the capability to manufacture laser gain chips still de-
pend on the implementation of OCT systems having either long imaging range at slow
speeds or high speed with decreased imaging range. Imaging range in swept source OCT
(SS-OCT), one of the OCT configurations, is coupled with the coherence length of the
laser.

This thesis describes novel laser design configurations to close the gap between the
imaging range and the A-scan speed of the laser while maintaining a cost effective ap-
proach for the design. The configuration used in the laser development is a modified laser
cavity, based on the well known Littman-Metcalf design cavity. Lasers in the range of
1µm to 1.7µm were built and tested.

These lasers were subsequently used for label-free detection and characterisation of
tissue types in ocular media. Current tissue detection for optical imaging modalities are
mostly based on staining of the sample. Label-free detection can be accomplished through
material specific coefficients such as Young’s modulus (E) or the dispersion coefficient
(β2). In this dissertation label-free detection of biological and non-biological materials
was accomplished by using the differential walk-off, induced by the refractive index dif-
ference of two wavelength regions travelling through a medium. The differential walk-off
can be experimentally measured and used to calculate the dispersion coefficient β2, which
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is specific to different materials. The novelty in this technique is the use of dispersion for
detection which is normally a non-favourable effect in optical imaging modalities, due to
its degrading nature in image quality.
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CHAPTER 1

Introduction

IMAGING modalities have always been of interest to scientists and medical profes-
sionals. Better resolution, deeper penetration depths and faster acquisition speeds
are only a few challenges describing the demands for new imaging technologies.

More than two decades ago one of those imaging modalities came to rise when the first
paper by Huang and Fujimoto at MIT was published [1]. This new technique was coined
’optical coherence tomography’ (OCT), and is capable of providing cross-sectional and
volumetric images in real-time at micrometre scale resolution, with millimetre penetration
depths.

This technology has its roots in white light interferometry. Optical coherence domain
reflectometry (OCDR) was developed and used primarily for depth ranging in optical
components and optical fibres [2, 3]. The first biomedical applications with white light
interferometry were intra-ocular length measurements performed by a group in Vienna
led by Fercher [4, 5]. Three years later Huang published his milestone paper which re-
placed the white light source with a near-infrared superluminescent (SLD) diode. By
adding transverse scanning to the sample arm, multiple depths scans (A-scans) could be
performed at adjacent locations.

OCT has come a long way since its initial development and is now one of the most
used and promising imaging modalities with applications in material sciences [6, 7], art
diagnostics [8–10] and various medical applications including imaging of soft and hard
tissue in dentistry, eye related diseases in ophthalmology and cancer detection in tissue
just to name a few [11–14]. It is capable of in vivo imaging and outperforms confocal
microscopy and ultrasound in terms of penetration depths resolution by two orders of
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magnitude respectively. The high sensitivity of low coherence interferometry of 10−9 to
10−11 comes from the coherent detection scheme and allows for the detection of very
weak signals [15].

The development of OCT took advantage of technological advances in sensor design,
readout speed and laser technology. OCT systems come in two configurations and the
main difference lies in the detection scheme and light source used. The principle is the
same in both configurations. Light is split by a beam-splitter into two paths. After trav-
elling the two paths, the two light beams are retro reflected by a mirror and the sample
and recombined at the beam-splitter. The signal is detected and the interference fringes
contains information about the path difference between the paths.

The first generation recorded data in the time domain, called time domain OCT (TD-
OCT) and used a broadband light source and a photodetector to detect the intensity as
shown in Fig 1.1.

Figure 1.1: Cartoon of a TD-OCT system. Here the signal from a broadband light source
gets detected using a photodetector and electronics to demodulate and rectify the signal
before processing with a computer.

Most time domain OCT systems had A-scan rates of less than 1 kHz, limited by the
mechanical movement of the reference arm mirror [16, 17], although reports of higher
A-scan rates have been published [18, 19]. The slow A-scan rate limited the acquisition
time of two-dimensional depth resolved images to between 2 and 20 s depending on the
number of A-scans [20, 21].

The second generation of OCT systems was Fourier domain OCT (FD-OCT). Fourier
domain OCT led to the detection in frequency rather than time and to a dramatic increase
in acquisition speed and A-scan rate. Volumetric data sets of tissue and eyes could be
collected as fast as 10 s in 2004 at A-scan rates of 29 kHz [22]. Today OCT systems
collect volumetric data sets in less than one second (26 Volumes/s) with A-scan rates
from hundreds of kHz [23] to several MHz [24, 25].

Fourier domain OCT was first developed with a spectrometer based detection scheme
and a super-luminescent diode. Here, a grating in the detection arm separates the spectrum
into its wavelength components which then illuminate a line scan camera. This is called
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CHAPTER 1. INTRODUCTION

spectral domain OCT (SD-OCT) and the mayority of the spectral domain OCT systems
operate between 800 nm to 1000 nm where silicon (Si) line scan cameras are affordable.
However 1300 nm SD-OCT systems are also available (eg. from Thorlabs). After the
development of broadly tunable laser sources in 1978 by Littman and Metcalf [26], wave-
length swept lasers were introduced to OCT. However, the first work in OCT using this
technique was in 1997 [27]. Although the idea of using a wavelength tunable laser ap-
peared promising, the first tunable sources were slow with a sweep rate of 0.25 nm/ms
[27]. By 2003, however, tunable sources had matured and A-line rates exceeded 15 kHz,
comparable to spectral domain systems [28, 29]. These improvements enabled the combi-
nation of acquisition in the frequency domain with the use of a photodetector for detection
similar to that in TD-OCT. This generation is called optical frequency domain imaging
(OFDI) or swept source OCT (SS-OCT).

Figure 1.2 shows a schematic diagram of the two configurations in Fourier domain
OCT [30].

Figure 1.2: Cartoon of the two different FD-OCT configurations. In SD-OCT the individ-
ual components of a broadband light source are determined with a spectrometer. SS-OCT
uses a narrowband tunable light source and photodetector to sample the fringes with a fast
digitizer.

In OCT, most images show structural content of the sample since the intensity of back
scatterers is being detected without any alteration to the incoming light. This can be
explained by the disorganized microstructure and random orientation of the scatters in the
medium. After more than two decades of OCT development and research, the applications
are numerous. Now OCT is not only capable of showing structural information of the
sample under investigation but also functional information. Functional information can
give insights in blood circulation via flow detection or spectroscopic data via absorption
measurements.
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The fast A-line rates of Fourier domain OCT allows the detection and visualisation
of flow without blurring of the images. Different methods can be employed either using
the phase information of the Fourier transform in Doppler OCT, the speckle pattern of
consecutive B-scan images or just the intensity images through correlation with adjacent
A-scans in correlation mapping OCT [31–34].

Spectroscopic OCT was first reported in 2000 by Morgner et al. [35]. Spectroscopic
data are acquired by illuminating the sample with a broad bandwidth source. The refer-
ence light and the backscattered light from the sample interfer at the beam splitter like in
standard OCT systems. However the interference amplitude as a function of wavelength
will varie if the sample absorbed part of the light. Blood oxygenation was calculated us-
ing spectroscopic OCT data by comparing the reference signal and backscattered signal
from a known distance using Lambert-Beer’s law [36]. While this technique is promis-
ing, it is limited to wavelength regions below 1.2µm where the differential absorption of
relevant biological constituents provides good contrast. Going to longer wavelengths, the
absorption for water increases and attenuates the detected signals. To enhance the sig-
nal, contrast agents can be used in conjunction with a pump probe technique [37]. Even
though absorption based optical coherence tomography showed promising applications,
they have not yet become relevant in clinical environments.

Elastic properties of tissue can be extracted by optical coherence elastography (OCE)
first reported in 1998 by J. Schmitt [38]. OCE has the potential to show mechanical
properties and displacement of tissue at a scale outperforming ultrasound [39, 40].

The ability to polarise light can be used as a contrast enhancing mechanism to ex-
tract more information from the image. Polarisation was first introduced by Hee et al. in
1992 for birefringence characterisation [41] in low coherence reflectometry and was sub-
sequently used in optical coherence tomography, leading up to a whole new field called
polarisation sensitive OCT (PS-OCT). Biological tissues can affect and alter the incoming
polarisation state of light in different ways e.g. birefringence or dichroism. Birefringence,
commonly found in anisotropic crystals, results in a refractive index dependent on the po-
larisation state and propagation direction of light. Dichroism on the other hand defines the
effect of materials which have different absorption for perpendicular polarisation states of
light [42]. Different molecules and structures have different effects on the polarisation
state of light, and the most studied effect is birefringence. Highly organised molecules
alter the polarisation state of light and one of those birefringent molecules is collagen, the
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CHAPTER 1. INTRODUCTION

most abundant protein in our body. Polarisation sensitive OCT has been used in material
characterisation combined with elastography [43], ophthalmology [44], dental structure
imaging [45] and tissue imaging [46, 47].

Different wavelength regions can be used in OCT, ranging from 600 nm to 1900 nm,
and the choice of wavelengths depends on the application. The advantage in resolution
goes towards the shorter wavelength region as well as for water absorption since 800 nm
has the lowest absorption in water. Penetration depth however increases with the wave-
length since the scattering coefficient decreases with wavelength. However in samples
with high water content, water absorption decreases the imaging range for longer wave-
lengths. Ophthalmology is clearly dominated by OCT systems built around 800 nm to
1000 nm [48–53].

OCT systems can be built using different configurations such as a Michelson inter-
ferometer or Mach-Zehnder. Different designs present advantages or disadvantages and
range from better stability, balanced detection or common path interferometry and de-
pend on the needs of the application [54]. Furthermore, free space optics and/or fibre
based systems can be employed. Free space optics are mainly used in ophthalmology
since the headrest reduces movement. Free space optics are more difficult to align and
are not as stable as their fibre based counterpart. The advantage here are the well defined
polarisation states, as the phase, in general, is very stable and does not get altered as in
fiber optic systems. Alterations to the incoming beam, therefore, can be easily extracted.
Fibre-based optics, on the other hand, are flexible, easy to align and can be combined
with catheter based systems [55, 56] standard single-mode fibres, however, are unable
to maintain the polarisation of the incoming light throughbirefringence and polarisation
mode dispersion (PMD) effects. Furthermore their birefringence will change with fibre
bending [57, 58] and sophisticated detection schemes have to be employed to measure
birefringence and optical axis orientation of the sample. These can involve calibrating the
system with a mirror to measure the polarisation offset of the system [59, 60] or illumi-
nating the sample with two orthogonal polarisation states sequentially after another and
then using algorithms including Jones and Stokes algebra to completely characterise the
sample [61–63].

As in all optical imaging systems, signal processing plays a major role in OCT. This
can include dispersion compensation for retrieval of the real point spread function of the
system, linearisation, thresholding and noise reduction, averaging or complex conjugate

5



removal just to name a few [64, 65].
The two optical effects which are dominant in OCT and affect image quality and pene-

tration depths, are absorption and refractive index. While absorption is the more favoured
effect in OCT and is used in spectroscopic OCT for the identification of tissue [66, 67], it
limits the depth range if the sample consists of a high water concentration. The refractive
index gives rise to optical effects such as birefringence and dispersion. Birefringence, as
mentioned earlier, is used in polarisation sensitive OCT. Dispersion, on the other hand, is
usually considered an image degrading effect, resulting in spectral broadening of a pulse
and therefore a reduction in axial resolution. Even though dispersion has a degrading
effect on the resolution, it represents an interesting parameter to measure. Chromatic dis-
persion, for example, explains the effect that the refractive index of a material depends
on the frequency of light. Different frequencies travel at different speeds through the ma-
terial. The resulting time difference can be measured. This phenomenon can be used in
OCT by using two sources at two different wavelengths regions for imaging and detecting
the walk-off between them. Dispersion can be grouped into two types, normal (+) and
anomalous (−). For tissue segmentation or material characterisation, that alone would
give information what type of tissue is being studied.

In conclusion, after more than 25 years of OCT research, OCT has developed from
a slow laboratory system for depth ranging at resolutions of about 20µm to a versatile,
real-time imaging system at micrometer level resolution. A-scan rates increased from kHz
over hundreds of kHz to well into the MHz regime. Up to date OCT imaging systems are
capable of providing volumetric imaging (C-scan) in real time at 192 Volumes/s [68].

In this dissertation, polarisation sensitive OCT was investigated using new setup con-
figurations for better and easier development of experiments. Furthermore, laser devel-
opment and tissue characterisation was investigated. The second chapter gives the the-
oretical background and the frame of how OCT works. The third chapter will discuss
polarisation sensitive OCT. The fourth and fifth chapters are linked together through the
work on long coherence length sources, laser development and its application. Disper-
sion, as an optical effect and unique to materials, was then used and studied to identify
and segment areas at the micron scale using the developed sources.
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CHAPTER 2

Theoretical Background

THIS chapter introduces the most important aspects of OCT for this thesis. This
consists of the theory, including the aspects governing resolution in OCT, noise
and sensitivity as well as a theoretical background of common light sources

used. Additionally a brief explanation is given as to how OCT combined low coherence
interferometry with lateral scanning to become an important technology in medical imag-
ing.

2.1 Theory behind OCT

Consider a Michelson interferometer as shown in Fig. 2.1. Low coherent light from a
white light source, broadband infrared superluminescent diode (SLD) or tunable laser is
split with a fibre coupler or bulk optical beamsplitter into the reference and sample arms
of the interferometer. After travelling through both arms, the light is retro-reflected at
a translational mirror in the reference arm and at the sample under test. After recombi-
nation at the beamsplitter, the interference signal contains information about the sample
and is detected with either a photo-diode or spectrometer and signal processing electron-
ics. Early time domain OCT (TD-OCT) systems were built in a Michelson interferometer
configuration, imaging is performed using a SLD and a photodiode. Depth information is
obtained by moving the reference mirror by mechanical means. Interference between the
backscattered sample and reference arm electric fields is only achieved if the path differ-
ence lies within the coherence length of the light source. The envelope of this modulation
changes with changing path length difference. The peak of this envelope represents path
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2.1. THEORY BEHIND OCT

length matching. Instead of the mirror in the sample arm, the object under test is used for
imaging.

Light source

Stationary Mirror

Scanning Mirror

Ls,Es

LR,ER

L=LR-LS

Detector

ES+ER

Figure 2.1: Schematic diagram of a time domain OCT system with a stationary mirror
and a scanning mirror for depth ranging. The light source gets split into the reference and
sample arm with a beamsplitter. LS,R is the path length and ES,R is the electric field in the
sample and reference arm.

After travelling different paths in the respective arms of length Lr and Ls, the mea-
sured intensity at the detector can be written as,

I(∆t) =
〈
Er(t+ ∆t)Er

∗(t+ ∆t)
〉

+
〈
Es(t)Es

∗(t)
〉

+ 2Re
〈
Er(t+ ∆t)Es

∗(t)
〉
, (2.1)

where 2∆t = (Lr − Ls)/c is the time delay between the two beams travelling different
paths,

〈
...
〉

is the temporal average of the fields, Er,s is the electric field in the respective
arms and E∗r,s denotes complex conjugate. The third term is the cross correlation term of
the two fields which consists of the sample depth information and is the basis of partial
coherence. Following Born and Wolf [69], and assuming that the intensity is time invari-
ant, it follows that in the case of ∆t = 0 the cross correlation function reduces to the
intensity (Is,r). Using the law of interference for partially coherent light, the intensity I
for stationary optical fields can be written as,
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I = Ir + Is +Grs(∆t). (2.2)

Here the last term Gsr(∆t) is called the interferogram and is twice the real part of the
cross correlation of the interfering beams.

Grs(∆t) = 2Re(Γrs(∆t)) = 2
√
IrIs|γrs(∆t)|cos(αrs(∆t)− ω0∆t). (2.3)

Where γrs(∆t) is the complex degree of coherence of the field and αrs = ω0∆t +

arg(Γrs(∆t)). The cosine term indicates that the interference term varies sinusoidally
with path length difference at which ω0 is the mean frequency of the wave field. A depth
scan (A-scan) is obtained by moving the reference arm and therefore changing this path
length difference between the two arms. If the sample consists of multiple scatterers, the
detector intensity is related to the convolution of the point spread function (PSF) with
the object structure. The convolution of the sample reflectivity profile is modulated by a
carrier frequency depending on the centre-frequency of the light source and the velocity
of the scanning reference arm. The intensity profile is detected and first, the DC term is
removed by a high pass filter, afterwards it is rectified and low pass filtered, the envelope
of this digitized signal consists of the depth information of the sample.

In comparison to TD-OCT, Fourier domain OCT (FD-OCT) records the photodetector
current I(k) depending on wavenumber and processes it by means of Fourier analysis.
The advantage is that a full depth scan is recorded in one acquisition and no scanning
of the reference arm is necessary. This can happen in one of two schemes, either with
a spectrometer based OCT system, where the photodetector is replaced by a grating and
line scan camera which is called spectral domain OCT (SD-OCT) or as swept source OCT
(SS-OCT). In SS-OCT, the broadband source is replaced by a laser which rapidly tunes
the wavelength. The detector scheme is the same as in TD-OCT. As a comparison refer to
Figs. 1.1 and 1.2 for the schematic diagrams of the two configurations. The information
of the sample structure is still contained in the cross correlation term of the interference.
Making use of the Wiener-Khinchin theorem stating that the cross correlation function
and the spectral density form a Fourier pair [42] and recalling the definition of the cross
correlation:
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2.1. THEORY BEHIND OCT

Γrs(∆t) =

∫ ∞
−∞

Er(t+ ∆t)Es
∗(t)dt, (2.4)

its Fourier transform and complex conjugate Eqs. (2.5) and (2.6) respectively can be writ-
ten as:

E(∆t) =

∫ ∞
−∞

Ers(ω)e−2πiωtdω, (2.5)

E∗(∆t) =

∫ ∞
−∞

Ers
∗(ω)e2πiωtdω. (2.6)

Using these two and inserting them into the cross correlation Eq. (2.4) we arrive at the
following equation in which F stands for Fourier transform:

Γrs(∆t) = Fω|Ers2|(ω). (2.7)

The interference of the reference and sample field is detected using a square law pho-
todetector. In FD-OCT, the reference mirror is stationary while the camera reads the
wavelength individually, or the tunable laser changes the wavelength rapidly. The inter-
ferogram or A-scan (depth scan) can be obtained from the inverse Fourier transform of
the detector signal in which (∆tn,m = (zSm,n − zR)/c). The signal after fourier transform
gives us the intensity I(z) at each depth z = ∆tc and can be written as:

I(z) =
ηq

hν

[
γrs(z)[RR +RS1 +RS2 + ...]

+
N∑

n6=m=1

√
RSnRSm[γrs[2(zSn − zSm)] + γrs[−2(zSn − zSm)]]

+
N∑
n=1

√
RRRSn[γrs[2(zR − zSn)] + γrs[−2(zR − zSn)]]

]
.

(2.8)

Here RR and RSm,n denotes the reflectivity from the reference and sample arm at each
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depth, respectively. In Eq. (2.8) z represents the axial coordinate, with z = 0 representing
the zero path delay. η is the detector quantum efficiency, hν represents the photon energy
and q the electron charge. γrs(z) is the degree of coherence of the fields. The result of the
inverse Fourier transform of the interference are three independent but distinct compo-
nents. The first term is a non-interfering term, representing the DC term, which describes
the zero path length peak. It is proportional to the reference arm reflectivity plus the sum
of the sample arm reflectivity. The autocorrelation term represents interference between
sample structures and are clustered around the DC term. Decreasing the autocorrelation
term can be performed by adjusting the reference arm reflectivity so that the DC term and
the interference terms are bigger compared to the autocorrelation. The third term is the
cross correlation term which represents the interference terms between the reference and
sample arm signals. The cross correlation term is the desired signal and normally smaller
than the DC term. Since the fourier transform of a real valued signal gives rise to two
frequency components, the negative and positive side, which results in a mirror term of
the image.

2.2 Resolution

There are a range of imaging modalities at hand for physicians to diagnose diseases. The
most important aspect is resolution. Resolution defines the limit of the smallest object
that can be imaged. In OCT, increasing the resolution is a major research topic. Being an
optical imaging modality, the resolution in OCT is comparable to microscopy, however,
the axial or depth resolution is independent of the focusing optics of the system.

