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Abstract

Swept sources are central to optical coherence tomography (OCT), which enabled not

only high speeds but also longer imaging depths than in the spectrometer-based OCT

methods. Among the various types, dispersion-tuned mode-locked (DTML) lasers offer

simplified and cost-effective swept source designs. While standard DTML operation has

been demonstrated across most wavelength ranges relevant to OCT imaging, its limita-

tions in sweep rate and coherence performance remain a challenge. Moreover, a broader

theoretical and experimental understanding of the multi-harmonic DTML operation has

been lacking.

This thesis presents a comprehensive theoretical framework and experimental valida-

tion of both single- and multi-harmonic DTML regimes. Starting from the analysis of

dispersion properties in fibre laser cavities, the principle of wavelength tuning in stan-

dard DTML lasers is described. By adopting a spectral filtering approach, notions of

the saturation and one round trip operations are introduced, showing trade-offs between

the achievable tuning bandwidth and coherence performance. The work then extends

to the generalised multi-harmonic DTML operation, introducing the many sweep cycles

mathematical framework and establishing the conditions under which wavelength tuning

is achieved when sweeping over multiple harmonic bands. Building on the spectral filter-

ing description, the tuning bandwidth limits for the multi-harmonic DTML are derived,

showing trade-offs between the achievable tuning bandwidth and coherence performance

in this sweeping regime. In the last theoretical chapter, the trends in mathematical mod-

elling of DTML lasers are reviewed, extended with original contributions. Lastly, using

the discrete modelling approach, the behaviour of spectral linewidth in a DTML laser as

a function of various cavity parameters is investigated.

Experimental work includes the development of three DTML swept sources operating

at 850 nm, 1550 nm, 1 µm, respectively, with the latter two demonstrating the multi-

harmonic operation at sweep rates approaching 1MHz. By employing the final 1 µm

swept source, the first OCT images employing a multi-harmonic DTML swept laser are

captured, and the theoretical predictions regarding bandwidth-coherence trade-offs are
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experimentally validated. A set of optimisation steps to improve the multi-harmonic

DTML operation to guide the future development is proposed as well.

Given the findings in this thesis, the multi-harmonic DTML laser emerges as a promis-

ing fully akinetic, simple in design, low cost solution for megahertz SS-OCT applications.
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Chapter 1

Introduction to the thesis

1.1 Why OCT?

Optical coherence tomography (OCT) has become a highly relevant non-invasive imaging

technique in biomedical optics and medicine [1–5]. OCT generates high-resolution real-

time cross-sectional or three-dimensional images by measuring interference of backscat-

tered light. With its axial resolution capabilities of down to 1-10 µm and tissue penetration

depth of up to few millimetres, OCT bridges the gap between lower axial resolution but

deep penetration depth ultrasound imaging, and higher axial resolution but low pene-

tration depth confocal microscopy (see Fig. 1.1). Additionally, OCT achieves a lateral

resolution comparable to that of confocal microscopy.

OCT’s most prominent application is in ophthalmology, where the first OCT image

was captured from a human retina [6]. Since then, OCT has been extended to other

biomedical fields, such as cardiology, dermatology, oncology, and gastroenterology. OCT

enables visualization of structural changes in tissue and identification of disease mark-

ers. In retina, OCT can identify age-related macular degeneration, glaucoma, diabetic

retinopathy, retinal detachments, or corneal diseases [7–12]. Endoscopic OCT technology

facilitates minimally invasive imaging of internal tissue and vascular and coronary arter-

ies, aiding in detection of early-stage diseases of gastrointestinal, respiratory, and urinary

tracts, and as well as of the cardiovascular system [1, 13–15]. The ability to see beneath

the tissue surface enables dermatologists non-invasive imaging of skin layers, assisting in
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Figure 1.1: Comparison of ultrasound modality, OCT, and confocal microscopy relative
to their penetration depths and imaging axial resolutions [3].

skin cancer detection, wound healing assessment, and diagnosis of skin conditions [16–18].

In oncology, OCT is used for cancer diagnosis, namely in distinguishing between benign

and malignant tissues and identifying tumour margins [18–20]. OCT is also emerging

as a valuable tool in dentistry, neurology, otolaryngology, and surgical guidance [21–24].

Tab. 1.1 lists most common wavelengths and summarises their application in OCT imag-

ing. As an example of true OCT images, Fig. 1.2 displays two images captured with the

custom-designed OCT system described in Sec. 7.4, showing depth resolved tissue features

like are sweat ducts in a finger tip (top) or retinal layers (bottom).
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Table 1.1: Most common wavelengths and their application in OCT imaging [3].

Central wavelength OCT main application
670 nm

(visible light)
High resolution retinal imaging,

functional imaging
850 nm

(near-infrared)
Retinal imaging

1060 nm
(near-infrared)

Retinal imaging

1310 nm
(O-band)

Highly scattering tissue imaging
(skin, teeth, adipose tissue, arteries),

material and industrial
1550 nm
(C-Band)

Material and industrial

Figure 1.2: Two representative OCT images captured with the custom-designed OCT
system described in Sec. 7.4. Top: A finger tip. Bottom: Retina.
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1.2 Motivation of the thesis

One of the OCT methods that in the last decade has proven MHz acquisition rate is

the swept source (SS)-OCT [25]. This enables not only higher speed, but larger imaging

depths than in the spectrometer-based OCT methods.

Two main approaches to wavelength tuning are used in swept sources for OCT [25].

The first approach relies on mechanical movements, which can be implemented by ac-

tuating on the mirrors of a Fabry–Pérot filter [26], or using a polygon mirror scanner

[27], or a micro-electromechanical system vertical-cavity surface-emitting laser (MEMS-

VCSEL) [28]. The second approach employs akinetic tuning principles, based on an

acousto-optic deflection [29], or all-semiconductor designs [30], or time-stretch technol-

ogy [31], or stretched-pulse mode-locking (SPML) [32], or dispersion-tuned mode-locking

(DTML) [33].

A DTML laser in Fig. 1.3 comprises three main elements: a gain medium, typically a

semiconductor optical amplifier (SOA), a mode-locking element, based on the direct mod-

ulation of the SOA gain or employing a separated intra-cavity intensity modulator, and a

dispersive element, realized either by a long optical fibre or a chirped fibre Bragg grating

(cFBG). In a standard single-harmonic DTML laser, active mode-locking is applied at

a single harmonic order. Desirable emission properties from this laser configuration in-

clude satisfactory power and a sufficiently long coherence length, which can be achieved

by a combination of a relatively short cavity length (units of meters), a narrow temporal

modulation window, and a high level of dispersion. Single-harmonic DTML swept sources

have been demonstrated across various central wavelengths of interest to OCT, including

850 nm [34, 35], 1 µm [33], 1.3 µm [34, 36], and 1.55 µm [34, 37], with spectral linewidths

below 0.1 nm and wavelength tuning bandwidths reaching 100 nm (see Sec. 4.4).

In the previous reports published by the Applied Optics Group (AOG) [38–40], it was

demonstrated that an alternative sweeping regime can be established inside DTML cavi-

ties in Fig. 1.4. This regime, involving two simultaneous “resonant” conditions, was ini-

tially referred as to the dual resonance sweeping regime or dual resonance DTML. The first

resonant condition corresponds to active mode-locking (achieved via the direct modulation
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Figure 1.3: A ring DTML laser cavity. SOA: semiconductor optical amplifier, cFBG:
chirped fibre Bragg grating, CIRC: circulator, IM: intensity modulator.

of the SOA gain or an external modulator) at a harmonic of the fundamental frequency of

the cavity. The second resonant condition is inspired by the Fourier-domain mode-locking

(FDML) technology [41], where the mode-locking element (typically a Fabry-Pérot filter)

is driven at the cavity fundamental frequency. When both resonant conditions are ap-

plied to a DTML cavity, it is observed that, contrary to FDML, wavelength tuning does

not occur if the sweep rate precisely matches the fundamental frequency. Instead, only

a single wavelength emission appears at the output of the DTML laser. It is experimen-

tally observed that wavelength tuning is achieved if the sweep rate is actually slightly

detuned from the fundamental frequency. For the first time, the present work provides a

rigorous theoretical explanation for this behaviour. Because multiple orders of harmonics

are engaged, a more accurate reference to this regime is proposed in this work, as to the

multi-harmonic DTML. This regime is fundamentally different from the standard single-

harmonic mode-locking presented by all other research groups in the field of DTML swept

sources.

The multi-harmonic DTML regime has previously been demonstrated at 850 nm [38]

and 1550 nm [39] using direct modulation of the SOA gain. The previous reports reduced

to presenting primarily experimental demonstrations. However, a comprehensive theoret-

ical description of the multi-harmonic operation, discussion on its tuning and coherence
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Figure 1.4: Multi-harmonic DTML laser cavities. (a) First multi-harmonic DTML laser
at 1550 nm [39]. (b) First multi-harmonic DTML laser at 850 nm [38]. SOA: semiconduc-
tor optical amplifier, SG: signal generator, ISO: optical isolator, DC: directional coupler,
DCF: dispersion compensation fibre, FRM: Faraday rotator mirror, CIRC: optical circu-
lator.

performance, its demonstration at 1 µm, and finally actual OCT images produced by em-

ploying this regime have not been reported so far. These aspects are addressed in the

present work.

1.3 Thesis structure

The thesis is divided into 6 main chapters, of which first 5 are theoretical, focusing on:

• Chap. 2: This opening chapter starts with explanation of basic OCT physical prin-

ciples. The two main OCT modalities, time-domain (TD-OCT) and Fourier-domain

(FD-OCT), are described, and two implementations of FD-OCT, spectrometer-

based (Sp-OCT) and swept source (SS-OCT) OCT, are detailed. For the future

reference throughout the thesis, specifications of the light source and imaging in-

struments are linked to key performance parameters of an OCT system, such as

axial resolution, imaging depth, and sensitivity.
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• Chap. 3: Provides a brief overview of the various types of tunable lasers for SS-

OCT reported so far. Each laser type description includes fundamental operating

principle, laser designs, and representative performance characteristics relevant to

OCT imaging.

• Chap. 4: Starting with a brief description of the dispersion properties of fibre laser

cavities, this chapter explains the principle of tuning in dispersion-tuned mode-

locked (DTML) swept lasers and rigorously derives an expression for the tuning

bandwidth in this type of tunable lasers. By adopting a spectral filtering approach,

notions of the saturation and one round trip operations are introduced, showing

trade-offs between the achievable tuning bandwidth and coherence performance.

The historical development of DTML swept sources with representative performance

characteristics relevant to OCT imaging is also reviewed, categorising the lasers

chronologically into three generations.

• Chap. 5: This chapter starts with a brief overview of the previous development

in multi-harmonic DTML swept lasers within AOG and then introduces a rigor-

ous model for description of the advancement from the standard single-harmonic to

multi-harmonic operation. This is accomplished utilising a mathematical framework

that connects the laser optical spectrum with the spectral content of the modula-

tion signal over many sweep cycles. Building on the spectral filtering description

introduced in Chap. 4, this chapter derives the tuning bandwidth limits for the

multi-harmonic DTML operation, showing trade-offs between the achievable tuning

bandwidth and coherence performance in this sweeping regime.

• Chap. 6: Two mathematical frameworks are introduced for rigorous modelling of

DTML lasers in this chapter: the average model and the discrete model. Both

models are appropriately described, and a refined extension of the discrete model,

also referred to as the iterative mapping, is utilised for the numerical simulations

presented in the last part of the chapter. These simulations are used to investigate

the behaviour of the spectral linewidth in a DTML laser as a function of various

cavity parameters.
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After the theoretical part, Chap. 7 describes a dispersion assessment technique and

three custom-designed DTML architectures and their evaluation for OCT imaging:

• Sec. 7.1: Presents a simple yet effective method for an approximative cavity disper-

sion assessment in a DTML laser cavity without the need for additional components

required for DTML itself.

• Sec. 7.2: Presents a standard DTML swept source operating at 850 nm, developed

primarily for full-field swept-source optical coherence tomography (FFSS-OCT).

The laser combines a cFBG and pulse modulation technique, and, in comparison

with previous DTML implementations at 850 nm, this design achieves improved

coherence and higher sweep rates.

