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Summary
Supercontinuum sources have great potential in optical coherence tomography due
to their ultrabroad spectra, which provide ultrahigh resolution images. High inten-
sity noise of conventional supercontinuum sources, however, has been the limiting
factor of widespread adoption, but the emergence of low noise supercontinuum
sources promise to change this. In this thesis, both types of supercontinuum
sources are tested in a spectrometer-based optical coherence tomography setup,
where it is found that the low noise supercontinuum is able to produce the shot
noise limited images, a feat that is not replicated by the conventional supercon-
tinuum. Furthermore, the two types of supercontinuum sources are tested in a
time-stretched setup, where chromatic dispersion maps each wavelength to a point
in time, such that the spectral content can be detected by an ultrafast photo detec-
tor, which allows for millions of scans per second. The low-noise supercontinuum
is again able to reach within close range of the shot noise limit, despite the much
higher speed, but heavy spectral modulation introduces artefacts that impact the
image quality, which shows the need for more research. Finally, generation of low
noise supercontinuum sources in the important mid-infrared spectral region is in-
vestigated by experiments and numerical simulations, and it is demonstrated that
a setup with active and passive fibres in a cascade drastically reduces the intensity
noise, thereby increasing the potential of supercontinuum sources in mid-infrared
spectroscopy and imaging.
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Resumé
Superkontinuumlyskilder har et enormt potentiale i billeddannelsestekonolo-
gien optisk kohærens tomografi grundet deres ultrabrede spektra, der giver
ultrahøjopløselige billeder. Kraftig intensitetsstøj i konventionelle superkntinu-
umlyskilder har dog forhindret udbredt brug, men fremkomsten af superkontinu-
umlyskilder med lav støj ser ud til at ændre dette. I denne afhandling bliver begge
typer af superkontinuumkilder anvendt i et spektrometerbasret optisk kohærens
tomografi system, og det viser sig at lyskilden med lav støj kan tage billeder kun
begrænset af fundamental haglstøj, en bedrift der ikke gentages af den konven-
tionelle lyskilde. Endvidere bliver begge typer superkontinuum brugt i et tids-
strukket system, hvor kromatisk dispersion skaber en unik en-til-en afbilding fra
bølgelængde til tid således at de spektrale komponenter kan måles med en pho-
todetektor, der giver mulighed for flere millioner scanninger i sekundet. Her når
lavstøjssuperkontinuumkilden også tæt på haglstøjsgræsen, men en ujævn spektral
form introducerer artefakter der reducerer billedkvaliteten. Endelig undersøges
også superkontinuumgenerering i det vigtige midtinfrarøde spektrale område gen-
nem både eksperimenter og numeriske simuleringer, og det demonstreres hvordan
en cascade af både aktive og passive optiske fibre kan reducere intensitetsstøjen
drastisk og derved øge anvendelserne i både spektroskopi og billedannelse.
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Preface
This year, 2020, marks the 200th anniversary of H.C. Ørsteds discovery of electro-
magnetism. A small deflection of a compass needle next to a current carrying wire
heralded the beginning of an era. 11 years later, in 1831, British physicist Michael
Faraday discovered electromagnetic induction, the idea that a changing magnetic
field induces a current, which even to this day is the primary method of generating
electricity. Then, in 1864, James C. Maxwell published his masterpiece on the uni-
fication of electricity, magnetism, and light through Maxwell’s equations, in the
form of 20 coupled partial differential equations. However, it was Oliver Heavi-
side who, in 1884, reformulated the equations in the vector quantities electric fields,
magnetic fields, and energy flux; the formulation we know today. The emergence of
electric lights enabled by many decades of research into electromagnetism spurred
Max Planck to investigate the black body radiation spectrum, whose theoretical
prediction, published in 1900, included the new Planck’s constant, h, as a means
to quantize the energy of the so-called black body oscillators. Einstein realised the
physical implications of quantized energy states and proposed his theory of light
quanta in 1905 which, together with Einstein’s contemporaries, launched quantum
mechanics. A mature description of quantum mechanics enabled the development
of solid-state physics half a century later, which ultimately led to computers, lasers,
and photo detectors: the foundations of the modern information age which we take
for granted both in our everyday life and in research.

The point of this ultra-condensed history of 200 years of science is two-fold:
Firstly, there are few straight paths in science. Who would have thought that
Ørsted’s discovery would ultimately lead to electric lighting, or that Bohr’s atomic
model, published just under a century after Ørsted, would lead to computers and
even smartphones? Secondly, research is not a one-man job. Young researchers,
even the brightest minds, stand on the shoulders of the scientists that came before
them. Sometimes it seems that our combined human knowledge grows in leaps
thanks to ground breaking Nobel Prize worthy contributions, but the smaller works,
all those and more that I didn’t mention here, all the unpublished results, or even
just discussions over a coffee, they resemble the groundwork and uncounted hours
spent on practice by athletes in the four years before an Olympic final: The work
that is not really noticed, but that makes all the difference.
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These two points apply to this project as well. When I started, I didn’t even
know that my work would take the path it took over the last three years, and who
knows where optical coherence tomography and supercontinuum research are in 5,
10 or 20 years?

This work was certainly not a one-man job either, although there is only a
single name on it. My sincere thanks go, first and foremost, to Ole Bang and Niels
Israelsen for supervising me and guiding me forward when I needed a push in the
right direction. It has been genuinely enjoyable working with you.

Also thanks to Adrian Podoleanu who hosted my external stay and never held
back with ideas, suggestions or comments to improve my research.

Everyone in the office, past and present, also deserve thanks: Michaél, Rasmus,
Iván, Manoj, Kyei, Rune, Daena, Asger, Rasmus, Abjørn, and of course the entire
Fiber Sensors and Supercontinuum group at DTU Fotonik. Thank you for the
laughs, beers, games, and atmosphere that made me look forward to going to
work. Also thanks to everyone in our student chapter, DTU Lys, which I was
lucky enough to head for a year, I will miss you, the cake and the events. In
particular thanks to Abu for assisting me in planting our office greenhouse. May
your beans never wither.

I also owe a huge thanks to the co-authors of all the papers we’ve published
over the three years that have passed so quickly.

Any acknowledgement from my part is incomplete without mentioning my dear
Sif and Agnes, whose patience, support, and love make me a better researcher,
father, and man. I always look forward to come home to you. Thank you for
everything.

Kongens Lyngby, August 31, 2020

Mikkel Jensen
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CHAPTER 1
Introduction

Non-invasive imaging has been a key enabling technology in medical science. The
ability to view the inside of an object has had a profound impact on both the diag-
nostic and therapeutic aspects of medicine, contributing to the steadily increasing
life quality and life expectancy over the last century [1]. Since the first X-ray
image in 1895, the field of medical imaging has flourished into a plethora of modal-
ities such as ultrasound imaging [2], elastography [3], magnetic resonance imaging
(MRI) [4], position emission tomography (PET) [5], and computed tomography
(CT) [6,7], all with different advantages and disadvantages. With the invention of
the laser [8] and concurrent development of semiconductor fabrication techniques,
semiconductor light sources of different sizes, costs, wavelengths, bandwidths etc.
have paved the way for optical imaging in medicine [9–13].

Optical coherence tomography (OCT) is one of these emergent modalities.
OCT is a non-invasive, non-contact optical imaging method that relies on white
light interferometry to generate structural images of any (semi) transparent
medium, though often biological. OCT was demonstrated for the first time in
1991 by David Huang et al. [14], however, the field of white light interferometry
in medicine was pioneered by Adolf Fercher et al. [15,16] in the preceding decade.
White light has a very short coherence length, so interference is only observed when
the optical paths in the two arms of the interferometer are identical (within the
coherence length of the light), and the axial resolution of OCT is therefore equal
to the coherence length of the employed light source. This implies that the axial
resolution is decoupled from the depth of focus of the scan beam, which enables
OCT to sample many resolutions that are all simultaneously in focus, as opposed
to e.g. confocal microscopy [17] where the depth of focus and axial resolution are
both determined by the numerical aperture of the objective. In addition, the in-
terferometric detection in OCT implies that the detected power only scales with
the square root of the power returning from the sample, which greatly improves
the detection sensitivity and allows OCT to detect powers > 1010 times weaker
than the input, and thus see weak reflections deep in tissue. Figure 1.1 compares
the axial resolution and penetration depth of confocal microscopy and ultrasound
imaging to OCT, showing the gap that OCT fills.

OCT comes in three main configurations: Time domain (TD-), spectral domain
(SD-), and swept source (SS-). In TD-OCT, which was the earliest realisation of
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Figure 1.1: Comparison of penetration depth and resolution of different imaging
modalities.

OCT, the sample is imaged by scanning the reference arm length and detecting
when the two beams interfere [14]. This approach, however, is slow because the
inertia of the moving reference mirror severely limits the scan speed. The scanning
mirror can be avoided by detecting the spectral content of the interference which
is done in SD-OCT [18] by dispersing the light on a line scan camera via a diffrac-
tion grating, and in SS-OCT [19, 20] by applying a wavelength-swept light source
that spreads out the spectral information in time. SD-OCT and SS-OCT were
both shown to have a major sensitivity advantage over TD-OCT [21–23], which
today is rarely used. The spectral content of the interference is linked to the re-
flectivity profile of the sample via a Fourier transform. Common to all three OCT
configurations is the axial resolution’s dependence on the coherence length, which
is inversely proportional to the bandwidth of the light source, and consequently
ultra broadband sources are in high demand for OCT.

A supercontinuum is perhaps the ultimate broadband source, at least in terms
of bandwidth. The multi-octave supercontinuum spectra are typically generated
by launching high energy pulses into a non-linear medium where linear and non-
linear light-matter interactions generate a continuum of frequencies ranging from
the ultra violet (UV) to the near infrared (IR) [24–28], and are therefore on paper
the ideal light source for OCT: High power, spatially coherent, broadband, and
with a flexible centre wavelength by filtering. Supercontinuum sources have been
applied in both TD-OCT and SD-OCT, at wavelengths ranging from the visible to
the mid-IR [29–38], and achieved record resolutions down to the sub-micrometre
level [29, 30, 39]. Since supercontinua are comprised of short pulses, they are not
directly applicable in SS-OCT, however, a dispersive Fourier transform [40, 41],
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which utilises group velocity dispersion in e.g. an optical fiber or a chirped fiber
Bragg grating to passively perform a Fourier transform on the input light pulse,
can be used to transform the supercontinuum into a swept source applicable in
SS-OCT. This type of SS-OCT has been termed time stretch (TS-) OCT (there
is no shortage of abbreviations in the OCT community) and has been applied to
supercontinuum sources [42–44] as well as other broadband lasers [45–48].

At this point, supercontinuum sources might seem like the obvious choice in
any OCT application, but there are limitations. Apart from the high cost, there
is also the noise. Modern supercontinuum sources are pumped in the anomalous
dispersion regime and rely on amplification of quantum noise for the spectral broad-
ening [28], which implies that the pulses are temporally incoherent and exhibit high
intensity noise [49–54], that directly translates to noise in the image [31, 55, 56],
however not always in an intuitive way [57]. As a result, supercontinuum sources
are not abundant in the OCT community, only when the resolution is the key
metric, and only in SD-OCT where line cameras can integrate over many super-
continuum pulses to reduce the effect of the noise. In TS-OCT, there has only been
a handful of supercontinuum implementations [42–44] simply because the noise is
too high for clinical use with single-shot detection of supercontinuum-based TS-
OCT. This is on the verge of changing as femtosecond (fs) supercontinuum sources,
that have been coming for the best part of a decade and a half [33,58,59] promising
low noise, are now experiencing a significant research interest and, in addition, are
emerging as commercial products.

1.1 Structure of the thesis
In this thesis, we investigate the use of different types of supercontinuum sources
in both SD-OCT and SS-OCT in the near-infrared, emphasising the effects and
limitations imposed by the noise, and report on the improvements facilitated by
the emergence of low noise fs supercontinuum surces.

• Chapter 2 introduces OCT and supercontinuum generation. All three types
of OCT are discussed and mathematically introduced within a single frame-
work which eases the comparison. The physical processes central to gener-
ation of both noisy and low noise supercontinua are introduced to provide
a foundation of subsequent discussion. Finally, the use of supercontinuum
sources in OCT is reviewed.

• Chapter 3 concerns the noise of supercontinuum sources in SD-OCT. The
measured noise level is compared to a theoretical prediction, and the effect
on the A-scan is investigated. The chapter is concluded with a comparison of
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the performance of commercial supercontinuum sources and a custom made
low noise supercontinuum.

• Chapter 4 treats the use of supercontinuum sources in TS-OCT. A commer-
cial supercontinuum is used to perform TS-OCT at multi-MHz rates and the
implications of the noise are investigated. A commercial prototype of a low
noise supercontinuum is tested, showing supercontinuum-based, multi-MHz
OCT close to the shot noise limit.

• Chapter 5 explores the use of supercontinuum sources in the mid-infrared
spectral region. Low scattering and strong absorption lines in the mid-
infrared motivate further development of supercontinuum sources in that
range, which in this chapter is investigated through both experiments and
numerical simulations. The generated mid-infrared supercontinuum is found
to exhibit low noise initiated by the gain in the fibre amplifiers.

• Chapter 6 concludes the thesis and discusses the future of supercontinuum
source and OCT.



CHAPTER 2
Optical coherence

tomography and
supercontinuum sources

The overall goal of OCT is to accurately measure the reflection profile of a given
sample at different positions, which then builds an image of the sample’s structure.
In basic theory, all three OCT configurations, TD-OCT, SD-OCT, and SS-OCT do
that equally well. However, when taking into account noise contributions, sample
movement, and available hardware things look differently. Some differences are
inherent to the experimental configuration and subsequent data processing, and
some again are implied by the performance of the equipment, typically light sources
and detectors. Supercontinuum sources have great benefits in OCT due to their
extreme bandwidth of several octaves, but also severe limitations due to their high
noise. In this thesis, supercontinuum sources are applied in both SD-OCT and SS-
OCT, so in order to set the figurative table, we begin with this chapter on OCT
theory, discussing the different configurations, their strengths and weaknesses, and
an introduction to supercontinuum generation, which is required in the subsequent
chapters, before ending with a review of supercontinuum sources in OCT.

This chapter contains figures from [60].

2.1 Optical coherence tomography
The heart of an OCT system is the interferometer, typically a Michelson type, see
Fig. 2.1. The input light field, E0, is split into the sample arm and reference
arm and is reflected and backscattered, respectively, before being combined in
the last arm of the interferometer where the fields are now termed ER and ES,
respectively. The average intensity of the light, I = ⟨|ER + ES|2⟩, is detected1.
The angle brackets, ⟨·⟩, which denote the ensemble average, are introduced because

1Throughout this thesis, the electric fields are normalised such that I = ⟨|E|2⟩.
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broadband light is temporally incoherent and therefore also random and must be
treated in terms of averages. The ensemble average corresponds to the average of
many realisations of the input light, e.g., subsequent pulses in a pulsed light source
or subsequent coherence times (which by definition are independent).

How the interference is detected depends on the type of OCT, as we shall see.

2.1.1 Time domain optical coherence tomography
Consider a standard fibre based TD-OCT setup with a broadband light source, a
point detector, a mirror in the reference arm, and a weakly reflecting sample in the
sample arm, as illustrated in Fig. 2.1. If we assume the bandwidth of the source,
∆ω ≪ ω0 is much smaller than the centre frequency, ω0, we can express the fields
returning from either arm in the detection arm as quasi-monochromatic,

ER(t) = E0(t)
2

eiω0t−ik02lR (2.1)

ES(t) = E0(t)
2

∑
i

rieiω0t−i[k02lS+kn2zi], (2.2)

where ω is the angular frequency of the light, t is time, k0 = 2π/λ0 = ω0/c is the
vacuum wavenumber, lR/S is the single pass length of the reference or sample arm,
n is the refractive index of the sample (assumed constant), zi are the physical
distances from the top of the sample to the point of reflection, and ri are the
complex coefficients of reflection. The factors of 1/2 stems from two passes through
the coupler, which gives 1/

√
2 each. The spatial dependence of ER,S(r, t) = ER,S(t)

Figure 2.1: A TD-OCT system with a fibre-based Michelson interferometer at
its centre. The reference mirror moves to scan the sample while the
photo detector captures the interference fringes.
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is neglected because the light is confined in the fibre, which also ensures spatial
overlap so interference is observed. With lR = lS +d, where d is the scanned length,
these fields give rise to a detected photo current ⟨i(t)⟩ of

⟨i(t)⟩ = ρqeAeff

h̄ω0
⟨|ER + ES|2⟩ (2.3)

= ρqeAeff

h̄ω0

[
⟨|ER|2⟩ + ⟨|ES|2⟩ + 2Re{⟨ERE∗

S⟩}
]

(2.4)

= ρqeAeff

4h̄ω0

[
I0 +

∑
i,j

|rir
∗
j |eikn2(zi−zj)+ϕi−j ⟨E0(t)E∗

0(t − [τi − τj])⟩

+ 2
∑

i

|ri|Re
{
eik2(zin−d(t))+ϕi⟨E0(t)E0(t − [τR − τi])⟩

}]
,

(2.5)

where τi,j = 2nzi,j/c, and τR(t) = 2d(t)/c, I0 = ⟨|E0(t)|2⟩, which is assumed to be
constant, ϕi = ̸ ri, and ϕi−j = ̸ rir

∗
j = ϕi − ϕj. ρqe/h̄ω0 is the responsivity of the

detector, and Aeff is an effective area of the fibre coupler such that AeffI0 = P0,
where P0 is the total power. The second term in Eq. (2.5) is conjugate symmetric,
such that a swap, i ↔ j gives a complex conjugation, and the imaginary parts of
the complex exponentials can be discarded and the result is real. Introducing the
complex degree of temporal coherence [61, chapter 11],

g(τ) = ⟨E0(t)E∗
0(t + τ)⟩
I0

, (2.6)

equation (2.5) becomes

⟨i(t)⟩ = ρqeAeff

h̄ω0

I0

4

[
1+

∑
i,j

|rir
∗
j | cos (ω0(τi − τj) + ϕg(τi − τj) + ϕi−j) |g(τi − τj)|

+
∑

i

|ri|2 cos (ω0(τR(t) − τi) + ϕg(τR(t) − τi) + ϕi) |g(τR(t) − τi)|
]
,

(2.7)

where ϕg(τ) = ̸ g(τ). From Eq. (2.7) we see that the first to terms in the
brackets are independent on scan delay, τR. Their mean values can thus be removed
by high-pass filtering the detected signal. The third term is the interference, one
contribution from each reflection in the sample. For monochromatic light, |g(τ)| =
1, and interference is observed at all reference arm positions. For broadband light,
|g(τ)| ≤ 1, monotonically decreasing to 0 away from τ = 0, such that interference
is only observed around τR = τi with |g(τ)| as the envelope, as illustrated in Fig.
2.2. The width of |g(τ)| is therefore the axial resolution, ∆z, in OCT (not only TD-
OCT as we shall see in subsequent sections). This segmentation by the coherence
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Figure 2.2: TD-OCT fringes. The interference is gated by the temporal coher-
ence function, which set the axial resolution.

of the light is called the coherence gate. The Wiener-Khinchin theorem [62] states
that the temporal coherence function, G(τ) = g(τ)I0, is a Fourier transform pair
with the power spectral density (PSD) of the random process, in this case the
PSD of the light, which implies that ∆z is inversely proportional with the spectral
width of the broadband source (both full-width at half-maximum (FWHM)):

∆z ∝ 2πc

∆ω
, (2.8)

with the constant of proportionality depending on the PSD shape. For a Gaussian
PSD, the factor is 2 ln 2/π ≈ 0.44. However, this factor is only true when all the
frequencies present are in phase, i.e., have the same delay through the interfer-
ometer. If that is not the case, then the shorter wavelengths will have zero delay
at another mirror position than the longer wavelengths, broadening the coherence
gate beyond the width predicted by the PSD. Such a mismatch of delays is caused
by group velocity dispersion (GVD) mismatch in the reference and sample arms
of the interferometer where the light does not share paths. As a result, dispersion
compensating blocks of glass are common in reference arms to compensate for the
dispersion of the glass of the scan lens in the sample arm, though some numerical
schemes are also available [63–65]. Only when the dispersion is balanced does the
resolution reach the 0.44 factor. Scanning the reference arm axially thus probes
the sample reflectivity with a resolution, ∆z, resulting in what is called an A-scan
(axial scan). By moving the beam laterally across the sample, a cross-sectional
map of the reflectivity (B-scan) is obtained, and a full 3D image is obtained by
acquiring adjacent B-scans.
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2.1.1.1 Sensitivity of TD-OCT
The detection sensitivity, Σ, in OCT is defined as the ratio between the largest
sample reflection, Rmax = |rmax|2 = 1, and the smallest, Rmin = |rmin|2 the system
can detect,

ΣTD = Rmax

Rmin

= 1
Rmin

. (2.9)

The signal-to-noise ratio (SNR) is then defined for a single reflector in the sample
arm such that the SNR scales linearly with the power reflection in the sample arm:

SNR = S2
RMS
σ2

bg

= S2
max

2σ2
bg

=

 ρqe

h̄ω0
P0
4 2|rS|

√
2σbg

2

∝ RS, (2.10)

where σ2
bg is the variance of the background noise, and SRMS is the root mean

square signal (RMS). The factor of 1/2 comes from the RMS value of a cosine.
Because SNRmin = 1, the sensitivity is can be written as

ΣTD = 1
Rmin

= SNRmax

SNRmin

= SNRmax =

 ρqe

h̄ω0
P0
2√

2σbg

2

, (2.11)

which holds for a perfect 3 dB coupler and a perfect reflector in the reference arm.
Introducing losses in the notation of Leitgeb et al. [21], where γR,S = PR,S/P0 are
the power losses in each arm with a perfect reflector (from input to detection), and
RR is the reflection in reference arm, the sensitivity reads,

ΣTD =
( ρqe

h̄ω0
2P0

√
γRγSRR√

2σbg

)2

, (2.12)

where the factor of 1/4 from Eq. (2.11) to Eq. (2.12) is absorbed equally into
γR,S.