Fine axial resolution can be achieved without the need of high numerical aperture
(NA) objectives. In OCT, the axial resolution is determined by the full width half max-
imum of the autocorrelation function of the spectrum and is inversely proportional to
the bandwidth of the light source. Increased axial resolution can be achieved in several
ways: overlapping multiple super-luminescent diodes with different centre wavelengths
[70, 71], generating or employing a super-continuum source [72, 73] or with overlapping
swept sources [74], which is more complicated than with super-luminescent diodes. The
axial resolution also depends on the shape of the spectrum; a Gaussian shape is normally
assumed, giving the resolution as [75]:

11



2.2. RESOLUTION

∆z =
2ln(2)

nπ

λ0
2

∆λ
, (2.9)

Where λ0 is the central wavelength of the spectrum, ∆λ is the full width at half maximum
of the spectrum, ∆z is the full width at half maximum of the autocorrelation function of
the source spectrum and n is the refractive index. The axial resolution is mostly stated in
air with n = 1. Figure 2.2 shows a plot of axial resolution versus bandwidth for the most
common wavelength regions used in OCT. It can be clearly seen that for larger central
wavelength sources, the requirement of the bandwidth increases dramatically to achieve
fine axial resolution.
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Figure 2.2: Comparison of the axial resolution with increasing bandwidth for the most
common OCT sources. Broad bandwidths sources are required to achieve fine axial res-
olution. In theory, longer wavelength means deeper penetration if water absorption is ne-
glected, however the requirements for fine axial resolution also increase dramatically.

In contrast to the axial resolution depending solely on the parameters of the laser, the
transverse resolution depends on the focusing optics of the sample arm, as in microscopy.
Assuming a Gaussian beam with wavelength λ and diameter d illuminating a lens with
focal length f , the diffraction-limited spot size radius w0 defined at the intensity 1/e2 can
be calculated using Eq. (2.10),

12



CHAPTER 2. THEORETICAL BACKGROUND

2w0 =
4λ

π

f

d
. (2.10)

Fine transverse resolution can be achieved using high numerical aperture lenses, which
will decrease the depth of field (DoF) or confocal parameter. The depth of field is defined
as twice the length in which the beam radius increases to

√
2w0, called the Rayleigh range

zr and can be calculated using Eq. (2.11). The depth of field is the length in which the
beam stays relatively collimated.

DoF = 2zr =
2πwo

2

λ
. (2.11)

Usually OCT is performed in combination with a lens with a low NA to achieve a large
depth of field. Having fine transverse resolution with the use of high numerical aperture
lenses like in confocal microscopy can be beneficial for some applications eg. histological
sectioning of materials in optical coherence microscopy. High transverse resolution is
favoured in En-face OCT or in optical coherence microscopy (OCM) [76, 77]. Figure 2.3
shows a schematic diagram of how the DoF changes with the NA of the lens.

high NA lens

low NA lens

 

 02  0 2  0

DoF

zr

Figure 2.3: Comparison of the transverse resolution and depth of field using high and low
numerical aperture lenses. The red lines define the beam radius w0 and the Rayleigh range
zr for both lenses.
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2.3. DISPERSION

2.3 Dispersion

Optical coherence tomography is an an optical imaging modality and therefore suffers
from optical effects such as absorption and chromatic dispersion.

Absorption attenuates the signal being detected from weakly scattering samples and
therefore decreases the signal to noise ratio and imaging range. Dispersion, on the other
hand, results in broadening of the coherence envelope leading to a decrease in axial reso-
lution. Chromatic dispersion defines the phenomenon in which the refractive index n of
the material depends on the angular frequency ω resulting in a group refractive index ng
defined as:

ng = n(ω) + ω
dn

dω
. (2.12)

Dispersion can be expressed by expanding the mode propagation constant β in a Tay-
lor series around the optical angular frequency ω0 [78]

β(ω) = n(ω)
ω

c
= β0 + β1(ω − ω0) +

1

2
β2(ω − ω0)2 + ... (2.13)

β1 is a first order derivative [s/m] and is equal to the inverse of the group velocity vg,

β1 =
1

c

(
n+ ω

dn

dω

)
=
nG
c

=
1

vg
. (2.14)

The group velocity dispersion or β2, a second order derivative [s2/m], results in broad-
ening of the coherence envelope and a decrease in axial resolution due to a chirping in the
frequency domain. Dispersion can be grouped into two different regimes, either normal
disperison or anomalous. In the normal disperison regime, the sign of the dispersion coef-
ficient β2 is positive and the group refractive index decreases with increasing wavelength.
Equation (2.14) shows how the group velocity is linked to the refractive index and β1.

Anomalous dispersion, in comparison, has a negative sign so the group refractive
index increases with increasing wavelength. The wavelength at which this change from
normal to anomalous dispersion occurs is called the zero dispersion wavelength (ZDW).
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An example is fused silica, which presents a zero dispersion wavelength around 1.273µm
as shown in Fig. 2.4.
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Normal dispersion regime

Anomalous dispersion regime

Figure 2.4: Example plot for the β2 variation of fused silica between 0.5µm and 2.1µm
with a zero dispersion wavelength of β2(1.27µm) = 0.00fs2/mm.

The influence of dispersion on the axial resolution can be seen in Fig. 2.5. The ex-
ample was simulated with a broadband source centred at 840 nm with a bandwidth of
∆λ = 100 nm. Only second order dispersion effects were used to calculate the boraden-
ing of the coherence envelope. As a result of the broadening of the coherence envelope
due to dispersion the resolution and the contrast decrease. In this particular example, the
point spread function (PSF) broadens by more than a factor of 3 from 2.5µm in air to
7.2µm after travelling through 6mm of water with a dispersion value of β2(840 nm) =
15 fs2/mm.

2.4 Noise Contributions and Sensitivity in FD-OCT

This section will introduce noise contributions in OCT as well as sensitivity, signal to
noise ratio (SNR) and dynamic range. It will only consider swept source OCT since the
setups used and built in this thesis are swept source OCT systems.
Dynamic range of the detector defines the ratio between the largest measurable signal and
the smallest. The smallest signal is usually equal to the noise level and often called ”Noise
Equivalent Power” (NEP). It also defines the range in which the output signal increases

15



2.4. NOISE CONTRIBUTIONS AND SENSITIVITY IN FD-OCT

0.5 0.501 0.502 0.503 0.504 0.5050.4990.4980.4970.4960.495

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0

Dispersion influence on the depth resolution after travelling through water

Distance [mm]

P
o

w
e

r 
[a

.u
.]

Thickness

air

1mm water

2mm water

3mm water

4mm water

5mm water

6mm water

z=2.5μm

Δz=7.2μm

Figure 2.5: Point spread function for different thicknesses of water as shown in the legend
to show how dispersion degrades the resolution of the system. For the example a 840nm
central wavelength system with 100nm bandwidth was chosen. The influence of dispersion
was simulated with β2 = 15fs2/mm.

linearly in regards to the input signal. This range is limited for any detector.

SNR in the general sense is the ratio between the desired signal intensity (IS) and
unwanted signal or background fluctuations (IB). It is often represented in decibels as
shown in Eq. (2.15),

SNR(dB) = 20 log

(
IS
IB

)
. (2.15)

Sensitivity defines the minimum detectable signal. In most OCT systems, the sensi-
tivity is greater than the dynamic range of the detector which is often set by the number of
bits used to convert the signal. For example an 8 bit detector would saturate at 48dB [79].
As a result of the heterodyne detection scheme OCT can achieve sensitivity values well
below -100dB. There are different noise sources in OCT which influence the sensitivity
of the system. The three main sources are shot noise σs2; receiver noise σr2; and excess
noise σe2 [80, 81]. The origin of excess and shot noise lies in the quantum nature of the
source and the statistical distribution of the photons. Receiver noise, however, originates
from thermal noise of the detector used.
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σ2
s =

2qe
2η

hν0

B

N
P0(γSRS + γRRR) (2.16)

σ2
e =

N(1 + Π2)

∆νeff

(
qeη

hν0

)2
B

N
P 2

0 (γSRS + γRRR)2 (2.17)

σ2
r = σ2

read + σ2
dark = NEC2B

N
(2.18)

here η denotes the detector quantum efficiency, hν0 the quantum energy with h Plancks
constant and ν0 the central frequency of the light source, qe is the electron charge, P0

is the total output power of the laser source, Π is the degree of polarisation and ∆νeff

the effective spectral linewidth, γS,R is the input power of the respective arms exiting
the interferometer, RS,R is the reflectivity of the interferometer arms, NEC is the noise
equivalent current in [pA/

√
Hz], B the electronic bandwidth and N the number of chan-

nels. It is apparent here that the difference to a time domain OCT system can be explained
by the additional discrete fourier transform. Thermal noise from the electronics is con-
sidered in the read noise term of σ2

e . In FD-OCT the total noise contribution σ̃2
noise can

be written as the sum of the individual noise terms with a factor of 1/N for the discrete
Fourier transform.

σ̃2
noise =

1

N
(σ2

s + σ2
r + σ2

e). (2.19)

We can write the peak amplitude Apeakof the detected signal for a swept source OCT
system in the time domain as,

Apeak(τ) =
qeη

hν0

P0

N

√
γSγRRSRR. (2.20)

Following that the SNR of the systems is defined as SNR =
〈
[Apeak(τ)]2

〉
/σ̃2

noise, the
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resulting system sensitivity including the noise sources can be written as:

SSS−OCT =
N

2B

2( qeη
hν0

)2P0
2γSγRRR

qeη
hν0
P0γRRR(2qe + N(1+Π2)

∆νeff
qeη
hν0
P0γRRR) +NEC2

. (2.21)

This equation considers the approximation that the reflectivity of the reference RR is
much larger than the sample reflectivity.

2.5 Polarisation sensitive OCT

In most cases, the polarisation state of the incident light on the sample will not influence
the structural image in OCT. However, the ability to manipulate the polarisation of the
incident light opened up a new contrast-enhancing imaging technique for OCT, which
was termed polarisation sensitive OCT (PS-OCT). First described by Hee et al. [41]
as a depth ranging technique, able to detect changes in the polarisation state of light of a
sample, it quickly became an interesting and lively research field in the area of OCT itself.
Used in different fields ranging from material science [82, 83] to art diagnostics [84],
from medical imaging of tissue [47, 85, 86] and ocular media [87, 88] to dental structures
[89, 90]. Especially in cases of burned tissue, PS-OCT gives a very good indication of
how deep the tissue is burned and the severity of the burn [91, 92].

One optical effect, other than birefringence, which alters the polarisation state of light
is scattering. The degree of change depends on the scattering itself, the size of the scat-
terer, the direction of scatter and, the incident polarisation state. After multiple scattering
effects the polarisation state of light bay be completely arbitrary and indistinguishable
anymore. Changes in polarisation are not only due to scattering, but can also be due to
the structure of the material such as anisotropy. Fibrous tissue, for example, is highly
organised and can exhibit birefringence. There are two types of birefringence, intrinsic
birefringence found in crystals for example. Here the anisotropy in crystals and their reg-
ular arrangement of the atoms in these crystals give rise to birefringence. The second
type is form birefringence and can be found in organic materials. Tissues types such as
collagen, muscle and tendon, exhibit such birefringence, its orign is the change in refrac-
tive index of these fibres and due to the fibre arrangement in the material, making them
birefringent. In birefringent media, the refractive index of the material depends on the
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polarisation state of light and the direction of propagation. In any direction of propaga-
tion through the material two modes of the light polarisation can travel. The birefringence
∆n = np−ns is the difference between the two refractive indices, in which p denotes par-
allel and s orthogonal (from the German word ”senkrecht”). The optical path difference
or retardance δ is the product of the birefringence ∆n times the length of the material L,
δ = ∆nL. After traversing the material, the two orthogonal polarisation states exhibit a
phase delay.

Polarisation sensitive OCT can be performed either free space or fibre based, although
fibre based PS-OCT is a lot more difficult since the fibre induces an arbitrary phase
change. Polarisation maintaining fibres can be used instead of single mode fibres (SMF)
but they are limited by their bandwidth and simplicity of handling since only linear polar-
isation is maintained in a PM fibre. One way to do PS-OCT is to use an EO-modulator to
continously modulate the source spectra to illuminate the sample sequentially with hori-
zontal and vertical polarised light. This will ensure that the polarisation of the two chan-
nels is well defined to calculate the retardation and optical axis. However, this method
is not as intuitive as the method using circularly polarized light in the sample arm. Sec-
ondly, using an EO-modulator adds cost and complexity to the system as well as more
processing steps to get the useful information. The following explains the polarisation
scheme used in the PS-OCT system build for this thesis.

Free space polarisation OCT can be easily explained by having its simplest config-
uration of a Michelson interferometer with a quarter-wave plate (QWP) in each arm of
the interferometer and a polarising beamsplitter in the detector arm [85, 93] as shown in
Fig. 2.6.

Assuming light from a tunable laser illuminates the interferometer in a vertical polar-
isation state with its Jones matrix ~E as [42]:

~E = E0

(
0

1

)
. (2.22)

Here ~E is the electric field vector, E0 the scalar electric field. A non-polarising beam-
splitter splits the intensity equally into the two arms.

The Jones Matrix of a general retarder with known fast axis orientation θ and retarda-
tion δ is:
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tunable laser

PBS

PD

PD

QWP2

QWP1

Reference arm mirror

SamplePolarizer
NPBS

Figure 2.6: Sketch of a free space polarisation sensitive OCT system with a swept source
laser. The Michelson interferometer consists of a polariser before a non-polarising beam-
splitter (NPBS). The reference and sample arm consists each of a quarter-wave plate, with
its fast axis oriented at 22.5 in the reference arm and 45 in the sample arm. After inter-
ference of the backscattered light at the non polarizing beamsplitter, the polarising beam-
splitter (PBS) splits the signal into its polarisation states. The signal of the two orthogonal
polarisation states is detected using two photodetectors (PD).

M(δ, θ) =

[
cos2(θ) + sin2(θ)e−iδ cos(θ) sin(θ)(1− e−iδ)

cos(θ) sin(θ)(1− e−iδ) cos2(θ)e−iδ + sin2(θ)

]
(2.23)

Looking at the reference arm, the fast axis orientation of QWP2 is set to θ = 22.5◦

and its retardation to δ = 90◦. After traversing the QWP2, the light is back-reflected by a
stationary mirror and passes the QWP2 a second time. The Jones matrix of the reference
arm Er can now be written as:
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Er =
1

2
MQWPMQWP

(
0

1

)
=

1

2
√

2

(
1

−1

)
, (2.24)

where the constant 1/2 takes into account the 50/50 ratio of the beamsplitter and the
matrix MQWP accounts for the effect of the QWP each time. The polarisation is still
linear with the fast axis oriented at −45◦ producing equal power in the horizontal and
vertical polarisation states.

The light in the sample arm undergoes a similar polarisation change having the QWP1
retardation at δ = 90◦ and its fast axis orientation at θ = 45◦ resulting in illumination with
circularly polarised light on the sample. Additionally, the sample induces changes to the
polarisation state of light after back reflection and can be modelled as an arbitrary retarder
with retardation δ and fast axis orientation θ such as 2.23 [94]. The Jones matrix Es after
being back reflected from the sample, can be written as:

Es =
1

2
MQWPMSample(δ, θ) ∗

√
R ∗MSample(δ, θ)MQWP

(
0

1

)
(2.25)

=

√
R

2

(
cos(δ)e−iδ

sin(δ)e(i(π−δ−2θ))

)
. (2.26)

Here R is the sample reflectivity. Using the fourier transform on the real valued signal
results in a complex signal from which the phase and amplitude can be extracted.

In the detector arm the polarisation beamsplitter splits the interfered signal into its
orthogonal polarisation states. The amplitude of the signal is detected in two polarisation
channels A1 and A2 representing the horizontal and vertical polarisation states with the
use of two balanced photodetectors (BPD). Since the reference arm does not impose any
changes to the polarisation state of the light, any changes can be attributed to the light
tissue interactions in the sample. We can therefore extract the reflectivity profile R (struc-
tural image), the birefringence (δ) and fast optic axis orientation (θ) of the sample. For
the structural and birefringence images, we only need the intensity of the two channels.
For the fast axis orientation, the phase difference ∆φ = φ2−φ1 between the two polarisa-
tion states must be known. These three parameters can be calculated using the following
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set of equations:

R(z) = A1(z)2 + A2(z)2, (2.27)

δ(z) = arctan

[
A2(z)2

A1(z)2

]
, (2.28)

θ(z) =
(π −∆φ)

2
. (2.29)

2.6 Tunable laser sources

As mentioned earlier, many parameters which affect the performance of the OCT system
depend on the laser source, such as axial resolution, imaging range, SNR and speed. A
laser in a more general describtion consists of three parts. A laser medium, an excitation
source and a cavity. The laser medium gets excited by an external source of energy like a
light source or electrical source. This excites the atoms of the laser medium into a higher
state of energy which than will be released. These phtons travel inside the cavity between
two mirrors back an forth and repeatidly pass the laser medium before they exit the cavity
through the output aperture. The development of OCT from bench-top to clinical systems
relied heavily on the availability of advanced laser sources and detection systems. One
of the most important contributions was to leverage state of the art tunable components
developed for the telecommunications industry.

Superluminescent diodes (SLDs) were the first broadband light sources with sufficient
power and dominated early research in OCT. Their power and emission spectrum was
relatively low with 1 mW and around 25 nm bandwidth, respectively. By using Eq. (2.9),
an SLD centred at 850 nm would provide an axial resolution of 13µm.

Technological advances in diode development have increased power, emission band-
width and central wavelength. Superlum Ltd. is a major player in the development of
SLDs and has a wide product range, covering wavelengths from 600 nm to 1600 nm. An
increased bandwidth for SLDs centred around 840 nm can be achieved with the employ-
ment of multiple sources with overlapping emission spectra so that bandwidths of 100 nm
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and higher can be achieved. Sources centred at 840 nm take advantage of the low water
absorption around this wavelength to image the anterior of the eye, the posterior how-
ever is imaged using light centred around 1060 nm due to lower attenuation at the retinal
pigment epithelium (RPE).

Advances in the telecommunications sector introduced new light sources to the OCT
market. Semiconductor lasers based on multiple quantum well laser diodes can achieve
output powers of several tens of milliwatt with bandwidths of 30 nm to 150 nm. These
parameters depend on the central wavelength which can lie between 0.8µm and 1.7µm.
A single quantum well is a thin layer providing a confinement of electrons in the direc-
tion perpendicular to the surface, but not in the other. The structure of a quantum well
is normally a thin semiconductor material embedded between two other semiconductor
materials with a wider bandgap.

A-line rates of 140 kHz and 500 kHz can be achieved in spectrometer based systems
[95, 96], which is still slower than state of the art swept source OCT systems with 1.6 MHz
[97]. Additional buffering schemes can be employed to further multiply the A-scan rate in
SS-OCT systems. Buffering schemes in general involve sending one laser pulse through
a fibre optic delay line and a fibre optic beamsplitter. This results in splitting one pulse
in two, the original and a copy. The original pulse is send to the sample while the copy
is send through a fibre optic delay line. The length of the delay line matches the round
trip time of the pulse that the copy follows directly after the original pulse. This results in
doubling the A-scan rate. Employing multiple delay lines can further increase the sweep
rate. The length L of the fibre delay can be calculated using the following equation:

L =
tc

n
, (2.30)

in which n is the refractive index of the fibre, c the speed of light and t is the inverse of the
sweep frequency. it can readily be seen that with increasing sweep frequency the length
of the fibre gets shorter. How many buffering stages can be employed depends on the duty
cycle of the laser. The lower the duty cycle the more stages can be added. Tunable lasers
are very flexible and have several configurations of operation. The A-line rate in tunable
lasers depend on how fast the wavelength of the laser can be swept. This tuning can
happen with Fabry-Perot filters in Fourier domain mode locked (FDML) lasers, spinning
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mirrors, resonant galvo scanners or MEMS-VCSEL laser.