• Sec. 7.3: Presents a high speed akinetic swept source operating at 1550 nm employing

the multi-harmonic DTML regime by utilising a high speed intensity modulator

for mode-locking and a cFBG for necessary dispersion in the cavity. This design

enables MHz sweep rates with improved coherence and stability in comparison with

the previous reports on multi-harmonic DTML lasers.

• Sec. 7.4: Demonstrates the first multi-harmonic DTML laser operating at 1 µm.

Owing to its coherence and high signal-to-noise ratio, the first OCT images of a

finger tip and the retina are captured for the first time by employing a multi-

harmonic DTML swept laser.
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Chapter 2

Optical coherence tomography

This opening chapter starts with explanation of basic OCT physical principles. The two

main OCT modalities, time-domain (TD-OCT) and Fourier-domain (FD-OCT), are de-

scribed, and two implementations of FD-OCT, spectrometer-based (Sp-OCT) and swept

source (SS-OCT) OCT, are detailed. For the future reference throughout the thesis,

specifications of the light source and imaging instruments are linked to key performance

parameters of an OCT system, such as axial resolution, imaging depth, and sensitivity.
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2.1 OCT principle

The principle of optical coherence tomography (OCT) is based on a Michelson interfer-

ometer configuration [1–6], depicted in Fig. 2.1. The interferometer is illuminated by a

Figure 2.1: Schematic of a Michelson interferometer used in OCT.

complex electrical field Ei from a low coherence light source characterised by its ampli-

tude spectrum S(k) as a function of the wavenumber k = 2π/λ, where λ is the optical

wavelength. The field Ei is incident on a power splitter, which, for simplicity, is assumed

to have a power splitting ratio of 0.5. In the reference arm, the light is reflected from

the reference mirror, characterised by its amplitude reflectance rR and positioned at a

distance of zR from the splitter. The reflected light then returns to the splitter with the

incident electric field ER. In the sample (or object) arm, the light is reflected from a series

of M sample reflectors, each characterized by its amplitude reflection coefficient rS,m at a

distance of zS,m from the splitter. The total field returning from the sample arm is given

by ES =
∑M

m=1 ES,m. After passing through the splitter second time, the fields ER and ES

interfere on an optical photodetector. The photodetector generates a photocurrent ĩD(k)

proportional to the time-averaged intensity of the incident interferometric field ER +ES:

ĩD(k) =
ϱ

2

〈
|ER + ES|2

〉
, (2.1)
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where ϱ is the photodetector responsivity (in amperes per watt), and the factor of 1/2

accounts for the second pass of the fields through the splitter. By expanding the squared

term in Eq. (2.1) and performing the time-averaging, the spectral interferogram ĩD(k), is

obtained as a function of wavenumber k and optical path difference (OPD) zR − zS,m:

ĩD(k) =
ϱ

4
S(k)

(
RR +

M∑
m=1

RS,m

)
+

ϱ

2
S(k)

M∑
m=1

√
RRRS,m cos [2k(zR − zS,m)], (2.2)

with RR = |rR|2 and RS,m = |rS,m|2 representing the power reflectivities of the reference

mirror and the mth sample reflector, respectively. The interferogram in Eq. (2.2) consists

of large DC terms proportional to the power reflectivities, as well as cross-correlation

terms dependent on the path length difference (zR − zS,m), which are typically smaller

than the DC terms. For simplicity, weak and low-frequency autocorrelation terms were

neglected in Eq. (2.2).

The power spectral function S(k) in Eq. (2.2) and Fig. 2.1 characterises spectral

properties of the light source. In OCT, common spectral shapes of S(k) include Gaussian,

SGauss(k) ∼ exp

[
−4 ln 2

(k − k0)
2

∆k2

]
, (2.3)

and top-hat distributions,

Stop-hat(k) ∼ rect

(
k − k0
∆k

)
, (2.4)

where k0 = 2π/λ0 and λ0 represent the central wave number and the central wavelength,

respectively. The spectral width parameters are ∆k = 2π∆λ/λ2
0 and ∆λ, defined as the

full width at half maximum (FWHM) bandwidth in units of k and λ, respectively. Illus-

trative examples of spectral interferograms for a Gaussian-shaped SGauss(k) corresponding

to a single and two sample reflectors are shown in Fig. 2.2. For a single reflector, the

interferogram consists of a DC term with an amplitude of (RR+RS,m)/2, spectrally mod-

ulated by a cross-correlation component with an amplitude of
√

RRRS,m and a spectral

period of π/(zR − zS,m). A general spectral interferogram results from the superposition

of interferograms from multiple M sample reflectors, as expressed in Eq. (2.2).
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Figure 2.2: Spectral OCT interferograms [1, 2, 6]. Left: Single sample reflector spectral
interferogram with the fringe amplitude of

√
RRRS,m and spectral period of π/(zR−zS,m)

(see Eq. (2.2)). Right: Spectral interferogram of two sample reflectors.

In the space domain, the light source is described by its coherence function γ(z), also

known as the degree of coherence [3]. This function is obtained through Fourier transform

of Eq. (2.3) for Gaussian spectral shape and Eq. (2.4) for top-hat spectral shape, yielding:

γGauss ∼ exp

(
−4(zR − z)2∆k2

16 ln 2

)
, γtop-hat ∼ sinc [2(zR − z)∆k] . (2.5)

The coherence function is characterised by the free-space coherence length lcoh, defined as

the FWHM of γ(z). For a Gaussian spectral shape, it is given by:

lcoh,Gauss =
4 ln 2

∆k
=

2 ln 2

π

λ2
0

∆λ
≈ 0.44

λ2
0

∆λ
, (2.6)

and for a top-hat spectral shape approximately [7]:

lcoh,top-hat ≈
7.58

∆k
= 0.60

λ2
0

∆λ
. (2.7)

In OCT, the coherence length is the key parameter that represents the maximum path

length difference between the reference and sample arms for which the interference occurs.

It directly determines the axial resolution of the system as δz = lcoh, where a broader ∆λ

yields better resolution, as given by Eq. (2.6) and Eq. (2.7).

A combination of confocal and coherence gating is known as optical coherence mi-

croscopy (OCM) [1]. The overall axial response of an OCM system is best represented
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as a combination (mathematically a convolution) of the confocal gate and the axial re-

sponse due to the OCT low-coherence interferometry. The key imaging parameters and

their corresponding expressions, derived from this confocal-low-coherence description of

an OCM system, are labelled in Fig. 2.3 and summarized in Table 2.1.

Table 2.1: The main imaging parameters and their corresponding expressions for an
OCM system, considering an objective numerical aperture NA, objective focal length f ,
and maximum scan angle θmax [1] (see also Fig. 2.3).

Parameter Expression

Confocal axial field of view ∆zconf =
0.22λ0

sin2
[
sin−1(NA)/2

]
Lateral field of view ∆xconf = 2fθmax

Lateral resolution δx = 0.37
λ0

NA

Interferometric axial resolution
δz = 0.44

λ2
0

∆λ
(for SGauss(k) given by Eq. (2.3))

δz = 0.60
λ2
0

∆λ
(for Stop-hat(k) given by Eq. (2.4))

To produce volumetric OCT images, a scanning device is incorporated in the sample

arm, as depicted in Fig. 2.4. By scanning the beam over the sample in the “fast” x-

axis, a collection of adjacent A-scans produces an depth resolved cross-sectional image

known as a B-scan. Extending the scan laterally in the “slow” y-direction, a collection

of B-scans produces a volumetric OCT image. Additionally, a lateral scan at a constant

depth is referred to as a T-scan, and a collection of adjacent T-scans forms a C-scan,

which represents a transverse cross-sectional image. OCT imaging modality designed to

produce T-scans and C-scans is also referred to as en-face OCT [8–10].
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Figure 2.3: Schematic of generic OCT sample arm optics [1]. θ: scan angle, f : objective
lens focal length, ∆zconf: confocal axial field of view, ∆xconf: confocal lateral field of view,
δx: lateral resolution, δz: interferometric axial resolution.

Figure 2.4: Schematic of different OCT scanning orientations relatively to the optical
axis z.
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2.2 Time-domain OCT (TD-OCT)

The first implementation of OCT was time-domain OCT (TD-OCT) [11–13], where the

reference arm path length is varied mechanically to achieve depth-resolved imaging. A

schematic diagram of TD-OCT system is shown in Fig. 2.5. It consists of a Michelson

interferometer illuminated by a broadband low-coherence light source, a mechanically

movable reference mirror with variable path length zR, imaging and scanning optics in

the sample arm, and a single photoreceiver with a processing unit to reconstruct the

sample depth reflectivity profile.

Figure 2.5: Configuration of a TD-OCT system with a reconstructed A-scan profile.

The depth-dependent detector current iD(zR) is obtained by integrating the interfer-

ogram given by Eq. (2.2), displayed also in Fig. 2.2, over all k:

iD(z) =
ϱ

4
S0 ·

(
RR +

M∑
m=1

RS,m

)
+

ϱ

2
S0 ·

M∑
m=1

√
RRRS,mγ(zR − zS,m) cos[2k0(zR − zS,m)], (2.8)

where S0 =
∫∞
0

S(k)dk represents the total spectrally integrated power of the light source.

The reconstructed TD-OCT signal, or A-scan, shown in Fig. 2.5 as well, appears as a
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series of coherence functions γ(z) shifted to the positions of the optical path differences

zR−zS,m, modulated by the fringe term cos[2k0(zR−zS,m)] with an amplitude proportional

to
√

RRRS,m. The fringe signal is resident on a DC component arising from the sum of

the reference and sample power reflectivities. The theoretically achievable axial resolution

δz is determined by the coherence length lcoh of the light source, as given by Eq. (2.6) or

Eq. (2.7). Because of the adjustment of the reference arm path length zR, each sample

arm reflector m in Eq. (2.8) has always the same optical path length zS,m as the reference

arm reflector R. Consequently, the fringe amplitude in TD-OCT remains independent of

the optical path difference zR−zS,m, assuming absorption and scattering is not considered

in Eq. (2.8).

Another key parameter that determines the quality and sensitivity of images produced

by an OCT system is the signal-to-noise ratio (SNR) [1, 7, 14], defined as the ratio of the

power of the fringe signal Pfringe to the total system noise power Pnoise:

SNR =
Pfringe

Pnoise

. (2.9)

Three primary noise sources contribute to the total noise in an OCT system:

1. Detector noise: This is an inherent property of the detector and remains constant,

independent of the incident optical power.

2. Shot noise: Arising from the random arrival of photons at the detector. Shot noise

introduces statistical fluctuations in the detected signal and is determined by the

total power incident on the detector.

3. Excess noise or relative intensity noise (RIN): This noise originates from

fluctuations in the optical intensity of the light source, affecting the stability of the

detected signal.

In an ideal TD-OCT system, the highest SNR is achieved when the total noise is dom-

inated by the shot noise of the system (medium reference arm power). In this case, the
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SNRTD-OCT is given by [1, 7, 15–17]:

SNRTD-OCT =
ϱPfringe

2e∆fD
, (2.10)

where ϱ is the photodetector responsivity, e is the elementary charge, and ∆fD is the

electronic detection bandwidth.
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2.3 Fourier-domain OCT (FD-OCT)

Different to TD-OCT, A-scans in Fourier-domain OCT (FD-OCT) are obtained by ap-

plying Fourier transform to the spectral interferograms in Fig. 2.2 during the detection

and processing stage of the OCT imaging. Depending on the type of the light source and

detection instrumentation, FD-OCT can be implemented in two main configurations.

In a spectrometer-based OCT system (Sp-OCT), depicted in Fig. 2.6, an interferom-

eter is illuminated by a broadband light source, typically a light emitting diode (LED)

or a superluminescent diode (SLD). The interference signal is dispersed by a diffraction

grating in a spectrometer and detected using a linear photodetector array, such as a

charge-coupled device (CCD) or a complementary metal-oxide-semiconductor (CMOS)

linear camera.

In a swept-source OCT system (SS-OCT), depicted in Fig. 2.7, an interferometer is il-

luminated by a rapidly sweeping narrow-linewidth tunable light source. Various operating

principles have been proposed for such sources, which will be reviewed in the next chapter.

The interference signal is then detected by a single photodetector as the wavelength of

the swept source is tuned over time.