The background noise is comprised of electronic noise (Johnson noise), shot
noise, and excess noise [21, 66],

σ2
bg = σ2

elec + σ2
shot + σ2

ex =
(

NEC2 + 2 ρq2
e

h̄ω0
P0γRRR + RIN

[
ρqe

h̄ω0
P0γRRR

]2
)

∆f,

(2.13)
where NEC is the noise equivalent current in units of A/

√
Hz, RIN is the spectral

decomposition of the relative intensity noise in units of 1/Hz, and ∆f is the elec-
trical detection bandwidth2. Here it is assumed that RR ≫ RS, which is generally

2Any measured RIN will include both the shot noise floor and the detector noise, because
it’s impossible to detect the optical signal without shot noise or detector noise [67]. The RIN
used here is therefore an idealised RIN that only contains the excess noise since the others terms
are included explicitly.
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true when imaging biological samples such that the noise arise mainly from the
reference light. Inserting Eq. (2.13) into Eq. (2.12) gives the final expression for
the sensitivity

ΣTD =

(
ρqe

h̄ω0
2P0

)2
γRγSRR

2
(

NEC2 + 2 ρq2
e

h̄ω0
P0γRRR + RIN

[
ρqe

h̄ω0
P0γRRR

]2)
∆f

. (2.14)

From Eq. (2.14) some key points can be made: Firstly, increasing the input power
always increases the sensitivity. The signal term in the numerator has a stronger
or equal dependence on P0 than all noise terms, so an increase in P0 can never
reduce the sensitivity. Secondly, the sensitivity has an optimum with respect to
RR, as noted first by Sorin and Baney [66]. Reducing the fraction in Eq. (2.14)
with RR and taking the derivative gives

ΣTD =

(
ρqe

h̄ω0
2P0

)2
γRγS

2
(

NEC2

RR
+ 2 ρq2

e

h̄ω0
P0γR + RINRR

[
ρqe

h̄ω0
P0γR

]2)
∆f

(2.15)

dΣTD

dRR

∝
(

ρqe

h̄ω0
2P0

)2
γRγS

(
−NEC2

R2
R

+ RIN
[

ρqe

h̄ω0
P0γR

]2
)

∆f, (2.16)

which has a maximum for

RR,opt = NEC
√

RIN
[

ρqe

h̄ω0
P0γR

] (2.17)

which, if inserted into Eq. (2.13) gives σ2
ex = σ2

elec. The optimal reference reflection
is thus obtained when the excess noise equals the electronic noise [66,68]. The shot
noise limited sensitivity obtained with the optimal reference reflection, assuming
σ2

shot ≫ σ2
elec = σ2

ex is

ΣTD,shot = S2

σ2
shot

= ργSP0

h̄ω0∆f
. (2.18)

2.1.2 Spectral domain optical coherence
tomography

Spectral domain OCT was demonstrated for the first time in 1995 [18], but only
saw widespread application after demonstration of the vast sensitivity improve-
ment in 2003 [21–23]. An SD-OCT system is similar to a TD-OCT system, the
only differences are the fixed reference mirror, and the spectrometer instead of the
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Figure 2.3: A sketch of an SD-OCT setup. The reference arm is fixed, and
the interference is detected spectrally in a spectrometer instead of a
photo detector as in TD-OCT.

movable reference mirror and a photo detector, see Fig. 2.3. The spectrometer
basically consists of a diffraction grating and a line scan camera to detect the
incident photons, integrated over τint at each camera pixel, whose physical size
effectively performs spectral averaging over the optical bandwidth, δω that is inci-
dent on a pixel. This gives rise to a tiny, but finite, linewidth of the detected light.
The interference is detected spectrally, so the detected fields, ER, ES, within an
integration time are Fourier transformed,

ẼR,τint(ω) = √
γRrRẼ0,τint(ω − ω0)e−ik02lR−ϕNL,R(ω) (2.19)

ẼS,τint(ω) = √
γSẼ0,τint(ω − ω0)

∑
i

rie−i[k02lS+kn2zi]−ϕNL,S(ω), (2.20)

where ·̃ denotes a frequency domain variable, Ẽ0,τint(ω) is the Fourier transform
of E0(t) from t to t + τint, and ϕNL,S/R is the accumulated nonlinear phase due
to dispersion in the reference or sample arm.3 ⟨|Ẽ0,τint|2⟩Aeff is the energy spec-
tral density (ESD) of the light within a single integration time in units of J/Hz,
i.e., energy in a 1 Hz bandwidth, and the PSD (W/Hz) can be approximated by

3The inclusion of dispersion introduces a slight inconsistency between the time domain de-
scription in Eq. (2.1) and the frequency domain description here in Eq. (2.19). For the time
domain representation to be exact, E0(t) should be substituted with the inverse Fourier transform
of Ẽ0(ω)e−iϕNL,R/S .
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⟨|Ẽ0,τint|2⟩Aeff/τint. The Fourier transforms are defined as:

f̃(ω) = F{f(t)} = 1
2π

∫ ∞

−∞
f(t)e−iωtdt (2.21)

f(t) = F−1{f̃(ω)} =
∫ ∞

−∞
f̃(ω)eiωtdω. (2.22)

The expected value of the detected signal at pixel m in a single integration time
in number of electrons, Ñe is,

⟨Ñe[m]⟩ = ρηAeff

h̄ω0

∫ ωm+δω/2

ωm−δω/2
⟨|ẼR,τint + ẼS,τint|2⟩dω (2.23)

= ρηAeff

h̄ωm

∫ ωm+δω/2

ωm−δω/2
⟨|ẼR,τint|2⟩ + ⟨|ẼS,τint|2⟩ + 2Re{⟨ẼR,τintẼ

∗
S,τint⟩}dω

(2.24)

= ρητint

h̄ωm

(
rect

(
ω

δω

)
⊗
[
P̃ (ω − ω0)

×
(

γRRR + γS

∑
i,j

|rir
∗
j | cos(2kn(zi − zj) + ϕi−j) (2.25)

+
√

γRγSRR

∑
i

2|ri| cos (2knzi + ϕi − ϕNL(ω))
)])∣∣∣∣∣

ω=ωm

.

Here ⊗ denotes a convolution, ρ is the fraction of incident photons on the de-
tector converted to electrons, η is the grating efficiency, P̃ (ω − ω0) is the PSD,
rect(ω/δω) is a rectangular function with FWHM δω and unit amplitude, and
ϕNL = ϕNL,R − ϕNL,S. |ω=ωm signifies that the expression is evaluated at ω = ωm.
The three terms in the bracket correspond exactly to the terms in Eq. (2.7): A DC
term ⟨|ẼR,τint|2⟩, an auto-correlation term ⟨|ẼS,τint|2⟩, and a cross-correlation term
⟨ẼR,τintẼ

∗
S,τint⟩, see Fig. 2.4 for an illustration of the detected interference signal.

The interference signal is digitized when detected, An A-scan is obtained by inverse
Fourier transforming Eq. (2.25). However, the discrete Fourier transform (DFT)
only performs the sum (integral) of the Fourier transform without multiplication
of dω, so in order for the result here to be equivalent with the result of a DFT, we
divide with δω. In reality, the pixels will not be evenly spaced in frequency, and
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Figure 2.4: Example of fringes in SD-OCT. The background is the DC term, and
the interference term add modulation on top.

must therefore be interpolated before being inverse Fourier transformed.

Ne(t = nz/c) = F−1{⟨Ne(ωm)⟩} 1
δω

(2.26)

= ρητint

h̄ω0
sinc (tδω) P0g(t)

⊗
[
γRRRδ(t) + γS

∑
i,j

|rir
∗
j |δ(t ± [τi − τj])

2
e±ϕi−j (2.27)

+ F−1{e∓iϕNL} ⊗
√

γRγSRR

∑
i

|ri|δ(t ± τi)e±ϕi

,

where sinc(t) = sin(t)/t. Comparing with Eq. (2.7), both similarities and differ-
ences are noticed. Both the DC term and the cross correlation term are broad-
ened with g(t) in SD-OCT and TD-OCT, which implies that the resolution is still
governed by the coherence length or inverse bandwidth, so the images from each
method are comparable. The SD-OCT signal is a Fourier transform of a real signal,
which produces an even signal, seen here with the ± signs for signals at positive
and negative optical path differences (OPDs). In SD-OCT, the effect of dispersion
is explicit through the convolution with the non-linear phase term, but the OCT
signal can be dispersion compensated by multiplying eiϕNL onto the detected in-
terference in post processing. This removes the broadening from dispersion in one
side of z = 0 and doubles the broadening effect on the other, but since each side
have the same information, correcting one is enough.

The auto-correlation term in TD-OCT is negligible due to the |rir
∗
j |-dependence

(as opposed to just ri) and because the coherence function eliminates them if
τi − τj > ∆z/c. In SD-OCT the coherence function does not eliminate them, so
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one must rely on the weakly scattering sample to eliminate the auto-correlations.
The effect of the finite pixel size is also evident in the form of the sinc function,
which implies that SD-OCT can’t probe arbitrarily deep, even if sufficient light is
reflected. This is due to the spectral averaging of the pixels. A large difference
in delay causes a very quick fringe frequency in the cosine in the last term of Eq.
(2.25), which is averaged out if the fringes have more than one period on a single
pixel. In fact, due to Nyquist’s sampling theorem only fringes with less than half
a period on a single pixel can be uniquely identified. A 0.2 nm pixel bandwidth
at λ0 = 1300 nm gives a Nyquist sampling limit of

2δωnzmax

c
= π (2.28)

⇔ nzmax = πc

2δω
= 1

4
λ2

0
δλ

= 2.1mm, (2.29)

which is called the imaging range. At this depth, the argument to the sinc function
is π/2, which gives an SNR reduction of 20 log10[sin(π/2)/(π/2)] = 4 dB [21]. This
signal reduction is inherent to SD-OCT and is called the spectrometer roll-off.
Additional roll-off can be observed due to imperfections in the Gaussian spot size
of the light focused onto the spectrometer pixels, which spreads a single wavelength
over more pixels.

State of the art line cameras used in spectrometers typically have 2048 or 4096
pixels, Np. This number imposes a trade-off in SD-OCT. The total bandwidth
of the spectrometer is δωNp, which means that an increase in imaging depth (re-
duction of δω) will reduce the spectrometer bandwidth, which reduces the axial
resolution of the SD-OCT system. This trade-off, the roll-off, the initially observed
loss of sensitivity [69], and the added complexity and cost of a spectrometer com-
pared to a point detector in TD-OCT are some of the reasons why SD-OCT only
received little attention in the first years after it’s invention [70, 71]. SD-OCT
also has some inherent advantages compared to TD-OCT. The spectral detection
gives direct access to the phase information, which can be used to perform numer-
ical corrections, such as dispersion compensation [72–75], refocusing [76–78], and
numerical adaptive optics [79, 80].

2.1.2.1 Sensitivity of SD-OCT
The sensitivity of SD-OCT is defined as in TD-OCT,

ΣSD = 1
Rmin

= SNRmax = S2

σ2
bg

=

(
ρητintP0

h̄ω0

)2
γSγRRR

σ2
bg

. (2.30)

The background noise is this time detected in the frequency domain, and is again
comprised of a sum of electronic noise, shot noise, and excess noise. Approximating
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the the power on each pixel within the FWHM as Ppix = P0/M , where M = ∆ω/δω
is the number of pixels within the FWHM, the noise is,

σ̃2
bg = σ̃2

r+d + ρητintP0γRRR

Mh̄ω0
+ RIN

τint

(
ρητintP0γRRR

Mh̄ω0

)2
, (2.31)

where σ2
r+d is the read-out and dark noise of the spectrometer, and RIN is inte-

grated to ∆f = 1/τint
4, any higher frequencies are approximately averaged out

by the integration of the camera pixels. The background noise is also affected by
the DFT and the absolute value, such that

σ2
Ne

= Nσ̃2
Ñe,bg

, (2.32)

where N is the number of pixels in the noise signal, M in this case for σ2
shot and

σ2
ex since the remaining Np − M pixels are approximated to be dark. The time

domain noise is then

σ2
Ne,bg = σ2

r+d + ρητintP0γRRR

h̄ω
+ RIN

τint

(
ρητintP0γRRR√

Mh̄ω

)2

. (2.33)

The shot noise limited sensitivity of SD-OCT is therefore

ΣSD,shot = S2

σ2
shot

= ρητintP0γS

h̄ω0
, (2.34)

which is consistent with the literature [21–23]. The sensitivity advantage of SD-
OCT over TD-OCT is not immediately obvious from Eqs. (2.18) and (2.34):

ΣSD

ΣTD
= ητint∆f. (2.35)

The fringe frequency, f(t) = ω0/(2π) × 2v/c in TD-OCT depends linearly on the
scan speed, v. To match the A-scan rate of SD-OCT, 1/τint, the scan speed is
v = nzmax/τint, which gives a required electrical bandwidth in TD-OCT of

∆f = ∆ω

πc
× πc

2δωτint
= 1

2τint
M, (2.36)

assuming a suitable bandpass filter is applied in TD-OCT. The sensitivity advan-
tage is then

ΣSD,shot

ΣT D,shot

= η
M

2
. (2.37)

In the ideal case of η = 1, SD-OCT gives an improvement of a factor in excess of
30 dB for modern spectrometers with thousands of pixels. For a realistic η < 1
and M < Np, the improvement corresponds to 20 - 30 dB. This inherent sensitivity
advantage allowed much faster OCT scans without sacrificing the sensitivity.

4To be completely correct, the RIN should be multiplied with a sinc function with an inverse
width of τint to represent the rectangular integration windows, and then integrated from −∞ to
∞. I practice, however, since the RIN is typically flat, multiplication with 1/τint suffices.
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2.1.3 Swept source optical coherence tomography
Swept source OCT, also sometimes called optical frequency domain imaging
(OFDI), is the last of the three configurations, demonstrated for the first time
in 1997 [19, 20]. The fundamental detection is similar to that of SD-OCT, but
here the spectral information is encoded in time, ω(t), as opposed to the spatial
encoding performed by the spectrometer in SD-OCT, see Fig. 2.5. However, be-
cause the detection occurs in the time domain, the notation from TD-OCT is
adopted. The wavelength-swept electric fields impinging on the detector can be
written as

ER(t) = √
γRE0(t)rRei(ω0+ω(t))t−ik(t)2lR−ϕNL,R(ω(t)) (2.38)

ES(t) = √
γSE0(t)

∑
i

riei[ω0+ω(t)]t−ik(t)2(lS+nzi)−ϕNL,S(ω(t)), (2.39)

where the sweep (and thus the bandwidth) is included explicitly in the exponential
through ω(t). E0(t) therefore represents the instantaneous linewidth (the inverse
of the instantaneous coherence length) of the swept source, which is assumed to be
wavelength independent. This implies that the PSD of the light is no longer related
to the Fourier transform of ⟨E0(t)E∗

0(t + τ)⟩. Instead, the power may vary in time
such that ⟨E0(t)E∗

0(t+τ)⟩ = I0(t)g0(τ), where I0(t) = I0(t(ω)) ∝ P̃ (ω(t)−ω0) is the
intensity varying along the sweep proportional to the PSD, and g0(τ) is the complex
degree of temporal coherence of the instantaneous line, which is independent of

Figure 2.5: An SS-OCT sketch. The source is wavelength-swept, which allows
the spectral interference to be detected in time by a photodiode.
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wavelength. The detected current is

⟨i(ω(t))⟩ = ρqeAeff

h̄ω0
⟨|ER(t) + ES(t)|2⟩ (2.40)

= ρqeP (t)
h̄ω0

[
γRRR

+ γS

∑
i,j

|rir
∗
j | cos

(
ω(t)(τi − τj) + ϕi−j + ϕg0 [τi − τj]

)
|g0(τi − τj)|

+ 2
√

γRγSRR

∑
i

|ri| cos (ω(t)τi + ϕi + ϕg0 [τi]) |g0(τi)|
]
. (2.41)

The depth information is, like in SD-OCT, encoded in the fringe frequency of a
cosine, this time without the spectral averaging of the spectrometer pixels. Instead,
the maximum imaging range is determined by the instantaneous coherence length
(the width of g0(τ)), which is typically millimetres to centimetres [81], but have
no upper limit and hundreds of meters of instantaneous coherence length has
been reported [82] enabling macroscopic OCT [83]. Indeed, the imaging range is
one of the key advantages of SS-OCT over SD-OCT. However, the interference
signal is sampled at intervals δt = 1/fs, where fs is the sampling frequency. The
sampling is performed instantly in a sample and hold circuit in the analogue-to-
digital converter [84], and there is thus no spectral averaging in the detection of
SS-OCT. If we assume a linear sweep and a 100 % duty cycle, such that each sweep
starts exactly when the previous sweep stops, ω(t) = ∆ωfullfrept for each sweep5,
from t1 to t2 = t1 +1/frep, repeated in a sawtooth-manner from pulse to pulse, the
sampling corresponds to a linear sampling in frequency δω = ∆ωfullfrepδt6. The
discrete sampling of the interference signal imposes a Nyquist limit in SS-OCT as in
SD-OCT, also governed by (2.28), so the achievable imaging range is the minimum
of the instantaneous coherence length and the Nyquist limit. In SS-OCT, the
frequency resolution is not determined by the spectrometer design, but variable:
δω = ∆ωfullfrep/fs, which implies that the imaging range can be increased by
reducing the A-scan rate, frep and increasing the sweep time correspondingly.

The power, P (t), can be expressed in terms of the PSD:

P (t) = dE(t)
dt

= d
dt

∫ ω(t)

ω(t1)
Ẽ(ω(t) − ω0)dω(t) (2.42)

= d
dt

∫ t

t1
Ẽ(ω(t) − ω0)∆ωfullfrepdt (2.43)

= P̃ (ω(t) − ω0)∆ωfull. (2.44)
5∆ωfull is the full bandwidth of the sweep as opposed to the FWHM bandwidth.
6If the sweep is not linear, an interpolation is required as in SD-OCT
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As for SD-OCT, the inverse Fourier transform is divided by δω to be equivalent
to the result of the discrete Fourier transform. However, before inverse Fourier
transforming, it is noted that the PSD is a Fourier transform pair with AeffG(τ) =
Pavgg(τ) where g(τ) is the same as in TD-OCT and SD-OCT. This gives an A-scan
signal of

i(t = z/c) = F−1{⟨i(ω(t))⟩} 1
δω

(2.45)

= ρqe

h̄ω0

∆ωfull

δω
Pavgg(t) ⊗

[
γRRRδ(t)

+ γS

∑
i,j

|rir
∗
j |e±i[ϕi−j+ϕg0 (τi−τj)]|g0(τi − τj)|

δ(t ± [τi − τj])
2

+ F−1{e∓iϕNL} ⊗
√

γRγSRR

∑
i

|ri||g0(τi)|e±i[ϕi+ϕg0 (τi)]−ϕNLδ(t ± τi)
]
,

(2.46)

which is qualitatively identical to SD-OCT in Eq. (2.27): Delta functions broad-
ened by the width of the coherence gate.