The following describes swept source designs with polygonal mirrors in detail over
the other configurations since the swept sources built for this dissertation are based on
this technology. Other configurations are mentioned and explained in a general sense to
give the reader a brief overview.

Before going into detail of the polygon swept sources, let us start with a brief overview
of the FDML and MEMS-VCSEL laser. The development of the FDML laser for OCT
in the past decade was fast and very fruitful. A-line rates have increased from 232 kHz
[98, 99] and 370 kHz in 2006 [100] to megahertz [101] and multi megahertz (20.8 MHz)
in 2010. This was achieved with multiplexing and using four laser spots simultaneously to
image in parallel at a sweep frequency of 5.2 MHz [102]. Multi megahertz OCT using one
laser spot achieved record breaking A-line rates of 40 MHz, in swept-source OCT [103].
With increasing A-line rates, the B-scan speed increased as well to a groundbreaking
3200 fps in 2013 [104]. Combined with graphics processing units (GPUs) 4D volumetric
imaging, at 320*320 depths scans with 400 pixels in each depth scan, can be performed
in real time [24].

The filter for wavelength selection is a narrowband optical bandpass Fabry-Perot filter.
The principle of the filter is similar to a narrow-band interference filter with stacks of high
and low reflective layers. In a Fabry-Perot tunable filter, the interference and, therefore,
the wavelength selection arises from an air gap between two plates. Fabry-Perot filters are
tuned with a function generator. The filter needs to be tuned in such a way that it transmits
each wavelength after one round-trip inside the cavity. This results in proper wavelength
selection, high bandwidth and stable laser operation. The filter can therefore be driven at
high speed using [99]:

fFP =
c

lcavityn
, (2.31)

where fFP is the frequency the filter is driven at and lcavity is the cavity length. Although
the need for faster acquisition is there, coherence length is another important parameter.
FDML lasers are fast and can be built to operate in the range of 1 to 1.5µm, however, their
coherence length is limited due to their long cavity length (several hundred meters) and
multi-mode operation. Coherence length measurements resulted in several millimetres
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[101] with the longest length reported at 21 mm [105].

The advantage here goes to MEMS-VCSEL lasers in which the cavity is only mi-
crometres long and can therefore lase on a single longitudinal mode without mode hop-
ping. This leads to an inherently narrow linewidth in the order of hundreds of MHz and
gives centimetre or metre long imaging range [106]. The structure uses wafer bonding
and multi-quantum-well active regions as the gain medium which are optically pumped
at 980 nm. Below that active region is a low loss micro-mirror to reflect the light towards
a low mass MEMS-mirror. By changing the gap between the mirrors, the wavelength
can be tuned. Prior to 2011, the development of those devices were not mature enough
and lacked the bandwidth and the optical power to compete with FDML lasers. Recent
advances in their development achieved bandwidths of over 100 nm with tens of milli-
watts optical power at A-line rates of several hundred kilohertz [107] up to 1 MHz [108].
This development and the fact that these lasers are fabricated through wafer bonding [109]
make them an ideal candidate for future integration for on the chip imaging devices which
have a small economic footprint. Laboratory systems, however, which need to be flexible
may not benefit from this development since wafer bonding facilities are a necessity and
might not be available. In this case, polygonal scanners are more flexible and are easy to
use.

Polygon mirrors and galvanometric scanners were the first tunable mechanics used to
build swept source lasers. They are easy to use, and due to the bulk optics configuration
scheme, have no limitations of which wavelength to access. This is an important factor
to consider since fibre optics based swept sources — such as the FDML lasers — are
limited by the availability of the components for the wavelength region. Two common
configurations can be used to build the external cavity for wavelength tuning.

Figure 2.7 shows a schematic diagram of the two configurations. The Littrow con-
figuration uses a semiconductor gain chip as the lasing medium and a grating as an end
reflector. Assuming that the first order is used, the incoming and diffracted angles are
the same [110, 111]. The grating is moved by piezo electric means changing the angle
of the beam on the grating for wavelength selection. The second configuration (grazing
incidence (GI) or Littman-Metcalf configuration), utilises two passes onto the grating of
the intracavity beam and the incidence angle is a lot greater than in Littrow [26]. Here a
spinning mirror acts as the end reflector and achieves wavelength selection and tuning.

The wavelength range depends on the gain medium and most of these swept sources
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Figure 2.7: External cavity configurations in a) Littrow configuration and b) Grazing in-
cidence configuration. The grating is depicted with a G, lenses L, quantum well gain chip
QW, front reflection FR and polygon mirror PM.

operate between 1.3µm and 1.55µm due to the inexpensive and available components
from the telecommunications industry [112, 113]. Swept sources at lower wavelength
have also been demonstrated [114, 115].

Even though tunable wavelengths sources have been around since the late 1970’s they
only became attractive for OFDI when they reached multi kilohertz operation [28]. Up
to date swept sources based on polygon mirrors reach sweep rates of 115 kHz [116, 117]
sweep rates. At lasing operations the laser emits a narrowband spectrum instantaneously.
The finite linewidth of the instantaneous spectrum decreases the interference or fringe
visibility at a larger depth difference between the two arms. At high sweep rates, how-
ever, the laser instantaneous linewidth is larger than at low sweep rates and decreases
rapidly. This occurs because the finesse of the laser’s spectral emission determines the
coherence length and, furthermore, the imaging range [116]. The instantaneous linewidth
of the laser increases at higher sweep rates due to the decreased amount of time for a given
wavelength to reach stable lasing operation. When the sweep rate is too high, the tuning
filter of the laser moves faster to the next wavelength before the steady state is reached.
Furthermore mechanical vibrations induced by the tuning frequency of the spinning mir-
ror causes instabilities of the cavity resulting in a less stable lasing operation. The sweep
rate of the tunable laser fA−scan, based on a polygon mirror, depends on the operating
speed in rounds per minute (RPM) and the number of facets N:

fA−scan =
RPM ∗N

60
. (2.32)
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Coherence length measurements showed values between 2 and 5 mm with greater val-
ues at lower sweep rates and with different configurations [115, 118]. The coherence
function is related to the instantaneous linewidth λlinewidth of the laser and can be calcu-
lated using the measured coherence length lc [75]:

λlinewidth = 0.44 ∗ λ0
2

lc
, (2.33)

With lc being the average of the coherence length on both sides of zero path delay and λ0

is the central wavelength. In addition to a reduced linewidth in cavity tuning, the maxi-
mum sweep rate is limited by the time-constant it takes to build up lasing from amplified
stimulated emission (ASE) [119]. While the filter window is moved in wavelength, the
ASE background is amplified to the saturation power of the gain medium. When this
saturation limit is reached, lasing occurs. The round-trip time to reach saturation can be
estimated using the following equation:

τroundt−rip =
log
(

Psat

PASE

)
log(β)

, (2.34)

Where PASE is the ASE power within the filter window, Psat is the saturation power and
β is the net gain of the medium. To ensure stable laser operation, the filter should not tune
faster than the built-up time for laser operation for n round-trips. The round-trip time
τround−trip can be calculated using:

τround−trip =
Lncavity

c
, (2.35)

where L is twice the cavity length, if the cavity is linear as it is in GI and Littrow config-
uration, c is the speed of light and ncavity the refractive index.

For both configurations, Littrow and GI the grating equation Eq. (2.36) is important
[120],
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mλ = d(sin θi + sin θr); (2.36)

in which λ represents the wavelength, θi,r the incoming and diffracted angles, d is the
grating constant and m the diffraction order (m= 0, 1, 2, ...). In a basic Littrow cavity,
where the incidence and diffracted angles are the same (θi = θr), Eq. (2.36) becomes

mλ = 2d sin θ. (2.37)

Therefore, for any value, where m 6= 0, simple angular rotation results in a change in
wavelength. At grazing incidence, Eq. (2.36) applies. In Littrow configuration, where the
incident and diffracted angle is the same, the angular dispersion can be expressed as:

DLittrow =
dθr
dλ

=
2 tan θi
λ

. (2.38)

In comparison, in the grazing incidence configuration, the beam makes two passes onto
the grating where the second pass is retro-reflected on the incident one. This results in an
additional dispersion equal to the one before:

DGI = 2
dθr
dλ

=
4 tan θi
λ

= 2DLittrow. (2.39)

When comparing Eqs. (2.38) and (2.39), the angular dispersion in grazing incidence con-
figuration is twice that of Littrow configuration for the same incidence angle.

Lasers built with external cavities configuration depend on several aspects to work
well. One of them is that the laser diode used as the gain medium emits light as a Gaus-
sian beam, meaning that it only lases in one spatial mode. Multi-mode operation leads
to decreased coupling efficiency and wavelength resolution. The wavelength resolution
∆λFWHM , can be obtained by dividing the angular beam waist divergence with radius ω,
as in Eq. (2.40) of the Gaussian beam by the angular dispersion.
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∆θdiv =
λ

πω
. (2.40)

The grazing incidence configuration has a wavelength resolution of:

∆λFWHM(GI) =
∆θdiv
DGI

=
λ2

4πω tan θi
. (2.41)

Lasing operation in those cavities are multi-modal, meaning that underneath the filter
function multiple modes can be present while lasing, and mode hopping might occur
between adjacent axial modes. Figure 2.8 visualises the build up of lasing in external
cavity lasers. Lasing in external cavity lasers has to build up from the ASE background
for each new wavelength at a time, this limits the sweep speed significantly.

Figure 2.8: The schematic from Huber et al. [119] visualizes that multiple modes can be
active underneath your filter function leading to mode hoping. Additional to that lasing
operation has to be amplified from the ASE background for each wavelength resulting in
limited sweep speed.

The sweep range (SR) between adjacent modes for external cavitiy lasers is ∆λ =

c/πLcavity. Using the grazing incidence configuration, the SR becomes:
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SR = d∆Θ cos Θ0; (2.42)

in which d is the pitch of the grating, normally (1mm/1200), ∆Θ = 2π/N is the facet
to facet acceptance angle in radians with N as the number of facets and Θ0 as the angle
between grating and facet. This angle can be calculated for a known grazing incidence
angle, ϕ, and centre wavelength λ0:

Θ0 = arcsin

(
λ0

d
− sinϕ

)
. (2.43)

The following is an example for a common laser cavity in grazing incidence configu-
ration with a 54 (N) facet polygon mirror. The acceptance angle can be calculated to be
6.667◦. Using Eq. (2.43) and an incidence angle of 70◦, the incident angle Θ0, at a centre
wavelength of 1310 nm, can be calculated to be Θ0 = 39.22◦. The sweep range results in
75.12 nm [28].

Novel geometries in external cavity design based on grazing incidence increased the
free spectral range by a factor of two for the same configurations with N=54, 72 or 128
facets by simply adding an end-reflector. This configuration is more complicated but
scalable since the free spectral range will increase or by choice the repetition rate [116,
121].

In summary, OCT is a non-invasive. real-time imaging modality based on white light
interferometry and can be used in time and Fourier domain detection configuration. Chap-
ter two introduced the theoretical background which OCT stands on and provided an
extensive information about acquisition, noise sources and imaging parameters such as
resolution and imaging depth. Furthermore established and novel light sources have been
discussed to give the reader a broad overview of the possibilities in research. In addition
to chapter two, chapter one introduced up to date research topics of importance and state
of the art OCT systems.

The light sources explained here have advantages and disadvantages. Some of the
light sources, such as the FDML based lasers are fast, have sufficient optical power and
bandwidths, however, the short coherence length make them not suited for long range
imaging. VCSEL laser on the other hand have a coherence lengths of tens of metres
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making them ideally suited for long range imaging. The optical power and bandwidth
make them ideally suited for imaging. However, VCSEL lasers are not very flexible since
the manufacturing process restricting them for one wavelength at a time. A different laser
configuration with high bandwidth, fast sweeping rate (¿200 kHz) and long coherence
length of several centimeters is the akinetic Distributed Bragg Deflector laser (DBR) [122,
123] So the need for flexible, fast and inexpensive laser sources for imaging with a long
imaging range is still there. Our research address some of those aspects like flexibility,
low cost and long imaging range.
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CHAPTER 3

Polarisation sensitive OCT system

THIS chapter will give a brief overview of one of the OCT systems built during my
PhD. The goal was to build a polarisation sensitive OCT with single-mode fibre
components and still be able to retrieve the optical axis of the sample under test.

As mentioned earlier polarisation sensitive OCT is a contrast enhanced imaging technique
in which the ability of light being polarised is exploited [41].

3.1 Background and Motivation

As explained earlier, OCT is an important imaging modality due to its outstanding imag-
ing capabilities in-vivo and ex-vivo. Furthermore, OCT is an all optical imaging system
and easily integrated with fibre optic cables it can be used as an add-on for existing imag-
ing systems. The problem occurring as a result of using optical fibres is the unknown
birefringence of the fibre which induces a change in phase and amplitude ratio of the two
orthogonal polarisation states. The idea and motivation for the following system design
comes from the needs to have a flexible and polarisation sensitive OCT system, which is
not only cost efficient but easy to align and use, furthermore to retrieve the optical axis.
The following chapter explains the system in detail.

3.2 Configuration

The heart of the configuration, as shown in Fig. 3.1, consists of a commercially available
swept source laser (Axsun Technologies Inc.). The laser emits a beam with an average
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output power of 36 mW, a centre wavelength at λ0 = 1310 nm, a bandwidth of ∆λ =

100 nm, giving a round-trip axial resolution of 8µm in air using Eq. (2.9) at 50 kHz A-
scan rate. A laser beam with 3 mm beam diameter illuminates an achromatic lens with
focal length of 50 mm provides a lateral resolution of 26µm according to Eq. (2.10). The
signal to noise ratio was measured to be 104 dB. The beam is split into the sample and the
reference arm, using a 90/10 fibre optic coupler. In the reference arm, the light is split by
a non-polarizing beamsplitter to give the possibility to adjust the path length difference
for the two polarisation states independently. Having two reference arms is a necessity
since splitting the two polarisation states at the sample made it difficult of having only one
reference arm at equal length to both sample arms (horizontal and vertical). In addition to
that both reference arm powers needed to be the same. This was accomplished by using
ND filters in each arm and measuring the coupling prior to imaging. The polarisation
controllers are used to improve the interference between the sample and reference arm by
adjusting the polarisation state of the reference arm.

In the sample arm as shown in Fig. 3.2, the polarisation state of light exciting the
optical fiber is horizontal obtained with the help of the polarisation controller. The now
horizontally polarised light passes through a quarter-wave plate (WP) with its fast axis
oriented at θ = 45◦, providing circular polarised light incident on the sample. After back
reflection at the sample and passing again through the WP, the beam contains information
about the sample birefringence and optical axis. At that point, both orthogonal polarisa-
tion states are separated by the polarizing beamsplitter and coupled into two single mode
fibres. The transmitted electric fields in each sample arm is combined with one of the
two reference arms and detected with a balanced photodetector. A photo-diode at the po-
larisation beamsplitter indicates maximum optical power throughput to the sample. OCT
scanning is performed by moving the beam with the help of a Galvo-scanner. The A-scan
rate is 50 kHz and a B-Scan is displayed at 20 fps with two times averaging.

The acquisition is performed with an in house written code using LabView (National
Instruments) at 130 MHz with a FlexRIO chassis and an onboard Field Programmable
Gate Array (FPGA). Both polarisation states are simultaneously digitized using two input
channels of the digitizer. After digitization and post processing, the intensity profile,
retardation and optical axis were calculated. Using the FPGA for FFT processing will
increase the frame rate to 40 fps at two times averaging.
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Figure 3.1: 3D sketch of the PS-OCT setup with its different components: fibre optic beam-
splitters (50/50; 90/10), beamsplitter (BS), mirrors (M), lenses (L), polarisation controller
(PC) and balanced photodetectors (BD).

3.3 Method

As mentioned in the previous chapter, polarisation sensitive OCT can be performed in
two ways. Either the sample gets illuminated with horizontally and vertically polarised
light sequentially to use Jones and Stokes formalism to retrieve structural information, re-
tardation and optical axis [124]. The other way is to use circularly polarised light incident
on the sample [93]. For our setup we used the second and more intuitive way to retrieve
the desired information. Using Eqs. (2.27), (2.28) and (2.29) gives us the structural,
retardation and optical axis information, respectively.

3.4 Evaluation of Retardation and Optical Axis

3.4.1 Retardation

First calibration measurements to evaluate the performance of our system were performed,
using a Berek compensator to measure known polarisation states. This devices allows the
user to set the optical axis θ and retardation δ independently from each other. Furthermore
the Berek allows the user to change the polarisation of the beam from one state into any

35



3.4. EVALUATION OF RETARDATION AND OPTICAL AXIS

Figure 3.2: 3D sketch of the PS-OCT scan head with its different components: single-mode
fibres, polarisation beamsplitter (PBS), quarter-wave plate (WP), fibre collimator (FC), lens
(L), galvo mirror (GM) and photodiode (PD).

other state.

Invented in 1913 the Berek consists of one uniaxial plate with its extraordinary axis
perpendicular to the plate. At normal incident the beam travels through the plate unal-
tered. If the plate is tilted, the plane of incident becomes now the plane of extraordinary
refractive index.

At first, the optical axis was fixed at an arbitrary setting and the retardation was varied
from 0◦ to 180◦ in increments of 10◦. Figure 3.3 a) shows a plot of measured retardation
angles versus set retardation at the Berek. The measured values are in good agreement
with the theory (solid line) with a maximum standard deviation of 1.4◦ at θ = 20◦ set
optical axis.

The error bars indicate the standard deviation of five repeated measurements, with a
mean standard deviation of 0.7◦. Figure 3.3 b) shows the retardation for a range of optical
axis orientations varied from 0◦ to 180◦ in increments of 10◦, while the retardation was
varied from 0◦ to 90◦ in 15◦ increments.

3.4.2 Optical Axis

After evaluation of the retardation measurement with the Berek compensator, measure-
ments to retrieve the optical axis were performed. For that purpose the phase difference in
the two polarisation states needs to be calculated. Measurements to determine the optical
axis involved investigating the phase stability between the two polarisation channels in
A-scans and B-scans. The first test involved measuring the phase difference between the
two polarisation channels with a mirror in the sample arm. Figure 3.4 shows an example
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Figure 3.3: a) Plot of measured retardation (data points) with standard deviation and set
retardation for an optical axis of 20◦, b) polar plot of measured retardation versus set re-
tardation for fixed fast axis orientations. The circumference of the half circle indicates the
optical axis.

for the stability of the phase difference in multiple stationary A-scans with and without
scanning of the galvo-mirror.

As can be clearly seen in Fig. 3.4 the phase difference in multiple A-scans (blue data)
without moving the galvo-scanner provided a phase difference around −2.5π rads with
fluctuations of ±0.2π rads. This stability however was not recovered in a B-scan (red
data) as shown in Fig. 3.4 as phase jumps of greater than 2π happened and occurred
randomly. After these tests the output of the polarisation beamsplitter was changed. For
this purpose the photo-diode as seen in Fig. 3.2 was removed and replaced by a stationary
mirror and a QWP set at 22.5◦ to give equal power in both polarisation states. This
modification provided a reference point before the sample surface to calculate the phase
of the signal while travelling through the entire interferometer. The calculated phase of
the system was than subtracted from the phase difference between the two channels, since
the phase information of the system would add as an offset.
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Figure 3.4: Phase difference plot of multiple A-scans with and without scanning.

After the modification a QWP was imaged and the phase difference for the two chan-
nels was taken. Furthermore the phase of the interferometer for the individual arms was
calculated with the additional reference point in the image. Figure 3.5 shows similar phase
jumps and a curved trend for the different interfaces. the legend indicates at which pixel
in the image the phase for the surface was calculated. The pixel was taken at the point of
maximum intensity.
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1. Interface at point 771
2. Interface at point 678
3. Interface at point 661
4. Interface at point 529

Figure 3.5: Phase difference plot of the four interfaces of a QWP at different depths in the
image. By looking at the plot, the measurements indicate that the four surfaces have, on
average, a phase difference around zero for the individual surface.