The reconstruction of the interferometric signal in both FD-OCT configurations in-

volves inverse Fourier transform of the interferogram given by Eq. (2.2) (see also Fig. 2.2),

yielding a depth-resolved A-scan in the form:

iD(z) =
ϱ

8
γ(z)·

(
RR +

M∑
m=1

RS,m

)
+
ϱ

4

M∑
m=1

√
RRRS,m[γ(zR−zS,m)+γ(−zR+zS,m)]. (2.11)

The A-scan given by Eq. (2.11), depicted in Fig. 2.6 and 2.7 as well, appears as a

series of coherence functions γ(z) shifted to the positions of the optical path differences

±2(zR− zS,m), whose amplitude is proportional to
√
RRRS,m. The large DC term at zero

optical path difference arises from the sum of the reference and sample power reflectivities.

Similar to the TD-OCT regime, the theoretically achievable axial resolution is determined

by the coherence length δz = lcoh of the light source, as given by Eq. (2.6) and Eq. (2.7).

In FD-OCT, several additional factors must be taken into account [1, 7], arising from
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Figure 2.6: Configuration of an Sp-OCT system with a reconstructed A-scan profile.
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Figure 2.7: Configuration of an SS-OCT system with a reconstructed A-scan profile.
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real-life limitations of the instrumentation employed in an FD-OCT system. First, the

coherence functions γ(z) in Eq. (2.11) are shifted to the positions ±2(zR − zS,m) on both

sides of the zero path length due to the symmetry properties of the Fourier transform.

This results in the mirroring effect around zero path length unless the sample can be

entirely positioned on one side of it only.

Another important factor is the inherently limited spectral resolution of the instru-

mentation, denoted as δk. In Sp-OCT, δk is determined by the spectral resolution of the

spectrometer, while in SS-OCT, it is limited by the instantaneous linewidth of the swept

source. This spectral resolution limitation must be incorporated into the interferogram

in Eq. (2.2), which can be modelled as a convolution of ĩD(k) with a Gaussian function of

FWHM equal to δk:

ĩD(k)⊛ exp

[
−4 ln(2)k2

δk2

]
F⇐⇒ iD(z) exp

[
−(zR − z)2δk2

4 ln 2

]
. (2.12)

The exponential fall-off on the right-hand side of Eq. (2.12) represents the decreasing

interferogram visibility as a function of z. This decay, known also as a roll-off, can be

quantified by the one-sided depth ∆z6dB at which the visibility drops by a factor of 1/2

(corresponding to a 6 dB reduction in signal-to-noise ratio as defined in Eq. (2.9)),

∆z6dB =
2 ln 2

δk
=

ln 2

π

λ2
0

δλ
≈ 0.22

λ2
0

δλ
, (2.13)

where δλ = δkλ2
0/(2π) represents the spectral resolution in wavelength terms.

Another factor to consider when using real-world instrumentation is the rate at which

the spectral interferogram can be sampled. If the interferogram is sampled into N spectral

channels at sampling interval of δk, the maximum detectable imaging depth ∆zmax is

determined by Nyquist criterion [1, 2, 7]:

∆zmax =
πN

2∆k
=

λ2
0N

4∆λ
. (2.14)

In Sp-OCT, N corresponds to the number of pixels in the spectrometer array, while in

SS-OCT, it is determined by the number of samples acquired per sweep, which is limited

27



by the photodetector bandwidth and the data acquisition system.

In terms of SNR analysis, a connection between Sp- and SS-OCT systems has been

demonstrated [1, 7, 16–18], showing that both implementations follow the same math-

ematical framework. Specifically, in the shot-noise-limited case (medium reference arm

power), the FD-OCT signal-to-noise ratio SNRFD-OCT is given by:

SNRFD-OCT =
ϱNPfringe

4e∆fD
=

N

2
SNRTD-OCT, (2.15)

where the N/2 scaling advantage arises from the simultaneous acquisition of information

from all depths. In the detector-noise-limited regime (low reference arm power), the signal

may become comparable to the detector noise floor independent of the optical power.

Consequently, the scaling N/2 sensitivity advantage in Eq. (2.15) no longer applies. In

the RIN-limited regime (high reference arm power), the noise scales proportionally with

the optical power, similarly to the signal. As a result, the scaling sensitivity advantage in

Eq. (2.15) is reduced or eliminated as well.

Despite the presence of mirror terms and limited imaging depth, the combination of

higher sensitivity and faster imaging capabilities has made FD-OCT greatly preferable to

TD-OCT.
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Chapter 3

Swept sources for OCT

This chapter provides a brief overview of the various types of tunable lasers for SS-OCT

reported so far. Each laser type description includes fundamental operating principle,

laser designs, and representative performance characteristics relevant to OCT imaging.

The principle and research history of the akinetic dispersion-tuned mode-locked (DTML)

lasers will be examined in detail in the next stand-alone chapter. A summary of the swept

laser types described in this chapter and Chaps. 4 and 5, including their basic wavelength

tuning principles and highlighting their strengths and limitations, is provided in Tab. 3.1.
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3.1 Mechanical-based swept sources

3.1.1 Mechanically-scanned grating-based swept lasers

Mechanically-scanned grating-based lasers, also sometimes referred to as external-cavity

diode lasers, were among the first tunable lasers designed [1, 2]. These lasers operate by

placing a diffraction grating in an external cavity of a semiconductor gain chip or a laser

diode, where a combination of the diffraction grating and a mirror serve as a tunable

wavelength selective filter. The angular position of the grating or mirror determines the

lasing λ wavelength through [1]:

λ = pDG(sin θi + sin θd), (3.1)

where pDG denotes the grating period, θi as the angle between the grating normal and the

beam incidence axis, and θd is the angle between the grating normal to the diffracted beam.

The grating-based lasers can be implemented in two fundamental configurations: the

Littrow and Littman–Metcalf configurations [2], both schematically depicted in Fig. 3.1.

In the Littrow configuration, the first-order diffracted beam is reflected back into the

laser diode (LD) for feedback, while the zeroth-order output beam is deflected away by

rotating the diffraction grating (DG), usually by using a piezoelectric actuator [3, 4]. In

the Littman–Metcalf configuration, in contrast, the grating orientation is fixed and an

additional deflector is used to maintain a constant output beam direction while tuning.

As the deflector, various devices have been utilised, including galvanometer mirrors [5, 6],

polygon scanners [7, 8], or MEMS [9, 10]. In both configurations, rotating the grating or

mirror mechanically changes the feedback wavelength, producing a continuously tunable

emission suitable for SS-OCT.

Both Littrow and Littman–Metcalf configurations can be implemented within a fibre-

based laser cavity. Figure 3.2(a) depicts Littman–Metcalf configuration in a linear fibre

cavity, consisting of a fibre-coupled semiconductor optical amplifier (SOA), fibre coupler

(FC), and a grating-based wavelength filter. The angle of incidence of the beam illuminat-

ing the grating (DG) is deflected using a galvanometer mirror (GM). This tunable laser,
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Figure 3.1: Two fundamental laser configurations used in mechanically-scanned grating-
based tunable lasers [2]. LD: laser diode, L: lens, DG: diffraction grating, M: mirror/de-
flector.

operating at 1.2 µm, demonstrated a tuning bandwidth of 94 nm and at a sweep rate of

100Hz [5]. Another galvanometer-scanned Littman–Metcalf configuration implemented

in a fibre ring cavity is shown in Fig. 3.2(b). This laser was employed for full-field OCT

(FF-OCT) at a sweep rate of 1Hz, achieving a tuning bandwidth of 48 nm at a central

wavelength of 850 nm [6]. Both lasers shown in Fig. 3.2 demonstrated coherence lengths

exceeding 10mm, corresponding to a spectral linewidth of 0.13 nm at 1.2 µm [5], and a

linewidth of 0.05 nm 850 nm [6].

Polygon mirror-based swept lasers are a subclass of Littman–Metcalf configurations,

where a rotating multi-facet polygon scanner replaces a galvanometer mirror [7, 8, 11].

This configuration enables high-speed, continuous wavelength tuning by mechanically

varying the angle of incidence on the grating as the polygon rotates. A schematic of

a polygon-scanned grating-based laser operating at 1.3 µm is depicted in Fig. 3.3 [7].

This well-optimized system achieved an output power of up to 100mW, a broad tuning

bandwidth of 113 nm, and a coherence length of 16mm, while operating at a sweep rate

of 65 kHz. The laser employed Fourier-domain mode-locking (FDML) technique, which

is more detailed in Subsec. 3.1.3 and Sec. 5.5. Higher sweep rates can be achieved by

increasing the number of reflective facets on the polygon. For example, by displacing the

polygon scanner off the optical axis and using a 128-facet polygon, sweep rates of up to

115 kHz have been demonstrated [8].

In the ongoing process toward miniaturization of tunable lasers and OCT systems,

the conventionally bulky laser architectures shown in Figs. 3.2 or 3.3 have been sub-
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Figure 3.2: Mechanically-scanned grating-based tunable lasers implemented in fibre cav-
ities. (a) Littman–Metcalf configuration in a fibre linear cavity [5]. (b) Littman–Metcalf
configuration in a fibre ring cavity [6]. SOA: semiconductor optical amplifier, M: mirror,
FC: fibre coupler, L: lens, GM: galvanometer mirror, DG: diffraction grating, CIRC: cir-
culator, ISO: isolator.
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Figure 3.3: A polygon-scanned grating-based tunable laser [7]. SOA: semiconductor
optical amplifier, M: mirror, FC: fibre coupler, L: lens, P: polygon mirror, DG: diffraction
grating, CIRC: circulator.

stantially downscaled through utilisation of micro-electro-mechanical systems (MEMS)

technology [9]. MEMS technology enables an integration of mechanical components, ac-

tuators, sensors, and control electronics onto a single chip, allowing compact and highly

tunable photonic devices. MEMS are commonly used to actuate wavelength-selective

elements, such as diffraction gratings or Fabry–Pérot cavities, with high precision and

speed. An example of an integrated laser is schematically depicted in Fig. 3.4, where

a miniature MEMS mirror (MEMS M) is used to control the angle of incidence onto a

diffraction grating. Using this configuration, an ultra-narrow instantaneous linewidth of

0.28 pm (corresponding to a coherence length of approximately 2.8m) was achieved [10].

Figure 3.4: Mechanically-scanned grating-based tunable laser using a MEMS mirror as
a deflector [9]. LD: laser diode, M: mirror, L: lens, Et: etalon, DG: diffraction grating,
PhD: photodiode.
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3.1.2 Micro-electro-mechanical system vertical-cavity surface-

emitting lasers (MEMS-VCSELs)

AMEMS-VCSEL (micro-electro-mechanical systems vertical-cavity surface-emitting laser),

whose structure is illustrated in Fig. 3.5, integrates a micromechanically tunable mirror

into a conventional VCSEL architecture [12, 13]. The structure comprises bottom dis-

tributed Bragg reflector (DBR), central active region for optical gain, and a movable top

MEMS mirror suspended above the cavity on a MEMS actuator. By applying voltage

across the MEMS actuator, the mirror is pushed and pulled relative to the substrate,

altering the cavity length and shifting the lasing wavelength. The lasing wavelength λ is

determined by the cavity resonance condition [13]:

qλ = 2nL, (3.2)

where q is the longitudinal mode number, n is the effective index of refraction of the cavity

medium, and L is the cavity length. Unlike traditional mechanically tuned lasers, MEMS-

VCSELs are chip-scale, combining high mechanical stability and coherence lengths, mak-

ing them exceptionally well-suited for integration in compact biomedical imaging systems,

particularly OCT.

Figure 3.5: Schematic diagram of the MEMS-VCSEL structure. DBR: distributed Bragg
reflector. Redrawn from [14].
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MEMS-VCSELs have been reported across most wavelengths widely used in OCT.

At 1510 nm, a manual wavelength tuning over 100 nm was demonstrated [15]. A MEMS-

VCSEL operating at 1310 nm was shown capable of an exceptionally wide tuning band-

width over 150 nm at a sweep rate of 500 kHz [16]. Commercially available tunable MEMS-

VCSELs at 1060 nm and 1310 nm, supplied by companies such as Thorlabs, Santec, Ex-

celitas, or Inphenix, typically provide tuning bandwidths of 100 nm at sweep rates of

100 kHz, 200 kHz, or even 400 kHz [14, 17–19]. Most recently, a MEMS-VCSEL oper-

ating at 850 nm was presented, exhibiting tuning of 38 nm at 347 kHz [20]. In general,

MEMS-VCSELS are capable of extent coherence lengths exceeding 1m [14, 17, 18].