2.1.3.1 Sensitivity of SS-OCT
The sensitivity is defined as for TD-OCT and SD-OCT

ΣSS = 1
Rmin

= SNRmax = S2

σ2
bg

=

(
ρqePavgN

h̄ω0

)2
γRγSRR

σ2
bg

, (2.47)

where N = ∆ωfull/δω is the number of sample points in 1/frep. Substituting
PavgN = P0M and using the expression for σ2

bg from TD-OCT multiplied with M ,
we obtain

ΣSS =

(
ρqeP0M

h̄ω0

)2
γRγSRR(

NECN + M 2ρq2
e

h̄ω0
P0γRRR + MRIN

[
ρqe

h̄ω0
P0γRRR

]2)
∆f

. (2.48)

The shot noise limited sensitivity is

ΣSS,shot = ρP0γS

h̄ω0∆f

M

2
= ΣTD,shot

M

2
, (2.49)

which shows an advantage over TD-OCT similar to that of SD-OCT. This is not
surprising as the two OCT configurations both rely on spectral detection of the
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incoming light. A qualitative explanation for the sensitivity advantage is that in
TD-OCT, the signal is detected in a single point/pixel, whereas in SD-OCT and
SS-OCT, the signal is detected at M pixels, each with a detection sensitivity of
ΣTD. The M contributions are then coherently summed up via a Fourier transform,
which in the end gives a sensitivity advantage of M/2, where the factor of 1/2 is
due to fact that the signal is divided in half for the two peaks positioned at ±τi.

2.1.4 Lateral scanning and data processing

As briefly mentioned, an OCT image is built by acquiring adjacent A-scans that
together build a 2D or 3D image of the sample structure. Adjacent A-scans are
typically acquired by scanning a point shaped light beam across the sample using
e.g. galvanometer scanners. The recorded data is then, in SD- and SS-OCT, ref-
erence subtracted, which removes the |ER|2 background, dispersion compensated
by multiplication with the complex conjugated nonlinear phase term before an in-
verse discrete Fourier transform reveals the A-scan. TD-OCT is seldom used due
to the inertia of the scanning of the reference mirror, which reduces the possible
scan speed, and also due to the sensitivity disadvantage of TD-OCT, which im-
plies that the obtainable image quality from TD-OCT is significantly worse than
for SD-OCT or SS-OCT for a given speed. SD-OCT is limited in speed by the
read-out rate of the spectrometer camera, which for state of the art line cameras
today is a few hundreds of kHz. SS-OCT acquires A-scans at the sweep rate of
the swept source, which, depending on the configuration, can be tens of MHz, as
discussed in detail in Chap. 4. However, for bandwidth and ultrahigh axial reso-
lution, SD-OCT or TD-OCT are typically the better choices, as truly broadband
swept sources are hard to come by.

In an attempt to increase A-scan rates without reducing the sensitivity, parallel
detection schemes have been introduced with one or two lateral dimensions being
imaged directly onto the detector array, in what is termed line field (LF-) OCT
and full field (FF-) OCT. The parallel schemes reduce the need for scanning as
well as reduce the required detection bandwidth, which lowers the noise. Both
TD-OCT [30], SD-OCT [85], and SS-OCT [86] configurations are available, but
imaging the sample to the detector prohibits the use of fibres, which belong to the
class of non-imaging optics. A free space interferometer is thus required, which is
much less robust than a fibre-based one, complicating out-of-lab use.
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2.2 Supercontinuum light sources
The ultra broadband supercontinuum light that enables ultrahigh resolution OCT
is generated by pumping any sufficiently nonlinear material with a high (peak)
power laser [24–26, 28]. However, modern supercontinuum sources are almost ex-
clusively based on optical fibres due to the high confinement they offer, which
both increases the intensity of the light, strengthening the nonlinear effects, and
the available interaction length. The properties of the generated supercontinuum
depend strongly on which dispersion regime (normal or anomalous) the fibre is
pumped in, with anomalous pumping giving the widest bandwidth. The inven-
tion of microstructured optical fibres in 1996 [87] along with tapering of optical
fibres then paved the way for precise dispersion engineering that allowed genera-
tion of ultrabroad spectra from moderate pulse energies, by pumping the fibres at
a wavelength with a low, but anomalous group velocity dispersion [27, 88–90].

In the following, a quick overview of the broadening mechanisms for long-pulsed
(picosecond (ps) or longer) supercontinuum generation in the anomalous dispersion
regime and short pulsed (fs) supercontinuum generation in the normal dispersion
regime.

2.2.1 Pumping in the anomalous dispersion regime
In the anomalous dispersion regime, the long pump pulse initially breaks up due to
modulation instability (MI) where frequency bands on both sides of the pump pulse
experience gain due to the nonlinear light-matter interaction. The frequencies of
maximum MI gain are ω = ω0 ± ΩMI = ω0 ± 2γP0/|β2|1/2, where γ is the nonlinear
parameter of the material, P0 is the peak power of the pulse, and β2 = ∂2

ωβ(ω), the
second derivative of the propagation constant, is the GVD parameter. At some
point, the amplitude of the amplified sidebands become comparable with the input
pulse, which then breaks down into a train of solitons, with a duration of approx-
imately π/ΩMI. The number of solitons created is roughly equal to the so-called
soliton number, N7, of the initial pulse [91] N2 = γP0t

2
0/|β2|, where t0 is the pulse

width. N is typically large due to the long pulses, and because the generated
fundamental (N = 1) solitons overlap in time, they collide, interact and exchange
energy [92, 93] in what is commonly termed a sea of solitons [94, 95]. The soli-
tons redshift due to intra-pulse Raman amplification where the short wavelength
side of the soliton amplifies the long wavelength side through stimulated Raman
scattering, thus creating a continuous redshift, at a rate proportional to the peak
power squared or pulse width to the power of negative four [96,97], such that the

7I apologise for the double use of N as both the number of pixels and soliton number, but I
hope the context is enough to distinguish the two uses.
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most energetic solitons redshift the furthest and make up the red edge of the su-
percontinuum. As the most energetic solitons reach the loss edge of the nonlinear
fibre, the peak power, and thus also the redshift rate, is reduced. Additionally,
as the solitons redshift, the fibre dispersion typically also increases, which forces
the solitons to increase their widths and decrease their peak powers in order to
conserve energy and to maintain N = 1. This also slows down the redshift rate.

The blue side of the anomalously pumped supercontinuum consists of disper-
sive waves that are generated from energy shed from the solitons due to third
order dispersion [98]. The dispersive waves become trapped in a gravitation-like
potential created by cross-phase modulation of a dispersive wave and a soliton,
which cause the dispersive wave to blueshift as the soliton redshifts such that
they continue to overlap in time [99–102]. Figure 2.6(a) shows a spectrogram of a
simulation of a MI supercontinuum.

The broadening is initiated by MI amplification of quantum noise, and the
broadened spectra of the pump pulses are therefore incoherent and exhibit large
intensity fluctuations from pulse-to-pulse [49,56] as well as non-smooth fine struc-
ture [42, 103], both impeding their use in OCT.

2.2.2 Pumping in the normal dispersion regime
In the normal dispersion regime, the MI gain is zero, so the pulse propagates rela-
tively undisturbed. For short pulses, the dominant process is self-phase modulation
(SPM) which creates new frequencies in a characteristic S-shape as illustrated by
the black line in Fig. 2.6(b). Normal group velocity dispersion causes the two
SPM lobes to shift away from the centre of the pulse, causing optical wave break-

Figure 2.6: Spectrograms of a soliton-based supercontinuum (a) and an ANDi
supercontinuum (b). Adapted from [60].
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ing, which approximately doubles the SPM bandwidth [58, 104], when the lobes
overtake the edges. After this, the broadening stops and the pulse spreads out in
time due to group velocity dispersion. This implies that in order to generate a
wide bandwidth, a very high peak power and low normal group velocity disper-
sion is required for extended SPM bandwidth. Both SPM broadening and wave
breaking are coherent, deterministic processes, and the resulting supercontinuum
is therefore also coherent and very stable from pulse to pulse.

Femtosecond-pumped dispersion flattened microstructured fibres (or photonic
crystal fibres (PCFs)) which provide more than an octave of bandwidth, have
been found to be the best candidate to match the soliton-based supercontinuum
in terms of bandwidth [59, 105, 106]. However, the high power increase the effect
of polarization MI and stimulated Raman scattering leading to a loss of coherence
and increased noise, which, though, can be mitigated by using short, bifrefringent
fibres. [107, 108].

The coherent, low noise, and broadband fs supercontinuum sources are, under
the right conditions, capable of producing spectra with intensity noise limited by
the pump laser [109,110], potentially enabling shot noise limited supercontinuum-
based OCT.

2.3 Supercontinuum sources in OCT
This chapter is not complete without a review of the use of supercontinuum sources
in OCT. The first demonstration of supercontinuum-based OCT came in 2001,
when a dispersion engineered PCF with anomalous dispersion above 767 nm was
pumped by a mode locked Ti:Sapphire laser at 800 nm and generated a soliton-
based supercontinuum [27, 32]. The bandwidth from 1180 nm to 1550 nm was
coupled into a TD-OCT system, and resulted in 2.5 µm free space axial resolution,
a long-standing record in the 1300 nm wavelength range. Soon after, in 2002, the
first supercontinuum at 800 nm was used in OCT to produce a sub-micrometre
resolution for the first time [39]. The superconinuum noise was not visible in these
reports due to a balanced detection scheme, which is common in TD-OCT as well as
SS-OCT. 2003 saw the first use of an all-normal dispersion (ANDi) fibre to produce
a supercontinuum with the same RIN as the pump, for use in OCT at 1050 nm [109],
and in 2004 at 1550 nm [33], with modest resolutions of 5 and 7.6 µm, respectively.
The first supercontinuum-based SD-OCT was reported in 2005 [111], and TS-OCT
with a supercontinuum source followed in 2006 [42], both sources pumped in the
anomalous dispersion regime. The ANDi supercontinuum sources fell out of favour
in the general OCT community because even modest side lobes in the femtosecond
pump pulse resulted in heavy modulation of the spectrum [105,112]. Subsequently,
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soliton-based supercontinuum sources facilitated the push of OCT to both the
visible range [113] and the mid-infrared (-IR) [37, 38]. Supercontinuum sources
have thus enabled high resolution OCT imaging at vastly different wavelength
regions. After heavy research into the broadening mechanisms and pitfalls of
ANDi-based low noise supercontinuum sources [58,59,106–108,110,112,114], they
are now receiving renewed interest in OCT [60,115,116] with a promise of ultrahigh
resolution shot noise limited OCT.
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CHAPTER 3
Supercontinuum noise in
spectral domain optical
coherence tomography

Supercontinuum sources are an increasingly popular choice in SD-OCT due to their
ultrabroad spectra that provide an unmatched resolution, and their flexibility in
choice of centre wavelength which has enabled OCT in spectral regions where
other broadband sources are scarce, e.g. the visible [113] and mid-IR [37, 38]. A
thorough understanding of the supercontinuum excess noise is therefore imperative
to support the optimal use of supercontinuum sources OCT.

This chapter contains figures and paraphrased text from [57, 60], and treats
supercontinuum noise from both conventional soliton-based sources and ANDi
sources in SD-OCT and investigates the effect on the OCT images.

3.1 Excess noise in SD-OCT
The excess noise in OCT is introduced via the RIN parameter (Eq. (2.13)), and
while it gives a fundamental insight in the power scaling of the different noise terms,
it is not particularly useful in terms of quantitative predictions of the actual noise
level. To this end, many authors have introduced the excess noise of thermal
light [21, 117]

σ2
ex,thermal = 1 + P

2
τc

τint

(
P0γRRRτintρη

h̄ω0

)2
, τc ≪ τint (3.1)

where P is the degree of polarization. This gives

RINthermal = 1 + P
2

τc = 1 + P
2

2π

δω
, (3.2)

where τc = 1/δν = 2π/δω is the coherence time of the optical detection bandwidth
of a single pixel. Equation (3.2) produces accurate results given a (pseudo)-thermal
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light source, e.g. based on (amplified) spontaneous emission (ASE), such as a
super luminescent diode (SLD) [21, 118]. However, if the ASE source is operated
under gain saturation, a substantial noise suppression can be obtained because the
intensity fluctuations of the spontaneous emission are not amplified evenly [119].

So, how do these approximations of thermal light fit a supercontinuum? Since
the soliton-based supercontinuum spectrum grows from quantum noise, it’s not
unreasonable to expect each pulse to be uncorrelated such that the supercontin-
uum excess noise is white, which is also experimentally observed [49, 52]. In fact
the statistics are Gaussian far from the edges of the supercontinuum [53]. This
is in good agreement with Eq. (3.2) which is also independent of electrical detec-
tion bandwidth. The ANDi supercontinuum, however, introduces only little noise
during the broadening process, so the excess noise adheres to that of the pump
laser, which in general is not flat [109,120,121] (though sometimes it is [112]), and
the linear ∆f = 1/τint dependence of the excess noise (Eq. (3.1)) must be applied
cautiously in all types of OCT.

Equation (3.2) also predicts a linear dependence on the coherence time, τc,
which comes from the fact that integration over several τc in and integration time,
τint, is equivalent to some form of averaging since the intensity fluctuations sepa-
rated by more than τc are uncorrelated. For the narrowly filtered light impinging
on a spectrometer pixel, it might be more intuitive to use a frequency domain
description to consider the question, how many coherence wavelengths (the wave-
length difference that separates two uncorrelated wavelength components) fit inside
the pixel bandwidth? Pseudo-thermal light sources emit light that is completely
uncorrelated because each photon is emitted independently of the others. The
coherence wavelength (or frequency) of such a source is then determined by the
inverse integration time, 1/τint, and the τc/τint factor is replicated. However, this
assumes that all spectral components are uncorrelated, which is not the case in
a supercontinuum. In the anomalous dispersion regime, the spectrum consists of
spectrally overlapping, but distinct, pulses (solitons). This implies that closely
spaced spectral components are not uncorrelated because they are affected by the
same solitons. Spectral components separated by less that the coherence wave-
length will be correlated, and reduction of the optical detection bandwidth of the
pixels below this value will not affect the recorded excess noise. The coherence
wavelength depends on physics behind the broadening, the wavelength, and the
pulse and fibre parameters. Corwin et al. estimated the coherence wavelength
for their parameters in the anomalous dispersion regime to vary between 0.1 nm
and 1 nm across the spectrum [49]. In addition, it is well known that the pulse-
to-pulse fluctuations of a supercontinuum measured within a fixed bandwidth is
highly dependent on the wavelength [28, 49, 52, 53, 56], something Eq. (3.2) also
doesn’t account for.
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Recasting σ̃2
bg from Eq. (2.31) in terms of spectrometer counts instead of elec-

trons with ∆e electrons per count, we get

σ̃2
bg,c =

(
σ̃r+d

∆e

)2
+ Nc

∆e
+ RINN2

c

τint
, (3.3)

where Nc = P0γRRRρητint/(h̄ω0∆e) is the expected number of counts in a read-
out, and RIN/τint is the relative intensity noise variance from readout to readout.
Taking into account the pulsed nature of a supercontinuum, with a duty cycle of
frepτp, where τp is the pulse length, the thermal RIN reads [122]

RINthermal = 1 + P
2

τc

τpfrep

. (3.4)

The supercontinuum RIN is in the literature both specified in 1/Hz (or dB/Hz)
and in percent, which can be quite confusing. Here RIN is in 1/Hz because it
is the literature standard outside the supercontinuum community and because it
allows for a fair comparison between sources with different repetition rates. The
percent values are here denoted as σ̄M , which assuming white excess noise are

σ̄2
M = σ2

P

µ2
P

1
M

= RINfrep

M
= RIN

τint
, (3.5)

where M = frepτint is the number of pulses in an integration time, and (σP /µP )2 is
the squared inverse SNR of a pulse-to-pulse measurement. These values are then
specified in percent as the standard deviation, σ̄M rather than the variance. σ̄1 thus
represents the pulse-to-pulse RIN in percent specified in many supercontinuum
papers. Crucially, however, for a fixed pulse-to-pulse variation, σ̄1, the RIN in
1/Hz is thus inversely proportional with frep because a given electrical detection
bandwidth integrates over more pulses:

RIN = σ̄2
1

frep

. (3.6)

3.2 Measuring the excess noise in SD-OCT
To evaluate the validity of the thermal RIN predictions for supercontinuum light,
an SD-OCT system [35] with the sample arm blocked is employed, see Fig. 3.1.
The supercontinuum source is a SuperK Extreme EXR-9 (NKT Photonics A/S,
Birkerød, Denmark), and it is filtered from 1000 nm to 1750 nm by long- and
short pass filters to remove unwanted radiation. The coupler is a broadband 50/50
fibre coupler TW1300R5A2 from Thorlabs Inc. (USA), and the spectrometer is a
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Figure 3.1: The SD-OCT setup used to measure the supercontinuum excess noise.
FC is a 50/50 fibre coupler, and var. NDF is a variable neutral
density filter wheel. Adapted from [57].

Cobra1300 (C-1070-1470-GL2KL) from Wasatch Photonics, USA with 2048 pixels
covering the wavelength range from 1070 nm to 1470 nm, giving an approximate
pixel bandwidth of 0.2 nm. The gain is ∆e = 270 electrons per count.

The noise is evaluated by recording 33 sets of 1024 spectra with varying power
in the reference arm, see Fig. 3.2(a). The noise across the spectrum is clearly
visible. The sample arm is blocked to mimic a weakly reflecting sample, and the
measured noise is therefore the background noise, σ̃2

bg which was discussed above
and in Sec. 2.1.2.1. The detected noise σ̄M = (RIN/τint)1/2 is calculated for each
pixel for the highest power in Fig. 3.2(a) as the inverse SNR and plotted in Fig.
3.2(b) with a moving average of 12.8 nm to smooth the curve. The dashed curve
shows the prediction of the thermal light model, (τc/2τp)1/2 with P = 0 since the
supercontinuum is unpolarised, with τp = 28 ps, and τc = λ2/(cδλ) = 28ps for
δλ = 0.2 nm. The pulse width is estimated from Fig. 2.6(a).

The prediction is on average 40 % higher than the measured noise across the
bandwidth, and has the same slope, which is not bad given the fundamental differ-
ences between actual thermal light and a supercontinuum. What the theory fails
to account for is the coherence wavelength. Spectral components separated by
more than the coherence wavelength will vary independently of each other. So for
a large pixel bandwidth, the fluctuations of spectral components in one side of the
bandwidth can cancel fluctuations in the other because the final pixel count aver-
ages the optical power over both time and frequency, ultimately reducing detected
noise. Halving the pixel bandwidth, will reduce the effect of the averaging by a
factor of 2, increasing the RIN by a similar factor of 2, as predicted by Eq. (3.2).
However, when the pixel bandwidth approaches the coherence wavelength the ef-
fect on the averaging is diminished. The measured excess noise therefore stops
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Figure 3.2: Supercontinuum noise in SD-OCT. (a) shows a representative sample
of spectra recorded at different power levels. (b) shows the inverse
SNR measured at the highest power to isolate the excess noise. (c)
to (e) show how the noise vary with increasing reference power at
1200 nm, 1300 nm, and 1420 nm, respectively. Adapted from [57].

following the 1/δω dependence of Eq. (3.2), but approaches a constant. The cited
coherence wavelength of 0.1 nm to 1 nm for a soliton-based supercontinuum [49]
places the pixel bandwidth of 0.2 nm well within that range, and this effect of the
coherence wavelength must be taken into account.

The question is then if the thermal prediction is valid for a supercontinuum
given that the pixel bandwidth is significantly larger than the coherence wave-
length. The answer is likely no. Equation (3.4) depends on the pulse width τp,
τc, and frep. τc is, in SD-OCT, determined by the pixel bandwidth, and frep rep-
resents standard averaging over many pulses, both independent of the individual
supercontinuum pulses and the nonlinear processes. It is impossible that a simple
inverse dependence on τp can accurately describe changes in the noise arising from
changes in the input peak power [52], fibre design [123], amplification effects [124],
and variations across the spectrum [53]. Exacerbating this point, the ANDi sources
are pumped by fs lasers, which, according to Eq. (3.4) increases the excess noise,
in contrast to the experimentally observed very low excess noise [109]. However,
for the parameters presented here in Fig. 3.2(b), Eq. (3.4) provides an acceptable
estimate, but there is no way to evaluate the quality of the estimate before the
measurement is performed, and then one might as well use the measured noise to
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optimise the noise performance of the SD-OCT system.
The noise performance of an SD-OCT system is assessed by plotting the vari-

ance of single pixel value at different power levels because it allows for sepa-
ration of the three noise terms, which all have a different dependence on the
power [31, 125, 126]. Figure 3.2(c-e) show such a plot for three different wave-
lengths. The variance is calculated for each pixel individually and averaged over
12.8 nm to improve the estimate of the variance. The individual noise terms are
plotted, σ̃r+d = 8.1 (fitted value), and σ̃shot = Nc/270. The excess noise is plot-
ted as σ̃ex = σ̄2

MN2
c in black dashes, and the thermal prediction is grey dash-dots.