Using the unwrap function in Matlab to try to minimize the phase jumps resulted in
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a smoother trend for the phase difference but could not be eliminated. Figure shows the
measurements for the QWP, after subtracting the phase of the system using the reference
point in the image and unwrapping to minimize the phase jumps.
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polarisation states for all four interfaces in a QWP with unwrapping

 

 

1. interface at point 771
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Figure 3.6: Phase difference plot of the four interfaces of a QWP at different depths in the
image after using the unwrapping function. The four interfaces are manually offset from
each other to visualize the instability of the phase difference. The offset was +2π rads for the
second interface (red), +4π rads for the third interface (green) and +6π rads for the fourth
interface(black). By looking at the plot and taking the offset into account the measurements
indicate that the four surfaces have, on average, a phase difference around zero for each
individual surface. Furthermore the phase difference values still jump between ±π rads.

Comparing Fig. 3.5 and 3.6, the phase jumps were minimized using the unwrap func-
tion, after imaging of the QWP. Even though the phase difference for the individual sur-
faces looked smoother, the average phase difference for the individual surfaces seemed to
be zero after offset subtraction.

These tests may indicate that the operation of the galvo scanner induces a greater phase
difference and more fluctuations than when the galvo is static. One possible explanation
is the different polarisations states entering the fibre at the sample. Furthermore, since the
system consists of two reference arms to adjust the zero path delay independently from
each other, the two polarisation states are detected using two independent interferometers.
Resulting that a reference point to calculate the system offset in the phase could not be
reliably measured.

The last experiment which was performed to investigate if the system can still retrieve
the optical axis was to image a biological sample. For that purpose a piece of chicken
breast was used, since it shows the retardation very nicely and is a good sample to assess a
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polarisation sensitive OCT system. As mentioned before the phase of the reference point,
the mirror, was calculated and subtracted form the phase of the two channels. Figure 3.7
shows the phase image of the chicken breast.

Optical axis image of a piece of chicken breast [rad]

Figure 3.7: Optical axis image of a piece of chicken breast after calculation of the phase of
the system and the phase difference of the two channels.

Even though it can clearly be seen that there is some phase information in the image,
the phase values are between zero and 3π rads, which should only be between ±π/2.
Furthermore moving one of the reference arms slightly the image contrast disappears and
therefore the phase information. This movement does not affect the phase calculation of
the channel which has been moved, but it does affect the phase difference. The image
shows, however, is promising since it shows that the phase can be retrieved to get some
information. The phase image of the piece of chicken breast looks similar to a retardation
image due to the banding pattern. Investigations if the phase can be retrieved using the
same configuration but polarisation maintaining fibres, showed no improvement regarding
the optical axis. This indicates that splitting the two polarisation states in the sample and
reference arm prior to interference, leads to having two independent interferometers, with
nothing in common. The two passes cause the two polarisation states to travel

3.5 Example images

Structural, retardation and volumetric images of a human nail fold and a fingerprint were
taken to show the imaging capabilities of the system. Figure 3.8 shows the structural
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image in a) and retardation image in b) with a SNR of 104 dB. Figure 3.9 shows the
slices of the volumetric imaging of an area 7 mm by 5 mm, as well as en-face and 3D
reconstruction. The volumetric data was captured in 3 s.

a) b)

Figure 3.8: a) Structural image of a fingernail with the identified regions dermal, cuticle
and nail plate, b) birefringence image of the same area, it can be clearly seen that the dermal
and nail plate change the polarisation state of light.

3.6 Summary

In summary, the system worked well for structural, birefringence and volumetric imag-
ing. The investigation, if the optical axis can be retrieved with an OCT system based on
singlemode fibres, showed that the phase is not stable enough to get reliable information.
Using singlemode fibres in this setup did not achieve the wanted optical axis retrieval.
The singlemode fibres and their birefringence still changed the polarisation state in such
a way that no reference point can be calculated. Furthermore having two reference arms
resulting in two interferometers made the calculation of a common point between the two
polarisation states impossible. The phase stays relatively stable in A-scan measurements
but not in B-scan measurements. This would suggest that the moving of the beam in-
duces instabilities which could not be compensated for. Trying to calculate a reference
point for subtraction of these instabilities were not promising and showed only minor im-
provements. The phase image of the chicken breast itself, however, would suggest that
improving the setup further could lead to the optical axis retrieval. These improvements
could consist of changing the reference arm to add a polarising beamsplitter. This could
improve the stability of the phase difference since the reference arm does not have a dis-
tinct polarisation state.
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En-face image Slice through x-axis

Image stackSlice through y-axis

3D reconstruction

   of a fingerprint

Figure 3.9: The plot shows en-face and images through slices of a 3D stack of a fingerprint.
Finally a 3D reconstruction of a 7 mm by 5 mm large fingerprint was plotted.

At this stage, however, the setup remains a ”Diamond in the Rough”.
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CHAPTER 4

External cavity design for swept source lasers

MANY designs for swept source lasers have been presented in the literature.
Each of these designs has their advantage and disadvantage making them
more or less favourable for different applications. The need for swept sources

which are reconfigurable to fit the needs of individual applications, yet also inexpensive
still remains [125]. In this chapter, we describe a filter and laser design that meets these
objectives with an enhanced focus on improved coherence length, i.e. ranging depth. We
present a new and simple swept source that is based on a modified Littman-Metcalf cavity.
The design possesses a long coherence length and is extremely flexible as it uses standard
free-space optical components and can be easily adapted to any wavelength region where
semiconductor laser gain chips are available. With off-the-shelf optical components, this
cavity can be quickly built with versatile performance and specification requirements. Ex-
perimentally we demonstrate the operation of four designs at centre wavelengths between
1µm and 1.7µm.

4.1 Background and Motivation

As discussed earlier, OCT is a real time, non-invasive and non-contact imaging modality
for translucent and transparent tissue at micron scale resolution. OCT became a favored
technique for imaging the human eye because of its outstanding imaging capabilities,
even in the early 1990s [126, 127]. Today, OCT is used to image a wide variety of tissues
and non-biological structures [128–131]. Swept-source (SS) OCT, or optical frequency
domain imaging (OFDI), has proven to be superior over time-domain (TD) OCT in terms
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of imaging speed and sensitivity [28, 80, 132]. The increase in imaging speed makes
OFDI the better choice for real-time imaging. Early swept source designs used resonant
galvanometers and polygon-scanners to implement the required intra-cavity wavelength-
scanning filter. Polygon mirror based swept sources are easy to built with off the shelf
components and their linear sweep and low cost make them a good solution for swept
source configurations despite of their bulky appearance. At present a 10 facet slow (4 kHz)
scanning mirror cost about 2, 000 USD while a fast ( 66 kHz) scanning 72 facet mirror is
6, 000 USD.

Fourier-domain mode-locked lasers (FDML) based around Fabry-Perot (FP) tunable
filters have played a prominent role in more recent designs [28, 116]. Fabry Perot tunable
filters can achieve sweep rates greater than 100 kHz, their disadvantage however is the
highly nonlinear sweep, temperature drift and instability resulting in a low-coherence
length at medium power output [119, 133, 134]. Numerous companies, such as Optores
GmbH, Exalos AG, Santec Co., Axsun Inc. and Praevium, have now transferred bulk
and fibre-based schemes into commercial lasers that use MEMS mirrors or fast scanning
FP filters to implement the intra-cavity filter, and achieve the performance specifications
required for high quality, high speed imaging. However, such sources are still expensive
and customizing their performance and specifications is difficult. MEMS based swept
sources are manufactured by means of lithography and changing the centre wavelength
means changing the whole design process of the chip and buying a whole new source
(currently around 30, 000 USD).

Compared to these systems, polygon scanning mirrors are the cheapest and most flex-
ible option to build fast and versatile sources. Besides that, for laboratories which do
not have the capability to manufacture MEMS based systems, they are a good accessible
choice.

Apart from output power and scanning speed, clinical applications such as the mea-
surement of the anterior segment of the eye, intravascular and gastrointestinal systems
require long ranging depths and thus a superior coherence length. Several reports have
demonstrated increased coherence length sources [108, 115, 135]. Two of the most recent
technologies are multi-section ’akinetic’ DBR lasers [122] and MEMS based VCSELS
[108]. Both these designs allowing for narrow linewidths at very high sweep rates. How-
ever, to date the majority of these new sources operate around 1500 nm, a wavelength that
is not suitable to image samples with high water absorption.
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This chapter focuses on the development and design of inexpensive, scalable and fast
tunable sources to fit the needs for different OCT applications.

4.2 Theory

The theory of swept source lasers using a Littman-Metcalf or grazing incident (GI) cavity
was discussed in chapter three. But let us recall the wavelength resolution for Littrow
configuration and grazing incidence with a beam radius of ω and angle of incident θi
[120].

∆λFWHM(Littrow) =
∆θdiv
DLittrow

=
λ2

2πω tan θi
, (4.1)

∆λFWHM(GI) =
∆θdiv
DGI

=
λ2

4πω tan θi
, (4.2)

in which ∆θdiv is the beam waist divergence of a Gaussian beam Eq. (2.40) and
DLittrow and DGI represent the angular dispersion for Littrow Eq. (2.38) and grazing
incident Eq. (2.39) respectively. Due to the double pass of the grating the wavelength res-
olution in GI increased by a factor of two compared to Littrow configuration. It follows
that, increasing the number of passes onto the grating will improve the spectral resolution,
and therefore the coherence length, even further.

∆λFWHM(GIx2) =
∆θdiv
DGI

=
λ2

8πω tan θi
. (4.3)

4.3 Method

Our proposed cavity is based on the Littman-Metcalf configuration [26] as depicted in
Fig. 4.1. The design is widely used in the telecommunications industry and is known to
yield narrow instantaneous linewidths over a wide tuning range [120].

45



4.3. METHOD

Figure 4.1: (a)Close up sketch of the cavity design for multiple illumination of the grating.
The grating as well as the stationary mirror is on a tilt for alignment purposes. (b) Sketch of
the swept source laser with the quantum well laser diode (QW), 10% facet reflection (FR),
grating (G), mirror (M), lens (L), polygon mirror (PM), trigger (T), fibre collimator (FC)
and isolator (Iso).

The laser diodes used in this experiment are commercially available single angled
facet (SAF) gain chips (Thorlabs). Their centre wavelengths are 1050 nm, 1310 nm,
1550 nm and 1650 nm. The cavity for each source consists of a semiconductor gain chip,
collimating optics, a diffraction grating, a gold coated polygonal mirror and an additional
stationary mirror for the 1310 nm and 1550 nm sources. To achieve different centre wave-
lengths, the gain chip and the grating are changed appropriately. The grating is changed
to one with optimized blaze angle for the new wavelength and highest efficiency in the
first order.

The following explains the design of the 1310 nm cavity in detail as an example. The
AR coated aspheric collimating lens has a focal length of 6.24 mm and gives a collimated
beam diameter of 6 mm. The diffraction grating has 1200 lines/mm and is mounted at a
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grazing angle of 75◦ with respect to the optical axis of the incoming beam. After the grat-
ing, the zeroth order output is detected by a photodiode to provide an electronic trigger,
while the first order is reflected on to the polygonal mirror (Lincoln Laser, DT-10-245-
025).

Two different polygonal mirrors are used. The slow scanning polygonal mirror has
10 facets, each with a width of 20 mm and a height of 6 mm, and can rotate between 6k
and 24k rpm, giving a maximum sweep frequency of 4 kHz. The fast scanning polygonal
mirror has 54 facets, each with a width of 3.2 mm and a height of 4.8 mm, and can rotate
between 10k and 55k rpm, giving a maximum sweep frequency of 49.5 kHz.

The cavity design uses a quadruple pass of the grazing incidence grating to achieve a
very narrow intra-cavity filter resulting in good instantaneous linewidth. Further improve-
ments to the linewidth can be made by additional passes onto the grating, but this comes
at the expense of increased intracavity loss and lower lasing power. To achieve multiple
passes, the grating is slightly tilted and illuminates the spinning mirror at a vertical angle
to obtain a vertical angular displacement between the incoming beam and reflected beam.
The reflected beam is then retro reflected by a second stationary gold mirror placed af-
ter the diffraction grating to complete the cavity. This resulted in two more paths onto
the grating inducing twice the amount of dispersion which results in better wavelength
resolution due to better spectral separation. The light exiting the laser cavity through the
output facet with 10% reflectivity is collimated by an AR coated collimator (f = 1.4 mm)
and is directed through a−55 dB optical isolator to prevent optical feedback into the laser
cavity.

For proof of concept imaging, the output of the swept source was directed to a Mach-
Zehnder interferometer comprising a reference and sample arm. At the interferometer
output, the mutual spectral density function of the interferometric signal was detected us-
ing a 100 MHz balanced photodetector. An Alazar Tech data acquisition card sampled the
interference fringes at 125 MHz. To equally sample the interference fringes in k-space, a
reference scan was taken prior to imaging. This linearization vector was used for resam-
pling the interference spectrum for each consecutive A-scan. The linearization remained
stable for more than 24 hours. Zero padding was performed prior to FFT calculation to
increase digital resolution.

Coherence length measurements were performed for both configurations and seven
different sweep rates between 2 and 49.5 kHz.
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4.4 Results

4.4.1 Spinning mirror 2 - 4 kHz

Figure 4.2 shows the time averaged optical spectra for the four gain chips. The OSA
measurements of the spectra, show a 3 dB sweep range of ∆λ1050 = 45 nm, ∆λ1310 =
95 nm, ∆λ1550 = 107 nm and ∆λ1650 = 93 nm. The inverse Fourier transform of the mutual
spectral density yields the autocorrelation function, which offered point spread functions
(PSF) of 13.4µm, 10.3µm, 12.6µm and 12.6µm respectively.
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Figure 4.2: Spectral measurements, taken with the OSA, of the sweep spectra for the
individual laser sources centred at a) 1050 nm, b) 1310 nm, c) 1550 nm and d) 1650 nm.

A-scan measurements with the 1550 nm source showed an increased PSF of almost
30µm compared to the theoretical value of 12.6µm. Dispersion compensation was per-
formed by inserting 1.3 mm of BK7 glass into the reference arm, after which the theoret-
ical width of the PSF was almost fully recovered [65, 136]. Figure 4.3 shows an example
of the PSF for the 1550 nm source before and after compensation.

The PSF stayed stable after dispersion compensation, at around 19µm, even with
increasing path difference. Coherence length measurements were performed using a basic
fibre-based Mach-Zehnder interferometer as described above for the λ0 = 1310 nm and λ0

= 1550 nm source. The intensity of the coherence peak was measured as a function of path
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Figure 4.3: Zoomed in view on the PSF before and after insertion of a glass slide for dis-
persion compensation. The PSF was not fully recovered but improved from almost 30µm
to 19µm.

length difference. The power incident at the sample was 3.5 mW. To quantify the system
sensitivity, a 30 dB neutral density filter was inserted into the sample arm. The sensitivity
of the setup was measured to be 97 dB, making the source suitable for OCT imaging. The
system was not shot noise limited due to high intensity noise of the swept source laser,
which could not be removed.

Coherence length measurements were performed for different cavity configurations.
These configurations consisted of just the spinning mirror (double pass of the grating),
one stationary gold mirror (4 passes of the grating) and two stationary gold mirrors (6
passes of the grating) as end reflectors. The coherence length is defined as twice the
length of the path delay, at which a 6 dB signal fall-off is observed.

Figure 4.4 shows the results for the coherence length measurements, at three different
sweep rates, a) 2 kHz, b) 3 kHz and c) 4 kHz with just the spinning mirror as the end
reflector. Utilising the spinning mirror as the end reflector results in a double pass of the
grating.
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Figure 4.4: Coherence length measurements for a grazing incident cavity design at
1310 nm and double pass of the grating. The green plot indicates the 6 dB fall off. Mea-
surements were taken for different sweep rates at a) 2 kHz, b) 3 kHz and c) 4 kHz.

The measurements show a 6 dB fall-off, indicated by the green curve, is observed at
a) 8.5 mm, b) 6.5 mm and c) 7 mm, giving a total coherence length in double path of
a) 17 mm, b) 13 mm and c) 14 mm. Afterwards coherence lengths measurements were
performed utilizing one stationary mirror as an end reflector to allow four passes onto the
grating.

Figure 4.5 shows the measurement results for this cavity design.

The measurement results show that the coherence length increased by a factor of 1.4.
A 6 dB fall-off is observed at 12 mm, giving a total coherence length of 24 mm as shown
in Fig. 4.5. The green curve indicates the depth range of a 6 dB fall-off. This result is
comparable to commercially available sources at lower sweep rates, but at a fraction of
the cost.

To even further improve the coherence length, a second stationary gold mirror was
inserted into the cavity. Adding a second mirror results in six passes off the diffraction
grating, and increases the spectral resolution again. Figure 4.6 shows the results for these
measurements at 4 kHz. A 6 dB drop in intensity was measured at 15.5 mm path differ-
ence resulting in 31 mm coherence length, though at the expense of increased intra-cavity
loss and lower output power of 2 mW. The amplitude of the peak at 6 dB fall off is smaller
than the adjacent peak which can be explained by the instability of the A-scan peak for
increased path delay.
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Figure 4.5: Coherence length measurements for a grazing incident cavity design at
1310 nm with one added stationary mirror as retro-reflector. The green plot indicates the
6 dB fall off. Measurements were taken for different sweep rates at a) 2 kHz, b) 3 kHz and
c) 4 kHz.
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Figure 4.6: Coherence length measurements for a grazing incident cavity design at
1310 nm with two stationary gold mirrors added to the cavity as retro-reflectors. The green
plot indicates the 6 dB fall off. The height of the green peak is smaller than the adjacent one
due to an instability in the height of the A-scan while imaging and saving. Measurements
were taken at 4 kHz sweep rate.

To demonstrate the flexibility of the proposed design, we repeated the coherence
length measurements for a cavity configuration, with one stationary mirror, using a gain
chip centred at 1550 nm and a grating with 900 lines/mm.
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The coherence length measurements for the 1550 nm source were performed at the
maximum sweep rate of 4 kHz, since prior investigation of the coherence length with the
1310 nm source showed no decrease in the coherence length for this sweep rate. These
measurements showed a 6 dB drop in intensity, indicated by the green curve, at a path
length difference of 10 mm in air, which resulted in a coherence length of 20 mm as
shown in Fig. 4.7. These results are comparable with the results obtained before, with
the 1310 nm source.
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Figure 4.7: Coherence length measurements for a grazing incident cavity design at
1550 nm with one added stationary mirror as retro-reflector. The green plot indicates the
6 dB fall off. The small secondary green peak at 3 mm is a double reflection in the interfer-
ometer. Measurements were taken at 4 kHz sweep rate.

After the coherence length measurements, the effective laser linewidth for the 1310 nm
swept source was calculated using the measured coherence length for different passes
of the grating, l1(double pass)=14 mm, l2(4 passes)=24 mm, l3(6 passes)=31 mm and
Eq. (2.33). The centre wavelengths used in the calculations were measured with the OSA.
Fig. 4.8 shows the sweep range and centre wavelength for the three cases, a) having no
stationary mirror, b) one and c) two stationary gold mirrors. The output power of the
laser from the single-mode fibre was 9 mW, 5.8 mW and 2 mW for no stationary mirror,
one and two stationary gold mirrors respectively. The loss in power is a result of the re-
peated illumination of the grating, each pass of the grating splits the power into the first
and zeroth order. In every split 90 % is used in the first order and 10 % is lost. By using
multiple illuminations the remaining intracavity power is not sufficient to reach lasing op-
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eration from the ASE background at wavelength further away from the centre wavelength
of the gain medium. These losses can be modelled using the grating equation accomodat-
ing multiple wavelengths. The centre wavelengths were taken as 1320 nm, 1315 nm and
1302 nm, respectively. We obtained a value for the linewidth of approximately 55 pm,
32 pm and 24 pm for the different configurations. The increase of number of reflections
at the grating improved the coherence length and linewidth but less than the expected two
and four fold.