3.1.3 Fourier-domain mode-locked (FDML) swept lasers

Fourier domain mode-locked (FDML) lasers are a class of high-speed wavelength-swept

lasers specifically designed to overcome the inherent limitations in speed and coherence

of conventional tunable lasers architectures shown in Figs. 3.2, 3.3, and 3.4. FDML

was originally introduced in a fibre Fabry–Pérot tunable filter (FFP-TF)-based swept

laser, schematically depicted in Fig. 3.6 [21–23]. In this laser, the lasing wavelength

is determined by the spectral response of the employed FFP-TF, whose time-dependent

transmitted wavelength λ(t) can be parametrically expressed as [24]:

λ(t) = λ0 +
1

2
∆λ cos(2πfst), (3.3)

where λ0 is the central wavelength, ∆λ is the total tuning bandwidth, and fs is the sweep

rate of the laser. Owing to its distinct mode-locking mechanism, FDML is often regarded

as a separate category of swept-source lasers, and can be seen as a transitional type

between mechanical- and akinetic-based swept lasers.

The laser in Fig. 3.6 adopts a ring cavity geometry [21], comprising of a fibre-coupled

semiconductor optical amplifier (SOA) and a piezelectrically actuated fibre Fabry–Pérot

tunable filter (FFP-TF), selecting the lasing wavelength based on Eq. (3.3). The FFP-TF

is driven by a waveform from a signal generator (SG). In this conventional FFP-TF-based

swept laser, the cavity length is minimized to reduce round trip delay, and the filter is
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swept at a rate much slower than the inverse of the cavity round trip time (the fundamental

frequency of the cavity). Under these conditions, only a small subset of the cavity modes

are supported at any given moment, as illustrated by the single colour optical field inside

the cavity in Fig. 3.6.

Figure 3.6: FFP-TF based swept laser [21]. SOA: semiconductor optical amplifier, FFP-
TF: fibre Fabry–Pérot tunable filter, SG: signal generator, ISO: isolator, FC: fibre coupler.

An FDML laser, depicted in Fig. 3.7, shares a similar architecture with the standard

FFP-TF-based laser in Fig.3.6. The key difference is in the incorporation of a dispersion-

managed delay line of hundreds of meters or units of kilometers to extend the cavity

round trip time. For FDML operation, the FFP-TF is tuned synchronously with the

cavity round trip time [22, 23]. As a result, all allowed optical modes are phase-locked,

enabling the laser to store the full wavelength bandwidth inside the cavity at any given

moment as a long chirped pulse with a period proportional to the round trip time of the

cavity. This is conceptually illustrated by the rainbow-like optical field inside the cavity

in Fig. 3.7. A more detailed discussion on the similarities and differences between FDML

and multi-harmonic DTML will be provided in Sec. 5.5.

Since its introduction, the FDML laser has become the gold standard for SS-OCT

systems delivering high-speed imaging and deep tissue penetration. Its advantages include

high spectral stability and long coherence lengths of units of centimeters, though these

come at the cost of increased system complexity due to the need for precise dispersion,
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Figure 3.7: FDML swept laser [22]. SOA: semiconductor optical amplifier, FFP-TF:
fibre Fabry–Pérot tunable filter, SG: signal generator, ISO: isolator, FC: fibre coupler.

temperature management, and filter synchronization. FDML lasers have been reported

at all wavelengths relevant to OCT [25]. Among them, multi-megahertz FDML swept

lasers at 1060 nm [26, 27] and 1310 nm [28, 29], using a so-called buffering technique, were

demonstrated exceeding 100 nm tuning bandwidths. Nevertheless, the precise dispersion

control inside the cavity and the implementation of the buffering technique in FDML swept

sources come at the cost of increased manufacturing expense. Commercially available

tunable FDML swept lasers at 1060 nm, 1310 nm, and 1550 nm, supplied by Optores

company, provide tuning bandwidths of 100 nm and coherence lengths over 1 cm at sweep

rates of units of megahertz [30]. Most recently, FDML has been extended to 850 nm

central wavelength, providing 40 nm tuning bandwidth and 1.5 cm coherence length at

sweep rate of 828 kHz [31].

3.2 Akinetic-based swept sources

3.2.1 Acousto-optic based swept lasers

An acousto-optic tunable filter (AOTF) or acousto-optic deflector (AOD) selects the lasing

wavelength by generating a dynamic diffraction grating controlled by a sound wave inside

a crystal, such as TeO2. The acoustic wave in the crystal induces periodic changes in its
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refractive index, and only light of a specific wavelength λ is diffracted at a specific angle θ,

schematically depicted in the laser in Fig. 3.8(a). The relationship between the diffracted

wavelength and the system parameters is given by the phase-matching condition [32]:

λ =
2nv sin θ

f
, (3.4)

where n is the index of refraction of the undisturbed crystal, v is the speed of sound in

the crystal, and f is the frequency of the acoustic wave applied to the crystal from a

signal generator (SG). By sweeping the ∆f , different optical wavelengths are diffracted,

as given by Eq. (3.4). This electronically controlled tuning mechanism allows fast akinetic

wavelength tuning.

Swept lasers based on the acousto-optic principle have been demonstrated feasible at

wavelengths of 1060 nm [33], 1310 nm [34, 35], and 1550 nm [32, 36]. However, their most

prominent use is at 850 nm [37, 38] and even in the visible range below 800 nm [39, 40],

where other types of swept lasers are less common. The linear and ring cavity acousto-

optic tunable lasers shown in Fig. 3.8 demonstrated highly wavenumber-linear tuning

characteristics, with 50 nm tuning bandwidth at a 1060 nm central wavelength [33] (Fig.

3.8(a)), and 35 nm tuning at 850 nm [37] (Fig. 3.8(b)). Commercially available acousto-

optic based swept lasers around 850 nm, supplied by Superlum company, provide over

50 nm tuning bandwidths at sweep rates up to hundreds of Hz [41], making them suitable

for use in full-field swept source (FFSS)-OCT imaging [42, 43].

3.2.2 KTN-scanned grating-based swept lasers

An alternative akinetic tuning mechanism utilizes an electro-optic deflector based on a

KTN crystal (KTa1−xNbxO3), which can be positioned between the semiconductor optical

amplifier (SOA) and the diffraction grating, as schematically depicted in Fig. 3.9 [44]. The

applied voltage from a signal generator (SG) induces an index of refraction gradient in the

crystal via the electro-optic effect, causing the beam bending effect along the KTN crystal.

By modulating the input voltage, the deflection angle of the beam changes continuously,

resulting in a dynamic change in the incident angle on the diffraction grating, and thus
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Figure 3.8: Acousto-optic based swept lasers. (a) Littrow laser configuration using AOD
as a deflector [33]. (b) Ring laser cavity using AOTF [37]. SOA: semiconductor optical
amplifier, AOD: acousto-optic deflector, DG: diffraction grating, FC: fibre coupler, ISO:
isolator, M: mirror, L: lens, SG: signal generator, AOTF: acousto-optic tunable filter.
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a tunable lasing wavelength. The laser shown in Fig. 3.9 demonstrated a broad tuning

bandwidth exceeding 100 nm around a central wavelength of 1.3 µm, with sweep frequency

reaching up to 200 kHz, and exhibiting a coherence length longer than 7mm.

Figure 3.9: Grating-based tunable laser using a KTN as a deflector [44]. SOA: semicon-
ductor optical amplifier, M: mirror, L: lens, DG: diffraction grating, SG: signal generator.

3.2.3 All-semiconductor design swept lasers

Unlike traditional swept lasers that rely on moving parts (e.g., galvanometer scanners,

polygon mirrors, MEMS actuators, or mechanically tuned Fabry–Pérot filters), this aki-

netic swept source uses an all-electronic tuning mechanism, eliminating mechanical com-

ponents entirely. The laser integrates semiconductor gain and tunable filtering elements on

a single chip, as displayed in Fig. 3.10, and exploits carrier-induced index of refraction tun-

ing enhanced by Vernier effect to programmatically sweep the output wavelength [45, 46].

The physical principle of tuning in this type of swept source relies on index of refrac-

tion modulation within integrated optical elements, such as tunable Bragg gratings or

ring resonators, embedded in the laser cavity. By applying electrical currents to these

elements, the effective optical path length changes due to the carrier-induced index of

refraction change effect, thereby shifting the resonant wavelength. In some architectures,

the Vernier effect is employed by using multiple filters with slightly different free spectral

ranges, allowing broad wavelength tuning through small refractive index adjustments. In

comparison with most other swept lasers with transition periods only after full wavelength

sweeps, the sweep in all-semiconductor designs consists of a sequence of ∼ 0.5 nm short

micro-sweeps, each separated by a transition period. Within a micro-sweep, these lasers

are mode-hop free and do not exhibit coherence revival artifacts. This all-integrated ap-

proach enables precise control over tuning bandwidth, speed, direction, and waveform
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shape, making the source programmable rather than passively tuned. Its large coherence

lengths up to units of meters is sufficient for many OCT applications, particularly where

electronic control and system compactness is prioritized.

Figure 3.10: All-semiconductor tunable lasers design. VM: Vernier mirror, G: gain,
CLA: cavity length adjustment, SOA: semiconductor optical amplifier. Redrawn from [45].

All-semiconductor swept lasers have been so far demonstrated at wavelengths of 1310 nm

[45, 47] and 1550 nm [45], with sweep rates ranging from tens to hundreds of kHz. Com-

mercially available swept sources at 1310 nm and 1550 nm, supplied by Insight company,

provide tuning bandwidths over 100 nm at sweep rates up to 200 kHz [48].

3.2.4 Time-stretching (dispersive Fourier transform) swept lasers

Time-stretching swept lasers, also known as dispersive Fourier transform (DFT) swept

sources, are a class of ultrafast lasers that exploit optical dispersion to convert spectral

information into the time domain [49, 50]. Instead of tuning the emission wavelength over

time, these sources generate a broadband optical pulse, which is passed through a highly

dispersive medium, typically kilometers of optical fibre or chirped fibre Bragg grating

with large dispersion. Due to chromatic dispersion, different wavelength components of

the pulse travel at different speeds, enabling the separation of spectral components in

time. The result is a single-shot time-resolved spectral sweep, with no moving parts

and with sweep rates reaching tens of megahertz. These sources are not tunable in the

conventional sense, instead, the entire spectrum is encoded into the temporal profile of

each stretched pulse, with pulse repetition given by the inverse round trip time of the seed

mode-locked laser (see Fig. 3.11). Time-stretching swept lasers are particularly attractive
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for ultrafast imaging and spectroscopy, though they are limited by spectral control and

coherence compared to cavity-based swept sources.

A full swept source schematic using a long fibre delay line as a stretcher is depicted in

Fig. 3.11(a) [51]. As a seed for supercontinuum generation, a femtosecond mode-locked

laser is employed. After coupling the light into fibre using an aspheric lens (AL), two

nonlinear effects, self-phase modulation and coherent optical wave-breaking, are exploited

in a polarisation-maintaining photonic crystal fibre (PM-PCF) to deliver broad and flat

spectrum. The broadband pulse is then mapped into the time domain by propagation

through a long single-mode fibre (SMF) providing a large time delay dispersion. Finally,

an ytterbium-doped fibre (YDF) amplifier is appended to increase the output power. An

improved version of the laser in 3.11(a) with reduced power losses using a cFBG was

reported by the same author in [52], schematically depicted in Fig. 3.11(b), where a pulse

picker (PP) was employed to reduce the repetition rate of the laser.

Time-stretching swept lasers have been demonstrated as feasible across all major

wavelengths relevant to OCT, including 2 µm [53], 1550 nm [50, 54–61], 1310 nm [49],

1060 nm [51, 52, 62], 800 nm [63], and even visible at 670 nm [64], with some lasers reach-

ing tens or hundreds of MHz sweep rates and exceeding 100 nm tuning bandwidths.