The total of all three noise terms is plotted as solid red lines, and we immedi-
ately appreciate the accuracy of the measurement-based evaluation of the excess
noise. The optimum sensitivity is achieved where the electronic noise and excess
noise terms are equal, which in this case occurs at approximately 300 counts at
1300 nm. This is just 7.3 % of the available 4096 count (12 bit) dynamic range.
The shot noise level is below the electronic noise for reference levels below 2000
counts, which highlight a disadvantage of InGaAs detectors (or other detectors for
detecting low energy photons): As the bandgap is decreased, the dark noise due
to thermally excited electrons increases exponentially due to the Fermi-Dirac dis-
tribution of electrons in a semiconductor [127,128]. Silicon detectors, for instance,
have a larger bandgap, and therefore also a much lower dark signal [122].

3.2.1 Spectral correlations and excess noise in the
z-domain

Noise in the spectral domain is one thing, but what really matters in OCT is
the noise in the A-scan, i.e., the z-domain. Many authors opt for an assumption
of white noise characteristics in the spectral domain such that the A-scan noise
floor is flat, which is accurate for any source that generates the different frequen-
cies independently, e.g. through ASE [21, 68, 122]. Correlations in the spectrum,
as for supercontinuum, imply that the noise in the z-domain is not white, and
consequently exhibits a non-flat noise floor [55, 56, 125]. The correlations of the
soliton-based supercontinuum are investigated by computing the autocorrelation,
R(∆k), of each reference spectrum individually (the sample arm is still blocked)
and averaging the result across all A-scans, as shown in Fig. 3.3(a). The autocor-
relation is computed as

R(∆k) =
∫ ∞

−∞
Ñe(k)Ñe(k + ∆k)dk, (3.7)

and it describes how similar a signal is to a delayed copy of itself. In this case a very
sharp peak is observed, marked by (1) in Fig. 3.3(a), and is caused by the coherence
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Figure 3.3: Autocorrelations and noise floors of the soliton-based SuperK (a)
and (b), and the ANDi supercontinuum (c) and (d), highlighting the
effect of the correlated supercontinuum excess noise on the A-scan
noise floor. (e) shows the ANDi spectrum and the window applied.
Adapted from [57].
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wavelength. The peak has a FWHM of 3.8 pixels which at 1300 nm corresponds
to a coherence wavelength of 0.5 nm to 0.6 nm, well in the range of Corwin et al.
[49]. The spectrum of a soliton-based supercontinuum in the 1300 nm wavelength
range is (if pumped at 1064 nm) comprised of a sum of the sea of solitons, so
the spectral characteristics, the coherence wavelength included, must be derived
from there. A single soliton is tens of nanometres wide, but the temporal and
spectral overlap of solitons in the sea of solitons give rise to spectral interference.
The spectral interference of many solitons produces a seemingly noisy single-shot
spectrum, which is stabilised by integration over M pulses. However, the coherence
wavelength is maintained in the sense that the summed spectrum will not have
shorter fluctuations (in frequency) than the individual spectra. The coherence
wavelength is thus determined by soliton interference in the sea of solitons. This
implies that the coherence wavelength is wavelength dependent and varies going
from the fewer, high-energy solitons at the red edge to the sea of solitons and
into the normal dispersion regime, where the lack of solitons suggest that the
coherence wavelength is very small. Note also that at this level of few pixels
coherence wavelength, the observed correlations are affected by the spectrometer
resolution [129].

The effect of these spectral correlations on the noise floor is that the noise a
large OPDs will be reduced, because the noise is correlated ±2 pixels, and very
short period (still in frequency or wavelength) excess noise is therefore not present
to the same degree as long period noise. We can study the effect by applying the
Wiener-Khinchin theorem. The domains are switched, now the autocorrelation is
in the ω or k domain, and the PSD is in the t or z domain. The term power in
PSD does not necessarily mean optical power, but rather the mathematical power.
Here we have

F−1{R(∆k)} = |Ne(z)|2, (3.8)

which, without the square is exactly how an A-scan is computed, |Ne(z)|. Figure
3.3(b) compares the square root of the inverse Fourier transform of the ensemble
averaged (denoted by the ·̄) autocorrelation to the average noise floor and shows
excellent overlap. The (1) mark in Fig. 3.3(b) shows the broad ”peak” that is
the result of the Fourier transformed narrow peak in Fig. 3.3(a). The small
offset of 0.5 dB is due to the averages being performed on different levels. The
autocorrelation is linearly dependent on the squared power spectrum amplitude
whereas the A-scan is just the amplitude. If the spectral noise is Gaussian so is
both the real and imaginary parts of the Fourier transform, with variance σ(z)2,
where the z-dependence comes from the correlations. The amplitude adheres to a
Rayleigh distribution which has a mean of µR(z) = σ(z)

√
4/π, and the amplitude

squared adheres to a χ2 distribution with 2 degrees of freedom (one each for the
real and imaginary parts). The square root of such a χ2 distribution has a mean



3.2 Measuring the excess noise in SD-OCT 33

of (µχ2)1/2 = σ(z)
√

2, and the factor between the curves is therefore
√

4/π = 0.525
dB.

Figures 3.3(c-d) show the autocorrelation and noise floor of an ANDi super-
continuum created by launching 165 fs pulses (FemtoPower FP1060-fs, Fianium,
UK) into a commercially available microstructured fibre (NL-1050-NEG-1, NKT
Photonics A/S, Denmark), see [115]. Figure 3.3(e) shows the ANDi spectrum and
the window applied to filter out noise at the spectral edges. Figure 3.3(c) show a
much broader main peak than Fig. 3.3(a). The excess noise in the ANDi super-
continuum arise not from the interference of solitons, but from the variations in
the input pulse. The varying input peak power affects the SPM process and the
spectral fringes it generates. The spectral fringes vary with the peak power from
pulse to pulse, so the variations in the summed spectrum, i.e., the excess noise, will
be correlated within the typical width of the SPM fringes. As a consequence of the
broad spectral correlations of the ANDi excess noise, the excess noise contribution
to the A-scan noise floor is contained within the first 150 µm, as marked by (2) in
Figs. 3.3(c-d). At OPDs larger than 150 µm, the noise floor is flat and shot noise
limited, and this is with a pixel-wise excess noise, σ̄M = 2%, as shown in Fig. 3.4,
which is more than twice that of the soliton-based supercontinuum in Fig. 3.2(b).
This suggests that as long as the ANDi excess noise is dominated by peak power
fluctuations of the pump laser and subsequent SPM variations, the excess noise
does not affect the main part of the OCT A-scan because it is correlated across
several nanometres.

Figure 3.4: Pixel-wise, readout to readout excess noise for the ANDi supercontin-
uum as detected by the spectrometer. The values of approximately
2 % are twice as high as the recorded noise of the soliton-based su-
percontinuum in Fig. 3.2(b).
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3.3 Second generation ANDi
supercontinuum

A second generation ANDi supercontinuum with a stable pump laser was con-
structed. A laser emitting 125 fs pulses at 1550 nm (FemtoFiber, Topica, Germany)
pumped a 10m GeO2 doped silica PCF (Custom made, OFS Fitel, Denmark) with
flat, low, normal dispersion. The dispersion and the resulting spectrum is shown in
Fig. 3.5. The spectrum exhibits large spectral fluctuations from imperfect pump
pulses, as discussed in Sec. 2.3, in the central part, but the spectrum is stable in
time. However, for OCT, the spectral fringes in the central part don’t mix well
with the spectral interference fringes that are to be detected. The spectral edges,
which are generated during the optical wave breaking process show much weaker
fluctuations and are thus better suited for OCT. The short wavelength edge over-
laps partly with the spectrometer, but unfortunately covers only down to 1280
nm. The pump laser had a repetition rate of 90 MHz, and is compared to the 320
MHz SuperK Extreme introduced in Sec. 3.2 as well as a similar SuperK with
80 MHz repetition rate (SuperK Extreme EXW-12, NKT Photonics, Denmark)
which is included because the repetition rate is similar to that of the ANDi super-
continuum. The noise is recorded in the same SD-OCT system as in Fig. 3.1 for
varying power levels as previously, and the results are plotted in Fig. 3.6(a-c) for
the 80 MHz SuperK, ANDi supercontinuum, and 320 MHz SuperK, respectively.

Figure 3.5: Dispersion of the ANDi fibre, and the resulting low noise supercon-
tinuum spectrum. Adapted from [60].
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All noise terms are fitted simultaneously on the double logarithmic scale. Both
soliton-based supercontinuum sources have high excess noise as expected, with the
320 MHz source performing slightly better due to increased averaging. The 320
MHz SuperK has σM = 1.16%, and the 80 MHz has σM = 1.35%, both measured
in the excess noise dominated regime. The difference between the two SuperKs
is smaller than the anticipated factor of

√
320/80 = 2. The deviation from the

expected factor suggests that the 320 MHz SuperK has pulse-to-pulse fluctuations,
σ̄1, that are 71 % higher than the 80 MHz SuperK. The ANDi source, on the
other hand has a 20 dB lower excess noise, and is therefore only affected by excess
noise above 2400 counts on the detector, the same region where the shot noise
crosses the r+d noise. Figure 3.6(d) shows the reference spectra at the optimal
reference power, 250 counts for the two soliton-based supercontinua, and 1000 for
the ANDi supercontinuum. The optimal level for the ANDi source is 2400 counts
(where σ2

r+d = σ2
ex), but due to variations in the spectral shape from session to

session, resulting from an extremely sensitive dependence on the coupling into the
nonlinear fibre, the level in the remaining part of the spectrum was kept at 1000
counts to avoid saturation of the detector in any case. Additionally, a Hamming
window was applied to reduce side lobes in the A-scans. The window was applied
to all sources to ensure a fair comparison.

The sensitivity of the SD-OCT system with the three different sources is mea-
sured by placing a silver mirror in the sample arm and illuminating it with 3.5
mW in the range from 1280 nm to 1470 nm. The remaining range from 1070 nm
to 1280 nm was discarded by the Hamming window. Interference was recorded at
different axial positions with the sample mirror misaligned to avoid saturation of
the detector. The power at the spectrometer from just the sample arm was mea-
sured with the mirror both aligned and misaligned to assess the loss introduced
by the misalignment. The sensitivity is then calculated according to Eq. (2.30) as
the ratio between the mean of the A-scan peak squared and the variance of the
background noise plus the misalignment losses (in dB) [130]. The resulting curves
are shown in Fig. 3.7(a-c), for the 80 MHz SuperK, 320 MHz SuperK, and ANDi
supercontinuum, respectively. As expected, the ANDi source has the highest sen-
sitivity at 96.44 dB, 7 dB above the 320 MHz SuperK, and 12 dB above the 80
MHz SuperK. The 7 dB advantage of the ANDi source over the 320 MHz SuperK
can be explained from Fig. 3.6. At 250 counts, the total detected noise for the
320 MHz SuperK is 2σ2

r+d because σ2
r+d = σ2

ex. For the ANDi source the noise is
approximately the same due to the combined influence of r+d noise, shot noise,
and excess noise around 1000 counts. The difference in sensitivity then comes from
the difference in the reference power (Eq. (2.30)), approximately 6 dB. All three
curves show a sensitivity roll-off of 15-17 dB from the maximum at 0 OPD to the
minimum at 2 mm OPD.
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Figure 3.6: Noise graphs and reference spectra for the two SuperKs and the
ANDi source. (a) is the 80 MHz SuperK, (b) is the ANDi source,
and (c) is the 320 MHz SuperK. (d) shows representative reference
spectra at the optimum power level along with the applied Hamming
window. Adapted from [60].

The theoretical shot noise limit is 102.6 dB when including losses in the sample
arm (single pass, √

γs = 0.25), spectrometer losses (η = 0.5), and detector quan-
tum efficiency (ρ = 0.7). The 6 dB difference between the ANDi sensitivity and
the theoretical limit can be explained by the fact that the noise is still dominated
by r+d noise at 1000 counts. The shot noise contributes σ2

shot = 1000/270 = 3.7
counts2 out of the approximately σ2

tot ≈ 14 counts2 at 1000 counts in Fig. 3.6(b),
resulting in a 14/3.7 = 5.8 dB reduction from the shot noise limit. As discussed in
Sec. 3.2, the high r+d noise of InGaAs detectors prohibits pure shot noise limited
OCT.

All three sources provide a resolution of 5.8 µm when using the range 1280 nm
to 1470 nm, with a slight broadening to 6.0 µm at 2 mm OPD.

3.3.1 SD-OCT imaging with supercontinuum sources
To assess the quality of the produced images, a stack of 17 layers of tape was
imaged with all three sources. All images were taken with the reference arm length
adjusted so the sample was in the negative OPD region, such that the sensitivity
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Figure 3.7: Sensitivity curves for three supercontinuum sources: SuperK 80
MHz (a), SuperK 320 MHz (b), and the ANDi supercontinuum (c).
Adopted from [60].

roll-off worked against the signal attenuation through the sample. The top of
the sample was furthest from zero OPD where the sensitivity is lower and the
deeper parts were close to zero OPD where the sensitivity is higher. All images
were processed by the standard dispersion compensation, reference subtraction,
and normalisation. In addition, all images were shadow compensated to increase
contrast [131]. All B-scans are shown on the same logarithmic gray scale to ensure
a fair comparison.

The tape layer phantom B-scans are seen in Figs. 3.8(a-c) for the 80 MHz
SuperK, the ANDi source, and the 320 MHz SuperK, respectively. The layers are
seen in all three images, with the dark lines being the adhesive between the polymer
bases. The ANDi source is clearly able to distinguish each layer all the way to the
paper substrate, as opposed to the 80 MHz SuperK, which have trouble resolving
the last 3-4 layers due to the higher background noise. The 320 MHz SuperK is just
able to resolve all layers due to the reduced background noise from the increased
averaging. Figure 3.8(d) shows the average shadow compensated A-scan for each
source across 146 µm laterally, as illustrated by the white box in Fig. 3.8(b). The
A-scans are shifted 5 dB from each other to increase visibility. The ANDi source
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Figure 3.8: SD-OCT images of a tape stack. (a) to (c) show the 80 MHz SuperK,
ANDi, and 320 MHz SuperK respectively. (d) shows the averaged,
shadow compensated A-scan.

clearly shows the largest contrast at 5.4 dB from polymer to adhesive with a 2.5
dB advantage over the 80 MHz SuperK, which is comparable to the ANDi source
due to the similar repetition rates, suggesting a significant improvement. The 320
MHz SuperK which is specifically designed for OCT, achieves a contrast of 3.6 dB,
significantly below the ANDi source.

In order to evaluate the imaging performance with a biological, non-
homogeneous sample, the inside of the palm of a healthy volunteer was imaged.
The B-scans are shown in Figs. 3.9(a-c), again for the 80 MHz SuperK, the ANDi
source, and the 320 MHz, respectively. The 80 MHz source in Fig. 3.9(a) is able
to image both the epidermis and dermis, but only down to approximately 0.6 mm
below the surface. The ANDi source in (b) is able to image features more than
1.2 mm into the sample at a higher contrast than the 80 MHz SuperK. The 320
MHz SuperK in (c) shows improved contrast compared to the 80 MHz SuperK,
but the penetration depth is similar, and thus behind the ANDi source. Figure
3.9(d) compares the average A-scans without shadow compensation of the 80 MHz
SuperK and the ANDi source. The average is done across the entire image after
each A-scan is shifted up or down accordingly, such that the top surface is flat.
The 80 MHz SuperK curve is shifted upwards 6.6 dB and 9 µm axially so they over-
lap. The 320 MHz SuperK is omitted to avoid cluttering in the plot. The relative
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Figure 3.9: SD-OCT images of the inside of a palm. (a) to (c) show the 80 MHz
SuperK, ANDi, and 320 MHz SuperK respectively. (d) shows the
averaged A-scan highlighting the increased penetration of the ANDi
supercontinuum.

strength of the surface signals compared to the epidermis and dermis signals are
constant between the two sources. However, the 80 MHz SuperK A-scan reaches
the noise floor just after 0.6 mm from the sample, whereas the ANDi can visualise
features more than 1.2 mm below the surface, as indicated by arrows. Additionally,
the signal for the 80 MHz SuperK reaches the noise floor in the stratum corneum,
which the ANDi supercontinuum doesn’t. The difference in noise floor levels is 5.5
dB, allowing the ANDi source to image deeper inside the skin.

Finally, an ex-vivo mouse retina sealed in epon resine was imaged, and averaged
B-scans (9 are averaged) are shown in Figs. 3.10(a-c). The optical nerve head is
visible in the centre right part of the image, and different layers of cells are visible
inside the retina, as labelled in Fig. 3.10(b). All three sources are capable of
imaging through the retina because it is thin and transparent. Figure 3.10(d)
shows an averaged A-scan from the right part of the image (indicated by white
dashed lines in Fig. 3.10(b)). The signal inside the retina, from approximately 1.28
mm to 1.74 mm, is similar for all three sources, so there is no improved contrast
for the ANDi source inside the sample, as was the case for the tape phantom and
the stratum corneum in the skin. Outside the retina, however, the ANDi source
reaches a noise floor 5.3 dB and 4.1 dB below the 80 MHz SuperK, above and below
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Figure 3.10: SD-OCT images of an ex-vivo mouse retina. (a) to (c) show the 80
MHz SuperK, ANDi, and 320 MHz SuperK respectively. (d) shows
the averaged A-scan, and (e) shows the full SD-OCT image..

the sample, respectively. Figure 3.10(e) shows the full A-scan and the portion that
is cut out for Figs. 3.10(a-c).

The shadow compensated ANDi B-scans of both skin and mouse retina show an
improved contrast compared to the SuperKs, despite the non-shadow compensated
averaged A-scans (Figs. 3.9(d) and 3.10(d)) showing similar signal levels. This
is because the noise disturbs the shadow compensation algorithm, and the low
noise performance of the ANDi source therefore gives enhanced contrast in the
shadow compensated images compared to the noisy SuperK sources, an additional
advantage of the low noise performance of the ANDi supercontinuum.

3.4 Summary
The excess noise of supercontinuum sources must be handled carefully in order to
obtain the optimal OCT sensitivity. The expression for excess noise of thermal
light was investigated and compared to the measured excess noise of a supercon-
tinuum in an SD-OCT system. The predicted thermal excess noise was 1-2 dB
higher than the measured for the supercontinuum and spectrometer used here, and
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as such seems like a good estimate in order to asses the reference power level that
yields the optimal sensitivity. However, the thermal excess noise is simple, which
the supercontinuum dynamics are not, so there is no reliable way to estimate the
accuracy of the thermal excess noise prediction for a given supercontinuum-based
SD-OCT configuration, so carelessly applying the thermal excess noise value may
result in sub-optimal OCT images. The excess noise measurement, however, is
quick and simple, so there is no reason not to assess the excess noise by measure-
ment.

The effect of supercontinuum excess noise in the A-scan was further investi-
gated, and spectral correlations of the supercontinuum caused by soliton interfer-
ence were shown to reduce the strength of the excess noise at large OPDs. Likewise
does the spectrometer roll-off from both spectral averaging of the pixels, and finite
spectrometer resolution due to imperfect focusing, but the spectral correlations
add to the roll-off of the noise without affecting the signal. This is demonstrated
with an ANDi supercontinuum, which, due to SPM fringes, is correlated over sev-
eral nanometres. The excess noise measured in the spectral domain was shown to
be a factor of 2 higher than for the commercial soliton-based supercontinuum, but
the spectral correlations of the excess noise contained the excess noise at OPDs
below 0.15 mm in the A-scan, leaving the remaining imaging range shot noise
limited.

A second ANDi supercontinuum was generated by pumping a dispersion en-
gineered PCF with low, flat, all normal dispersion with a fs laser at 1550 nm.
The spectrum had large fluctuations from SPM, but the short wavelength spec-
tral edge, which overlapped partly with the spectrometer bandwidth, was much
smoother. The ANDi supercontinuum with a repetition rate of 90 MHz was com-
pared to both a 320 MHz soliton-based SuperK, and a 80 MHz, showing a factor of
100 (20 dB) lower excess noise. The reference power can be adjusted accordingly
to increase the sensitivity, which in this case was 7 dB higher than the 320 MHz
SuperK and 12 dB higher than the 80 MHz SuperK, which is comparable to the
ANDi supercontinuum due to the matching repetition rates.

Three samples, a layered tape phantom, in-vivo thick skin, and an ex-vivo
mouse retina, was imaged with all three sources. The ANDi supercontinuum
outperformed both SuperKs in terms of contrast and penetration depth suggesting
that ANDi supercontinuum sources are the future of low noise ultrahigh resolution
SD-OCT.
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CHAPTER 4
Ultrafast and ultrahigh

resolution all-fibre
time-stretch optical

coherence tomography
SS-OCT and SD-OCT are both able to obtain similar sensitivities, which allows
them both to go to high speeds without sacrificing the imaging performance. SD-
OCT, however, relies on a line camera inside a spectrometer to acquire data, and
this camera, which requires time for integration and read-out, ultimately limits
the imaging speed of SD-OCT systems to a few hundred kHz, for state of the art
line cameras. Admittedly, that is quite fast, with possible acquisition of a 500 by
500 pixel area in about one second. However, for video rate volumetric imaging,
at least another order of magnitude is required, and such multi MHz A-scan rates
are only possible with SS-OCT, where both detectors and digitizers easily go to
multi GHz.