λlinewidth = 0.44
λ2

0

l1
= 0.44

1319nm

14mm
= 54.76 pm, (4.4)

λlinewidth = 0.44
λ2

0

l2
= 0.44

1314nm

24mm
= 31.71 pm, (4.5)

λlinewidth = 0.44
λ2

0

l3
= 0.44

1302nm

31mm
= 24.06 pm. (4.6)

Adding multiple stationary mirrors to increase the number of reflections at the grat-
ing, it does not only result in reduced power, but also in reduced emission bandwidth
as mentioned earlier. This reduction is due to the increased losses of these multi pass
cavities.

As can be clearly seen from Fig. 4.8, the bandwidth decreases resulting in an increase
of the width of the PSF. The bandwidths decreases from 112 nm with no stationary mirror
to 98 nm with one and 78 nm with two stationary mirrors. The autocorrelation of the
respective source spectra results in the theoretical PSF of 9.1µm, 10.3µm and 12.6µm
respectively.
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Figure 4.8: OSA measurements of the laser spectra for a) spinning mirror b) one station-
ary mirror and c) two stationary mirrors. It can clearly be seen that the 3 dB bandwidth
decreases resulting in a decrease in the axial resolution.

To increase the output power of the laser a semiconductor optical amplifier (SOA)
from Aeon corporation (SOA20r) was trialled. The low gain of 19 dB of the SOA, how-
ever, resulted in a saturation power of only 18 mW. Furthermore the SOA increased the
linewidth of the laser so that the coherence length decreased. Figure 4.9 shows measure-
ments for different current settings of the SOA. The coherence length measurements were
performed for the cavity design with one stationary mirror (4 passes of the grating).

Figure 4.9: Coherence length measurements of the laser with one stationary mirror at
different SOA currents. Coherence length measurements at 1 mm and at 6 dB fall-off are
overlaid in the plot.

In Fig. 4.9 measurements at 1 mm and 6 dB drop in intensity are overlaid in the figure.
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The 1 mm path difference was plotted to have a reference point at which length of the
zero path the signal intensity drops 6 dB. The measurements with the SOA show that the
coherence length of the laser, stays relatively stable between 10 and 11 mm for currents
smaller than 50 mA, where no gain and therefore no amplification of the laser power was
obtained. This is indicated by the pink peak. These measurements agree well with the
coherence lengths results obtained before, without using the SOA but with one stationary
gold mirror in the laser cavity. Increasing the current, however, results in a decrease
of the coherence length from a maximum of 11 mm to 8 mm, indicated by the brown
peak in Fig. 4.9, at a maximum forward supply current of 200 mA. We investigated if the
decrease in coherence length originates from the spinning direction of the laser, but came
to the conclusion it is not.

The decrease in coherence length of the laser after insertion of the SOA, indicates that
the problem of increased laser linewidth originates in the SOA. Furthermore the problem
of increased linewidth only occurs at higher injection currents, when the SOA acts as an
amplifier. The gain of a semiconductor optical amplifier can be written as:

g = σ(N −NT ) (4.7)

In which σ is the gain cross section, N the injected carrier density andNT the required
carrier density for no gain. Recalling the structural assembly of laser diodes and SOAs,
these optical elements are based on semiconductor materials, with a refractive index con-
sisting of a real (n′) and imaginary (n′′) part [120].

n = n′ + in′′ (4.8)

These two parts are strongly coupled within lasers based on semiconductor materials
through the linewidth broadening factor α, which is the ratio of the changes in the real
and imaginary part of the refractive index.

α =
∆n′

∆n′′
. (4.9)
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This change also indicates a change in the carrier density within the gain medium.
The linewidth broadening factor is a real number and usually small. Around the max-
imum gain wavelength of the laser, the factor is normally less than 7. At the edges of
the gain curve especially at the longer wavelengths, this factor however, steeply increases
larger than 10, due to increased carrier density and injection current [120]. This increase
in α destabilizes the laser and broadens the linewidth, resulting in a decrease in coher-
ence length. Changes in the real part, ∆n′, of the refractive index are associated with a
frequency chirp ∆ν:

∆ν = −νvg∆n′/c, (4.10)

here ν is the frequency, vg the group velocity and c the speed of light. Furthermore
changes in the imaginary part, ∆n′′, of the refractive index result in a change of gain, ∆g

is the gain coefficient depending on frequency [120]:

∆g = −2πν∆n′′vg/c. (4.11)

Since the optical gain is coupled to the supply current of the SOA, a change in supply
current could change the linewidth, resulting in a small decrease in coherence length as
seen in Fig 4.9.

4.4.2 Spinning mirror 9 - 50 kHz

To investigate if the proposed configuration, adding multiple stationary mirrors, is feasible
with faster scanning mirrors, coherence length measurements were performed with a 54
facet mirror spinning between 10k rpm and 55k rpm, giving A-scan sweep rates between
9 kHz and 49.5 kHz, respectively according to Eq. 2.32.

Coherence length measurements were performed with the spinning mirror alone and
with one stationary mirror added inside the cavity. Two stationary mirrors could not
be added to the cavity, due to space limitations of the setup configuration. The grating
used for these experiments had the same groove constant as before, 1200 l/mm, but a
higher efficiency in the first order. The grating was changed, since the spot size of the
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beam had to be smaller due to the decreased facet size and scan angle, 4.8 mm*3.2 mm
compared to 20 mm*6 mm with the previous mirror. A telescope could have been used,
between the spinning mirror and grating, to decrease the spot size. Utilizing a telescope,
however, showed no improvement in the coherence length and would make the cavity
more complex as highlighted in different publications [28, 60, 116]. The sweep range
can be seen in Fig. 4.10 for the internally set frequencies at 9 kHz, 18 kHz, 36 kHz and
49.5 kHz.
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Figure 4.10: OSA measurements of the four spectra for the fast scanning mirror at a) 9 kHz,
b) 18 kHz, c) 36 kHz and d) 49.5 kHz. The spectra were taken with just the spinning mirror
and grating.

The sweep range of the four sweep rates is on average 64.3 nm, but agrees well with
the theoretical sweep range. Using Eqs.( 2.42), ( 2.43), an incident angle of 70◦ and a cen-
tre wavelength of 1330 nm, the theoretical sweep range can be calculated to be 73.16 nm.
An example calculation can be found at the end of chapter two.

Coherence length measurements were performed with a Mach-Zehnder style interfer-
ometer and balanced detection as previously described. The same DAQ-card from Alazar
Tech was used to digitize the fringes at 125 MHz after detection with 100 MHz balanced
photodetectors. A linearisation vector was taken and used prior to zero padding and FFT
processing. Coherence length measurements were performed with the spinning mirror
and one stationary mirror. Figure 4.11 shows the coherence length measurements as a
function of path difference for the sweep rates between 9 kHz and 49.5 kHz.
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Figure 4.11: Coherence length measurements for the fast scanning mirror at a) 9 kHz,
b) 18 kHz, c) 36 kHz and d) 49.5 kHz. It can clearly be seen that the coherence length
decreases with increasing sweep rate, from 7 mm at 9 kHz to 3 mm at 49.5 kHz.

In Fig. 4.11 a) and b) it can be seen that with increased path difference a second
smaller peak emerges. This might be a secondary reflection in the system. Increasing
the sweep rate leads to a decrease in coherence length, furthermore the PSF widens and
gets wings on the left and right side of the peak, especially at 49.5 kHz. To increase
the coherence length and imaging range a stationary gold mirror was inserted into the
cavity as before, to double the beam path onto the grating. Theoretically inducing more
dispersion to resolve the spectrum better, should give a better linewidth and coherence
length of the laser. Figure 4.12 shows the measurements for the improved cavity with one
added stationary mirror.
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Figure 4.12: coherence length measurements for the fast scanning mirror and one added
stationary mirror, at a) 9 kHz, b) 18 kHz, c) 36 kHz and d) 49.5 kHz. It can clearly be
seen that the coherence length decreases with increasing sweep rate, from 8 mm at 9 kHz to
5.5 mm at 49.5 kHz.

Even though the coherence length is still decreasing with increasing sweep frequency,
it can clearly be seen that the stationary mirror improved the coherence length by one or
two millimetres. There was no improvement observed for the coherence length at 18 kHz
however, which might have indicated that there is a limit at which frequency the additional
path causes problems. The additional path would increase the time to built up lasing
from the ASE background and could make the laser less stable resulting in a broadened
linewidth. This was not observed for higher sweep rates at which the coherence length,
stated in single path, improved from 4 mm to 6 mm and from 3 mm to 5.5 mm at 36 kHz
and 49.5 kHz. respectively.

The following shows how the axial resolution and coherence length changed with the
different sweep rates and cavity designs for the 1310 nm source. Figure 4.13 shows the
summary of the coherence length measurements and sweep rates for the different cavity
designs. The cavity design with six passes of the grating was only performed at a sweep
rate of 4 kHz, due to space limitations with the faster scanning mirror.

Figure 4.14 shows the axial resolution for the different cavity designs and sweep rates,
measured at the 6 dB fall-off. The investigation was performed since the power loss and
lower gain further away from the centre wavelength of the gain chip results in a lower
sweep bandwidth. Increasing the sweep rate can induce more losses in bandwidth if the
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Figure 4.13: The plot shows the different coherence length measurement results for the
three cavity designs with double pass of the grating (red), four passes of the grating (blue)
and six passes of the grating (black) at different sweep rates.

built up time for lasing operation is too high compared to the laser cavity round-trip time.
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Figure 4.14: The plot shows the different axial resolutions for the three cavity designs
in double pass of the grating (red), four passes of the grating (blue) and six passes of the
grating (black) at different sweep rates. The theoretical axial resolution according to the
spectrum for the slow scanning mirror is on average 10.6µm and for the fast scanning
mirror 14.9µm. The axial resolution was measured at the 6 dB fall-off.

4.5 Example images

To further characterize the performance of the 1310 nm swept source as an imaging laser,
an ocular length measurement of a sheep’s eye and a depth measurement with a Perspex
cube was performed at 4 kHz sweep rate.
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The Perspex cube was 40x40x30 mm3 in size and had 14 boreholes, spread vertical in
2 mm steps and horizontally in 0.5 mm steps. The holes had a diameter of roughly 300µm
and were laser drilled to a depth of 2 mm. Figure 4.15 shows a photograph of the Perspex
cube (inset) and the OCT image of the boreholes. Calculations from the measurements
indicated borehole dimensions of 380µm wide by 360µm deep. The clearly resolved
structures, separated by over 18 mm in depth, are a testimony of the long coherence length
of the source.

Figure 4.15: Depth measurements of a Perspex cube with an image (inset) of the original
cube. The holes in the Perspex cube are 2 mm apart in depth and 500µm in distance from
each other. The ninth hole is the last hole to be identified as a structure which corresponds
to 18 mm in depth from the zero path (bottom of cube). The dimensions are plotted with
respect to the refractive index of n(perspex) = 1.48

.

Figure 4.16 shows a 15 mm cross section of the sheeps eye using the 1310 nm source.
The anatomical parts of the eye such as the cornea, the aqueous body, the lens, the pupil
and the iris can all be clearly identified [137]. The depth resolution in the image is 15µm
which is slightly higher than the theoretical PSF of the system and comes from a disper-
sion imbalance in the two interferometer arms, however no dispersion compensation was
performed for post processing. The lateral resolution is 25µm. As a note, no averaging
or filtering was performed on the image after acquisition.
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Figure 4.16: Image of a sheep eye with the anatomical correct parts, the cornea seems to
be flat on top due to the loss of stiffness since the eye was taken out, stored and streched for
imaging. The image was taken at 4 kHz sweep rate.

Even though the coherence length of the fast spinning mirror decreased at sweep rates
above 10 kHz, the laser can be used for imaging. The following Fig. 4.17 shows test
images of a finger skin with the laser at four sweep rates of a) 10 kHz, b) 18 kHz, c)
36 kHz and d) 49.5 kHz.

a)

b)

c)

d)

1mm

Figure 4.17: Structural images of a finger skin with the fast scanning mirror. The sweep
rates for the images are a)10 kHz, b)18 kHz, b)36 kHz and b)49.5 kHz. The scale bar in
image d) corresponds to all of the sub-images.
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4.6 Summary

The presented results are comparable to commercially available sources at lower scan
rates or decreased bandwidth. We note that several groups have achieved higher scan
speeds than 4 kHz with similar intra-cavity filter designs [121, 138, 139]. However the
coherence length achieved in these systems (2 - 7 mm) is considerably lower than what is
achieved here, at 4 kHz sweep rate. The approach by Chong et al. in a telescope less con-
figuration achieved higher scan rates and longer coherence length at the expense of a sig-
nificantly decreased bandwidth [140] of 55 nm. It is worth noticing that the demonstrated
scanning speed of 4 kHz can be significantly increased. Indeed, a five times increase in
the number of mirror facets, from 10 to 54 and higher rotation speed, as is typically used
in standard polygon mirror based swept sources [112], did lead to a twelve fold increase
in A-line rate.

Increasing the speed between 9 and 49.5 kHz, however, showed no improvement of
the coherence length of the laser. The results for the sweep rate of 49.5 kHz and 10 mm
coherence length in double path are similar to commercially available sources. The de-
creased bandwidth of 60 nm with the faster scanning mirror can be solved by using an
end-reflector to double the angular scanning range of the scanning mirror [116].

The coherence length measurements of 16 mm and 11 mm, at faster sweep rates be-
tween 9 and 49.5 kHz are comparable to commercially available swept sources. We have
demonstrated this sources viability by making OCT measurements of a sheeps eye, a
perspex target and finger.

As mentioned earlier, multiple passes onto the grating comes at the expense of de-
creased optical power. This decrease can be compensated for, by employing an semicon-
ductor optical amplifier after the laser output. Measurements of the coherence length with
an SOA (Aeon Corp.), however, showed a slight decrease in coherence length and low am-
plification due to low saturation power. The coherence length decreased by almost 3 mm
at 4 kHz sweep rate. The decrease was minor compared to the coherence length measured
prior to using the SOA at 4 kHz. Replacing the SOA with a different one with higher gain
and broader 3 dB bandwidth might solve this issue. Higher gain SOAs would allow lower
driving currents and broader bandwidth would potentially lead to a more stable linewidth
broadening factor.

The advantage of using spinning mirrors, is their flexibility and low cost, consider-
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ing that a laboratory laser based on spinning mirrors can be adjusted quickly. Buying a
source would restrict the user to only one wavelength. Employing and developing spin-
ning mirror based laser systems allow the user to easily synchronize the A-scan rate and
acquisition of multiple wavelengths. The freedom to use multiple facets of the spinning
mirror grants the ability to use multiple gain chips simultaneously.

Moreover, careful adjustment of the sweeping duty cycle to 50 % or 25 % would fur-
ther allow us to double and quadruple the facet limited A-line rate by employing a two-
fold or four-fold interleaving scheme [24].

In conclusion we have demonstrated a simple design for a stable long coherence length
swept source that uses only standard optical components and that can be easily adapted
to a variety of centre wavelengths. Key to the narrow linewidth operation of this source is
the multi-pass intra-cavity narrowband filter.
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CHAPTER 5

Identification tool - Dispersion

OPTICAL coherence tomography (OCT) has proved to be a powerful tool for the
detection of microstructure in tissue. Label free tissue differentiation on a
micron scale is a promising and powerful technique for segmentation. This

chapter describes a technique using a dual wavelength OCT system to image the eye. We
measure the walk-off between interfaces in A-scans taken at two different wavelengths, to
calculate the group velocity dispersion parameter of each segment of the eye. We present
measurements of the dispersion of the cornea and the aqueous humour in rat eyes.

5.1 Background and Motivation

OCT can provide not only structural but also functional information of the sample under
investigation. Image contrast in OCT is achieved through scattering, absorption and re-
fractive index changes in the microstructure of the sample. The dependence of the refrac-
tive index on polarisation and wavelength leads to birefringence and chromatic dispersion.
Birefringence can be used as a contrast agent in polarisation sensitive OCT [93, 124].

Dispersion and absorption are the most dominant optical effects in imaging techniques
like OCT and are often considered as detrimental to the image quality [141]. Since OCT
is not only used in transparent media but also in turbid media, scattering is also an im-
portant factor to consider. Since the backreflected light is highly attenuated by scattering,
the detection sensitivity of the systems determines the imaging range. Dispersion leads
to broadening of the coherence envelope, blurring the image, while absorption impacts
on the achievable signal to noise ratio. However dispersion effects as well as absorption
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have been used to identify materials using their unique optical properties and material
specific absorption coefficients in transparent and semi-transparent tissue [66, 67]. First
reports by Chamberlain et al. [142] described how to determine the refractive index of
bulk samples by measuring the shift of the achromatic fringe using the Fourier transform.
This technique was later used for the characterisation of dispersive properties and group
delay in optical components [143, 144]. The same technique was subsequently applied
to measure and calculate the concentration of sugar and water in an aqueous solution of
pure solvent and mixture [145]. The coherence envelope broadening effect of the group
velocity dispersion was utilized to identify water and lipid [146]. These measurements
however were limited because several millimetres of material were required to perform
the measurement. This limitation is not suitable for OCT as the typical imaging range is
between 1-2 mm. Our group has used the differential walk-off in A-scans taken at two
different wavelengths regions for the measurement of the group velocity dispersion for
structures as small as a few tens of microns [147]. This technique reduces by 2 orders of
magnitude the sample thickness needed to get meaningful results. This chapter reports on
how we apply this technique to biological samples and measure the dispersion properties
of different segments in the eye. One of the challenges to measure the differential walk-
off between interfaces in images of biological tissue is the boundary detection of the area
under investigation. Boundary detection using the gradient or edge detection algorithms
may be appropriate if the boundaries are sharp and well defined [148]. Other methods
include shape fitting to the boundary of the object [149, 150]. In this study, we developed
a simple surface detection method using a calculated threshold value followed by an ap-
propriate fit of the boundary to report, tissue differentiating using dispersion in biological
tissue at the micron scale using OCT images.

5.2 Theory

Dispersion describes the phenomenon in which the phase velocity vph of the wavelength
in an optical pulse travelling through a medium depend on their angular frequency ω,
vph = ω/β(ω), in which β(ω) is a propagation constant. Having a pulse of light with
multiple wavelengths, the velocity of the envelope of the pulse is determined by the group
refractive index ng, since the individual frequencies have their distinct refractive index.
Let us recall Eq. (2.12):
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ng = n(ω) + ω
dn

dω
. (5.1)

Following that the envelope of the optical pulse moves at the group velocity vg.

β1 =
δβ

δω
=

1

c

(
n+ ω

dn

dω

)
=
ng
c

=
1

vg
, (5.2)

meaning that in a time of flight measurement like OCT, pulses at different centre fre-
quencies travel at different velocities through the medium due to different refractive in-
dexes. Figure 5.1 shows a schematic diagram of two pulses centred at λ0=1050 nm and
λ0=1310 nm. When these two pulses enter the dispersive material at t=0s they experience
different group refractive indexes and one pulse slows down compared to the other.

λ0=1050nm pulse

λ0=1310nm pulse

Dispersive material

Time axis

t=0s t>0s

Figure 5.1: Sketch of a time of flight measurement of two pulses centred at different fre-
quencies travelling through a normal dispersive material, such as BK7.

Dispersion can be categorized into two regimes: normal and anomalous. In nor-
mal dispersion (as in the example), the longer wavelength (1310 nm) pulse travels faster
than the shorter wavelengths (1050 nm) pulse, due to a lower group refractive index and
reaches the end of the material first. In the anomalous dispersion regime the effect is
reversed.

Pulse broadening - and therefore resolution degradation - occurs due to the varying
refractive index in a broad bandwidth pulse. The group velocity dispersion parameter β2

is responsible for the broadening, and can be expressed as:
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∂2β

∂ω2
=

1

c

dng
dω

=
1

c

(
dn

dω
+ ω

d2n

dω2

)
. (5.3)

Figure 5.2 shows a schematic diagram of the pulse broadening effect due to dispersion.

λ0=800±50nm pulse

Dispersive material

Time axis

t=0s t>0s

broadened pulse

Figure 5.2: Sketch of the pulse broadening effect of a dispersive material on a pulse with a
broad bandwidth.