More recently, a nonlinear polarisation rotation (NPR) passively mode-locked lasers

have started being employed to generate broadband ultrashort pulses with flat spectra as

seeds for time-stretching [53, 58–61].

3.2.5 Stretched-pulse mode-locked (SPML) swept lasers

Stretched-pulse mode-locking (SPML) is a technique to generate broadband, wavelength-

swept output by balancing dispersion and nonlinearity within a fibre laser cavity [65,

66]. In this technique, optical pulses undergo periodic stretching and compressing using

elements with large normal and anomalous dispersions, respectively. Due to chromatic

dispersion in the stretching stage, spectral components are separated in time, resulting in

a time-wavelength mapping at the laser output. The instantaneous linewidth δλ of the
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Figure 3.11: Schematics of time-stretching swept lasers using (a) a long fibre delay
line as a stretcher [51], and (b) a chirped fibre Bragg grating [52]. ISO: isolator, HWP:
half-wave plate, P: polariser, AL: spheric lens, PM-PCF: polarisation maintaining pho-
tonic crystal fibre, SMF: single-mode fibre, WDM: wavelength division multiplexer, YDF:
ytterbium doped fibre, PP: pulse picker, cFBG: chirped fibre Bragg grating, CIRC: cir-
culator, SOA: semiconductor optical amplifier.
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output can be approximated as [66]:

δλ =
τ

TDDstretch

, (3.5)

where τ is the pulse width before the stretching stage, and TDDstretch is the time delay

dispersion of the stretching element. The SPML pulse evolution enables stable mode-

locking at high repetition rates while supporting a broad spectral bandwidth. Unlike

traditional swept sources, the wavelength tuning in SPML is not achieved by shifting

a wavelength selective filter, but is inherently governed by the internal pulse dynamics.

SPML lasers are of interest in ultra-fast SS-OCT and spectroscopy due to their potential

for multi-megahertz and broad tuning capabilities.

An SPML swept laser using two separate cFBGs for the stretching and compressing

stages is schematically depicted in Fig. 3.12(a). The laser utilizes an intensity modulator

(IM) synchronized to the cavity round trip time to actively shape short optical pulses.

To compensate for losses after the time-stretching through a normal dispersion cFBG

(+cFBG), the pulse is amplified through a booster (BOA), and coupled out through a

fibre coupler (FC). As the SPML requires zero effective dispersion in the cavity for its

operation, the pulse is compressed through an anomalous dispersion cFBG (−cFBG),

with the same absolute value of dispersion as the +cFBG. At the end of a cycle, the pulse

is returned to the IM for shaping. A modified laser configuration using a single cFBG

for both stretching and compressing stage, significantly improving the SPML operation,

is depicted in Fig. 3.12(b).

SPML swept lasers have been demonstrated as feasible so far at 1550 nm [65, 68],

1310 nm [66, 69–72], and 1060 nm [67, 73], with some lasers reaching tens of MHz sweep

rates and 100 nm tuning bandwidths.
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Figure 3.12: Schematics of SPML swept lasers using (a) two cFBGs [67], and (b) a single
cFBG [68]. BOA: booster amplifier, FC: fibre coupler, ISO: isolator, SOA: semiconductor
optical amplifier, CIRC: circulator, cFBG: chirped fibre Bragg grating, IM: intensity
modulator, SG: signal generator, DCF: dispersion compensation fibre.
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P. Niedźwiedziuk, B. L. Sikorski, and M. Wojtkowski, “In vivo imaging of the human

cornea with high-speed and high-resolution fourier-domain full-field optical coherence

tomography,” Biomed. Opt. Express, vol. 11, no. 5, pp. 2849–2865, 5 2020.

[44] J. Kobayashi, Y. Sasaki, M. Ueno, T. Sakamoto, and S. Toyoda, “200-kHz swept

light source using a KTN deflector and a high-speed optical coherence tomography

system,” NTT Technical Review, vol. 12, no. 4, pp. 1–5, 2014.

53



[45] M. Bonesi, M. P. Minneman, J. Ensher, B. Zabihian, H. Sattmann, P. Boschert,

E. Hoover, R. A. Leitgeb, M. Crawford, and W. Drexler, “Akinetic all-semiconductor

programmable swept-source at 1550 nm and 1310 nm with centimeters coherence

length,” Optics Express, vol. 22, no. 3, pp. 2632–2655, 2014.

[46] M. Minneman, J. Ensher, M. Crawford, M. Bonesi, B. Zabihian, P. Boschert,

E. Hoover, D. Derickson, B. E. Applegate, T. Milner, and W. Drexler, “Akinetik

swept sources,” in Optical Coherence Tomography: Technology and Applications,

W. Drexler and J. G. Fujimoto, Eds. Cham: Springer, 2015, pp. 687–739.

[47] S. Song, J. Xu, and R. K. Wang, “Long-range and wide field of view optical coher-

ence tomography for in vivo 3D imaging of large volume object based on akinetic

programmable swept source,” Biomedical Optics Express, vol. 7, no. 11, pp. 4734–

4748, 2016.

[48] Insight Photonic Solutions. (2025) Insight photonic solutions official website.

[Online]. Available: https://www.sweptlaser.com/

[49] S. Moon and D. Y. Kim, “Ultra-high-speed optical coherence tomography with a

stretched pulse supercontinuum source,” Optics Express, vol. 14, no. 24, pp. 11 575–

11 584, 2006.

[50] J. Xu, X. Wei, L. Yu, C. Zhang, J. Xu, K. K. Y. Wong, and K. K. Tsia, “Performance

of megahertz amplified optical time-stretch optical coherence tomography (AOT-

OCT),” Optics Express, vol. 22, no. 19, pp. 22 498–22 512, 2014.
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Chapter 4

Standard single-harmonic

dispersion-tuned mode-locked

(DTML) swept lasers

Starting with a brief description of the dispersion properties of fibre laser cavities, this

chapter explains the principle of tuning in dispersion-tuned mode-locked (DTML) swept

lasers and rigorously derives the expression for the tuning bandwidth in this type of tun-

able lasers. By adopting a spectral filtering approach, notions of the saturation and one

round trip operations are introduced, showing trade-offs between the achievable tuning

bandwidth and coherence performance. In the last part of the chapter, the historical devel-

opment of DTML swept sources with representative performance characteristics relevant

to OCT imaging is reviewed, categorising the lasers chronologically into three generations.

4.1 Dispersion in optical fibres

Chromatic dispersion refers to the property of a medium (such as an optical fibre) in

which the propagation constant β(ω), defined in terms of the index of refraction n(ω) as:

β(ω) = n(ω)
ω

c
, (4.1)
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deviates from a linear dependence on the angular optical frequency ω, i.e., when n(ω) ̸=

const.. If the spectral width δω of the light propagating in a dispersive medium is much

smaller than the carrier frequency ω0, it is appropriate to approximate β(ω) using an

expansion around ω0. In this case, β(ω) can be expanded up to the second-order term

as [1]:

β(ω) ≈ β(ω0) +
dβ(ω)

dω

∣∣∣∣
ω=ω0

∆ω +
1

2

d2β(ω0)

dω2

∣∣∣∣
ω=ω0

∆ω2, (4.2)

where the second and third term on the right-hand side represent the first- and second-

order dispersions, respectively, and ∆ω ≡ ω − ω0. The first two terms in Eq. (4.2) define

the phase velocity vp and the group velocity vg of the light propagating in the medium,

given by the relations:

vp(ω) =
ω

β(ω)
=

c

n(ω)
, vg(ω) =

1

dβ(ω)

dω

=
c

ng(ω)
, (4.3)

where ng(ω) denotes the group index of refraction. The third term in Eq. (4.2) represents

so-called group velocity dispersion β2, defined as:

β2 ≡
d2β(ω)

dω2
=

d

dω

[
1

vg(ω)

]
, (4.4)

with units of s2/m. In fibre communication, dispersion, also referred to as the dispersion

coefficient D, is sometimes defined with respect to wavelength λ rather than optical

frequency,

D ≡ d

dλ

[
1

vg(λ)

]
, (4.5)

with units of s/m2. Using Eq. (4.4), Eq. (4.5), and dω = −2πc/λ2
0dλ, a straightforward

conversion formula between D and β2 is readily found:

D = −2πc

λ2
0

β2. (4.6)
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Eq. (4.6) can be expressed in a form which incorporates also the length L of the dispersive

medium,

TDD = −2πc

λ2
0

GDD, (4.7)

where TDD = DL and GDD = β2L denote so-called time delay dispersion and group

delay dispersion, respectively.

Chromatic dispersion in optical fibres is generally the sum of two components [2]: ma-

terial dispersion and waveguide dispersion. Material dispersion arises from the frequency

(or wavelength) dependence of the material index of refraction, as indicated in Eq. (4.1).

On the other hand, waveguide dispersion originates from the geometry of the fibre waveg-

uide. The situation when β2 > 0, or equivalently D < 0, is referred to as positive or

normal dispersion. Conversely, when β2 < 0, or equivalently D > 0, the situation is

referred to as negative or anomalous dispersion. In the case of normal dispersion, lower-

frequency components travel faster than higher-frequency components. The opposite is

true in the case of anomalous dispersion. The effect of chromatic dispersion on pulse

propagation is discussed in more detail in Chap. 6. Dispersion values for selected fibre

types commonly used in DTML laser cavities are plotted in Fig.4.1.

4.1.1 Chirped fibre Bragg grating (cFBG)

Another source of dispersion is a chirped fibre Bragg grating (cFBG). A cFBG consists

of reflective structures inscribed in the core of an optical fibre, introducing a periodic

or aperiodic variation of the effective index of refraction neff. A characteristic feature

of a cFBG is the variation of the optical period Λ(z) of the grating along its length, as

illustrated in Fig. 4.2. Since the Bragg condition for reflection λ = 2neffΛ(z) depends on

the local grating period, different spectral components are reflected at different positions

along the grating. This leads to wavelength-dependent time delays between the reflected

components, effectively introducing dispersion. CFBGs can be designed to provide either

normal or anomalous dispersion by simply reversing the direction of the input light,

however, it is important to consider the directional dependence of the reflection spectrum

in fibre Bragg gratings [3].
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Figure 4.1: Dispersion values for selected fibre types commonly used in DTML laser
cavities. In each graph, the blue and red lines refer to β2 and D values, respectively.
DCF: dispersion-compensation fibre.
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Considering the time delay between the wavelength components reflected from oppo-

site ends of the grating ∆T = 2neffLcFBG/c and the relation ∆T = DcFBGLcFBG∆λcFBG,

the dispersion of a cFBG with spectral bandwidth ∆λcFBG can be expressed in a remark-

ably simple form as [2]:

TDDcFBG =
2neffLcFBG

c∆λcFBG

. (4.8)

In general, cFBGs can provide very high dispersion values. For example, a grating

with a bandwidth of ∆λcFBG = 0.2 nm can compensate for the dispersion accumulated in

a 300 km length of a standard telecommunication fibre.

Figure 4.2: Time delay between different spectral components provided by a cFBG.

4.2 Principle of DTML

The principle of DTML is based on active mode-locking in a dispersive cavity (a cavity

with a nonzero effective dispersion) [1, 4, 5]. Due to chromatic dispersion, the longitudinal

modes at which the laser can lase are spaced unevenly, as depicted in Fig. 4.3, with spacing

given by the fundamental frequency of the cavity fcav(λ). For a fibre ring cavity in Fig. 4.4

with a fibre delay of length Lfibre and a cFBG of length LcFBG(λ), fcav(λ) can be generally

expressed as [6]:

fcav(λ) =
c

ng(λ)Lfiber + ng(λ0)LcFBG(λ)
, (4.9)

where c is the speed of light ng(λ) is the group index of refraction of the fibre, and λ0

denotes the central wavelength of the gain spectrum. Wavelength dependent contributions

to the overall cavity dispersion due to the fibre delay and the cFBG are contained in

ng(λ) and LcFBG(λ), respectively. As for practical DTML implementations, it can be
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assumed that DcFBG/Dfibre ∼ 104-105. This means that dispersion originating in the

fibre index of refraction over the cFBG length can be neglected and only dispersion

arising from its grating is considered. Therefore, in comparison with the form of Eq. (4.9)

in [6], the expression is here slightly modified by considering the index of refraction of the

cFBG as ng(λ) = ng(λ0). This approximation will simplify the following mathematical

treatment, while still be applicable to a general case of a long fibre delay and a cFBG

both contributing to the overall cavity dispersion.