Early swept sources relied on mechanical tuning of the resonant wavelength
in a laser cavity, which introduces inertia from the moving component, and a
compromise between sweep speed and instantaneous linewidth due to build-up of
laser action at each wavelength. Improvements were achieved with both electrical
tuning that eliminate inertia [132], and microelectromechanical systems (MEMS)
mirrors in conjunction with a vertical cavity surface emitting laser (VCSEL) that
reduce the inertia from the tiny MEMS mirrors and laser build-up time due to
the extremely short cavities in VCSELs [133]. Both approaches are able to reach
several hundred kHz and even a MHz, but struggle to reach much more. To reach
multi MHz A-scan rates, a source without inertia in the sweeping and generation
is required.

Several akinetic, broadband laser configurations have been proposed with multi
MHz repetition rates. The Fourier domain mode locked laser (FDML) is similar
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in design to a standard wavelength swept laser with a semiconductor optical am-
plifier (SOA) and variable optical bandpass, but an extremely long cavity allows
each wavelength to propagate in the extended cavity when not receiving amplifi-
cation, eliminating the laser build-up because all wavelengths exist in the cavity
simultaneously, but are separated temporally [134]. The FDML is thus inherently
time-stretched. Two other approaches utilise both normal and anomalous disper-
sion in a fibre cavity to periodically stretch (for amplification) and compress (for
intensity modulation to remove ASE) inside the cavity. Outside the cavity, the
broadband light is then time-stretched in a long dispersive fibre. One approach use
a separate intensity modulator [47], and the other relies on additive mode locking
for the intensity modulation [46]. Common to all three approaches [46, 47, 134] is
the use of a laser gain medium and the requirement of precisely controlled cavity
dispersion. Both these effects limit the achievable bandwidth: Any gain material
has a finite bandwidth, and dispersion management gets increasingly difficult for
wider bandwidths as third and fourth order dispersion has to be considered as well.
The resonant driving of all three methods imply that the sweep rate is equal to
the inverse of the cavity round trip time, and the passive sweep ensures that there
is no fundamental upper limit to the sweep rate. In fact, a time-stretched, mode
locked Ti:Sapphire laser was used to perform OCT at an uprecedented 91 MHz
A-scan rate [45].

The limited optical bandwidth means the resolution achieved with these ultra-
fast swept sources is sub-optimal. Supercontinuum sources have no limitations
on neither bandwidth nor repetition rates, and consisting of short pulses, they
are prime candidates for time-stretching. However, the previous realisations of
supercontinuum-based TS-OCT suffered from either very low sensitivity due to the
high excess noise [42] or were spectrally filtered to a narrow bandwidth to allow
balanced detection, in which case the OCT resolution is poor [43,44]. Here, a 600
nm bandwidth of a commercial soliton-based supercontinuum is applied in TS-
OCT to obtain an axial resolution of 2.0 µm. The noise, sensitivity, and linewidth
of the supercontinuum and the OCT system are characterised, and B-scans are
presented. Finally, a commercial prototype ANDi supercontinuum is investigated
in the TS-OCT system, and the performance is compared to the soliton-based
supercontinuum.
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4.1 Theory of time-stretching in optical
fibres

In TS-OCT, the light source is an ordinary, pulsed broadband source that is
stretched temporally by virtue of an external dispersive element, typically a long
optical fibre or a chirped fibre Bragg grating, essentially turning it into a swept
source. The performance of the resulting swept source depends heavily on the
stretching process which is treated in detail in this section.

Consider a pulsed source with an initial time domain representation, Ei(t). A
pulse is launched in single mode optical fibre, and, when neglecting losses and
nonlinear effects, the propagation only adds phase in the frequency domain,

Ẽf (ω) = Ẽi(ω)e−iβ(ω)L, (4.1)

where β(ω) is the propagation constant of the fundamental mode in the fibre, L
is the length of the fibre, and subscript f denotes the final field after propagation.
The time domain representation of the final field is obtained by a Fourier transform

Ef (t) = F−1{Ẽf (ω)} =
∫ ∞

−∞
Ẽi(ω)e−iβ(ω)Leiωtdω. (4.2)

Taylor expanding β(ω) ≈ β0+β1(ω−ω0)+(β2/2)(ω−ω0)2, where βn = ∂n
ωβ(ω)|ω=ω0 ,

and inserting gives

Ef (t) =
∫ ∞

−∞
Ẽi(ω)e−i(β0+β1(ω−ω0)+(β2/2)(ω−ω0)2)L+iωtdω (4.3)

= ei(ω0t−β0L)
∫ ∞

−∞
Ẽi(ω′ + ω0)ei(ω′(t−β1L)−ω′2(β2L/2)dω′, (4.4)

where ω′ = ω − ω0. Without knowing Ẽi(ω), the integral can’t be evaluated
analytically. However, in two extreme cases, we can proceed:

1. β2L ≪ (∆ω)−2. In this case, the dispersion is very weak. The quadratic
phase term in Eq. (4.4) has little or no effect in the frequency range around
ω′ = 0 where Ẽi(ω) is non-zero. The quadratic phase term disappears, and
the result is a shifted Fourier transform. We can write Ef (t) ∝ Ei(t − β1L),
which shows that the initial pulse is delayed by the time it takes the pulse
to propagate through the fibre.

2. β2L ≫ (∆ω)−2. In this case the dispersion is very strong. Eq. (4.4) is
rewritten with t′ = t − β1L:

Ef (t) = e
i

(
ω0t−β0L+ t′

2β2L

) ∫ ∞

−∞
Ẽi(ω′ + ω0)e

−i
β2L

2

(
ω′− t′

β2L

)2

dω′. (4.5)
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Figure 4.1: Real (a) and imaginary (b) parts of the quadratic phase term in Eq.
(4.5). The arrows show the width of the lobe that is evaluated under
the stationary phase approximation.

The large β2L implies that the quadratic phase term oscillates rapidly at
frequencies ω′ ̸= t′/(β2L) = Ω(t), and that allows us to apply the stationary
phase approximation and evaluate the integral by considering the parts that
contribute the most to the total integral. Figure 4.1 shows the real and
imaginary part of the phase term in (a) and (b), respectively, with ϕ2 =
β2L(ω′ − t′/(β2L))2/2. At a given time, t′, only frequencies within the main
lobe contribute to Ef (t) because rapid oscillations outside the main lobe, for
|ϕ| > (π/2)1/2, cause the integral to vanish assuming the amplitude of the
electric field is slowly varying. Under this assumption, which generally holds
when β2L ≫ (∆ω)−2, Ẽi(ω) goes outside the integral for ϕ = 0 ⇒ ω′ =
t′/β2L, and the integration can be performed by substitution:

Ef (t) ≈ e
i

(
ω0t−β0L+ t′

2β2L

)
Ẽi

(
ω0 + t′

β2L

)√
2

β2L

∫ ∞

−∞
e−iϕ2dϕ (4.6)

=
√

πe
i

(
ω0t−β0L+ t′

2β2L

)
√

β2L
Ẽi

(
ω0 + t′

β2L

)
(1 − i). (4.7)

P (t) = Aeff |Ef (t)|2 = Aeff
2π

|β2|L

∣∣∣∣∣Ẽi

(
ω0 + t′

β2L

) ∣∣∣∣∣
2

. (4.8)

For a highly dispersive element, the power is thus proportional to the ESD of a
pulse such that the spectral components of the pulse can be measured in time,
hence the name dispersive Fourier transform. The sweep rate is 1/(β2L).

The presence of higher order dispersion terms implies that 1/(β2L) is the in-
stantaneous sweep rate. The time at which a frequency arrives after the stretching
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for an arbitrary dispersion profile is

t′(ω, ω0) = t(ω) − t(ω0) (4.9)
= β1|ωL − β1|ω0L (4.10)

=
∫ ω

ω0
β2|ξLdξ (4.11)

where |x means that the beta coefficients are evaluated at x instead of ω0. ξ is just
a dummy integration variable.

4.1.1 Resolution of the dispersive Fourier transform
The spectral resolution of the dispersive Fourier transform is determined by the
fidelity of the dispersive Fourier transform. Taking Ẽi(ω0 + t′/(β2L)) outside the
integral in Eq. (4.7) is only strictly correct when the width of the main lobe in Fig.
4.1, ∆ϕ = 2(π/2)1/2 is negligible in terms of frequency. For non-negligible widths,
i.e., a finite β2L, any frequency within |ϕ| < (π/2)1/2 contributes to the temporal
signal at t′,

ϕ2
max = β2L

2
(ω′ − Ω(t))2 = π

2
(4.12)

⇔ ∆Ω = 2(ω′ − Ω(t)) = 2
√

π

β2L
. (4.13)

The spectral resolution or linewidth of the time-stretched swept source thus de-
pends only on the dispersion β2L of the stretching medium and not sweep rate or
cavity size as is the case for traditional swept sources. The spectral resolution of
an entire TS-OCT system only reaches the linewidth given in Eq. (4.13) when the
resolution associated with the rise time of the photodetector and sampling time of
the digitizer, δω = δt/(β2L), are less than the linewidth.

Higher orders of dispersion implies that β2 varies with the expansion frequency,
ω0, and both the linewidth and sweep rate thus also vary with along the spectrum
in the presence of higher orders of dispersion. To ensure a one-to-one mapping
from frequency to time, all light must therefore be in the same dispersion regime.

4.2 600 nm bandwidth time-stretch OCT
An ultrahigh reslution, ultrafast, supercontinuum-based TS-OCT system was con-
structed, see Fig. 4.2(a). The supercontinuum is a custom laser constructed on
the SuperK platform from NKT Photonics A/S, and supplied by NKT Photonics
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A/S. The base repetition rate is 20 MHz, but is variable from 0.5 MHz to 20 MHz
through a fitted pulse picker that allows for selection of 1 out of n pulses, with n
ranging from 1 to 40 in integer steps. The stretching is performed by a custom
10 km dispersion compensating fibre supplied by OFS Fitel. The dispersion is
measured with white light interferometry [135], and is shown in the inset in Fig.
4.2(a). The total dispersion is in the range of 0.2 ns/nm. The zero dispersion
wavelength (ZDW) is estimated as 1727 nm which means the normal dispersion
regime at wavelengths shorter than the ZDW extend across the low loss region of
silica fibres around 1550 nm.

The supercontinuum was long pass filtered at 1050 nm and short pass filtered
at 1650 nm, and the resulting spectrum is shown in Fig. 4.2(b) along the stretched
spectrum and the recorded loss from input to output of the stretching fibre. The
filtered supercontinuum source was able to launch 287 mW into the stretching
fibre, which resulted in 21 mW in the sample arm. To reduce this sample power,
the coupling after filtering is misaligned such that the launched power is 82.8 mW,
which results in 17.8 mW into the interferometer, and 6.1 mW at the sample. The
time stamps in the top x-axis are found from integrating the measured dispersion
as in Eq. (4.11). The SuperK has enough power to accommodate the 6.7 dB loss
across the entire bandwidth. Other approaches to TS-OCT requires the use Raman
amplification during the stretching in order to have enough output power after the

Figure 4.2: (a) Sketch of the TS-OCT setup. The Supercontinuum is filtered
by short- and long pass filters (SFP/LPF) before being sent to the
stretching fibre. The stretched spectrum is detected after the inter-
ferometer by an amplified photo receiver. (b) shows the spectrum
before and after the stretching together with the measured loss of
the 10 km of fibre.
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stretching [136–138]. Amplification of the supercontinuum is not required and also
not feasible due to the broad bandwidth that would require several pumps.

The stretched spectrum is tapped in a 99/1 broadband fibre coupler (TW1300-
R1A2, Thorlabs, USA) for a continuous and simultaneous reference measurement
for noise reduction. The 99 % is sent to the OCT interferometer which is a standard
all-fibre Michelson interferometer with a 50/50 broadband fibre coupler at it’s
heart (TW1300R5A2, Thorlabs, USA). The reference arm has a collimating lens,
a dispersion compensating block, a neutral density filter wheel and a silver mirror
mounted on a translation stage. The sample arm has a reflective collimator to
reduce chromatic effects in the focusing in the sample arm, a pair of silver coated
galvanometer scanners (GVS002, Thorlabs), and a scan lens (LSM02, Thorlabs).
The tap and the detection arm of the interferometer has two identical 2 GHz
amplified InGaAs photo detectors (WL-PD2GA, Wieserlabs, Germany) with a
gain of 3400 V/Woptical. The signals from the photo detectors are digitized on a
dual-channel, 1.75 GHz, 3 GS/s, 12 bit digitizer card (CSE123G2, GaGe).

The bandwidth is limited in the long wavelength side by the ZDW of the
stretching fibre, and by the fibre loss in the short wavelength side. The InGaAs
detectors has a nominal detection range of 1050 nm to 1600 nm, but was found to
detect at least until the short pass filter limit at 1650 nm, paving the way for an
ultra broadband TS-OCT system with 600 nm full bandwidth.

4.2.1 System characterisation
The fibre stretches the 600 nm spectrum to a duration of 118 ns, as expected
from the estimated 0.2 ns/nm total dispersion of the fibre, which provides 1.6 nm
spectral resolution at 3 GS/s. The stretched pulse trains of both detectors are seen
in Fig. 4.3(a) for frep = 4 MHz, along with the detected normalised noise, σ̄1 of the
signal detector. The signal strength on the reference detector is kept quite high
to exacerbate the excess noise we want to measure and remove. The normalised
noise has a stable level of about 17 % in the main part of the spectrum where the
noise is excess noise dominated. The large increase towards the end of the pulse
stems from the decrease in signal level which increases the relative contribution of
the detector noise to the total detected noise.

4.2.1.1 Noise performance
The single pulse detection inherent to TS-OCT prohibits noise reduction via pulse
averaging, as is typical in SD-OCT and discussed in Chap. 3. Instead, SS-OCT
(and, in fact, TD-OCT) systems in general turn to balanced detection to elimi-
nate any excess noise [20, 32]. The balanced detection works by mixing the light
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Figure 4.3: Characterisation of the TS-OCT system. (a) shows pulses recorded
at both the signal and reference detector as well as the measured
noise, σ̄1. (b) shows reference factor, α(t(ω)), and the corrected sig-
nal from the reference detector. (c) shows the noise in the z-domain
with and without subtraction, and (d) shows the noise dependence
on the reference power with a 11.2 dB reduction from reference sub-
traction.

returning from the reference arm light and sample arm in a 50/50 coupler, and
subtracting the detected analogue signals. In this way the common mode, i.e., the
|ER|2 and |ES|2 terms and thus also the excess noise, is rejected, and the recorded
signal is free from excess noise. However, the coupling ratio of a 50/50 coupler is
not even across a 600 nm bandwidth as applied here, and that severely degrades
the common mode rejection. Instead, to reduce the noise, two single detectors
are employed, as explained above and shown in Fig 4.3(a). The reference detector
signal is shifted in time so they overlap because the path lengths to the reference
detector and signal detector are not equal. The path lengths are adjusted such
that the difference is an integer multiple of the sample time, ts = 1/fs = 1/3 ns.
The shapes are not identical due to spectral dependencies of the fibre couplers and
the coupling in and out of the reference arm fibre. However, the ratio between
the reference detector and the signal detector is fixed for a given wavelength. The
measured reference is therefore corrected by multiplication with a reference factor,
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α(t(ω)), which is estimated by the ratio of the average signals from the two de-
tectors. The reference factor is shown in Fig. 4.3(b) with the corrected reference
trace that overlaps nicely with the trace from the signal detector.

Two approaches to the reference subtraction were taken: The first approach is
a standard subtraction of the corrected reference in the time domain. The second
approach attempts to reduce the effect of any slight sub-pixel shift between the sig-
nal trace and the reference trace by subtracting the absolute value of the corrected
reference after the inverse Fourier transform. Both approaches are compared to no
averaging in Fig. 4.3(c), where the variance of 152 pulses along the z-axis is shown
after an inverse Fourier transform for high power levels where the noise is excess
noise dominated. Both subtraction methods yield similar improvements of 12 dB
in the short OPDs, reducing to 6 dB in the longer OPDs. Figure 4.3(d) shows
the variance in the z-domain between 0.03 mm and 0.06 mm against the mean
voltage in the time domain within the 118 ns of the pulse. The reference subtrac-
tion reduces the excess noise by 11.2 dB, and, as expected, the shot noise is far
below the excess noise, so there is no fitted shot noise value. The high noise of the
outlier of the first reference subtraction approach marked in Fig. 4.3 stems from
a single-pixel offset between the reference and signal traces for some of the pulses.
This illustrates how sensitive the standard reference subtraction is to small shifts,
and that the second approach is not because the phase information of the A-scan
is discarded by taking the absolute value after the inverse Fourier transform.

4.2.1.2 Time-to-wavelength calibration
The time-to-wavelength calibration obtained from integrating the dispersion is not
accurate enough to obtain a few-micrometre resolution in OCT. This is due to even
tiny errors in the dispersion measurement will accumulate in the integration over
a large bandwidth. A simpler and more direct approach is to filter the light in
narrow bandpass filters, split it and send one part through the stretching fibre
and the other part through a short, non-dispersive path [42]. The relative delay is
then recorded as the time difference between the arrival of the delayed pulse and
the non-delayed pulse with different filters. A third approach is adapted from SD-
OCT, and relies on phase extraction of two recorded interference patterns at two
known OPDs [139]. The two phases and known OPDs allows for separation of the
chirp introduced by the non-even frequency spacing and the chirp introduced by
unbalanced dispersion. The estimated sweeps for the different methods are plotted
in Fig. 4.4(a) in wavelength, all measured relative to the pump at 1064 nm, which
is fixed to 0 ns delay. The integrated dispersion deviates from the two other curves
due the aforementioned accumulation of small errors. The delay is measured using
12 nm FWHM bandpass filters at 50 nm steps from 1050 nm to 1600 nm, and
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a fourth order polynomial is fitted to the points. The phase extraction method
agrees quite well with the delay measurement, with a maximum error of 10 nm, as
illustrated by the black curve in Fig. 4.4(a).

Each curve is used to calibrate interference fringes recorded at OPDs from 15
µm to 225 µm in steps of 30 µm, and the average resulting A-scans are shown in
Fig. 4.4(b). The raw interference fringes are processed with reference subtraction,
reference normalisation, calibration via a spline interpolation, numerical dispersion
compensation, and spectral filtering with a rectangular window from 1100 nm to
1600 nm. The window cuts off the edges of the spectrum because the normalisation
amplifies the noise too much in the spectral edges where the signal is weak. The
pump at 1064 nm always needs to be filtered away. Over the imaging range of
0.26 mm, the signal roll-off is 5.1 dB, 3.7 dB, and 6.4 dB, for calibration based on
the delay measurement, phase extraction, and dispersion integration, respectively.
The superiority of the phase extraction calibration method is also reflected in the
axial resolution, as illustrated on the right y-axis in Fig. 4.4(b). The resolution of
the dispersion integration method quickly deteriorates, but the two other methods
are both able to reach an optimum resolution of 2.0 µm. However, the resolution
of the delay measurement calibration increases sharply to 5 µm towards the end of
the imaging range. Both the resolution and signal roll-off of the phase extraction
method are thus superior to the other methods. Additionally, the data required for
the phase extraction method can be obtained with the OCT system and doesn’t
require another experimental setup as the two other methods do. Consequently,
all spectra below are processed with the phase extraction method.

Figure 4.4: Calibration and resolution of the TS-OCT system. (a) shows the
time-wavelength calibration from a delay measurement, the phase
extraction method, and the integrated dispersion. (b) shows the A-
scans obtained with each of the three calibration methods as well as
the resolution.
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The imaging range obtained is limited due to the wide spectrum and the fast
repetition rate, and it constitutes a trade-off: For a given A-scan rate, there is a
fixed duration between pulses, and this duration can either be used to stretch a
wide spectrum a little or stretch a narrower spectrum a lot. The wide spectrum
gives a better resolution, but suffers with respect to the imaging range because
the spectral resolution deteriorates, while the opposite is true for the narrower
spectrum. The ratio between the axial resolution and the imaging range remains a
constant approximately equal to the number of digitised points within the duration
of a stretched pulse, N = fs/frep. Consequently, achieving ultrahigh resolution
at multi MHz speeds and millimetres of imaging range requires tens of GHz of
detection bandwidth, which is only available in expensive, high-end oscilloscopes.
The limited imaging range of 0.26 mm obtained here is thus a result of maximising
the axial resolution and A-scan rate.

4.2.1.3 Sensitivity
The sensitivity is measured by the same procedure as in Sec. 3.3 by imaging a
silver mirror at varying OPDs The mirror is misaligned to avoid gain saturation of
the amplified photodetectors and mimic the low sample reflectivity of most OCT
samples. The sample power is 3.1 mW, and the signal reduction from misalignment
is 33.4 dB.