For very large bandwidths, third and higher order dispersion affect the broadening of
the coherence envelope further. The group velocity dispersion parameter β2 is material
specific and can be measured and calculated experimentally by using two pulses centred
around different optical frequencies. The time of flight difference in the two pulses can
be measured and the walk-off between them provides information about the material.

First two pulses are launched into the system. These two pulses have different group
velocities, vg(ω1) = 1/β1(ω1) and vg(ω2) = 1/β1(ω2). The time difference ∆t can be
measured knowing the thickness L and using the following

∆t = (β1(ω1)− β1(ω2)) ∗ L. (5.4)

The walk-off ∆z between the two pulses after travelling through the system can be calcu-
lated from ∆t, the group refractive index ng and the speed of light c as:

∆z =
∆tc

ng
=
cL

ng
δβ1. (5.5)
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Now taking the derivative in respect to angular frequency ω we arrive at:

∆z

∆ω
=
cL

ng

δβ1

δω
=
cL

ng
β2, (5.6)

rearranging for the group velocity dispersion parameter β2, it can be calculated knowing
the thickness L, the group refractive index ng (taken at the midpoint between the two
frequencies as a constant) and the walk-off ∆z between the two pulses, which is exper-
imentally measured. The thickness L can be estimated by using L = z/ng, in which z
is the optical thickness of the sample. The Group refractive index ng was taken at the
midpoint between the two frequencies and was chosen to be 1.4. This value was chosen
because it is the mean refractive index between water and lipid in the wavelength range
and has a low error for both materials found in tissue. If the two centre wavelengths are
far away this refractive index will change and cause a linear increase in the dispersion
value.

β2 =
ng
zc

∆z

∆ω
=

1

Lc

∆z

∆ω
. (5.7)

The same analysis can be used in OCT, even though we don’t speak about a light
pulse. The envelope detection of the zero path delay fringes for different depth in the
sample however represents the analogue to that pulse of light and experience an identical
dispersion.

5.3 Method

For our experiment the swept laser sources used, are based on a Littman-Metcalf design
cavity [26], as described in chapter four. The two cavities are built on opposite sides of the
same polygon mirror and use free-space diffraction gratings as spectral filters. Using a sin-
gle polygon mirror ensures synchronized sweep rates for the two sources. The gain media
are two single-angled-facet (SAF) semiconductor gain chips with centre wavelengths at
λa=1070 nm and λb=1330 nm offering a maximum wavelength separation of ∆λ=260 nm.
The 3 dB bandwidths are ∆λa=75 nm and ∆λb=80 nm, respectively. An electronic trigger
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signal was generated using the zeroth order of the grating from the 1070 nm source. The
dual swept source OCT interferometer makes use of fibre components for the 1330 nm
setup and free space optics for the 1070 nm system. The systems are combined using
dichroic mirrors in the sample and reference arms as shown in Fig. 5.3.

Figure 5.3: Schematic diagram of the dual wavelength OCT setup for dispersion measure-
ments. The setup consists of a free space 1.07µm system with the input for the laser located
at the location marked with a Y and a fibre based Mach-Zehnder system designed to operate
at 1.3µm and input located at position X. The systems consist of lenses (L), mirrors (M),
dichroic mirrors (DM) for merging of the beam paths, fibre optic couplers (FC), free space
and fibre optic beamsplitters (BS), fibre optic circulators (F-Cir), polarisation controllers
(PC) and balanced photodetectors (BPD).

To accurately measure the walk-off between the two sources and therefore calculate
the dispersion coefficient, the two beams have to be completely superimposed on each
other to eliminate any change in the path length due to a difference in incidence angle
on the surfaces. Figure 5.4 shows a photo of the spot taken at 30 cm and 5 m away from
the dichroic mirror (DM). On the detector card there was no obvious deviation in the two
beams but if there is a deviation angle between them it is negligible. Assuming a deviation
of 1 mm of one of the beams at 5 m distance would give an angle at the dichroic mirror of
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0.2 mrad.

FC 1070nm

FC 1310nm

DM

Beams 30cm away from DM

Beams 5m away from DM

Figure 5.4: Schematic diagram where the beams superimpose at the dichroic mirror (DM)
and images of the overlap of the two beams in the near and far field.

The OCT signals are detected using a 75 MHz balanced photodetector. The detected
signal is digitised by a 125 MHz 14 bit digitiser. To equally sample the interference fringes
in k-space, a linearisation vector is calculated prior to imaging. The phase stability of the
source is such that the linearisation vector can be used for several hours. A scaling factor is
used to remove any temporal offsets between the two sources, due to the slightly different
external cavity configurations.

To calculate the walk-off, the following procedure was used. First, the spectral data of
the two images is saved prior to FFT processing. The data is zero padded on both sides to
a length of 219 corresponding to 524288 zeroes. This ensures high digital resolution for
walk-off detection and efficient FFT processing. For dispersion calculation, the region of
interest (ROI) in the image is cropped out and a Gaussian filter is applied to the resulting
image. The interfaces of the sample are afterwards detected using an in house written
surface detection code. One problem to accurately detect the surface of the ROI can come
from speckle. However, this can be minimized if the speckle length is smaller than the
region of interested and the surface which is fitted with the surface detection algorithm.

The starting point for the surface detection is a user-defined ROI around the pixel with
maximum intensity in the first A-scan. Then, the code detects in successive A-scans the
first pixel above a calculated threshold in a defined window size centred on the pixel lo-
cated in the previous A-scan. The window size can be changed along the A-scan direction
and not lateral direction. The threshold is calculated for each A-scan as half the maximum
intensity found in that same window. The threshold may be changed if the surface is well
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defined with high contrast as for flat surfaces on a glass slide. After the surface detec-
tion, a suitable polynomial is fitted through the detected edges. Typically a second order
polynomial is fitted to round shaped objects like the cornea and linear to flat surfaces.
Investigations of higher order polynomials for the fitting and their influence on the dis-
persion value, have been performed as shown later in this chapter. The thickness is then
calculated for each segment at both wavelengths and their difference is taken. Finally, the
dispersion value is calculated using the difference in thickness in respect to the refractive
index of air and Eq. (5.7). Dispersion compensation can be applied before FFT processing
to obtain the theoretical axial resolution but is not crucial for these measurements since
it would only affect the detection of smaller objects and not the dispersion value itself.
Furthermore the dispersion imbalance would affect both systems equally since the only
difference is the part where the two signals interfere.

The following flow chart visualizes the steps of the algorithm.
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Load raw data files

Zero pad to a
length of 219

Compute fast
fourier transform

Clean up image +
Gaussian filtering

Set window size and
start point for ROI

Surface de-
tected and fitted?

NoYes

Thickness (L)
calculation

Walk-off (∆z)
calculation

β2 calculation

Figure 5.5: Flow chart of the computational steps to get the dispersion value for the seg-
mented areas in the image.

5.4 Influence of refraction

Whenever a beam is incident on a surface it can partly be transmitted and reflected. The
transmitted beam is also refracted: which explains the bending of light when it goes from
one medium into another one. If the light goes from a low index medium (n1) to a high
index medium (n2), n1 < n2, the light bends towards the normal. In the case n1 > n2
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the light bends away from the normal. The normal is a line which is perpendicular to the
incident surface, the incident angle of the beam is calculated between the beam and the
normal.

nair sin(αair) = nglass sin(αglass) (5.8)

According to Eq. (5.8), the change in refractive index leads to an alteration in the
angle of refraction. In our case, having two broadband light sources, the difference in
refractive index can cause the angle of refraction to change significantly between the two
regions. The difference in angle induces an additional walk-off to the thickness measure-
ment referred to as refracted walk-off. Investigating how much this refractive walk-off
would affect the measured dispersive walk-off, we can assume a flat surface as a sample
for simplicity as shown in Fig. 5.6.

Beam normal

incident

normal

Beam incident

at angle

L

α

α

Figure 5.6: This schematic shows how incoming beams get affected through refraction.
The beam at normal incident does not get affected at all in comparison the beam at an angle
changes its path inside the water of length L.

The path of the light in the second medium, here assumed to be water of length L, de-
pends on the refractive index (nair and nwater), the incident angle αair and can be calculated
using Eq.(5.8).

For the investigation, how much refraction alters the result, the refractive indices for
water at 1070 nm and 1310 nm are used. The reference values were taken from [151] as
n1070nm(water)=1.3259 and n1310nm(water)=1.3223. Fig. 5.7 a)shows the refracted angles
versus the incident angles for 1070 nm and 1310 nm, plot b) shows the angle difference
for the two wavelengths. For this simulation, incident angles between zero and 60◦ were
assumed.
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Figure 5.7: Plot a) shows the refracted angles for the two wavelengths and b) the difference
in the refracted angles, at incident angles between zero and 60◦.

From Fig. 5.7, it can be seen that the refracted angles are not significantly different,
even at larger incident angles. The maximum deviation between the two centre wave-
lengths is 0.13◦, for an incident angle of 60◦.

First calculations of the dispersive walk-off in water were performed to investigate
how large the walk-off magnitude is compared to the original material thickness. Fig-
ure 5.8 shows the theoretical dispersive walk-off for water calculated for a dispersion
value of -34 fs2/mm, which is the mean value of the two references given for the disper-
sion of water [151, 152].
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Figure 5.8: The plot shows the theoretical dispersive walk-off values for water with β2=-
34 fs2/mm. The value was chosen as the mean between the two references given.
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Using the walk-off magnitudes and the respective thickness, the walk-off can be ex-
pressed in terms of percent. The dispersive walk-off is linear, as shown in Fig. 5.8, the
average percentage was 0.31 % for the theoretical dispersive walk-off magnitude and a β2

value of -34 fs2/mm. The refracted walk-off, between the two wavelengths regions, were
calculated using the refracted angles calculated with Eq. (5.8) and the incident angles.
These values were used in Eq. (5.9) to calculate the refractive walk-off magnitude ∆l for
a given length L and refracted angles αλ.

∆l

L
=

1

cos(α1310)
− 1

cos(α1070)
. (5.9)

In order to prevent large errors in our dispersion calculations, a limit was set for the
refractive walk-off to be lower than 10 % of the dispersive walk-off. To calculate at which
angle this occurs, the ratio between refractive walk-off and dispersive walk-off was cal-
culated and plotted in Fig. 5.9. The plot indicates that above 24◦ the refracted walk-off
reaches a magnitude of 10 % of the dispersive walk-off. Above that the values increase
more rapidly and would result in a bigger error and falsely calculated dispersion.
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Figure 5.9: The plot shows the ratio of refracted walk-off and dispersive walk-off. The
red lines indicate at which point the refracted walk-off has a magnitude of 10 % of the
dispersive walk-off. This occurs at 24◦ incident angle on the surface.

In this work we restricted the angles of incident of our measurements to less than 20◦

to prevent this error. We note however that the refractive walk-off is a deterministic effect
and could be compensated in post precessing if necessary. This is important since OCT
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measurements are often performed in ophthalmological applications, in which the sample
under investigation has a curved surface. Using samples with curved surfaces however,
will impact the dispersion calculation when the walk-off is calculated. The thickness of
the layer under investigation will be different due to refraction and the longer path through
the material. The largest error however, will occur on the second surface assuming the
angle of incident is the same at the first interface for both wavelengths. To approximate
the error in curved surfaces Snells law can be used again, changing the incident angle on
the second surface.

5.5 Measurements and Results

5.5.1 A-scan calibration measurements

Calibration measurements were carried out by measuring the walk-off for water, lipid
and glass in A-scans and later B-scans before moving on to ocular media in rat eyes.
Borosilicate crown glass (BK7) was chosen because its dispersion value is well known
and can be easily approximated by the Sellmeier equation [151].

The first calibration measurements were accomplished by inserting the calibration
samples into the sample beam path and determining the walk-off between the two A-
scans of the respective sources. The smallest available thickness for glass was 300µm
and 220µm for oil and water. Two glass slides could be UV glued together and filled
with water or oil at different thicknesses between 220µm and 1 mm. Fig. 5.10 shows
the results for the different thicknesses and materials. It can clearly be seen that water
presents a walk-off in the opposite direction to oil and glass, corresponding to an opposite
sign for β2. It can be seen, that without doing any calculations, it is immediately obvious
that the materials between the two glass slides have different dispersion properties. For
the A-scan measurements, the calibration samples were measured 20 times in total for
each thickness on two different days.

Figure 5.11 shows the average dispersion value for each thickness and material with
error bars. The measured β2 values for glass, oil and water are β2=10.7±1.1 fs2/mm,
β2=28.4±1.8 fs2/mm and β2=-26.0±2.8 fs2/mm at 1.2µm respectively. The calculated
dispersion value for glass is in good agreement with the reference value given by Schott
of 11.049 fs2/mm at 1.2µm [151]. Looking at the reference value of water however the
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Figure 5.10: Walk-off measurements for different materials and their thicknesses: water
(red), glass(blue) and oil (purple).

result is slightly lower than the reference value of -38±1 fs2/mm [152] at 1.2µm. An-
other reference however states the dispersion value of water for 1.2µm at -29.959 fs2/mm
which agrees more with our value [151, 153]. The reference value for oil is found to be
26.13 fs2/mm at 1.25µm [147] which is in good agreement with our measurement. The
smallest thickness to measure a reliable walk-off and to calculate a dispersion value from
can be estimated as being 200µm from Fig. 5.11.
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Figure 5.11: Calculated average group velocity dispersion β2 as a function of thickness for
different materials: water (red), glass(blue) and oil (purple).

A second set of calibration measurements were performed in which the sample beam
was scanned over a calibration sample, sitting on top of a mirror. The sample consisted
of two glass slides UV glued together forming a segment between them with a thickness
of 600µm. Figure 5.12 shows a schematic diagram of the experiment. While scanning
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the mirror in the sample arm, the beam travels through water or oil before being back-
reflected at the mirror. After back-reflection, the sample arm beam is interfered with
the reference beam. Through the addition of the calibration sample, the sample beam
experiences normal and anomalous dispersion due to oil and water, respectively.

Mirror

Galvo Scanner

Beam

Water Oil

Thickness of slide is 600um

Figure 5.12: Experimental setup for dispersion measurements in oil and water for calibra-
tion purposes. The beam is scanned, with the help of a galvanometric mirror, to image the
water and oil part of the slide.

Prior to imaging the calibration sample, a B-scan of the mirror was taken without the
slide inserted into the beam path to know where the original mirror position was. A dis-
persion value was calculated between the original mirror position and the position after
travelling through the material. Due to the different refractive indexes and the way the
sample slide was glued together the oil part of the slide is slightly thicker. The mea-
surements, however, clearly indicate that there are two different dispersion regions in the
beam path. The sample consists of two glass slides glued together to form a gap between
them which is than filled with water and oil. Figure 5.13 shows the image after processing
and filtering with a Gaussian filter.

The blue region in the middle is the boundary region of the oil water interface. Here
a dispersion value could not be calculated since the A-scan was unstable due to the inter-
face of oil and water. It is rather wide which results from a slow scanning speed of the
galvo scanner for imaging. The average dispersion values for water and oil, after several
measurements, were β2=28.4±8.6 fs2/mm and β2=-23.4±5.7 fs2/mm, respectively.

5.5.2 B-scan calibration measurements

In order to develop a correct segmentation procedure and to investigate the stability and
accuracy of the dispersion value, B-scan images were taken for a 1 mm glass slide (BK7).
Afterwards, two more samples were measured and the dispersion value calculated. The
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Figure 5.13: B-scan image of the oil water filled glass wedge after gaussian filtering and
dispersion calculation. Water has an average dispersion value of β2=-23.4±5.7 fs2/mm and
oil β2=28.4±8.6 fs2/mm. The dark blue part in the middle is the boundary between oil and
water. Here a dispersion value could not be calculated due to an unstable A-scan peak. The
width of the region comes from a very slow scanning speed of the galvo.

first sample consisted of three glass slides, with a thickness of 150µm, glued together to
provide two segments. The segments had each a width of 300µm and were filled with
olive oil and tap water to constitute what we called the filled glass wedge in Fig 5.13. The
second sample consisted of only one segment at 300µm thickness, filled with tap water.

At first the 1 mm glass slide was measured several times and the dispersion was cal-
culated for each A-scan in the image along lateral direction. Even though the glass slide
was straight, the image as shown in Fig. 5.14 has a slight tilt, comparing the starting and
end points. The tilt was induced on purpose in order to prevent saturating the detector.

After imaging, the surface was detected and fitted, using a second order polynomial fit,
allowing the dispersion value to be calculated. The window size for the surface detection
was minimized to 10 pixel, around the ROI, since the image shows distinct boundaries.
Additionally, the threshold value was increased to 0.99 Imax found in that window.

Figure 5.15 shows an example of the thickness and dispersion values for each A-scan.

The individual A-scan values, show a low spread along lateral direction around the
mean, and agree well with the reference value given from [151]. Furthermore the av-
erage value agrees within error, with the value obtained using A-scan measurements
only. After several measurements the results were averaged and β2 was calculated to
be β̄2(BK7)=9.9±0.7 fs2/mm.
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Figure 5.14: Image of the 1 mm thick BK7 glass slide taken with the 1070 nm OCT and
the 1310 nm OCT source. The images look flat with good contrast.

The parabolic shape of the dispersion is the result of the second order polynomial
fit through the detected edges and not refraction. Refraction in the case of having a flat
surface would have only a minor influence on the dispersion value, since the incidence
angle on the glass surface is small. The focal lengths is 50 mm and the B-scan length is
2.8 mm, giving a maximum incident angle of 3.2◦. Looking at Fig. 5.9, the induced error
in walk-off magnitude is negligible at this angle.

After measuring the glass slides to investigate the stability of each A-scan and to see
how the dispersion value changes while imaging, further experiments were conducted.

These experiments consisted of measuring a water-and-oil-filled glass sample. Water
and oil were used to mimic the content of tissue, since it consists mainly of water and
fat, which is represented by oil in these experiments. Figure 5.16 shows a schematic
diagram of the experimental samples. These experiments were performed in order to see
if the procedure can detect different dispersive regions, and provide a label free method
of differentiating between water and oil.

The first experiments measured a single slide with water in between. Several B-scans
were performed to calculate an average dispersion value. After imaging, the boundaries
air/glass, glass/water and water/glass were detected, using the in house written surface
detection. The dispersion value was then calculated for both segments, water and glass.
As mentioned earlier, water and glass have not only different dispersion values but also
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Figure 5.15: Thickness measurements and dispersion value calculation for a 1 mm thick
BK7 glass slide for each A-scan along lateral direction. A second order polynomial fit was
used for the surface detection. The B-scan length was 2.8 mm. The thickness for both
wavelengths was corrected with the refractive index at 1.2µm which is the midpoint for
dispersion calculation. The difference in thickness is represented as air equivalent distance.
The average value is β2(BK7)=9.5±0.5 fs2/mm.

different signs, water exhibiting anomalous and glass normal dispersion at 1.2µm. The
surface was fitted with a second order polynomial after detection of the boundaries. The
window size, around the ROI, was chosen to be 10 pixel and the threshold was set to 99 %
of the maximum intensity found in that ROI, due to the sharp and well defined boundaries.
Fig. 5.17 shows an example of the measurements.

Assuming that water and glass are two homogeneously distributed materials, the dis-
persion value should be stable around one value. Despite the error in our measurements,
the average value is close to the reference value and the mean value obtained previously
from A-scan measurements only. This error originates from a slight jitter in the A-scan
to A-scan measurements, due to the analogue signal for trigger generation. The A-scan
acquisition is triggered whenever the trigger signal rises above a set threshold. If the laser
power is not stable the trigger signal is not stable for every rotation of the spinning mirror.
This results that the A-scan peak moves a couple of pixel during acquisition, which leads
to a shift in the maximum intensity of the surface. While detecting the surface of the
ROI, the highest intensity of the surface will shift even for straight samples. That shift
would result in a falsely detected edge of the surface. Using a second order polynomial
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Water Water Oil

Figure 5.16: Schematic diagram of the two samples used for measurements of the disper-
sion value of water and oil in a B-scan. The glass slides are BK7 and tap water and olive
oil was used.

to fit the detected data points minimizes these outliers. However, since we are measur-
ing differences in thickness of a couple of µm this fluctuations has a bigger impact on
the calculated dispersion value. The jitter in the A-scan signal increases with increasing
depths due to a shift in the triggered A-scan signal because of the set threshold value and
the power fluctuations in the laser while operation. The jitter as mentioned earlier comes
from the way the acquisition is triggered, furthermore the rotation and mechanical vibra-
tions of the laser cavity causes an instability in lasing operation and power fluctuations.
This will have further impact on the acquisition and results in an increased jitter in an A-
scan measurement. These error sources for the thickness measurements were minimized
with a second order polynomial, however since we are measuring walk-off values in the
order of a couple if micron, the second order fit migth introduce a shift in the surface at
the edges of the image. This shift can occur when the surface is not well defined or the
detector gets saturated. This will cause the surface detection to be less accurate and forces
the surface to move with the fitting procedure.