Figure 4.3: Comparison of the cavity mode spacing in a non-dispersive and a dispersive
cavity. ν = ω/2π is the optical frequency in units of Hz.

Figure 4.4: A ring DTML laser cavity with a fibre delay and a cFBG both contributing
to the overall cavity dispersion. SOA: semiconductor optical amplifier, cFBG: chirped
fibre Bragg grating, CIRC: circulator, IM: intensity modulator.

To mode-lock the cavity, the losses or gain must be periodically modulated at a mod-

ulation frequency f which matches an integer multiple q of the fundamental frequency of
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the cavity fcav(λ),

f = qfcav(λ), (4.10)

where q is also called the harmonic order of mode-locking. By mode-locking the laser, the

modes are forced to maintain a specific phase relationship with each other - thus the term

mode-locking - resulting in a coherent lasing and pulsed operation with a repetition rate

of fp = f . A graphical representation of the emission wavelength λ as a function of f in

Fig. 4.5 consists of tuning bands, where each band corresponds to a different harmonic

order q = qc + l, with qc as the reference harmonic order and l as an integer.

Figure 4.5: A graphical representation of the tuning bands q = qc + l and emission
wavelength λ as a function of the modulation frequency f . The connection between ∆f
and ∆λsingle is given by Eq. (4.12) or Eq. (4.13).

To find the relationship between a shift in the emission wavelength ∆λsingle within a

single harmonic tuning band q in Fig. 4.5 and a change in the modulation frequency ∆f ,

the slope df/dλ is first obtained by differentiating Eq. (4.10) with respect to λ as:

dλ

df
= − q

f 2

[
Lfiber

c

dng(λ)

dλ
+

ng(λ0)

c

dLcFBG(λ)

dλ

]−1

= − q

f 2(TDDfiber + TDDcFBG)

= − q

f 2TDDcav

,

(4.11)

where TDD is the time delay dispersion in units of s/m, and TDDcav denotes the overall

cavity dispersion. TDDcav generally includes dispersion contributions from both the fibre,

TDDfibre = DfibreLfibre, and the cFBG, TDDcFBG = DcFBGLcFBG (LcFBG is the geometrical

cFBG length independent of λ). The dispersion relations used in Eq. (4.11) can be found

in [1]. In the 1st generation of DTML-SSs (long cavities with fibre alone contributing
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to the cavity dispersion, see more in Subsec. 4.4.1), dispersion in the cavity is given by

TDDfibre, while in the 2nd and 3rd generation DTML lasers (short cavity with a cFBG,

see more in Subsec. 4.4.2 and 4.4.3), dispersion in the cavity is dominated by TDDcFBG

(i.e., TDDfibre can be neglected). Apparently, the larger the frequency f in Eq. (4.11),

the smaller the slope dλ/df , as graphically depicted in Fig. 4.5. Provided a change in

the modulation frequency ∆f = fend− fstart is applied to the IM, a general expression for

∆λsingle = λend − λstart can be obtained by integration of Eq. (4.11) over ∆f , as shown

below:

∆λsingle =

f0+∆f/2∫
f0−∆f/2

dλ

df
df = − q

TDDcav

f0+∆f/2∫
f0−∆f/2

df

f 2

= − q

TDDcav

(
− 1

f0 +∆f/2
+

1

f0 −∆f/2

)
,

(4.12)

with f0 ≡ qfcav(λ0). Because all modulation frequencies within ∆f in Eq. (4.12) lock the

laser at a single qth harmonic order, this mode-locking regime is referred to as the single-

harmonic regime. The expression in Eq. (4.12) is also applicable for very low harmonic

orders cases when the slope dλ/df given by Eq. (4.11) changes significantly within a

single tuning band q = qc + l from Fig. 4.5 [6]. If f = qfcav(λ) ≫ ∆f/2, Eq. (4.12) can

be approximated by a first order expansion of the terms in the parentheses, leading to a

linear relationship commonly found in DTML swept sources literature [7–13]:

∆λsingle ≈ − 1

TDDcavfcavf0
∆f = S(f0)∆f, (4.13)

where fcav ≡ fcav(λ0) represents the effective fundamental frequency of the cavity, and

S(f0) denotes the tuning sensitivity, which generally depends on the cavity dispersion,

its length, and central modulation frequency f0. Considering an anomalous dispersive

cavity, i.e., when TDDcav > 0, if ∆f > 0, the laser’s emission is tuned from short to

long wavelengths (the forward direction), while if ∆f < 0, the emission is tuned from

long to short wavelengths (the backward direction). The directions of the wavelength

tuning are reversed for the case of a normal dispersive cavity, i.e., when TDDcav < 0.
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In the time domain, the wavelength tuning during the sweeping of f arises from a slight

temporal delay between a mode-locked chirped pulse (caused by chromatic dispersion)

and the modulation window as the pulse passes through the modulator, as explained in

more detail in [14].

The fact that it is the effective cavity dispersions Dcav and TDDcav which appear in the

linear expression Eq. (4.13) allows for a simple yet effective method for an approximate

effective cavity dispersion assessment in a DTML cavity without the need for additional

components required for DTML itself. The method involves measuring the tuning sensi-

tivity S(Dcav, f0) across large range of modulation frequencies f0 and extracting Dcav or

TDDcav from a linear regression of the measured data. This method is described in more

detail and experimentally validated in Sec. 7.1. With the knowledge of the dispersion

value inside the cavity, important parameters such as tuning and coherence properties of

an DTML laser can be evaluated.

4.3 Spectral filtering and dynamic tuning bandwidth

limits

Several factors in a DTML laser limit the achievable tuning bandwidth |∆λsingle|. An

important factor is the gain bandwidth of the employed SOA, and to some extent the

optical bandwidths of the other cavity components. Another factor is related to the

condition preventing emission from neighbouring tuning bands qc + l and qc + l + 1 in

Fig. 4.5. To prevent the laser from an undesired dual wavelength emission at fdual =

(qc + l)fcav(λend) = (qc + l + 1)fcav(λstart), where two wavelengths λend and λstart are

emitted at the same time, the range ∆f in Eq. (4.13) should not exceed the fundamental

frequency fcav. This condition provides an estimation for the maximum single-harmonic

non-dual wavelength operation tuning bandwidth ∆λsingle,n-d as:

∆λsingle,n-d ≈ |S(f0)|fcav =
1

|TDDcav|f0
. (4.14)
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Apparently, ∆λsingle,n-d reduces with f0. However, it is advisable to find a trade-off between

∆λsingle,n-d and S(f) ∼ 1/f , since with a small S(f) the wavelength tuning is less sensitive

to instabilities in the modulation frequency f , which may lead to linewidth broadening

[15].

The achievable tuning bandwidth is also affected by the sweep rate fs, provided that

the output power of the laser and its coherence should stay comparable to those achieved

in the stationary regime (i.e., when fs = 0). To examine the effects of fast tuning, the

scaling guidelines developed in [16] for swept lasers can be adopted to DTML lasers as

well [10, 11], for the purposes of this study elaborated here in a more detail. A Fabry-Pérot

(FP) wavelength filter in [16] is replaced in a DTML laser by a “virtual” spectral filter

created by a combination of a cFBG with an intensity modulator. The spectral selection

achieved by this filter can be assimilated with the operation of an FP filter, with a spectral

bandwidth of the virtual filter equal to the stationary regime linewidth δλstat, as depicted

in the middle panel of Fig. 4.6, measured on an optical spectrum analyser. In general,

according to the predictions in [14, 17–19], the larger anomalous dispersion in the cavity

(≳ 10 ps/nm), combined with the narrower temporal modulation window (≲ 100 ps), the

smaller values of δλstat are obtainable. A high anomalous dispersion enhances wavelength

selectivity, while a narrow temporal modulation window better suppresses the amplified

spontaneous emission (ASE) inside the cavity (see also simulation results in Subsecs. 6.4.1

and 6.4.2). When the modulation frequency f is swept, the laser emission wavelength λ

in Eq. (4.10) is tuned correspondingly, outlined in the top panel of Fig. 4.6, with an

average wavelength shift ∆λround per round trip time Tcav = 1/fcav. Fig. 4.6 displays the

wavelength filtering over a span of a few Tcav periods only.
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Figure 4.6: Spectral filtering behaviour in the single-harmonic DTML regime. Top:
Filtered wavelength as a function of time. Each cavity round trip time Tcav, the filtered
wavelength is tuned by ∆λround. Middle: Snapshots of the sliding spectral window
separated in time by Tcav. δλstat is the bandwidth of the filter and λγ is the wavelength
of a photon γ circulating inside the cavity. Bottom: Snapshots of the cavity optical
field separated in time by Tcav, with a specific pulse P circulating inside the cavity. The
drawings are inspired by [16, 20, 21].

The prerequisite for saturated laser operation is that a photon γ of wavelength λγ

circulating inside the cavity should complete on average at least Rsat round trips needed

for gain saturation before its wavelength is outside of the spectral filtering window. This

phenomenon is graphically depicted in the middle panel of Fig. 4.6, with the photon

wavelength λγ approaching the left side of the sliding spectral window of width δλstat

after each round trip inside the cavity. This imposes a limit on ∆λround in the form of:

∆λround ≲
δλstat

Rsat

. (4.15)

The carrier wavelength of a specific pulse P in the bottom panel of Fig. 4.6 matches the
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instantaneous filtered wavelength of the spectral window at the moment when the pulse

passes through the modulator. Because the spectral window moves at a rate fs ≪ fcav,

only a fraction of the tuning bandwidth is stored inside the cavity at a time. Rsat in

Eq. (4.15) can be estimated as [16]:

Rsat ≈
log

(
Psat∆λSOA

δλstatPASE

)
log[GSOA(1− ρcav)]

, (4.16)

where Psat is the saturation power, ∆λSOA is the gain bandwidth of the SOA, PASE is the

total ASE power, GSOA is the small signal gain, and ρcav represents all losses inside the

cavity, including the output coupling. Due to the logarithmic form of Eq. (4.16), Rsat

varies only weakly with uncertainties in determining the values of the parameters unless

they exceed an order of magnitude.

A maximum (single-harmonic) saturation operation tuning bandwidth limit ∆λsingle,sat

can be estimated by substituting ∆λround ≈ ∆λsingle,satfs/fcav in Eq. (4.15), where fcav/fs

represents the total number of round trips needed for the carrier wavelength of the pulse

P to be tuned from λstart to λend in the single-harmonic DTML regime (assuming a linear

wavelength tuning in the top panel of Fig. 4.6). By rearranging the terms in Eq. (4.15),

the saturation operation tuning bandwidth limit ∆λsingle,sat for |∆λsingle| is obtained as:

|∆λsingle| ≲ ∆λsingle,sat ≈
δλstatfcav
Rsatfs

. (4.17)

The inequality in Eq. (4.17) provides a rough estimation for the maximum |∆λsingle|

below which the output power and coherence are expected to remain comparable to those

achieved in the stationary regime. One way to increase the value on the right side is via

shortening the cavity length that leads to increase in fcav. However, this approach faces a

technical limitation due to the nominal fibre length required for the cFBG [10, 11]. This

cavity length constraint, that ultimately limits the sweep rate and the achievable tuning

bandwidth, is addressed by the long cavity multi-harmonic DTML discussed in the next

chapter.