The sensitivity of the TS-OCT system with respect to OPD is shown in Fig.
4.5(a), for the optimum reference power level, which corresponded to 9 mV (2.7

Figure 4.5: Sensitivity of the TS-OCT system. (a) shows the sensitivity versus
OPD for the optimum reference power, and (b) shows the sensitivity
versus reference power, measured here in mV after the amplification
in the photo receiver.
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µW) for the case without reference subtraction, and 22.6 mV (6.7 µW) for the
two other cases, as seen from Fig. 4.3. In all cases, the sensitivity drops only a
few dB over the imaging range despite the signal roll-off of 2 × 3.7 = 7.4 dB from
Fig. 4.4(b). This is due to the non-flat noise floor from the supercontinuum excess
noise which also reduces along OPD, limiting the sensitivity roll-off, as considered
in Sec. 3.2.1 and Fig. 4.3(c). Figure 4.5(b) shows the sensitivity with respect to
reference power in mV. The stars denote measured values, and solid lines denote
the theoretical predictions from Eq. (2.48) with the fitted noise terms from Fig.
4.3(d) used to estimate the NEC and RIN parameters. The curves follow the
measured points quite nicely considering the predictions assume a flat noise floor.
The approximately 2 dB deviation of the case without reference subtraction, is
explained exactly by the sloped noise floor: The RIN is estimated for all three cases
in the shallow OPD range from 0.03 mm to 0.06 mm, but the highest sensitivity is
seen to occur at 0.165 mm, where the noise floor is 7 dB lower than in the shallow
OPD region (see Fig. 4.3(c)). The signal also drops with approximately 5 dB (2.5
dB in amplitude in Fig. 4.4(b)) at this depth, giving the 2 dB difference.

The maximum obtained sensitivities are 68 dB, 72 dB, and 73 dB for the case
without reference subtraction, standard subtraction, and subtraction of the ampli-
tudes in the z-domain, respectively. The sensitivity advantage from introducing
the reference subtraction is a modest 5 dB, which may seem strange given the up
to 12 dB reduction of the excess noise. This is because the excess noise scales with
the power squared, and the optimal reference power level that satisfies σ2

elec = σ2
ex

is therefore only shifted by the square root of the excess noise reduction factor
(half the dB), giving these 5-6 dB.

All three sensitivity values are far from the shot noise limit of 85 dB, as expected
due to the high excess noise. The 85 dB shot noise limit is restrained by the large
bandwidth of 1.75 GHz, the relatively few points within an acquired stretched
spectrum, M = 254, and the low sample power of 3.1 mW.

4.2.2 Imaging
Next, imaging was performed. A trigger signal from the laser triggered the acqui-
sition in the digitizer, and subsequently, the galvo mirror was moved to the next
position. This approach was favoured for non-moving samples where B-scan speed
is not crucial because it offered stability from B-scan to B-scan and the ability to
acquire several A-scans at the same position for averaging. Higher scan speeds
were available by running the galvo mirror in a sinusoidal pattern at a maximum
frequency of 250 Hz, but this approach requires additional post-processing to iden-
tify the A-scans acquired at the right points on the sine curve and the right points
on the sample because the scanning would be independent from the laser trigger



4.2 600 nm bandwidth time-stretch OCT 55

and data acquisition.
The lateral resolution were assessed by imaging the edge of a glass plate which

functioned as a sharp edge. The edge spread function were then differentiated
to reveal the point spread function whose FWHM were 4.9 µm. The theoretical
resolution is [141, p. 69] 0.37λ0/NA = 4.6µm, where NA is the numerical aperture
of the scan lens, which in this case is 0.11 with an effective focal length of 18 mm
and a beam width of 4 mm.

To investigate the value of the ultrahigh resolution TS-OCT in the settings
of non-destructive testing (NDT) and quality control in production facilities, TS-
OCT images of various non-biological samples were acquired. The first sample
was the back side of a plastic credit card, as seen in Fig. 4.6 for the different
reference subtraction methods (left to right), and increasing number of averages
(top to bottom). The image is 0.26 mm by 1.2 mm (axial by lateral), the scale
bars are 100 µm, and the dynamic range of the image is 24 dB. The first layer
in the left part of the image is the clear protective plastic layer and the second
layer is the actual card. The strong reflection in the right side of the image is the
metallic magnetic strip. It is evident that the reference subtraction reduces the
noise, with the subtraction of the amplitudes in the A-scan (right) yielding the
darkest background and highest contrast. The end of signal from the second layer
of plastic in Figs. 4.6(a-b) is difficult to delineate, but in Fig. 4.6(c), the transition
from signal to noise is clearly visible. For all three types of reference subtraction,
averaging of 1, 2, 5, 10 B-scan, respectively from top to bottom, reduces the noise
and increases the contrast.

The second sample was a phantom consisting of different types of ceramics.
The B-scans are seen in Figs. 4.7(a-l), and a photograph of the sample is seen
in Fig 4.7(m). The B-scans are 0.26 mm by 3 mm, with the same scale bars and
dynamic range as for the credit card images. The left part of the images is the
polymer substrate on which the ceramics are placed. The middle part is a porous
ceramic which allows some penetration of light, and the right part is a strongly
reflecting metallic-like ceramic. Again, the amplitude subtraction provides the
best contrast. The averaging increases the depth at which the signal reaches the
noise floor in the porous ceramic from approximately 50 µm to 150 µm for all three
reference subtraction methods.

The last NDT sample was a pill and is seen in Fig. 4.8 for 10 averages only.
A large and a small groove were made with a razor blade to emulate a faulty
coating on a pill on, e.g., a conveyor belt in a production facility. Both reference
subtraction methods remove the DC term well, and the contrast is good in all
three cases due to the averaging. Both grooves are easily distinguishable from the
undisturbed surface, suggesting that much smaller defects would be visible.

The performance of the TS-OCT system for a biological sample was investi-
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Figure 4.6: TS-OCT images of a credit card in (a) to (l). Images without refer-
ence subtraction (left column), standard reference subtraction (mid-
dle column) and amplitude reference subtration (right column), with
1, 2, 5, or 10 averages in each row from the top, respectively. (m)
shows a photograph of the imaged section.
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Figure 4.7: TS-OCT images of a ceramic sample in (a) to (l) with the same
ordering as in Fig. 4.6. (m) shows a photograph of the sample.

Figure 4.8: TS-OCT images of a pill with artificial defects created with a razor
blade. For 10 averages, (a) is the image without reference subtrac-
tion, (b) with standard reference subtraction, and (c) with amplitude
reference subtraction.
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Figure 4.9: TS-OCT images of the index finger joint of a healthy volunteer with
10 averages. (a) is the image without reference subtraction, (b) with
standard reference subtraction, and (c) with amplitude reference sub-
traction.

gated by in-vivo imaging of the outside of the first index finger joint of a healthy
volunteer. The B-scans are shown in Fig. 4.9 for 10 averages and have dimensions
of 0.26 mm by 0.55 mm. The dermis is vaguely seen as grey areas approximately
50 to 150 µm within the skin, as illustrated by the arrows in Fig. 4.9(b). The
solid, white line in (b) shows the dermal-epidermal junction which determines the
epidermal thickness, a central metric in the diagnosis of many skin diseases [142].
However, due to the limited imaging range and sensitivity, the epidermis is sub-
merged in the noise, and the deeper parts of the dermis are outside the image,
which suggests that TS-OCT systems with current soliton-based supercontinuum
sources are not well suited for biological applications. NDT samples, however, of-
ten have stronger reflections and with a potential requirement for high speeds in a
production facility, the low sensitivity and short imaging range become secondary
to the ultrafast and ultrahigh resolution achieved by a supercontinuum-based TS-
OCT system.

4.3 Time-stretch OCT with an ANDi
supercontinuum

As evident from the previous section, the high RIN of a soliton-based supercontin-
uum source has a severe impact on the image quality and sensitivity when used
in a TS-OCT setup where each supercontinuum pulse is detected individually. A
low noise source would improve the performance drastically.

To this end, a commercial prototype of a fs-pumped, low noise supercontinuum
from OFS Fitel A/S was tested in the TS-OCT setup. The source has a repetition
rate of 4.7 MHz, output power of 5 mW, and the spectrum is seen in Fig. 4.10(a).
The main portion of the spectrum around the pump at 1550 nm is approximately
160 nm wide, but is affected heavily by fringes similarly to those observed in [105]
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due to side-lobes of the input pulse. The fringes are sub-optimal in an OCT
setting for two reasons: Firstly, the DC term, |ER|2, will have components not
only at short OPDs, but at longer ones as well corresponding to the inverse fringe
frequency. This can be removed well by the reference subtraction given that the
spectrum is stable. Secondly, the modulated reference spectrum results in severe
side lobes in the coherence function, g(τ), that determines the axial point spread
function of the OCT system. This can in theory be compensated by normalisation
with the reference spectrum, but it is very sensitive to both noise and timing jitter.
The spectrum in the shorter wavelength region is smooth, but has only 0.6 mW of
power, and is 12 dB below the peak, both of which makes it unsuited for OCT.

The supercontinuum is stretched in a fibre inside the provided box with an
approximately constant β2L = 227 ps2 between 1450 nm and 1700 nm, which
corresponds to a spectral resolution of 1.9 nm when sampled at 3 GS/s. The full
time-wavelength calibration of the source was supplied by the manufacturer. The
time traces of the stretched spectrum is seen in Fig. 4.10(b), for both detectors
along with their difference. The corrected reference overlaps very well with the
signal, except close to the 1550 nm pump, where, for some reason, significant
deviations occur, as seen in the plotted difference between the signal and corrected
reference. The measured noise, σ̄1 is plotted in Fig. 4.10(c) and shows very low
noise across the entire spectrum, despite the excess noise present in the centre.
This measured high excess noise in the centre is partly cause by timing jitter, not
from the source, but from the detection. The trigger signal from the laser was not
properly registered by the trigger in the digitizer, and consequently, the detection
trigger was performed directly on the signal, which introduced additional jitter.
The very sharp fringes in the centre are extremely sensitive to the even tiny jitter,
and it is expected that the triggering issues contribute on some amount to the
measured excess noise. The amplitude of the A-scan, however, is independent of
timing jitter because the phase information is discarded, so evaluation of the noise
performance in the z-domain allows for removal of the contribution from timing
jitter.

Figure 4.11(a) shows the average A-scan with a blocked sample arm for each of
the three reference subtraction methods with high power from the reference arm, as
well as the baseline recorded without optical power. The case without subtraction
show a very broad DC term (|ER|2), as expected from the fluctuations present in
the spectrum, see Fig. 4.10(a). Both subtraction methods perform well for OPDs
shorter than 0.1 mm, where the background levels are only a few dB above the
detection noise floor, with the amplitude subtraction (yellow) performing slightly
better. Beyond 0.1 mm OPD, the effect of both reference subtraction methods
diminishes, and they approach the case with no reference subtraction at a level
10 dB above the detection noise floor. Figure 4.11(b) shows the variance of the



60 4 Ultrafast and ultrahigh resolution all-fibre time-stretch optical coherence tomography

Figure 4.10: Characterisation of the low noise, time-stretched supercontinuum.
(a) shows the source spectrum measured with an optical spectrum
analyser, (b) shows the detected signal time trace and the corrected
reference time trace along with the difference. (c) shows the pulse-
to-pluse noise σ̄1.

background at each z-position, again for a high power level, and surprisingly, the
reference subtraction adds noise in the region beyond 0.1 mm where the subtraction
methods partly failed to remove the DC term. Even at short OPDs where the
reference subtraction works well, the noise is similar in all three cases. The DC
term arising from the fluctuations in the spectrum is high, but very stable, so there
is no excess noise for the reference subtraction to remove, suggesting shot noise
limited behaviour. At the end of the imaging range, around 0.3 mm, the noise
increases due to the fluctuations of the sharp fringes in the centre of the spectrum
which are not adequately removed by the reference subtraction, as seen in Fig.
4.10(b).

Figures 4.11(c-d) show the variance of the background amplitude at OPDs 0.04
mm to 0.1 mm and 0.29 mm to 0.3 mm, respectively, as indicated by the shaded
areas in Fig. 4.11(b). The noise for all three cases of reference subtraction are seen
to be shot noise limited at short OPDs (Fig. 4.11(c)), as expected because of the
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Figure 4.11: Noise investigation of the time-stretched and low noise supercontin-
uum. (a) shows the mean of the A-scan with a blocked sample arm,
and (b) shows the variance, both for high power. The legend in (b)
covers both (a) and (b). (c) shows the average variance between
0.04 mm and 0.1 mm with a varied reference power, and (d) shows
the same but for 0.29 mm to 0.3 mm, both marked by the shaded
region in (b).

stable DC term. The shot noise dominates above reference levels of approximately
120 mV, leaving a good part of the dynamic range shot noise limited. The noise
longer OPDs up to 0.275 mm is also show purely shot noise limited behaviour.
However, at 0.3 mm, the noise is excess noise dominated for the two subtraction
methods, but shot noise limited without subtraction, as seen in Fig. 4.11(d). The
deviation between the signal and the corrected reference observed in Fig. 4.10(b)
is at the sharp fringes at the centre of the spectrum, and this causes additional
noise in the long OPDs that correspond to quick fringes.

The supercontinuum itself exhibits very low excess noise and is able to reach a
shot noise limited noise floor even with single pulse detection. Consequently, the
best overall noise performance is obtained without reference subtraction, simply
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because there is no excess noise to subtract.
The sensitivity is measured with 1.2 mW in the sample arm, and a signal reduc-

tion due to misalignment of the sample mirror of 30.1 dB. A-scans and sensitivity
curves for each reference subtraction method are shown in Fig. 4.12. The axial
resolution is 7.0 µm in all cases, a little above the Fourier transform limit of 6.6
µm for a 160 nm bandwidth at 1550 nm. The background with both types of
subtraction in Figs. 4.12(b-c) are both low, but the subtraction of the amplitude
of the DC term in (c) reduces the signal strength. In all cases, the sensitivity is
close to the shot noise limit of 78.7 dB (M = 127), as expected from the noise
investigation in Fig. 4.10(c). The sensitivity values are, 74.5 dB, 75.2 dB, and 73.8
dB respectively for the The two subtraction methods increase the noise at longer
OPDs, and thus decrease the sensitivity. The best overall sensitivity is achieved
without reference subtraction. The theoretical sensitivity of 78.7 dB is, again, lim-
ited by the low power, and low number of points. With increased stretching to
give a 100 % duty cycle and 5 mW in the sample arm, the sensitivity would reach
92 dB at 4.7 MHz.

B-scans of a mirror for different subtraction methods are seen in Fig. 4.13.
The case without reference subtraction, (a), which has the best overall sensitivity
performance, is severely impacted by the DC term, to a degree where the actual
signal from the mirror is difficult to localise without knowing where to look. The
background is very stable, but a weaker signal on top of a high, but stable back-
ground, provides a very small contrast and thus impacts the visual quality of the
image despite the shot noise limited sensitivity. The two reference subtraction
methods remove the DC term well, giving a much better contrast. However, se-
vere side lobes and imperfect DC removal, as seen in Figs. 4.13(b-c), implies that
the images don’t reach the expected flat shot noise limited background. These
artefacts are not noise, implying that averaging will not bring an improvement as
was observed for the soliton-based supercontinuum in Figs. 4.6 and 4.7.

As mentioned above, the side lobes can be removed by normalisation with
the reference spectrum, as was introduced for the soliton-based supercontinuum.
However, due to the large deviations from signal to corrected reference observed in
Fig. 4.10(b), the division introduces large spikes in the normalised spectrum where
high values of the signal are divided with low values of the corrected reference. In
the A-scan, the large spikes give a high background, which overshadow the signal,
and normalisation was thus found to be infeasible.

The definition of the OCT sensitivity as the signal squared divided by the
variance means that the case without subtraction has a high sensitivity metric
despite the DC term that has a major impact on the contrast of the image. For
conventional OCT sources, the background consists only of noise, and the sensi-
tivity is thus a good measure of the quality of the acquired images, but for an
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Figure 4.12: A-scans and sensitivity for the low noise supercontinuum, for the
case without subtraction (a), time domain reference subtraction (b),
and z-domain subtraction (c). (d) shows the sensitivities together.

Figure 4.13: TS-OCT images with the low noise, time-stretched supercontinuum.
(a) is the image without reference subtraction, (b) with standard
reference subtraction, and (c) with amplitude reference subtraction.



64 4 Ultrafast and ultrahigh resolution all-fibre time-stretch optical coherence tomography

ANDi supercontinuum as used here, that is not always the case. However, with
a better spectral resolution, either by increased stretching or increased sampling
rate, the imaging range increases, allowing for true shot noise limited imaging at
OPDs outside the range of the DC term, similar to the situation with the ANDi
supercontinuum in SD-OCT in Fig. 3.3.

4.4 Summary
TS-OCT is a type of SS-OCT that is increasingly popular for ultrafast OCT imag-
ing. This is due to the akinetic wavelength sweeps created by sending the broad-
band light through a highly dispersive element, e.g., a long optical fibre. The aki-
netic sweeping implies that there is no trade-off between instantaneous linewidth,
and thus imaging range, and the sweep speed. To achieve the multi MHz repeti-
tion rate, the broadband sources are often mode locked lasers of some kind, which
limits the bandwidth due to both higher order dispersion in the fibre cavity and
gain medium bandwidth. Supercontinuum sources have no such limitations, and
consequently they have a large potential in ultrafast and ultrahigh resolution TS-
OCT owing to their broadband spectra. The spectrum of the broadband source
is then detected with a single point photodetector instead of a spectrometer as in
SD-OCT.

A conventional soliton-based supercontinuum source with a filtered bandwidth
from 1050 nm to 1650 nm was stretched to 118 ns in a 10 km dispersion com-
pensating fibre. The sweep was characterised by three methods: Integration of
the measured dispersion, delay measurement, and phase calibration. The delay
measurement and the phase calibration both performed well with an axial resolu-
tion in air of 2.0 µm, an unprecedented result at this wavelength range. For larger
OPDs, the delay measurement was not accurate enough, and the phase calibration
method was selected for the processing. In addition, the phase calibration method
requires only the OCT setup. The dispersion integration was inaccurate and was
discarded. To manage the high noise of the supercontinuum in a single pulse de-
tection configuration like TS-OCT, a second photo receiver was used to measure
each supercontinuum pulse as it enters the interferometer and used to reduce the
noise of the interferometer signal. The extra detector reduced the measured excess
noise by 12 dB, increasing the sensitivity by 5 dB from 68 dB to 73 dB. The high
excess noise of the supercontinuum imply that sensitivity is still 12 dB below the
shot noise limited sensitivity at 85 dB.

The TS-OCT system was used to image several samples of biological and non-
biological origin. With reference subtraction and A-scan averaging, the contrast
of the non-biological samples was fine, but the imaging depth were limited to 0.26
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mm due to a poor spectral resolution of the detection of the stretched spectrum.
The biological sample showed that the low sensitivity and the short imaging range
leaves room for improvement in in-vivo imaging despite the ultrahigh resolution.

To better the sensitivity, a commercial prototype of a low noise, fs, ANDi-based
supercontinuum was tested in the TS-OCT setup. The spectrum suffered from high
amplitude spectral fringes, and large variations of power from one spectral region
to the other. The main portion of the spectrum extended 160 nm around 1550 nm.
The spectrum was very stable with a shot noise limited A-scan background at all
OPDs except the very deepest part. However, the modulated spectrum caused the
DC term to extend well into most of the A-scan, severely impacting the contrast
of the signal to the background. The sensitivity was 75.2 dB with 1.2 mW in
the sample, just 3 dB off the theoretical shot noise limit, and the supercontinuum
thus provided (near) shot noise limited TS-OCT without balanced detection and
at MHz A-scan rates. The difference with or without the reference subtraction
was insignificant because the spectrum had no excess noise to remove. A B-scan
of a mirror, however, revealed that both the DC term and the side lobes impacted
the image quality to a degree where imaging of more complex samples were futile.
ANDi supercontinuum sources thus require a much smoother spectrum before the
enormous potential for use in OCT is unleashed.
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CHAPTER 5
Low-noise mid-infrared

supercontinuum
generation

Optical imaging is traditionally performed in the visible or near infrared (-IR)
spectral regions, due to low water absorption [143], spectroscopic information, e.g.,
in haemoglobin [144], as well as the abundance of natural and artificial flourophores
[145], and of course the fact the visible light is visible to the human eye which is
the basis for traditional microscopy. However, going to longer wavelengths in the
mid-IR region drastically changes both the absorption and scattering properties of
samples. The fundamental absorption bands of molecular vibrations, which lie in
the spectral region beyond 3 µm, are of particular interest because the absorption
is two to three orders of magnitude stronger than the overtone absorption in the
near infrared [146] enabling high sensitivity in spectroscopy for e.g., food quality
control [147], gas sensing [146, 148] and cancer diagnostics [149, 150]. In an OCT
setting, the mid IR region is mainly of interest due to the reduced scattering that
enables a deeper penetration in turbid, water-free media [38]. Additionally, the
distinct absorption signatures in the mid IR also provide a compelling case for
spectroscopic OCT.