The uncertainty in the measurement and calculation of the dispersion value in the
glass slide is higher, in regards to the relative error compared to the uncertainty value of
water. This increased uncertainty originates in the thickness of the glass slide. Since the
thickness is below 200µm, the walk-off magnitude is less than 500 nm. These very small
walk-off magnitudes do not give a reliable dispersion value, as they are not accurately
detected. Looking at the average value of 14.5±3.2 fs2/mm, however, and comparing it to
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Figure 5.17: Thickness measurements and dispersion value calculation for a 150µm thick
BK7 glass slide and 300µm water segment for each A-scan along lateral direction. The
B-scan length was 3 mm. The average value for BK7 is β̄2(BK7)=14.5±3.2 fs2/mm and
for water is β̄2(water)=-26.1±3.9 fs2/mm.

the reference value given, shows that they are within the associated error. Furthermore us-
ing the imaging system and the boundary detection, two regions with different dispersion
values, negative and positive, could be identified.

After several measurements on the same glass slide, the average β2 value was calcu-
lated to be β̄2(water)=-26.3±4.9 fs2/mm and β̄2(BK7)=15.5±3.4 fs2/mm.

The next experiment was to measure the oil/water slide to see if the system can detect
multiple regions of dispersion at the same time. After imaging the boundaries air/glass,
glass/water, water/glass, glass/oil, oil/glass and glass/air were detected, the dispersion
values for oil and water were calculated. Fig. 5.18 shows an example of the measurements.

The measurements show that the system and the dispersion calculation method detects
two different dispersive regions as before using water and glass. However the uncertainty
in the dispersion value of oil is higher than for water and glass. To test if the imaging
direction (going from water to oil or oil to water) affects the dispersion value, the wa-
ter/oil slide was turned around and imaged again. The dispersion value was not affected
significantly as shown in Fig. 5.19.

Several measurements were taken and averaged. The average β2 value was calculated
to be β̄2(water)=-29.2±5.8 fs2/mm and β̄2(oil)=23.2±9.8 fs2/mm. Comparing the average
dispersion value for water obtained here with the values calculated before, they agree well.
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Figure 5.18: Thickness measurements and dispersion value calculation for 300µm wa-
ter and 300µm oil thickness for each A-scan along lateral direction. The B-scan length
was 3 mm. The average value for water is β̄2(water)=-27.7±4.9 fs2/mm and for oil is
β̄2(oil)=24.7±6.6 fs2/mm. The thickness difference of almost a factor of two can be ex-
plained by the loss in signal due to water absorption. This results that the surface detection
and the lower threshold moves the surface slightly. Since we are measuring walk-off values
of a couple of micron the dispersion value will increase. The influence of the dispersion
value due to the walk-off is linearly.

The average dispersion value for oil agrees with the A-scan calibration measurements, de-
spite the higher uncertainty. The increased uncertainty in the dispersion value of oil, can
be explained by the decrease in signal to noise ratio in the lower segment of the image as
can be seen in Fig. 5.20 and not to an increase in A-scan instability. The decreased SNR
leads to a worse surface detection than for water. A decrease in SNR leads to an inaccurate
surface detection due to the fact that signals below the set threshold might not be detected
by the algorithm. Using a surface which is not well detected causes the fitting to be less
accurate resulting in a wrong calculation of the thickness for one or both wavelengths re-
gions. The drop in the backscattered signal originates in the difference in refractive index
of the two boundary materials, glass/oil or glass/water. The refractive index difference for
glass/oil is smaller than for glass/water, leading to a reduced backscattering intensity, due
to a better refractive index matching. Fig. 5.20 also shows the distribution of the β2 values
along lateral directions over several B-scans for (c) water and (d) oil. The distributions
of both segments are similar to a Gaussian distribution, however the dispersion values for
water are clustered more in the centre of the distribution as compared to the dispersion

85



5.5. MEASUREMENTS AND RESULTS

0 50 100 150

0.298

0.3

0.302

T
h

ic
k
n

e
s
s
 [

m
m

]

Oil thickness for a 1.8mm long B−Scan

 

 

1070nm
1310nm

0 50 100 150
0.295

0.3

0.305

0.31

Water thickness for a 1.8mm long B−Scan

 

 

1070nm
1310nm

0 50 100 150
0

10

20

30

40

β
2
 values for olive oil

A−Scan #

β
2
 [

fs
2
/m

m
]

0 50 100 150
−50

−40

−30

−20

−10

β
2
 values for tap water

A−Scan #

Figure 5.19: Thickness measurements and dispersion value calculation for 300µm water
and 300µm oil thickness for each A-scan along lateral direction. The B-scan length was
1.8 mm. The average value for oil is β̄2(oil)=27.0±8.1 fs2/mm and for oil is β̄2(water)=-
31.6±7.1 fs2/mm.

values of oil. This distribution is wider and more evenly distributed with a couple of
outliers closer to the centre. This indicates that calculating the dispersion value for oil is
affected more by a lower SNR than water, resulting in a worse surface detection.

After the calibration measurements using A-scans and B-scans on glass, water and oil
further experiments were performed to understand the robustness, reliability and stability
of our results. These experiments included, investigations of the fitting procedure of the
surface, such as using higher order polynomials as well as changing B-scan lengths and
window size for surface detection.

At first the influence of the fitting procedure for flat surfaces was investigated. For that
purpose the boundary of the surface of a glass slide was fitted with a second order poly-
nomial and with a linear fit. Figure 5.21 shows the results for a second order polynomial
fit and Fig. 5.22 shows the same data set fitted with a linear fit.
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Figure 5.20: Image of the oil/water slide of a) the 1070 nm source and b) the 1310 nm
source. The bottom row shows the β2 value distribution. It can be clearly seen that for
c) water they are clustered around -30 fs2/mm with a low standard deviation, for d) oil
however the standard deviation is bigger resulting from inaccurate surface detection, due to
lower SNR.
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Figure 5.21: Thickness measurements and dispersion value calculation for a 1 mm thick
BK7 glass slide for each A-scan along lateral direction. A second order polynomial fit
was used for the surface detection. The B-scan length is 1.4 mm. The average value is
β2(BK7)=9.6±0.5 fs2/mm.
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Figure 5.22: Thickness measurements and dispersion value calculation for a 1 mm thick
BK7 glass slide for each A-scan along lateral direction. A first order polynomial fit was
used for the surface detection. The B-scan length is 1.4 mm. The average value is
β2(BK7)=10.6±1.3 fs2/mm.

As can be clearly seen from Figs. 5.21 and 5.22, the spread of the dispersion value with
the linear fit is broader than the one with the second order polynomial. The broader spread
can be explained, as before, by the fact that the maximum intensity of the surface shifts
a little due to a slight jitter, forcing the surface detection to be slightly off. Furthermore
the angular scan of the Galvo scanner would result in a slight shift further away from the
pivot point of the scanner. This shift would result in a small slope of the detected and fitted
boundary, giving a different fit between the two polynomials. The spread of the β2 values
between 8.5 and 12.7 fs2/mm for the linear fit, and 8.4 to 10.0 fs2/mm for the second
order polynomial are slightly different. Comparing the average value of 10.6±1.3 fs2/mm
and 9.6±0.5 fs2/mm, for the linear and second order fit, however, shows that they are
quite similar, within error. They also agree well with the mean value of the calibration
measurements in multiple A-scans of β2=10.7±1.1 fs2/mm.

The second calibration experiment was to investigate how a curved surface changes
the dispersion value and the surface detection. For that purpose a droplet consisting of
low concentration of Intralipid, less than 2 %, and water was suspended on a 150µm glass
slide and the dispersion was calculated for the droplet. Intralipid was used to increase
scattering and improve the surface detection due to well defined boundaries. Du to the
low concentration of Intralipid in the mixture, the dispersion value should be that for
water. The droplet was at its apex approximately 1 mm high and the length was about
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2.5 mm. Fig. 5.23 shows an example image of the drop, with the 1070 nm source.

Example image of the water/intralipid drop on glass
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Figure 5.23: Image of the water/Intralipid drop on a 150µm glass slide with depth and
length dimensions to visualize the size with an aspect ration of 1:1.

The droplet was plotted with an aspect ratio of 1:1 as can be seen in Fig. 5.23 and with
the help of an imaging analysis software, the incident angles on the surface were calcu-
lated. The incident angles ranging from 0◦ at normal incident at length index 1.2 mm and
60◦ at 0 mm and 2.5 mm length. The window size was 150 pixel wide and the threshold
for the surface detection was lower than for the glass slide in previous experiments. The
threshold was set to 50 % (FWHM) of the maximum value compared to 99 % as before.
Fig. 5.24 shows three measurements on different data sets and the calculated dispersion
value for each A-scan.

As can be clearly seen from Fig. 5.24, the dispersion values do not have a significantly
large spread compared to the previous performed experiments on the water filled glass
slide. The increase in accuracy is attributed to the higher signal, due to increased scatter-
ing through the use of Intralipid. Furthermore the average dispersion value of each of the
measurements was calculated to be β̄2(1)=-34.0±1.5 fs2/mm, β̄2(2)=-30.7±2.0 fs2/mm
and β̄2(3)=-40.8±5.5 fs2/mm. These values and the error associated with it are com-
parable with the dispersion values calculated before for a flat surface. It is also visible
that, even though multiple measurements were performed, the dispersion value can be re-
covered, with a small deviation in individual A-scans in each measurement. The change
in the dispersion values originates from a slight jitter in the A-scan signal from scan to
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Figure 5.24: Image of the water/Intralipid drop on a 150µm glass slide with the calculated
dispersion values along lateral scanning direction. The B-scan length is 1 mm. The three
images correspond to three different dispersion measurements on the same Intralipid drop.
The y-axis labels correspond to each of the sub-plots in that row.

scan. This instability leads to a slight shift in the intensity values of the surface and there-
fore for a slightly different surface detection. The change in the surface detection can be
seen in the thickness calculation for the three measurements, which are slightly different.
The incident angles for a measurement lengths of 1 mm and the ROI around the apex, are
between 0◦ and 18◦. The associated error in the dispersion value calculation due to the
refracted walk-off is smaller than 10 % from Fig.5.9.

The second experiment on the drop was to investigate how much the dispersion value
changes if the length of the ROI in the B-scan was altered but the window size and thresh-
old was kept the same. Changing the length of the ROI in the water/Intralipid image
for surface detection and dispersion calculation, indicates how much a curved surface
and therefore the change in incident angle influences the results of the dispersion value.
Figure 5.25 shows the analysis on data set 1 of the above measurements.

The investigation on the influence of the ROI length, consisted of detecting the sur-
face in a B-scan of length 1 mm, 1.3 mm and 1.6 mm as shown in Figs. 5.25 a), b) and c)
respectively. Changing the lengths of the ROI changes the incident angles as well. The
incident angles for ROI length 1 mm were between 0◦ and 7◦, for 1.3 mm the incident
angles increased to a maximum of 18◦ and for 1.6 mm ROI length they increased even
further to a maximum of 36◦. The dispersion values for the respective lengths were cal-
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culated for each A-scan in lateral direction afterwards as shown in Figs. 5.25 d), e) and
f). Increasing the incident angle from a maximum of 7◦ to 18◦ induces a 5 % increase in
the walk-off magnitude due to refraction according to Fig. 5.9 and a 25 % increase for an
incident angle of 36◦. Note, the figures are not plotted with the same aspect ratio.
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Figure 5.25: Image of the water/Intralipid drop on a 150µm glass slide with the calculated
dispersion values along lateral scanning direction at different B-scan lengths. The y-labels
correspond to each of the sub-plots in that row. The black line in the images marks the
detected surface and the red line is the fit. In the right picture the shape of the droplet looks
different than the actual sample because of how the image was plotted.

In Fig. 5.25 a) a nice symmetrical shape of the dispersion value around the centre
A-scan #40 can be seen with a low spread of the values. Increasing the ROI length in
one direction, of about 300µm around the central A-scan, showed the same trend for
the dispersion values in the beginning, but decreased at the end. If the length of the
ROI gets changed on both sides of the image however, the dispersion value starts to
change more dramatically at the beginning as well as in the end. Despite the change
in the dispersion value along lateral direction, the calculated average dispersion value
changed from β̄2(1 mm)=-34.0±1.5 fs2/mm for the shortest ROI lengths to β̄2(1.3 mm)=-
30.7±7.0 fs2/mm to β̄2(1.6mm)=-37.3±6.7 fs2/mm.

To investigate how robust the surface detection for well defined liquid samples is, we
recalculated the dispersion value from measurement 1 with a B-scan length of 1 mm, for
different window sizes. Prior measurements showed that the window size can influence
the dispersion value if the surface does not get detected properly. The surface detection
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and the fit of the surface can be influenced by highly reflective surfaces due to saturated
pixels in the image. These outliers would be detected instead of the actual surface result-
ing in a bad fit and falsely calculated β2 values. The window sizes for the investigation
were chosen from 80 pixel to 250 pixel width around the pixel of interest where the sur-
face start. The window size was changed in steps of 20 pixel and 50 pixel for the last
measurement.

Figure. 5.26 shows a sketch to visualize how the window for the surface detection
changes if the size is changed. As a reminder, the window size is in the dimension along
the A-scan direction in depth and not in lateral direction. The B-scan length was not
changed for this experiment as opposed to a change in B-scan length as shown in Fig. 5.25.
For the surface detection the window is moved across the image from A-scan to A-scan.
The index at which the threshold value is passed, is taken as the new starting position for
the centre of the window in the adjacent A-scan.

Window size 100 pixel

Window size 150 pixel

Surface

Surface

A-scan #

130

131

132

Window size 200 pixel

Surface

Figure 5.26: The sketch illustrates what window size means for the surface detection code.
The window size can be changed along A-scan dimension and not lateral direction. The
smaller the size the more confined the area for the surface detection is. Furthermore the
surface detection is less vulnerable to detect outliers of saturated pixels for surface detec-
tion.

The following table shows the results of the Intralipid/water mixture with window
sizes between 80 and 250 pixel.
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Table 5.1: Influence of the window size for the surface detection on the calculated disper-
sion value β2, with standard deviation (SD), for Intralipid/water.

window size
β2

Intralipid/water (fs2/mm)
SD β2

Intralipid/water (fs2/mm)
80 -36.3 ±2.3

100 -36.5 ±0.1
110 -37.3 ±1.1
130 -36.7 ±0.7
150 -34.1 ±1.5
180 -34.5 ±1.1
200 -34.7 ±0.4
250 -32.2 ±2.5

average value -35.3 ±1.6

From Table 5.1 it can be seen that changing the window size does not change the dis-
persion value significantly, if the length of the segment and the threshold stays the same.
The overall dispersion value of the eight window sizes resulted in β2=-35.3±1.6 fs2/mm,
which agrees well with the reference value given [152].

It also indicates that the error in the dispersion value, as shown in the calibration mea-
surements, arises from a slight jitter in the trigger signal as well as from noise in the
image and the recovery of the surface, if the surface does not get detected due to a shift
in the maximum intensity, the fit of the surface is wrong and the thickness will be calcu-
lated differently leading to a change in thickness differences. This error causes a different
dispersion calculation. These noise sources have a larger impact on the calculation of
the dispersion for thinner samples, since the walk-off measured is very small itself, in
the range of a couple of micrometer for a 1 mm thick sample and significantly lower for
thinner samples as can be seen in Fig. 5.11. The walk-off magnitude for water and oil at
1.2µm is in the order of 0.3 % of the sample thickness, as shown in Fig. 5.8, and assum-
ing the dispersion value is the same for both except the sign. The walk-off magnitude,
however, depends on how strongly dispersive the medium is.

Recalling Eq. 5.7, it can be seen that the relationship between the dispersion value and
walk-off magnitude is linear.

β2 =
1

Lc

∆z

∆ω
. (5.10)
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The above relationship results that the associated error of the walk-off magnitude also
influences the dispersion value linearly.

5.5.3 Dispersion measurements in a real biological sample

After the calibration experiments and investigations of the robustness of the technique,
dispersion measurements on several rat eyes, as a real biological sample, were performed.
Fifteen measurements of the cornea and aqueous humour were taken on different days
and the dispersion value for both these sections of the eye was calculated.

Prior to dispersion calculation, the surface of the two segments had to be detected
as accurately as possible. The first approach was to use a shape fitting technique to fit
known shapes to the outline of the segments. Assuming an elliptical shape of the eye,
ellipsis were programmed to fit on top of the image. Figure 5.27 shows an example of this
technique. Sub-plots a) and b) show the original structural images with the two sources.
The red rectangle indicates the area in which the dispersion was calculated. The area was
chosen since the iris covers the rest of the lens and a rather smooth surface was desired
to detect the thickness of the aqueous humour. Sub-plots c) and d) show the attempted
overlay of the calculated ellipses for both images and desired segments. The calculated
dispersion value for each A-scan and the average dispersion value for the segments is
shown in sub-plots e) and f).

Even though the shape can be fitted to lay on top of the image, this technique was very
subjective to the user, as no calculation and detection of the surface from the computer
was required to actually fit the shape to the segment. The average dispersion value for the
cornea without error was β2=-165.4 fs2/mm and for the aqueous humour β2=-45.3 fs2/mm.
It can be clearly seen that the calculated dispersion values, however, were between +50
and −200 fs2/mm. In addition a trend from higher dispersion values (left) to lower dis-
persion values (right) can be seen. This can indicate that a systematic error is present in
the system. Additionally overlaying ellipses to match the outline of the surface introduces
errors since the line can be further away from the surface at one end of the elipse as it was
a very subjective method. Furthermore, since we are measuring differences in a couple
of pixels for the walk-off, overlaying of the ellipse will introduce large variability. After
that, this technique was not further used and another new approach was developed.

The new approach, as explained in the method section of this chapter, uses a simple
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a)

c)

e)

b)

d)

f)

Figure 5.27: The first row shows the structural images for a) the 1070 nm and b) 1310 nm
source. The red rectangles indicate the area under investigation. The cornea, aqueous
humour and part of the lens can be identified and detected. However, a dispersion value
for the lens could not be calculated since the back surface was not visible. The middle
row shows the surface detection with the shape fitting approach for the c) 1070 nm and
d) 1310 nm image. The bottom row shows the e) individually calculated and f) averaged
dispersion values for the cornea and aqueous humour.

thresholding technique to clean up the image prior to surface detection. After that the
maximum intensity was detected, in a user defined window size in the ROI. Half the
intensity of the maximum was used as a threshold value for the surface. After surface
detection a second order polynomial was fitted through the detected data points to smooth
out the surface.

The imaging depth of the two systems was limited between 2 and 3 mm. This limited
our dispersion measurements to the cornea and aqueous humour of the eye. Figure 5.28
shows a sample image from the two systems and an example of the improved surface
detection. The ROI is marked with a red rectangle. Figure 5.28 also shows that the OCT
system works well for both wavelength regions, with a high sensitivity of 98 dB. Further-
more comparing the depth and length of the B-scan, no obvious jitter or misalignment of
the two beams is apparent, which is necessary and important to get accurate dispersion
results.

The influence of the background intensity and threshold for peak detection were in-
vestigated and showed only a minor influence on the average β2 value. Fig 5.29 shows
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Figure 5.28: The top row shows the original images for the two sources with the red rect-
angle indicating the area under investigation. The cornea, aqueous humour and part of the
lens can be identified and detected. The bottom row shows the surface detection (dotted
blue line) and the fit (red line).

the recovered thickness and dispersion values for the cornea and aqueous humour for the
sample measurement, along lateral scanning direction.