Another fast tuning limitation is obtained when a photon γ of wavelength λγ circu-
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lating inside the cavity completes on average only one round trip before its wavelength

is outside of the sliding spectral window in the middle panel of Fig. 4.6. This imposes a

limit on ∆λround in the form of:

∆λround ≲ δλstat. (4.18)

The maximum (single-harmonic) one round trip operation tuning bandwidth limit ∆λsingle,sat

can be estimated by substituting ∆λround ≈ ∆λsingle,onefs/fcav in Eq. (4.18). By rearrang-

ing the terms in Eq. (4.18), the one round trip operation tuning bandwidth limit ∆λsingle,one

for |∆λsingle| is obtained as:

|∆λsingle| ≲ ∆λsingle,one ≈
δλstatfcav

fs
. (4.19)

Once the tuning bandwidth |∆λsingle| is above the saturation limit ∆λsingle,one, given by

Eq. (4.17), the output power and coherence begin to degrade more rapidly until the one

round trip limit ∆λsingle,one, given by Eq. (4.19), is reached. Beyond this limit, the laser

enters a free-running operation, where coherence is typically lost entirely. In Chap. 5,

the single-harmonic parameters ∆λsingle, ∆λsingle,sat, and ∆λsingle,one will be replaced by

their multi-harmonic counterparts ∆λmulti, ∆λmulti,sat, and ∆λmulti,one, respectively. The

stationary regime linewidth δλstat, which appears in Eq. (4.16), Eq. (4.17), and Eq. (4.19),

and its dependence on various cavity parameters, such are dispersion or modulation win-

dow width, is discussed in more detail in Chap. 6.

For better guidance throughout Sec. 4.4, Tab. 4.1 contains some of the basic parameters

describing DTML lasers and corresponding expressions.
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Table 4.1: Basic parameters describing DTML lasers and corresponding expressions.

Parameter Definition Expression

Fundamental frequency
of the cavity fcav

Inverse round trip time
of the cavity Tcav

fcav(λ) =
c

ng(λ)Lfiber + ng(λ0)LcFBG(λ)
(Eq. (4.9))

Modulation frequency f
Frequency of a periodic

losses modulation
to mode-lock the cavity

f = qfcav(λ)
(Eq. (4.10))

Central emission
wavelength λ0

Central emission wavelength
of the gain spectrum

λ0 ≈ (λend − λstart)/2

Tuning range ∆λ
(or ∆ν in optical
frequency terms)

Emission wavelength change
∆λ = λend − λstart

as a function of change
in the modulation frequency

∆f = fend − fstart

∆λ ≈ S(f0)∆f
(Eq. (4.13))

Sweep rate fs

Inverse sweep time Ts

for the emission wavelength
to be periodically tuned

from λstart to λend

fs = 1/Ts

Axial resolution δz
Minimum distance

to differentiate two structures
in depth

δz = 0.44
λ2
0

∆λ
or δz = 0.60

λ2
0

∆λ
(Eq. (2.6))

Instantaneous linewidth
δλ

Experimentally measured
spectral linewidth when
the laser is swept at fs

Imaging depth ∆z6dB

Depth with 6 dB
reduction in signal-to-noise

ratio

∆z6dB ≈ 0.22
λ2
0

δλ
or ∆z6dB ≈ λ2

0

δλ
(Eq. (2.13))

Mode spectral
density N1nm

Number
of longitudinal modes

per unit length
in the spectral domain

N1nm = number of modes
in 1 nm interval

(with spacing given by Eq. (4.9))

OCT system
signal sensitivity

Measured A-scan peak
relative to the noise floor

Related to SNR =
Pfringe

Pnoise
(Eq. (2.9))
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4.4 DTML swept sources

4.4.1 1st generation

A DTML laser in Fig. 4.4 consists of three main elements: a gain medium, a disper-

sive element, and a modulation (or mode-locking) element. The first demonstrations of

wavelength tuning using a fibre cavity with large dispersion were reported in two articles

published in 1998 [22, 23]. In the former, a spool of dispersion-compensating fibre was

used as the dispersive element, while the latter employed a cFBG. In both studies, only

the stationary (no fast sweeping) regime was investigated, and the potential of this tuning

technique for OCT had not yet been recognised, as the concept of SS-OCT was still in its

early stages of development in the early 2000s.

The first implementation of a rapid wavelength sweeping using DTML was reported

in 2006 [15], described as a “wide and fast wavelength-tunable mode-locked fibre laser”.

In a sigma-configuration depicted in Fig. 4.7(a), a semiconductor optical amplifier (SOA)

operating at 1.3 µm was employed as the gain medium, while dispersion-compensating

fibre (DCF) served to provide intracavity dispersion. Active mode-locking was achieved

by directly modulating the SOA injection current using a radio-frequency (RF) generator.

Although a sweep rate of 200 kHz across a 100 nm tuning bandwidth was demonstrated,

the coherence properties of the laser were not evaluated. The authors, however, correctly

acknowledged the trade-off between the tuning bandwidth and coherence, attributed to

the limited number of a photon round trips inside the cavity, a phenomenon discussed

in more detail in Subsec. 4.3. DTML lasers employing long fibres as the dispersive ele-

ments in the cavities will be further referred to as the 1st generation DTML lasers. The

cavity lengths in the 1st generation range between 100-1000m [7, 12, 15, 24, 25], with a

corresponding mode spectral density of 104-106 per 1 nm (see Tab. 4.1).

Shortly thereafter, the same research group reported a DTML laser operating at

1550 nm using a ring configuration depicted in Fig. 4.7(b) [24]. In the laser, a DCF

served as the dispersive element, and mode-locking was achieved through a direct mod-

ulation of the SOA injection current. At a sweep rate of 20 kHz across a 91 nm tuning

bandwidth, the laser exhibited a relatively broad spectral linewidth of 0.6 nm, correspond-

73



ing to a coherence length of approximately 1.8mm at 1550 nm. The study concluded that

by optimising some of the cavity parameters, such as the cavity length, modulation fre-

quency, or dispersion value, wider tuning bandwidths and higher sweep rates could be

realised while preserving the coherence properties of the laser.

Figure 4.7: 1st generation DTML lasers. (a) Sigma-configuration at 1.3 µm [15]. (b)
Ring configuration at 1550 nm [24]. SOA: semiconductor optical amplifier, ISO: isolator,
DC: directional coupler, PBS: polarisation beam splitter, DCF: dispersion compensation
fibre, FRM: Faraday rotator mirror, PC: polarisation controller.

DTML lasers operating at three wavelength ranges, 850 nm, 1300 nm, and 1550 nm,

were examined in a review study using various configurations with a focus on dynamic

sensing applications [25]. An 850 nm linear configuration, depicted in Fig. 4.8(a), em-

ployed a reflective semiconductor optical amplifier (RSOA) and a Faraday rotator mir-

ror (FRM) as the cavity mirrors. Additionally, the review presented a DTML laser at

1550 nm using an erbium-doped fibre amplifier (EDFA) as the gain medium in a sigma-

configuration shown in Fig. 4.8(b). In the same laser, mode-locking via an intensity

modulator (IM) was introduced in place of direct modulation of the gain medium. While

EDFAs typically offer higher output power and lower noise figure compared to SOAs [26],

their gain bandwidth is generally limited to 40 nm, in comparison with SOAs providing

100 nm and wider bandwidths. The advantages of using an IM instead of direct gain
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modulation will be discussed further in Subsec. 4.4.3. A similar linear configuration to

Fig. 4.8(a), but operating at 1550 nm, was studied in [12]. The primary finding of the

study was that a larger dispersion in the cavity together with a higher modulation fre-

quency lead generally to a narrower linewidth.

Figure 4.8: 1st generation DTML lasers. (a) Sigma-configuration at 850 nm [25]. (b)
Ring configuration at 1550 nm [25]. RSOA: reflective semiconductor optical amplifier, DC:
directional coupler, DCF: dispersion compensation fibre, FRM: Faraday rotator mirror,
IM: intensity modulator, EDFA: erbium-doped fibre amplifier, PMF: polarisation main-
taining fibre, PBS: polarisation beam splitter, SMF: single mode fibre.

The application of DTML lasers for SS-OCT was summarised in a review study from

2013 [7]. The study examined three configurations operating at 1.3 µm: a ring cavity using

a DCF, a ring cavity using a cFBG, and a linear cavity using a cFBG as the dispersive

elements. Notably, the study also presented the first OCT images obtained with a DTML

laser, capturing an adhesive tape.

To summarise the 1st generation DTML lasers, these features characterise their de-

signs and limit their performance, improved in the 2nd (see Subsec. 4.4.2) and 3rd (see

Subsec. 4.4.3) generations:

1. Extended cavity length due to the use of fibre as the dispersive element:

Achieving sufficient chromatic dispersion requires long lengths of fibre, which signif-
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icantly increases the cavity length in the 1st generation DTML lasers. However, a

longer cavity length limits the achievable dynamic tuning bandwidths, as explained

in detail in Subsec. 4.3.

2. Normal dispersion wavelength regions of fibre: As shown in plots in Fig.

4.1, optical fibres commonly used for DTML lasers exhibit only normal dispersion

values within specific wavelength ranges. Due to the interplay between dispersion

and nonlinear effects inside the cavity, normal dispersion values generate broader

linewidths compared to anomalous dispersion values [17, 18]. This interplay will be

theoretically examined in Chap. 6.

3. Direct modulation of the gain medium: The majority of the 1st generation

DTML lasers employed direct modulation of the gain medium to achieve mode-

locking inside the cavity. As will be shown in Chap. 6, sub-nanosecond modulation

windows are preferable for enhanced lasing stability and coherence. However, gen-

erating such short modulation windows is challenging with SOA chips and their

associated electronics, which are typically designed for electrical frequencies below

1GHz.

4.4.2 2nd generation

Incorporating a cFBG in place of fibre as the dispersive element substantially reduces the

cavity length and ensures anomalous dispersion inside the cavity across any wavelength

range. This adaptation will be furthered referred to as the 2nd generation DTML lasers.

The cavity lengths in the 2nd generation range between 1-10m [6, 7, 11, 17, 27], with a

corresponding mode spectral density of 102-104 per 1 nm (see Tab. 4.1).

The first DTML laser using a cFBG in a configuration shown in Fig. 4.9(a) as the

dispersive element was demonstrated operating at 1550 nm, with a sweep rate of 500 kHz,

a tuning bandwidth of 40 nm, and a relatively broad linewidth of 0.77 nm [27]. An im-

provement in coherence was achieved by reducing the sweep rate to 50 kHz in a linear

configuration displayed in Fig. 4.9(b) operating at 1310 nm [7].

In the first exact theoretical study on DTML lasers [17], it was shown that, due to the
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Figure 4.9: 2nd generation DTML lasers. (a) Ring configuration at 1550 nm [27]. (b)
Linear configuration at 1550 nm [7]. SOA: semiconductor optical amplifier, DC: direc-
tional coupler, CIRC: circulator, cFBG: chirped fibre Bragg grating, PC: polarisation
controller, RSOA: reflective semiconductor optical amplifier.

interplay between dispersion and nonlinear effects inside the cavity, anomalous dispersion

values produce narrower linewidths than normal dispersion values. Additionally, the study

researched the laser depicted in Fig. 4.10(a) operating at 1550 nm. The laser achieved an

imaging depth of 2mm and an axial resolution of 60 µm at a sweep rate of 150 kHz.

The last studies on the 2nd generation DTML lasers were published in 2014 by two

different research groups [6, 11]. Employing a similar linear configuration to that de-

picted in Fig. 4.9(b), the group in [6] demonstrated the narrowest linewidth of 0.033 nm

(corresponding to a 3 cm coherence length at 1550 nm) reported from a DTML cavity,

although without dynamic coherence properties examined. The same group contributed

to better understanding of dynamics in DTML lasers and mathematical modelling in

this class of lasers in their another study [28]. The other group in [11] reported the

shortest DTML cavity of 0.88m, depicted in Fig. 4.10(b). This compact laser enabled a

linear-in-wavenumber tuning with an 1.8mm imaging depth, 22 µm axial resolution, and a

remarkable sensitivity of 109 dB at a 100 kHz sweep rate, making it well-suited for in-vivo

OCT imaging applications.

One ongoing limitation of DTML lasers at that time was persistent deterioration

of coherence at higher sweep rates. This limitation was to some extent addressed by
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employing pulse modulation technique, discussed in more detail in Subsec. 4.4.3.

Figure 4.10: 2nd generation DTML lasers. (a) Ring configuration at 1550 nm [17]. (b)
Ring configuration at 1310 nm with the shortest DTML cavity of 0.88m reported [11].
SOA: semiconductor optical amplifier, ISO: optical isolator, IM: intensity modulator,
CIRC: optical circulator, cFBG: chirped fibre Bragg grating.