Light sources in the mid-IR, however, are not as mature as their visible and
near-IR counterparts that largely rely on interband electronic transitions in order
to generate light. These electronic transitions are too high energy for generation of
mid-IR radiation with low photon energy. Consequently, the two main types of mid-
IR sources are globars, which basically are thermal emitters, and quantum cascade
lasers (QCLs) that rely on inter-subband transitions in engineered, heterogeneous
structures for emission [151]. The globars are broadband, but suffer from lack of
power, directionality, and coherence. The QCLs, on the other hand, provide high
power, good directionality, and great coherence by embedding them into a cavity,
but provide a limited bandwidth, just as visible or near IR lasers typically do [152].

Supercontinuum sources are high power, broadband sources with a high degree
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of coherence, but the silica multi-phonon absorption that becomes significant at
approximately 2.4 µm, prohibits the use of conventional silica-based supercontin-
uum sources in the mid IR. Flouride- or chalcogenide-based soft glasses have a
much lower phonon energy, resulting in a loss edge at a longer wavelength, which
allows for octave-spanning, mid IR supercontinuum generation [153–155]. How-
ever, as evident from the previous chapters, the noise of supercontinuum sources
in the anomalous dispersion regime is an issue that limits the sensitivity in both
imaging and sensing applications, and that is no different in the mid IR.

In this chapter, we investigate, numerically and theoretically, a low-noise, mid
IR supercontinuum generation scheme based on a cascade of active silica fibres
and a passive ZBLAN (ZrF4, BaF2, LaF3, AlF3, NaF) fibre. The chapter is
initiated with a demonstration of the potential of mid-IR imaging before the details
on the broadening and noise of the supercontinuum are investigated. Figures,
paraphrased text, and conclusions from [38, 124, 156] are used in this chapter.

5.1 Supercontinuum-based mid infrared
OCT

Mid-IR OCT has been demonstrated using QCLs [157,158], quantum entanglement
between visible and mid-IR photons [159], and, recently, supercontinuum sources
[35, 37]. The QCL approaches suffer from limited bandwidth and a consequential
poor axial resolution, as well as the requirement of cooled mid-IR detectors. The
quantum entanglement approach detects the visible photons and therefore does
not require cooled detectors, but again, the bandwidth is severely limited.

Our approach is based on a ZBLAN fibre-based supercontinuum tailored for
mid-IR OCT and to avoid cooling requirements, the detection is performed in the
near-IR after upconversion in a nonlinear crystal [160], which allowed the use of a
standard, commercial silicon-based spectrometer. The setup is seen in Fig. 5.1(a).

The supercontinuum source consists of a master oscillator power amplifier
(MOPA) in which a 1 MHz repetition rate, 1550 nm seed laser diode (the mas-
ter oscillator) is heavily amplified in a series of Er, Er/Yt, and Tm doped fibre
amplifiers (the power amplifier). The seed laser is amplified to a degree where su-
percontinuum generation occurs in the amplifiers, in a process termed in-amplifier
supercontinuum generation, whose behaviour and characteristics are studied in
Sec. 5.2. The in-amplifier supercontinuum, which spans a bandwidth from 1500
nm to 2700 nm, is used to pump a ZBLAN fibre, and the output spectrum spans
from 900 nm to 4700 nm, with 40 mW above 3.5 µm, which was sent to the inter-
ferometer. The upconversion is performed via parametric frequency upconversion
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Figure 5.1: Mid-infrared OCT. (a) shows the set-up, and (b) shows the full spec-
trum of the supercontinuum in red and the up-converted spectrum
in blue. The figure is adapted from [38].
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in a periodically poled lithium niobate (LiNbO3) crystal, pumped by a 1064 nm
Nd:YVO4 laser. The upconversion maps the mid-IR range from 3.5 µm to 4.5 µm
to 816 nm to 861 nm in the near-IR, for detection on a silicon based complementary
metal-oxide-semiconductor (CMOS) spectrometer (Cobra UDC, Wasatch Photon-
ics, USA). The supercontinuum spectrum is shown in Fig. 5.1(b) along with the
upconverted signal and interference fringes.

The axial resolution of the mid-IR OCT system is 8.6 µm, which is on par
with many near-IR OCT systems, and the lateral resolution is 15 µm, limited by
the diffraction limit’s linear dependence on the wavelength. The sensitivity was
measured as 60 dB with a 6 dB roll-off at 1.35 mm. This is contrary to the spec-
tral sampling of 0.54 nm in the mid-IR, which gives an imaging range of 7.4 mm
from Eq. (2.28). The discrepancy is explained by two factors: Firstly, the collec-
tion fibre from the upconversion module to the spectrometer has a 100 µm core,
which increases the spot size on the CMOS detector array, reducing the spectral
resolution. The core must be large because the upconverted light is generated at
different angles from the pump in order to satisfy momentum conservation, and
the large core is required to maximise the fraction of the upconverted light that
is collected by the fibre. Secondly, the linewidth of the pump laser is multiplied
by a factor of (λmid−IR/λpump)2 ≈ 14 to give the corresponding linewidth at 4 µm
in the mid-IR, so the 0.21 nm linewidth of the pump corresponds to 2.96 nm of
spectral resolution in the mid-IR, severely limiting the obtainable imaging range.
This puts strict requirements on the design of both the laser and cavity used in
the upconversion.

Figure 5.2 shows mid-IR and near-IR OCT images of a credit card. Figures
5.2(a-c) are all mid-IR OCT images, en-face (top view), B-scan, and 3D rendering,
respectively. The reduced scattering of the mid-IR light allows penetration deep
into the sample, making the antenna, chip, and circuitry clearly visible. The two
B-scans in Figs. 5.2(d-e) are near-IR and mid-IR respectively, and the near-IR SD-
OCT system, which is presented in Chap. 3, only sees the protective layer of clear
plastic and the base layer, similarly to the time stretch system in Fig. 4.6. The
mid-IR OCT system, on the other hand, clearly sees more layers and structures
inside the card.

The increased penetration depth of the mid-IR OCT system compared to the
near-IR OCT system observed here is not universal. Absorption of e.g. water, not
only reduces the penetration depth severely, but also risks damaging the sample
due to energy delivery. Scattering from micrometre sized particles of the same size
as the wavelength in a sample adheres to Lorenz-Mie theory [161,162], which does
not depend strongly on wavelength, as opposed to the λ−4 dependence in the limit
of Rayleigh scattering for particles much smaller than the wavelength [163]. Thus,
the improvement is highly sample dependent.
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Figure 5.2: Mid-IR and near-IR OCT images of a credit card. (a) is a mid-IR
en-face projection, (b) is a mid-IR B-scan, and (c) is a mid-IR 3D
rendered image. (d) and (e) are B-scans at the same position with
near-IR OCT and mid-IR OCT, respectively. The figure is adapted
from [38].
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The sensitivity of the mid-IR OCT system is inferior to the near-IR system
with about 30 dB. This is in part due to the upconversion process, which in the
configuration presented here has a quantum efficiency of 1 %, but also due to the
higher RIN of the mid-IR supercontinuum, caused mainly by the repetition rate
of 1 MHz, compared to the 320 MHz of the near-IR supercontinuum.

5.2 Cascaded, low noise, mid infrared
supercontinuum generation

The generation of broad, high power mid-IR spectra in optical fibres has two
main approaches: The simplest one, conceptually at least, is to pump the fluoride
or chalcogenide fibre with a high (peak) power pulse at a wavelength with low,
anomalous dispersion, similar to the approach in silica fibres discussed in Sec.
2.2.1. This approach generates spectra spanning several octaves, but rely on bulky
and expensive optical parametric oscillators (OPAs) [155,164,165], which limit the
out-of-lab applications. The other approach involves a MOPA and a subsequent
cascade to redshift the pump light. The advantage of the cascade approach is that
it allows the use of commercially available seed lasers, pumps, couplers etc. in
the telecommunications band around 1550 nm. This results in a cheap, compact,
and reliable pump laser, and the challenge is then to maximise the fraction of
power transferred to the mid-IR region. The challenge is handled by redshifting
solitons, and the cascade must be designed such that each fibre has a longer zero
dispersion wavelength than the previous in order to propel the redshift rate via a
low β2, which increases the peak power of the soliton and thus the redshift rate,
as discussed in Sec. 2.2.1.

In this section we investigate such a cascade configuration in terms of band-
width and noise and perform numerical simulations to isolate the physical effects
behind the experimental observations.

5.2.1 Cascade design and experimental results
The MOPA and cascade described in this section is similar, but not identical to
the one used for OCT imaging in the previous section. The cascade starts with
the pump laser, which in this case is a MOPA, as seen in Fig. 5.3(a). The seed
laser emits 1 ns pulses at an adjustable repetition rate from 10 kHz to 35 MHz
with an average power of 0.5 mW. The constant power from the seed implies that
an increased repetition rate reduces the peak power. The seed is amplified in two
subsequent Er3+ doped fibre amplifiers (illustrated as just one in Fig. 5.3(a)), both
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pumped by a single 980 nm continuous wave (CW) diode split 30/70 to the first
and second stages, respectively. After each of the erbium doped fibres is a 4 nm
bandpass filter at 1550 nm to reduce ASE. After the first two pre-amplifier stages,
the pulses are sent through a 3.5 m long Er3+/Yt3+ co-doped booster amplifier
(PM-EYDF - 12/130-HE, Coherent Nufern, USA) pumped by two 915 nm 20 W
pump diodes. The diodes excite the Yt3+ ions that very efficiently transfer the
energy to the Er3+ ions, which, after a low energy non-radiative decay, emit at
1550 nm [166]. The co-doping scheme is favoured over pure Er3+ doping due to
the higher absorption cross section of Yt3+ ions. Inside the booster amplifier, the
peak power is increased to a level where nonlinear effects start having an effect.
The pulses break up due to MI, and the generated solitons redshift due to intra-
pulse Raman scattering, which extends the spectrum to 2400 nm, as seen in Fig.
5.3(b), where the multi phonon absorption edge of silica stops the broadening.

The output of the booster amplifier is spliced to a 25 cm piece of Tm3+ doped
fibre (7 % Tm3+ by weight, DCF-TM-10/128 CorActive, Canada) for increased
red-shifting. The Tm3+ doped fibre has no external pump, so 1600 nm region of
the in-amplifier supercontinuum from the booster amplifier, including the residual
1550 nm pump, excites the Tm3+ ions from the ground state, 3H6, into the first
excited state, 3F4. After intraband relaxations in the excited state, the ions de-

Figure 5.3: Experimental setup and spectra along the cascade. (a) shows the
setup, (b) to (d) show the output spectra of the Er3+/Yt3+ doped
fibre, the Tm3+ doped fibre, and the ZBLAN fibre respectively. (e)
shows the measured dispersion curves from the three fibres. The
figure is adapted from [124].
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excite to the ground state by emitting a photon in the 1800 nm to 2100 nm region.
The output spectrum of the Tm3+ doped fibre is seen in Fig. 5.3(c), and the red
edge is seen to be shifted 200-300 nm. The Tm3+ doped fibre is kept short to
reduce the multi phonon absorption of the silica fibre. The output of the Tm3+

doped fibre is spliced to a 15 cm mode matching fibre, which is butt-coupled to 7.5
m of ZBLAN fibre (ZSF - 7.0/125-265, FiberLabs, Japan), in which the already
well-developed supercontinuum spreads to 1000 nm at the blue edge, and 4000 nm
in the red edge through Raman redshifting solitons and dispersive wave generation,
as seen in Fig. 5.3(d).

Figure 5.3(e) shows the measured dispersion curves of the three supercontin-
uum stages (Er3+/Yt3+, Tm3+, and ZBLAN, respectively). The Er3+/Yt3+ doped
fibre is pumped in the anomalous dispersion regime which allows MI and soliton
formation to increase the spectral broadening, mainly to the long wavelength side.
An important effect of the Tm3+ doped fibre is to transfer energy from the 1600
nm region, which is in the normal dispersion regime of the ZBLAN fibre, to the
1900 nm region in the anomalous dispersion regime. This maximisation of the frac-
tion of light above the 1650 nm ZDW of the ZBLAN fibre is central to increasing
the power in the mid-IR via soliton formation and subsequent red-shifting in the
ZBLAN fibre.

Figure 5.4(a) shows the output spectrum and pulse-to-pulse noise, σ̄1, of the
ZBLAN fibre for both 100 kHz and 200 kHz repetition rates. The PSD is higher
across the wavelength range for the 200 kHz case because the high repetition rate
and thus lower peak power uses the CW pumps in the amplifiers more efficiently.
The noise for both repetition rates is very low, even below 10 % in a wavelength

Figure 5.4: ZBLAN spectra. (a) compares the spectra and noise at 100 kHz and
200 kHz repetition rates, and (b) compares the ZBLAN spectrum and
noise to a commercial SuperK EVO. The figure is adapted from [124].
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range from 1500 nm to 3500 nm. This is contrary to the standard silica-based
supercontinuum sources, as seen in Fig. 5.4(b), where the 100 kHz output is
compared to a a commercial SuperK EVO (NKT Photonics, Denmark) whose
noise exceeds 20 % already at 1400 nm.

In order to investigate the origin of the low noise, the output spectra and
noise of the Er3+/Yt3+ doped fibre and the Tm3+ doped fibre are shown in Figs.
5.5(a) for 100 kHz repetition rate, and in 5.5(b) for 200 kHz. The in-amplifier
supercontinuum generated in the Er3+/Yt3+ doped fibre has a similar shape for
both repetition rates, but the 100 kHz case has a slightly longer red edge caused
by the higher pulse energy (14 µJ and 9 µJ, respectively) and thus higher soliton
number, assuming that the fraction of non-solitonic radiation is similar in both
cases. The power of the in-amplifier supercontinuum is 1.4 W for 100 kHz, and
1.8 W for 200 kHz, suggesting at least some gain saturation caused not by the
average power (which is identical for the two repetition rates), but from the high
peak power of the pulses. The passing of a pulse depletes the excited state, which
is then replenished by the CW pumps between pulses. The lower peak power of
the 200 kHz case causes less depletion, increasing the efficiency of the amplifiers.

The larger bandwidth of the 100 kHz case is enhanced in the Tm3+ doped
fibre, where the spectra look significantly different from the 100 kHz case to the
200 kHz case. The spectra show large dips at 1600 nm - 1700 nm due to the
strong absorption of the heavily doped Tm3+ fibre. Both spectra also show a
local maximum around 1900 nm at the main emission band of Tm3+, as expected.
However, both spectra show a second local maximum, at 2550 nm for 100 kHz,
and 2300 for 200 kHz, something which can’t be explained by the standard Tm3+

Figure 5.5: Spectra in the first stages of the cascade. (a) shows the PSDs and
noise out of both the Er3+/Yt3+ and Tm3+ doped fibres for 100
kHz repetiton rate. (b) shows the same for 200 kHz repetition rate.
Adapted from [124].
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emission and absorption. The noise of the in-amplifier supercontinuum is low
close to the pump, but increases steadily towards the edge of the spectrum as the
SuperK EVO in Fig. 5.4(b). In the Tm3+ doped fibre, interestingly and perhaps
surprisingly, the noise is lower everywhere, except at the 1600 nm absorption
region due to low signal. The noise is particularly low close to the second local
maximum for both repetition rates. In the 100 kHz case, the low noise region
and the second local maximum are offset approximately 100 nm suggesting that
the low noise is thus not just a result of high signal. The second local maximum
is well within the multi-phonon absorption region of the silica host and the high
power and high noise at 2550 nm is thus likely a result of variations in the redshift
rate enhanced by the strong absorption, in a rogue wave-like manner [167, 168].
The same offset is observed in the 200 kHz case albeit less pronounced due to
the position of the second local maximum at 2300 nm with lower multi-phonon
absorption. The optical filter bandwidth for the noise measurements were 5 nm
at wavelengths below 2500 nm and 24 nm above. This causes the non-smooth
behaviour of the noise curves at 2500 nm as illustrated by the black arrows in
Fig. 5.5. The discrepancy, however, is not large, suggesting that the coherence
wavelength of the supercontinuum in this region is somewhere between the two
filter bandwidths of 5 nm and 24 nm.

The likely explanation to the second maximum of the PSD is the second emis-
sion band at 2200 nm to 2500 nm, which is shown in Fig. 5.6(a) as a transition
from one excited state (the 3H4) to another (3H5). This emission band amplifies
the solitons, which increases their Raman redshift rate. The second emission band
is typically unavailable with 1600 nm pumping, but both excited state absorption
(ESA) and energy transfer upconversion (ETU), which is facilitated by the high
doping concentration, can excite the Tm3+ ions to the 3H4 upper state of the
second emission band. ETU happens when two adjacent Tm3+, both in the first
excited state, 3F4, interact and one ion transfers its energy to the other, sending
one to the 3H4 state and the other to the ground state. ESA can take place be-
cause the ytterbium ions in the booster amplifier that don’t transfer their energy
to the erbium ions emit ASE at 1060 nm, which exactly fits the 3F4 →3 F2 transi-
tion that ends up in 3H4 after quick non-radiative decay. Figure 5.6(b) shows the
in-amplifier supercontinuum with 10 kHz repetition rate (very high pulse energy)
measured down to 1000 nm, exhibiting a large peak at the 1064 nm Yt3+ emission
band, which is completely absorbed in the Tm3+ doped fibre, indicating active
ESA. The second emission band, however, is not typically observed in silica fibres
because the transition energy borders the multi phonon absorption of silica, which
cause the 3H4 state to de-excite non-radiatively via phonon emission, to a degree
where radiative spontaneous transition rates in silica are not available [169]. The
stimulated transition rate, however, depends on the power at the emission wave-
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length, so stimulated emission in the second band can’t be ruled out. This power
dependence is likely the cause of the discrepancy in bandwidth between the 100
kHz case and 200 kHz case. The 200 kHz case has a lower instantaneous power,
which reduces the rate of stimulated emission, ultimately reducing the redshift
rate. To further investigate the noise, spectral broadening, and soliton dynamics,
numerical modelling is performed.

5.2.2 Numerical simulations
Numerical simulation of pulse propagation in passive optical fibres by solving the
generalised nonlinear Schrödinger equation (GNLSE) [28] has proven to be an ac-
curate and reliable method to gain insight on the physical effects behind spectral
broadening of supercontinuum generation [123, 170–174]. In active fibres, how-
ever, the matters get complicated. The direct approach is to co-solve the GNLSE
and rate equations for the active ions, e.g., in a split-step framework, where the
rate equations are updated after each step of the GNLSE along the fibre, and
the resulting gains and losses are added to the GNLSE as an artificial material
loss. Accurate inclusion of the rate equations, however, requires good estimates of
the radiative and non-radiative transition rates for all states, the coefficients that
quantify the nonlinear processes of cross relaxation and ETU, the timescales for
the intra-band relaxations that prevents an ion from being excited and de-excited
on the femtosecond step size scale of the GNLSE solver, and correct tracking of the
stationary ions against the moving frame of reference that typically moves with
the pulse along the entire length of the fibre. Eclipsing these challenges is the

Figure 5.6: Tm3+ absorption. (a) shows the transition diagram of the Tm3+ ions,
and (b) shows the 10 kHz PSD before and after the Tm3+ doped fibre,
showing complete absorption of the 1060 nm residual from the Yt3+

ions. Adapted from [124].
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fact that each pulse can’t be treated individually. One pulse sees the population
densities left by the previous pulse, adequately adjusted by the decay rates with
resulting (amplified) spontaneous emission. In order to truly capture the effect of
the dopants, one would have to simulate many consecutive pulses to obtain suit-
able initial conditions. Lindberg et al. modelled with good results the case with
an external pump and a high repetition rate much larger than the spontaneous
transition and replenishing rates, such that steady state approximation were ap-
plicable [175]. The steady state approximation is not valid in our case without
external pumping and relatively low repetition rates, so instead of attempting to
construct a fully-fledged simulator, we implemented a wavelength dependent gain
that is constant along the fibre in order to qualitatively investigate the effect of
gain bands on the supercontinuum. The GNLSE simulator solves the equation by
a fourth order Runge-Kutta method in the interaction picture with an adaptive
step size control. A detailed description of the derivation of the GNLSE and the
numerical implementation is found in [176].