Figure 5.29: The top row shows the thickness for the cornea and aqueous humour for the
two systems. Bottom row shows the calculated β2 values at each A-scan in the image for
a length of 2 mm. It can be clearly seen that the difference in thickness at the edges is
greater which results in a larger β2 value. This difference however has a bigger impact on
the cornea since it is thinner than the aqueous humour.

In our experiments, the average dispersion value for this sample was β2(cornea)=-
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102.11±25.9 fs2/mm and β2(aq.h.)=-34.5±9.6 fs2/mm. The average β2 value and stan-
dard deviation for 15 B-scans of the cornea and aqueous humour at 1.2µm are β2=-
130.1±24.3 fs2/mm and β2=-37.9±13.5 fs2/mm, respectively.

Reference dispersion values for the aqueous humour and cornea in the wavelength
range around 1.2µm were not available but values calculated at the midpoint between
814 nm and 855 nm for A-scan measurements are presented in reference [154]. These
measurements reported dispersion values at 834.5 nm for the cornea 5 times as high as
water (β2=32.6 fs2/mm) and the aqueous humour (β2=5.3 fs2/mm) is almost the same as
water.

Investigations of the fitting procedure and B-scan length were performed on a data
set from the rat eye experiments. The surface was fitted with a second, third and fourth
order polynomial. Furthermore, different B-scan lengths for dispersion calculation were
used, up to a maximum length of 1 mm which corresponds to 100 A-scans. The window
size and threshold for the surface detection, was kept the same for each fit and image
length. The threshold was set to half the maximum intensity, found around the ROI, in
a window size of 200 pixel. Afterwards the surface was fitted and the dispersion value
was calculated. Table 5.2 shows the results obtained with different fitting procedures and
different B-scan lengths.

The average value and standard deviation was calculated and showed that for different
fitting procedures and B-scan length, the dispersion value stays relatively stable.

The average dispersion value of the cornea at β̄2=-97.4±7.2 fs2/mm is 30 % smaller
than the average dispersion value calculated for the entire measurements, including pre-
vious results, but shows a small deviation comparing the measurements with different
fitting procedures. The aqueous humour, however, showed an average dispersion value of
β̄2=-28.9±6.2 fs2/mm, which is also smaller compared with the entire measurements, in-
cluding previous results, but agrees well with the average dispersion value obtained with
the water filled glass slides at β̄2(water)=-29.2±5.8 fs2/mm.
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Table 5.2: Influence of the fitting procedure of the dispersion value for different segment
lengths FWHM threshold and 200 pixel window size.

β2 value aqeuous humour (fs2/mm)

A-scan # 1 to 30 1 to 50 1 to 70 1 to 100 (end)
2nd order polynomial fit -20.3 -32.7 -37.1 -28.5
3rd order polynomial fit -20.1 -35.7 -31.5 -28.4
4th order polynomial fit -17.7 -35.3 -31.5 -28.5
Average dispersion individual -19.4 -34.6 -33.4 -28.5
Average dispersion value all -28.9
Standard deviation 6.2

β2 value cornea (fs2/mm)

A-scan # 1 to 30 1 to 50 1 to 70 1 to 100 (end)
2nd order polynomial fit -105.2 -86.5 -95.9 -102.1
3rd order polynomial fit -102.5 -86.5 -95.9 -105.3
4th order polynomial fit -105.2 -86.4 -95.7 -102.1
Average dispersion individual -104.3 -86.5 -95.8 -103.2
Average dispersion value all -97.4
Standard deviation 7.2

Since biological samples are not as smooth and well defined as glass slides, the surface
detection has to be as accurate as possible. Two parameters influence the surface detec-
tion, the window size of the ROI and the threshold value. Since the threshold value should
be fixed and not arbitrarily changed, it was set to half the maximum intensity found in the
window size. The window size however can be changed as shown in previous experi-
ments. Well defined boundaries can be confined to a much smaller window size than not
well defined ones. To determine how large the influence of the window size on the calcu-
lated dispersion value is, the above data set was used and the cornea and aqueous humour
(aq.h.) were detected using different window sizes. For the fitting procedure, a second
order polynomial was used to fit the curved surface of the eye. Table 5.3 shows the results
of the investigation. It can be seen that the average dispersion values does not change
significantly for both segments. However, the dispersion value for the aqueous humour
increases with increasing window size until the average β2 value reaches -50.3 fs2/mm.
The standard deviation (SD) of ±31.1 fs2/mm shows, that the surface detection was not
very accurate. The decision which window size is used, was determined through the SD of
the cornea, since the dispersion value of the thinner sample would be influenced more by
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an inaccurate surface detection. The window size of 200 pixel gave the smallest standard
deviation and was subsequently used.

Table 5.3: Influence of the window size for the surface detection on the calculated disper-
sion value β2, with standard deviation (SD), for the cornea and aqueous humour (aq.h.).

window size
β2

cornea (fs2/mm)
SD β2

cornea (fs2/mm)
β2

aq.h. (fs2/mm)
SD β2

aq.h. (fs2/mm)
130 -118.9 ±41.2 -31.1 ±4.2
140 -112.2 ±35.6 -30.6 ±7.7
150 -109.8 ±33.2 -31.1 ±8.4
160 -107.8 ±31.5 -31.5 ±8.9
170 -106.8 ±30.4 -31.7 ±9.1
180 -105.9 ±28.5 -31.7 ±9.1
190 -105.1 ±27.4 -34.1 ±9.1
200 -102.1 ±25.9 -34.5 ±9.6
210 -101.4 ±25.8 -50.3 ±31.1

average β2 value
210 included -107.8 ±5.1 -34.1 ±5.9

average β2 value
210 excluded -108.6 ±4.9 -32.1 ±1.3

5.6 Summary

The results show that a dispersion value for each identified segment can be calculated
successfully by illuminating the sample with two distinct wavelength regions. The dis-
persion value for water, oil and glass are calculated to an error of 10 % for A-scans. The
error stays stable for B-scan measurements on glass but increases slightly for water and
oil, due to a decrease in signal to noise ratio and jitter from A-scan to A-scan acquisition.
In biological tissue an average dispersion value can be calculated to an error of 18 %,
which originates in the decrease of signal to noise ratio for deeper signals as well as a less
accurate surface detection. Investigations to calculate the dispersion for samples made
of oil and water showed that a high attenuation of the signal due to water absorption or
less backscattering to refractive index matching results in an increased uncertainty of the
calculated dispersion value. This indicates that scattering and multiple scattering, which
occurs in turbid media will increase the uncertainty significantly if no appropriate surface
detetction algortithm is used. A lower SNR will make the walk-off determination between
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the two sources difficult so that contrast enhanced imaging technique might be used, for
example using dyes to increase the signal of deeper layers.

To the best of our knowledge, this is the first reported average dispersion value, af-
ter 2D-imaging of the sample, for sections in the eye. Measurements of the dispersion
can potentially be useful for the diagnoses and treatment for eye diseases, for example
the vitreous humour changes its viscocity while aging and the lens forms layers. These
developments can be imaged and if changes occur they might be visible with more infor-
mation and than with a structural image, since the vitreous humour is transparent for OCT.
Changes over time can be better monitored using unique properties of optical elements
and may indicate slight changes which might remain undetected using normal structural
imaging. However they indicate that the accuracy of the calculated value needs to be and
can be improved. Improving the surface detection would decrease the error in the cal-
culated dispersion values and would improve the uncertainty along lateral direction. The
inaccuracy of detecting the surface showed a bigger impact on the dispersion value of
thinner samples as indicated in the standard deviation of the cornea. This originates from
an inaccurate surface detection. The error in the thickness difference would affect the dis-
persion value linearly, indicated by Eq (5.7). Making the surface detection automatic and
more accurate for larger samples would be beneficial that the whole detection algorithm
would independent on user interaction.

These results show that the setup is working as a proof of principle of this new tech-
nique. Improving the setup itself to get a smoother surface and improving the trigger
will help to reduce the uncertainty of the calculated values further. The measurements
presented were limited by the imaging range of the two sources and their respective limi-
tations due to water absorption or coherence length. A different source central wavelength
could not only increase imaging range but also the axial resolution and walk-off magni-
tude that thinner samples could be used. This however can be difficult since a wavelength
higher than 1.3µm will increase the absorption and would lead to a decrease in imaging
range. Using a lower wavelength than 1µm however would increase the system com-
plexity since swept sources at 800 nm are not as mature as their super-luminescent coun-
terparts and therefore a spectral domain system and a swept source system may have to
be merged, or expensive line scan cameras for wavelength region greater than 1µm may
have to be used. This would make the data acquisition and synchronisation more diffi-
cult, since the trigger for A-line acquisition would not be synchronized anymore. Those
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improvements however may allow us to image the entire lens and calculate its disper-
sion to monitor the changes over time as the lens ages. Another configuration is to use a
super-continuum source and a line scan camera. This would guarantee the simultaneous
acquisition of the two images as well as the trigger having no jitter.

We have presented a method for calculating the dispersion value in-situ for different
materials to characterize them and identify different segments. The calibration measure-
ments showed a good agreement with reference values for glass, water and oil. Results
for the aqueous humour showed a slightly higher value than the reference value for water
at 1.2µm but can still be regarded as successfully calculated if the uncertainty is taken
into account. Measurements show that the cornea is significantly more dispersive than the
aqueous humour. The results show that the aqueous humour has a dispersion almost equal
to water and the cornea is 4 times as dispersive than water at 1.2µm. Further experiments
and changes to the setup however have to be made to minimize sources of error like chro-
matic aberration, trigger problems and surface detection. As it is now the system is well
aligned and calibrated and can be used for further investigations and long term studies of
changes in ocular media. Measurements in the lens however would benefit from a system
centred at 800 nm to use the two wavelengths regions preferably used in ophthalmology.

—————————————————————-
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CHAPTER 6

Concluding remarks and Future Work

WITHIN this dissertation we have explored different kinds of external cavity
designs for swept source laser development. Following this, these lasers
were used to investigate the characterisation of materials and biological

samples with multiple sources.

In Chapter 2 an extensive theoretical background for optical coherence tomography
is provided. Furthermore the foundation for swept source laser theory and cavity design
for the following chapters were presented. Finally the dispersion coefficient β2 was intro-
duced and the differential walk-off for the dispersion measurements was derived.

In Chapter 3 novel polarisation sensitive OCT configurations were investigated and
used for proof of concept measurements on skin and nail samples. Further experiments
showed promising structural and birefringence retardation images to analyse the strength
of the collagen alignment. Retrieving the optical axis alignment of the quarter-wave plate
in respect to the incoming polarisation, however, showed no results. This originates not
only from the use of single mode fibres but also from the configuration of having two ref-
erence arms. The splitting of the two orthogonal polarisation states after the sample but
before interference of the two arms leads to a mismatch in the passes of the two channels.
This mismatch leads to a loss in phase coherence between the two.

In Chapter 4 novel external cavity designs based on the well known Littman-Metcalf
configuration were investigated for low (1 kHz to 4 kHz) and high scan speeds (9 kHz to
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49.5 kHz). This chapter deals with the theoretical and experimental side of these lasers
and the possibility to use them for imaging. We showed that lower scan speeds offer a su-
perior coherence length than higher scan speeds for well established laser configurations.
A novel approach to increase the number of passes onto the diffraction grating at grazing
incidence, improves the coherence length by almost a factor of two also. A coherence
length of 12 mm in single path was achieved for lower scan speeds, whereas for higher
scan speeds between 9 and 49.5 kHz a stable coherence length of 6 mm on average was
achieved.

A further increase in the number of passes onto the grating could improve the coher-
ence length even further, if the losses induced by the grating can be compensated. In
addition, a further increase in A-scan rate can be achieved with a buffered scheme, ex-
plained in chapter 4, without compromising the improved coherence length. This however
can only be achieved if the duty cycle is less than 50 %. This closes the gap between com-
mercially available lasers, with scan speeds between 50 and 100 kHz, based on MEMS
scanning mirrors or Fabry-Perot filters.

In Chapter 5 we investigated the use of the laser sources built in chapter 4 for the
characterisation and identification of biological and non-biological materials in B-scan
images. We improved on a technique to use chromatic dispersion as an identification tool
for different tissue compositions for structures down to 100 micron. For that purpose we
introduced the differential walk-off, between two OCT signals, induced by the wavelength
dependent group refractive index. We showed by using two different wavelengths regions,
we can readily identify different types of tissue, by examining the walk-off magnitude.
We used this method to evaluate the walk-off in glass, oil and water and calculated their
dispersion values. Following that we performed dispersion measurements in ocular media
by imaging rat eyes. Dispersion measurements on the cornea and aqueous humour were
conducted after surface detection of the segments of interest. For this purpose a surface
detection algorithm was developed to identify the boundaries between those segments.
Furthermore the influence of thresholding for surface detection as well as refraction at
different wavelengths regions were investigated. The results were promising and showed
great potential for future use in eye diseases as a diagnostic and monitoring tool.

In this thesis we have worked on a wide range of topics. The common theme, how-
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ever, is the development of novel laser sources and their use for medical applications. The
goal of the new sources, even if they were only used in a laboratory environment, were
cost effective, stable operation, and a long coherence lengths at A-scan rates comparable
to commercially available sources (10 to 100 kHz). The results in chapter 4 are promising
and show great potential for future development. These sources were then tested on bio-
logical and non-biological samples, for imaging and identification of different materials
and segments using the characteristic dispersion coefficient.

FOR practical application of the techniques investigated in this dissertation, some
aspects of the method and configuration of the setup have to be improved. Using
two sources to detect sub-micrometer walk-off magnitudes in micrometer thick

samples is not trivial as shown in the measurements. The source used in these experiments
needs to be stable in power and sweep frequency. Additional to that the right wavelength
region needs to be identified to maximize the magnitude of the walk-off. The larger the
walk-off magnitude, the easier and more accurate the detection will be.

The high water absorption beyond 1µm limits the depth range extensively as shown
in chapter 4. The two wavelength regions should come from the same source at the same
time to avoid any additional temporal offset due to external cavity differences.

A newly acquired super-continuum source from Leukos will provide the right wave-
length region and synchronisation for future investigations of dispersion changes in the
eye. With the super-continuum source it is possible to use two wavelengths regions with
the help of bandpass filters or in a post processing step. In post processing, two wave-
lengths regions can be cut out from the original broadband spectrum with overlapping
Gaussian filters. This post processing step can be utilized in commercially available sys-
tems, if the source has a reasonable broad spectrum>150 nm. The disadvantage of having
one source instead of two, however, is that the walk-off magnitude will be small, due to a
decreased separation in the centre wavelengths.

Furthermore, a comparative study on healthy eyes as a baseline and unhealthy eyes,
such as diabetic or glaucoma affected ones have to be measured. These measurements
could indicate if the dispersion coefficient will change due to the disease and can show
if treatments help. This comparative study has to be performed under stable and repro-
ducible conditions such as temperature and pH-value controlled solution.

To summarise, this thesis has presented new laser sources for OCT applications, which
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will enable better understanding and diagnosis of eye related diseases through an en-
hanced imaging contrast with the use of the material specific dispersion coefficient.
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“Everything has to come to an end, sometime.”

by L. Frank Baum, The Marvelous Land of Oz
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U Schmidt-Erfurth, and CK Hitzenberger. Value of polarisation-sensitive optical
coherence tomography in diseases affecting the retinal pigment epithelium. British

Journal of Ophthalmology, 92(2):204–209, 2008.

113



REFERENCES

[45] A Baumgartner, S Dichtl, CK Hitzenberger, H Sattmann, B Robl, A Moritz,
AF Fercher, and W Sperr. Polarization–sensitive optical coherence tomography
of dental structures. Caries research, 34(1):59–69, 2000.

[46] Y Yasuno, S Makita, Y Sutoh, M Itoh, and T Yatagai. Birefringence imaging
of human skin by polarization-sensitive spectral interferometric optical coherence
tomography. Optics letters, 27(20):1803–1805, 2002.

[47] Johannes F De Boer, Thomas E Milner, Martin JC van Gemert, and J Stuart Nel-
son. Two-dimensional birefringence imaging in biological tissue by polarization-
sensitive optical coherence tomography. Optics letters, 22(12):934–936, 1997.

[48] Nidek - www.nidek-intl.com.

[49] Zeiss - www.zeiss.com.

[50] Heidelberg Engineering Inc. - www.heidelbergengineering.com/us/.

[51] Optovue Incorporated - www.optovue.com.

[52] Optos Inc. - www.optos.com.

[53] Topcon Medical Systems - www.topconmedical.com.

[54] Andrew M Rollins and Joseph A Izatt. Optimal interferometer designs for optical
coherence tomography. Optics letters, 24(21):1484–1486, 1999.

[55] Guillermo J Tearney, Mark E Brezinski, Stephen A Boppart, Brett E Bouma, Neil
Weissman, James F Southern, Eric A Swanson, and James G Fujimoto. Catheter-
based optical imaging of a human coronary artery. Circulation, 94(11):3013–3013,
1996.

[56] Julian Armstrong, Matthew Leigh, Ian Walton, Andrei Zvyagin, Sergey Alexan-
drov, Stefan Schwer, David Sampson, David Hillman, and Peter Eastwood. In vivo
size and shape measurement of the human upper airway using endoscopic lon-
grange optical coherence tomography. Optics Express, 11(15):1817–1826, 2003.

114



REFERENCES

[57] Ellen Ziyi Zhang, Wang-Yuhl Oh, Martin L Villiger, Liang Chen, Brett E Bouma,
and Benjamin J Vakoc. Numerical compensation of system polarization mode dis-
persion in polarization-sensitive optical coherence tomography. Optics express,
21(1):1163–1180, 2013.

[58] Martin Villiger, Ellen Ziyi Zhang, Seemantini Nadkarni, Wang-Yuhl Oh, Brett E
Bouma, and Benjamin J Vakoc. Artifacts in polarization-sensitive optical co-
herence tomography caused by polarization mode dispersion. Optics letters,
38(6):923–925, 2013.

[59] Wolfgang Trasischker, Stefan Zotter, Teresa Torzicky, Bernhard Baumann, Richard
Haindl, Michael Pircher, and Christoph K Hitzenberger. Single input state polar-
ization sensitive swept source optical coherence tomography based on an all single
mode fiber interferometer. Biomedical optics express, 5(8):2798–2809, 2014.

[60] Norman Lippok, Martin Villiger, Changsu Jun, and Brett E Bouma. Single in-
put state, single-mode fiber-based polarization-sensitive optical frequency domain
imaging by eigenpolarization referencing. Optics letters, 40(9):2025–2028, 2015.

[61] Christopher E Saxer, Johannes F de Boer, B Hyle Park, Yonghua Zhao, Zhongping
Chen, and J Stuart Nelson. High-speed fiber–based polarization-sensitive optical
coherence tomography of in vivo human skin. Optics Letters, 25(18):1355–1357,
2000.

[62] Shuliang Jiao, Wurong Yu, George Stoica, and LihongV Wang. Optical-fiber-based
mueller optical coherence tomography. Optics Letters, 28(14):1206–1208, 2003.

[63] Masahiro Yamanari, Shuichi Makita, and Yoshiaki Yasuno. Polarization-sensitive
swept-source optical coherence tomography with continuous source polarization
modulation. Optics Express, 16(8):5892–5906, 2008.

[64] Daniel L Marks, Amy L Oldenburg, J Joshua Reynolds, and Stephen A Boppart.
Digital algorithm for dispersion correction in optical coherence tomography for
homogeneous and stratified media. Applied optics, 42(2):204–217, 2003.

115



REFERENCES

[65] Norman Lippok, Stéphane Coen, Poul Nielsen, and Frédérique Vanholsbeeck. Dis-
persion compensation in fourier domain optical coherence tomography using the
fractional fourier transform. Optics express, 20(21):23398–23413, 2012.

[66] Sairam Iyer. Fiber-based optical coherence tomography: dispersion compensation

& parametric imaging. PhD thesis, ResearchSpace@ Auckland, 2011.
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