The simulations require a femtosecond temporal resolution to capture the ultra-
short solitons, and a 10 ns time window to ensure the 1 ns pulse is sufficiently de-
cayed at the edges of the window. The results in approximately 10 million pixels
in the simulation, a number too big for the GPU memory to handle. Instead, the
simulated Gaussian pulses are shortened to 80 ps. The question is then how to
match the behaviour to the much longer experimental pulses. Instead of soliton
number or pulse energy, we matched the pulse peak power, P0 = 470 mW, into the
booster amplifier, because this determines the onset of MI, and thus supercontin-
uum formation, through the nonlinear length, LNL = (γP0)−1, where γ = 1.8 (W
km)−1. All simulations were performed with 219 points and a temporal resolution
of 0.92 fs. Quantum noise was included as the standard one photon per mode
noise, and the laser noise was added as a 1 % variation of P0. All spectra are en-
semble averaged over 72 simulations varying only the noise and a 10 nm running
average to copy the resolution of the Optical Scanning Spectrometer that was used
to measure the experimental spectra. The noise is measured at each wavelength
as δE/⟨E⟩ where E is the energy within a 5 nm bandwidth for λ < 2500 nm and
24 nm bandwidth for λ > 2500 nm, matching the experimental bandwidths. The
propagation constants were determined by solving the step-index fibre eigenvalue
equation by using the refractive index of pure silica as the core index and the
NA of the fibres to find the cladding index. The passive effect of the dopants on
the dispersion was neglected, although Thirstrup et al. suggest that rare-earth
dopants increase the refractive index [177]. The effects of emission and absorption
are included as an artificial material loss, and the effect on dispersion was included
through the Kramers-Kronig relations.

In order to accurately capture the soliton dynamics, the simulation must start
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in the Er3+/Yt3+ booster amplifier where the supercontinuum forms. The effect of
the 915 nm pumps in the Er3+/Yt3+ fibre is included as gain around 1550 nm, the
shape of the gain taken from [169]. The magnitude of the constant gain, 6.7 dB/m,
was determined by matching the simulated bandwidth with the experimental band-
width, which also matched the pulse energies quite well. The Er3+ gain, the disper-
sion, and the combined MI and Raman gain curves close to the pump are shown
in Fig. 5.7(a). The main Raman Stokes peak at λRaman = 1663 nm lies outside the
Er3+ band, but crucially, the MI Stokes wavelength, λMI = 2πc/(ω0 −ΩMI) = 1560
nm at the input, lies inside. This implies that the solitons generated when the
pulse breaks up due to MI are amplified.

In the Tm3+ doped fibre, three transitions were taken into account: The fun-
damental absorption at 1600 nm, the fundamental emission at 1900 nm, and the
second emission band at 2300 nm, as shown in Fig. 5.7(b). The spectral shapes
of the two fundamental bands were taken from [178], and the shape of the second
emission band was estimated from a Tm3+ doped ZBLAN fibre [169], since little
information on this transition is available for doped silica fibres. The absorption of
137 dB/m was determined by matching the experimental 30 dB loss of the 200 kHz
case, see Fig. 5.5(b). The gain coefficient of the fundamental emission at 1900 nm,
20 dB/m, was chosen such that the reduction of power through the Tm3+ doped
fibre is similar to the experimental reduction of about 33 %. The second gain band
was chosen as either 0 dB/m or 9 dB/m to investigate the effect of this second
gain band.

Figure 5.7(c) shows the averaged output PSDs of the Er3+/Yt3+ doped fibre for
simulated pulses with widths of 20 ps, 40 ps, and 80 ps compared to the experimen-
tal PSD at 200 kHz repetition rate. The 200 kHz case is chosen because the higher
repetition rate better fits the assumption of constant gain in the simulations. All
three simulated PSDs are similar in both shape and bandwidth, suggesting that
the supercontinuum generation is indeed mainly governed by the peak power. The
simulated spectra also agree well with the experimental spectrum, except for an
offset, which is caused by the reduction of the simulated pulse energy that comes
with shortening the pulse duration while maintaining the peak power. The simu-
lated intensity noise, σ̄1, is seen to approach the experimental intensity noise when
going to longer pulses. The noise reduction with increased pulse duration is due to
the increased soliton number of the longer pulses, implying that more solitons are
averaged in each pulse, which lowers the noise. The 80 ps simulation is accepted
as good representation of the experimental pulses of 1 ns.

Figure 5.7(d) shows the comparison of simulation and experiment in the Tm3+

doped fibre. The first, or fundamental, gain band amplifies the lump of solitons
observed out of the Er3+/Yt3+ doped fibre (blue curves in both Figs. 5.7(c-d)),
which shifts the power to longer wavelengths, as seen by the higher PSD of both
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Figure 5.7: Numerical simulation of the Er3+/Yt3+ doped and Tm3+ doped fi-
bres. (a) shows the Er3+ gain, the MI + Raman gain and the dis-
persion with the effect of the gain. (b) shows the gain curves for
simulating the Tm3+ fibre, with and without the second gain band.
(c) shows simulated PSDs and noise of the Er3+/Yt3+ for varying
pulse durations compared to the experimental curves, and (d) com-
pares the results of the simulations of the Tm3+ doped fibre to the
experiments. Adapted from [124].
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of the Tm3+ simulations compared to the Er3+/Yt3+ output. The intensity noise
is then also correspondingly lower, which qualitatively matches the experimental
observations. The inclusion of the second gain band increases the red edge by
approximately 50 nm and lowers the intensity noise above 2300 nm, strengthening
the correspondence with the experimental behaviour. The shifted red edge is due to
amplified solitons, which adiabatically reduce their duration to maintain a soliton
number of N = 1, strengthening the rate of the Raman redshift.

The qualitative correspondence of the simulations and experiments validate the
use of the simulations to gain insight into the physical processes of supercontinuum
generation and how they are affected by the gain.

Figures 5.8(a-b) shows spectrograms of the supercontinuum before and after
the Tm3+ doped fibre, respectively. Figures 5.8(c-f) show the evolution of the
PSD (middle row) and intensity noise (bottom row), of the Er3+/Yt3+ doped fibre
(left) and the Tm3+ and after (right). The PSD evolution of the Er3+/Yt3+ doped
fibre in Fig. 5.8(c) starts with simple amplification (5 dB/m at 1550 nm) of the
initial pulse. After approximately 2 m of propagation, the pulse breaks up due to
MI, and the supercontinuum forms. At the 2 m point, the pulse peak power is
4.7 kW, which shifts the MI Stokes wavelength to 1580 nm, still within the Er3+

gain band. The solitons forming are also amplified before the Raman redshift
takes them out of the gain band. As seen in the spectrogram in Fig. 5.8(a),
a few solitons constitute the red edge, while the majority of solitons slow down
their redshift rates at approximately 1800 nm, causing the small bump seen in Fig.
5.7(a). After the 2 m length, the centre of the pulse is broken up into solitons by
MI, but the sides of the pulse experience continued amplification. Gradually, the
temporal region of MI broadens as the pulse sides are amplified to a power level
sufficient for MI, and more solitons are generated. These solitons are amplified
and redshifted similarly to the first created solitons, and as a consequence, end
up in the same spectral region. This on-going process is observed at the pulse
edges in the spectrogram at the end of the fibre, approximately at ±60 ps in Fig.
5.8(a). In a fibre without amplification, the solitons remain closer to the pump,
and relatively few redshift out of the sea of solitons, which cause the relatively
high noise observed at wavelengths longer than 1500 nm in the SuperK EVO in
Fig. 5.4(b). The gain-induced continuous generation and amplification of solitons
cause spectral alignment at a wavelength determined both by the gain and the
dispersion of the fibre. In this case, the wavelength at which the solitons align,
overlap nicely with the emission band of the Tm3+ ions, as illustrated by the green
band in the right part of Fig. 5.8(a). The evolution of the noise in the Er3+/Yt3+

doped fibre, shown in Fig. 5.8(e), shows that the redshifting solitons create a region
of low noise due to the large number of solitons. In the Tm3+ doped fibre, the
1550 nm pump is absorbed and re-emitted via stimulated emission that amplifies
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Figure 5.8: Evolution of the simulations of the Er3+/Yt3+ and Tm3+ doped fi-
bres. For the Er3+/Yt3+ doped fibre, (a) shows a spectrogram for
the output, (c) shows the PSD evolution along length, and (e) shows
the noise evolution. (b), (d), and (f) show the same for the Tm3+

doped fibre. Adapted from [124].
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the spectrally aligned solitons, accelerating the redshift rate, as illustrated by the
arrow in Fig. 5.8(d). The spectrally aligned solitons are the cause of the low noise
observed in the 1800 nm region, and the amplification and subsequent redshift in
the Tm3+ doped fibre then further reduce the noise, as well as extend the region of
low noise to longer wavelengths, as observed both experimentally in Fig. 5.5 and
numerically in Fig. 5.7. This extended region of low noise is transferred further
into the mid-IR after coupling to the ZBLAN fibre, where the solitons further
redshift. The cause of the low noise in the ZBLAN fibre is thus the amplified and
spectrally aligned solitons out of the Tm3+ doped fibre, but their origin is in the
in-amplifier supercontinuum in the Er3+/Yt3+ doped fibre.

The simulations match the 200 kHz experiments well and provide a compelling
qualitative explanation of the low noise observed in the cascade. However, the
output of the Tm3+ doped fibre in the 100 kHz case differs significantly from the
200 kHz case, a difference that could not be replicated by simply adjusting the
constant gain of the simulations, signifying the breakdown of the simple constant
gain model. A rigorous prediction of the extra bandwidth in the Tm3+ doped fibre
in the 100 kHz case thus requires some considerations of the rate equations.

5.3 Varying the pulse length
In order to further confirm the effect of the soliton alignment on the noise, we
performed experiments with a varying pulse duration. The cascade in this case is
upgraded in two ways to achieve a better efficiency: Firstly, the Er3+/Yt3+ doped
fibre is 6.7 m long, as opposed to the 3.5 m in the previous section. Secondly, the
25 cm of Tm3+ doped fibre is replaced by 40 cm of custom made Tm3+ doped
silica/germania (SiO2/GeO2) fibre. The germanium is passive, but the change of
host material for the Tm3+ ions skews the 3H6 →3F4 ground state absorption ab-
sorption band towards the 1550 nm pump due to a change in the Stark effect [179],
which was observed to increase the pump absorption by a factor of 4 [156]. These
changes imply that the results in this section are not quantitatively comparable
with the ones presented in the previous section, but the physical effects behind the
broadening are unchanged, and the results are therefore qualitatively comparable.

Figure 5.9 show PSDs and noise for 500 kHz repetition rate and varying pulse
widths. For the Er3+/Yt3+ doped fibre in Fig. 5.9(a), the short 35 ps pulse is seen
to generate the broadest spectrum due to the higher peak power. The long 3 ns
pulse, on the other hand barely sees any in-amplifier supercontinuum generation
because MI does not occur due to the low peak power. The 1 ns pulse is slightly
less broadband than the 35 ps pulse, but has a one to two orders of magnitude
larger PSD in the 1700 nm to 1900 nm region due to higher pulse energy caused by
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Figure 5.9: Spectra and noise of at different points in the cascade. Pulsewidths
of 35 ps, 1 ns, and 3 ns, out of the Er3+/Yt3+ doped fibre (a), Tm3+

doped fibre (b), and the ZBLAN fibre (c). Adapted from [156].

more efficient amplification and the soliton spectral alignment. The noise follows
the inverse SNR with low noise in the spectral regions with high signal. In the
Tm3+ doped fibre, Fig. 5.9(b), the 35 ps spectrum is still the broadest, and the
1 ns pulse has the most power in the 1800 nm to 2500 nm region. The 3 ns
spectrum has broadened, but with much less power. Interestingly, the 1 ns pump
is absorbed almost completely, such that it ends up 20 dB lower than the for the
other two pulse widths. The high power of the 35 ps causes saturation of the
absorption, which explains the residual peak. For the 3 ns pulse, however, the
peak power is low. Instead, inefficient pump depletion is caused by the lack of
power in the 1900 nm region, which severely limits the rate of stimulated emission.
The de-excitation of the first excited state, 3F4 →3H6, is then required to happen
via spontaneous decay, be it radiative or non-radiative, and this slower rate of
the spontaneous processes hinder the depletion of the first excited state, which
reduces the absorption and ultimately the power transfer to the mid-IR. The PSD
maximum at 2000 nm in the 1 ns case is the amplified and redshifted solitons as
discussed in the previous section. The noise follows the same inverse signal trend
as for the Er3+/Yt3+ doped fibre. The ZBLAN output is shown in Fig. 5.9(c),
and the trends are continued in this final part of the cascade: The 3 ns pulse
has a narrower bandwidth, lower power in the mid-IR, and higher noise than the
other two cases, of which the 35 ps pulse has a wider spectrum, but lower power.
The 35 ps pulses have σ̄1 < 12% in a very wide bandwidth from 1800 nm to 3500
nm, while the 1 ns pulses have σ̄1 < 7% in the same bandwidth. The high noise
and low power of the 3 ns pulse demonstrates that a well-developed in-amplifier
supercontinuum is crucial for efficient, low noise, cascaded mid-IR supercontinuum
generation.
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5.4 Summary
The mid-IR spectral region has enormous potential in imaging due to both reduced
scattering, which allows for increased penetration depth, and strong absorption
lines from molecular vibration that greatly increases the sensitivity of spectroscopy
applications. The current mid-IR light sources, however, are typically either spa-
tially incoherent, low brightness globars or relatively narrowband QCLs. The
supercontinuum sources investigated in this chapter promise broadband, spatially
coherent, high brightness mid-IR radiation, ideal for imaging applications.

The potential of mid-IR imaging was demonstrated by performing real-time
mid-IR OCT using a mid-IR supercontinuum generated by a cascade of active
and passive optical fibres to transfer the power of the 1550 MOPA to the mid-IR
region. The mid-IR OCT at 4000 nm achieved a greatly increased penetration
depth compared to a 1300 nm OCT system in a polymer credit card, allowing
for imaging of the circuitry inside. The sensitivity in the mid-IR, however, was
30 dB below the near-IR system, partly due to losses in the upconversion-based
detection scheme and partly due to excess noise of the supercontinuum. The
noise and bandwidth of such a MOPA-pumped cascade was investigated through
experiments and numerical simulations. The cascade consisted of a series of Er3+

and Er3+/Yt3+ doped fibre amplifiers, a subsequent Tm3+ doped fibre, and a
passive ZBLAN fibre. The amplification caused an in-amplifier supercontinuum
to emerge in the Er3+/Yt3+ booster amplifier. The in-amplifier supercontinuum
was shown via numerical simulations to have a spectrally aligned sea of solitons
with low noise, which was amplified and redshifted to longer wavelengths in the
Tm3+ doped fibre, creating a broad low noise region from 1800 nm to 2400 nm.
This low noise region is transferred into the mid-IR by further Raman redshift
of the solitons in the ZBLAN fibre. The effect was demonstrated by varying the
pulse width, which implied a change in pulse peak power. The low peak power
pulse with a 3 ns duration failed to develop an in-amplifier supercontinuum, which
made the Tm3+ ions ineffective in transferring energy from the 1550 pump to
longer wavelengths due to reduced stimulated emission, resulting in a narrower
and noisier spectrum with lower power. These characteristics were transferred
directly to the ZBLAN spectrum, showing that the in-amplifier supercontinuum
and the associated gain-induced soliton spectral alignment is crucial for the low
noise observed in the experiments.
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CHAPTER 6
Conclusion

Supercontinuum sources have failed to achieve mass-adoption in OCT despite the
ultrawide bandwidth that is otherwise optimal for OCT in terms of resolution.
This hesitation from the OCT community is caused by the relatively large pulse-
to-pulse fluctuations of traditional supercontinuum sources. These fluctuations,
their implications and the realisation of supercontinuum sources as the ultimate
OCT light source are the main focus of this thesis. Initially, the three overall types
of OCT, TD-OCT, SD-OCT, and SS-OCT, were introduced both conceptually
and mathematically in a framework that allowed for a comparison of performance,
which repeated the well-known conclusions that the resolution in all three types
of OCT is determined by the optical bandwidth, and that the two Fourier domain
methods, SD-OCT and SS-OCT have a significant sensitivity advantage over TD-
OCT because each wavelength is detected individually and coherently added via a
Fourier transform. Supercontinuum generation in both the normal and anomalous
dispersion regimes of optical fibres is introduced along with the physical processes
that determine the bandwidth and noise of the resulting supercontinuum. The
anomalous dispersion regime gives the widest bandwidth, which is also inherently
noisy due formation of solitons, as opposed to supercontinuum generation in the
normal dispersion regime, which have been shown to support fully coherent and
low noise. The use of both types of supercontinuum sources in OCT was discussed
and reviewed.

The excess noise of both types of supercontinuum sources were then treated,
and it was argued that the well-known expression for excess noise does not apply to
supercontinuum sources. Instead, the excess noise measured at the spectrometer
was used and shown to predict the sensitivity maximum well. Furthermore, ob-
served spectral correlations from both the supercontinuum itself and the imperfect
focusing of the spectrometer, was shown to reduce the excess noise at large OPDs.
Particularly for a supercontinuum generated in an ANDi fibre, the coherence wave-
length can amount to several nanometres, and the otherwise high excess noise was
completely contained within the first 150 µm of the OCT image leaving the re-
mainder of the imaging range shot noise limited. A new ANDi supercontinuum
with minor excess noise was shown to achieve near shot noise limited sensitivity,
and outperform a commercial, soliton-based supercontinuum by 12 dB in terms of
sensitivity, as well as a significantly improved visual quality of the OCT images.



88 6 Conclusion

SS-OCT with a supercontinuum source is performed by stretching the broad-
band spectrum via a highly dispersive element, typically a long dispersive optical
fibre, then termed TS-OCT. For a sufficiently dispersive medium, the wavelength
dependent group velocity (and thus propagation time) provide a unique mapping
of wavelength to time, which allows the spectral information to be detected with
a fast photo diode. A commercial supercontinuum at 4 MHz was filtered to a
600 nm bandwidth from 1050 nm to 1650 nm, stretched to 118 ns, and sent to an
all-fibre OCT system, where the bandwidth provides a 2.0 µm axial resolution, the
lowest recorded in the 1300 nm spectral region. The noise of the supercontinuum
mitigated by employing a second detector for continuous measurement of the refer-
ence pulse, which reduces the excess noise by up to 12 dB yielding a sensitivity of
73 dB. Images of a plastic credit card, ceramics, and a pill clearly show the noise
reduction from applying the reference detector, while the image of human skin
show that the sensitivity is not high enough for in-vivo biological imaging. A com-
mercial, time-stretched, ANDi supercontinuum was then investigated as a source
of ultrafast and ultrahigh resolution OCT with very low noise. The spectrum,
however, was highly modulated and the main part only 160 nm wide, limiting the
resolution to 7.0 µm. The modulated spectrum introduced heavy side lobes in the
images, and the visual quality consequently suffered despite the shot noise limited
performance which was demonstrated.

Finally, the mid-IR supercontinuum generation was investigated as a route to
increased penetration depth in OCT or increased sensitivity in absorption spec-
troscopy. The supercontinuum was based on a cascading scheme, in which a 1550
nm seed diode was heavily amplified in two Er3+ doped silica fibre amplifiers and
formed an in-amplifier supercontinuum in the final Er3+/Yt3+ co-doped silica fibre
amplifier. The supercontinuum was sent to Tm3+ doped fibre which shifted power
from the pump to 1900 nm and beyond before being sent to a passive ZBLAN fibre
in which the light redshifted to the mid-IR via intra-pulse Raman scattering in soli-
tons. It was shown in numerical simulations that the experimentally observed low
noise (5 - 10 % from pulse to pulse) in the Tm3+ doped fibre and the ZBLAN fibre,
is caused by gain-induced soliton spectral alignment out of the Er3+/Yt3+ fibre
and subsequent efficient amplification of these solitons at the main Tm3+ emission
window at 1900 nm. Failure to generate a spectrally aligned sea of solitons in the
in-amplifier supercontinuum, e.g., by using an insufficient pump peak power, was
shown to reduce the bandwidth, the power in the mid-IR as well as increase the
noise significantly.
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6.1 Outlook
The future of OCT lies in the MHz range, particularly for in-vivo imaging where
the high speeds not only eliminate motion artefacts which improve the phase sta-
bility, but also increase the speed and sensitivity of functional OCT. As it stands,
supercontinuum sources are not up to this challenge yet as have been demon-
strated in this thesis: The soliton-based sources are too noisy, and the ANDi
sources are limited in bandwidth (relative to a soliton-based supercontinuum),
though their biggest hindrance is their non-smooth spectra caused by non-smooth
input pulses. With the expected development of ever-faster digitizers, the trade-off
between imaging speed, resolution and imaging range softens to allow ultrahigh
speed, ultrahigh resolution OCT imaging with millimetres of range. Soliton-based
supercontinuum sources have an inherent challenge regarding the noise, whereas
ANDi supercontinuum sources, given further development to increase the band-
width and spectral smoothness, will deliver exactly this, launching OCT into a
new era where bandwidth and sensitivity are not necessarily mutually exclusive.
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