4.4.3 3rd generation

The integration of a fast intensity modulator inside a DTML laser cavity decouples the

mode-locking element from the gain medium. This separation leads to a more stable

amplification inside the cavity as the gain medium is no longer directly modulated. Fur-

thermore, this modification enables the use of sub-nanosecond modulation windows by

employing pulse modulation technique instead of conventional sinusoidal modulation. Us-

ing this approach, it has been demonstrated that the laser can maintain coherence even at

higher sweep rates [10, 19]. DTML lasers incorporating a fast intensity modulator as the

mode-locking element will be referred to as the 3rd generation DTML lasers. Similarly

as in the case of 2nd generation lasers, the cavity lengths in the 2nd generation range

between 1-10m [10, 19, 29–31], with a corresponding mode spectral density of 102-104 per

1 nm (see Tab. 4.1).

The first utilisation of an intensity modulator in a fibre cavity for DTML dates back to

2010 [29] in a configuration depicted in Fig. 4.11(a), incorporating an EDFA as the gain
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medium. The authors presented a versatile “rapidly tunable, electronically controlled,

pulse duration adjustable, arbitrarily programmable wavelength, picosecond mode-locked

fibre laser” modulated by electrical pulses ranging from 20 ps to 4 ns. In the subsequent

study [30], the same research group reported a pulse-modulated DTML laser using an SOA

at 1550 nm as the gain medium, in a configuration similar to that shown in Fig. 4.11(b).

This swept laser achieved an imaging depth of 1mm at a sweep rate of 25 kHz, with a wide

tuning bandwidth of 100 nm. The first actual discussion on coherence improvement by

employing the pulse modulation technique instead of conventional sinusoidal modulation

was then presented in a letter from 2014 [19].

The only DTML laser operating at 1060 nm was not demonstrated until 2018 [10].

Using this laser, depicted in Fig. 4.11(b), distinct in-vivo human retinal images at a

sweep rate of 100 kHz and sensitivity of 120 dB were captured. This laser can be regarded

as the culmination of the knowledge and optimisation practises accumulated for DTML

lasers so far.

The most recent DTML laser operating at 850 nm was demonstrated by employing a

cFBG and the pulse modulation technique in 2024 [31], described in detail in Sec. 7.2.

Figure 4.11: 3rd generation DTML lasers. (a) Ring configuration using an EDFA as
the gain medium [29]. (b) Ring configuration operating at 1060 nm [10]. EDFA: erbium-
doped fibre amplifier, DC: directional coupler, CIRC: optical circulator, cFBG: chirped
fibre Bragg grating, IM: intensity modulator, SOA: semiconductor optical amplifier.
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To summarise the history of research on DTML lasers, these features in their design

to optimise their performance for SS-OCT applications have been established:

1. Short cavity length: The cavity length should be as short as possible to preserve

coherence even at higher sweep rates, as explained in detail in Sec. 4.3.

2. Anomalous dispersion: Due to the interplay between dispersion and nonlinear

effects inside the cavity, anomalous dispersion values produce narrower linewidths

in comparison with normal dispersion values. This interplay will be theoretically

examined in Chap. 6.

3. Short modulation window: An enhanced mode-locking and better coherence

properties are achievable by applying sub-nanosecond modulation windows by util-

ising the pulse modulation technique. This lasing improvement will be theoretically

examined in Chap. 6 and experimentally validated in Sec. 7.2.

4. Forward sweeping: Due to the red shift in an SOA, output pulse energies and

coherence are enhanced if the laser is swept from shorter to longer wavelengths

[10, 32].
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Chapter 5

From single-harmonic to

multi-harmonic DTML

This chapter is based on the study [1]. It starts with a brief overview of the previous devel-

opment in multi-harmonic DTML swept lasers within Applied Optics Group at University

of Kent and then introduces a rigorous model for description of the advancement from the

standard single-harmonic to multi-harmonic operation. This is accomplished utilising a

mathematical framework that connects the laser optical spectrum with the spectral con-

tent of the modulation signal over many sweep cycles. Building on the spectral filtering

description introduced in the previous chapter for the single-harmonic case, this chapter

derives the tuning bandwidth limits for the multi-harmonic DTML operation, showing

trade-offs between the achievable tuning bandwidth and coherence performance in this

sweeping regime.

5.1 Previous development in the multi-harmonic DTML

In the prior reports published by the AOG [2, 3], it was demonstrated that an alter-

native sweeping regime to the single-harmonic DTML described in Chap. 4 can be es-

tablished inside a DTML cavity. This regime, involving two simultaneous “resonant”

conditions, was initially referred as to the dual resonance sweeping regime or dual reso-

nance DTML. The first resonant condition corresponds to active mode-locking (achieved
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via direct modulation of the gain medium or an external modulator) at a harmonic of the

fundamental frequency of the cavity. The second resonant condition is inspired by the

Fourier-domain mode-locking (FDML) technology [4], where the mode-locking element

(typically a Fabry–Pérot filter) is driven at the fundamental frequency. When both res-

onant conditions are applied to a DTML cavity, it is observed that, contrary to FDML,

wavelength tuning does not occur if the sweep rate precisely matches the fundamental

frequency. Instead, only a single wavelength emission appears at the output of the DTML

laser. It is experimentally observed that wavelength tuning is achieved if the sweep rate

is actually slightly detuned from the fundamental frequency. For the first time, this work

provides a rigorous theoretical explanation for this behaviour. Because multiple orders

of harmonics are engaged, a more accurate reference to this regime is proposed here, as

to the multi-harmonic DTML. This regime is fundamentally different from the standard

single-harmonic mode-locking presented in Chap.4.

The multi-harmonic DTML regime was previously demonstrated first at 1550 nm in

2015 [2] and subsequently at 850 nm in 2017 [3], using the laser configurations depicted

in Fig. 5.1. These early lasers achieved wavelength tunings over a 20 nm bandwidth at a

800 kHz sweep rate and 15 nm at 1MHz, respectively. However, the coherence performance

under these parameters was extremely limited. In both cases, these two key design features

limited their performance:

1. Direct modulation of the SOA gain: As SOA chips and their associated elec-

tronics are typically designed for electrical frequencies below 1GHz, no short sub-

nanosecond modulation windows could be applied for enhanced coherence (see Sub-

sec. 4.4.3 and Subsec. 6.4.2). To overcome this limitation, high speed intensity

modulators are used instead in the multi-harmonic laser configurations researched

in Sec. 7.3 and Sec. 7.4.

2. Employing fibre as the dispersive element: Although extended cavity lengths

of 100 -1000m are needed for the multi-harmonic operation, optical fibres commonly

used for DTML lasers with dispersions plotted in Fig. 4.1 exhibit only normal dis-

persion values within specific wavelength ranges. Due to the interplay between
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dispersion and nonlinear effects inside the cavity, normal dispersion values gener-

ate broader linewidths compared to anomalous dispersion values (see Chap. 6). To

overcome this limitation, cFBGs are incorporated in the multi-harmonic laser con-

figurations researched in Sec. 7.3 and Sec. 7.4.

The previous reports presented primarily experimental demonstrations. However, a

comprehensive theoretical description of the multi-harmonic operation, discussion on its

tuning and coherence performance, its demonstration at 1 µm, and finally actual OCT

images produced by employing this regime have not been reported so far. These aspects

are addressed in the present work.

Figure 5.1: First multi-harmonic DTML lasers. (a) First multi-harmonic DTML laser
at 1550 nm [2]. (b) First multi-harmonic DTML laser at 850 nm [3]. SOA: semiconduc-
tor optical amplifier, SG: signal generator, ISO: optical isolator, DC: directional coupler,
DCF: dispersion compensation fibre, FRM: Faraday rotator mirror, CIRC: optical circu-
lator.

5.2 Many sweep cycles mathematical framework

For better comprehension of the advance from the standard single-harmonic to the novel

multi-harmonic DTML, it will be helpful to describe the laser optical spectrum in relation
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to the spectral content of the modulation signal over large number of sweep cycles (periods

Ts = 1/fs). Using the properties of the convolution operation x(t)⊛ y(t) and of the Dirac

comb
∑

l δ(t− l) [5], the modulation signal V (t) in Fig. 5.2 produced by the VCO can be

written in the form:

V (t) = Vcycle(t)⊛
+∞∑

l=−∞

δ(t− lTs). (5.1)

Vcycle(t) here represents the single sweep cycle modulation signal inside the red dashed

rectangle in Fig. 5.2:

Vcycle(t) = rect

(
t− Ts/2

Ts

)
sin

2π t∫
0

f(t′)dt′

 , (5.2)

where a modulation depth of 1 is considered. The rectangular function rect(t) [5] in

Eq. (5.2) constraints the Vcycle(t) to one period Ts interval, and the integral calculates

the time-domain instantaneous phase of the signal. Assuming a linear sweeping of the

modulation frequency, f(t) can be represented by a sawtooth shape, as depicted in Fig. 5.2,

according to:

f(t) = ∆f (fst− ⌊fst+ 1⌋) + f0 +
∆f

2
sgn∆f, (5.3)

while still following the relationship between ∆λ and ∆f , as given by Eq. (4.12) or

Eq. (4.13). ⌊x⌋ in Eq. (5.3) denotes the floor function, which rounds a real number x

down to the nearest integer. When ∆f > 0, Eq. (5.3) represents a positive sawtooth

signal, while when ∆f < 0, Eq. (5.3) describes a negative sawtooth signal. Combining

Eq. (5.1)-Eq. (5.3), the signal in Eq. (5.1) is constructed by repeating Vcycle(t) at a rate

fs, with the modulation frequency varying according to f(t) specified by Eq. (5.3).

Using the Fourier transform properties [5] and omitting multiplicative constants, the

spectrum Ṽ (f) of the modulation signal V (t) specified by Eq. (5.1) can be expressed as:

Ṽ (f) ∼ Ṽcycle

(
f − f0
∆f

) +∞∑
l=−∞

δ

(
f − lfs − f0 +

⌊
f0
fs

⌋
fs

)

= Ṽcycle

(
f − f0
∆f

) +∞∑
l=−∞

δ(f − f0 − lfs),

(5.4)
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Figure 5.2: A graphical representation of the modulation signal V (t) and the modulation
frequency f(t) given by Eq. (5.1) and Eq. (5.3), respectively. Vcycle(t): single sweep cycle
modulation signal given by Eq. (5.2), Ts: sweep period, f0: central modulation frequency,
∆f : modulation frequency range.

where Ṽcycle[(f − f0)/∆f ] represents the spectral amplitude envelope, f0 − ⌊f0/fs⌋fs is

the frequency comb offset, and fs is the spacing between the comb frequency components

fl = f0 + lfs. Note that the envelope is centered around f0 and that, due to the offset

f0 − ⌊f0/fs⌋fs, there is always a comb component at f0 for l = 0, regardless of the value

of fs. A simulation of the spectrum Ṽ (f) for a signal V (t) as defined through Eq. (5.1)-

Eq. (5.3) is displayed in the top panel of Fig. 5.3, with parameters f0 = 2330MHz,

∆f = 100MHz, and fs = 1MHz. It can be observed that the frequency extension

of Ṽ (f) is approximately equal to ∆f , and that the spectrum contains approximately

∆f/fs ≈ 100 frequency components. The experimentally measured spectral content of

the VCO signal using an RF spectrum analyser, for the same parameters, is displayed

in the bottom panel of Fig. 5.3, demonstrating a good agreement with the theoretical

model above. The measured spectra of the modulation signals specifically used in the

laser designs in Secs. 7.3 and 7.4 are also presented in those sections.

When the laser is mode-locked, the frequency components fl = f0 + lfs, given by

Eq. (5.4), match the resonant frequencies qcfcav(λl) of the cavity,

fl = f0 + lfs = qcfcav(λ0) + lfs

= qcfcav(λl),
(5.5)

where an arbitrary single qcth tuning band was chosen to simplify the notation. As

depicted in the top panel of Fig. 5.4, each component fl (vertical blue bars) corresponds to
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Figure 5.3: Top: Simulation of the spectrum of the modulation signal V (t) specified by
Eq. (5.1)-Eq. (5.4). Bottom: Experimentally measured VCO signal for f0

.
= 2330MHz,

∆f
.
= 100MHz, and fs

.
= 1MHz.
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a different emission wavelength λl from the single qcth tuning band. In the single-harmonic

DTML, ∆f is not bigger than fcav, and fs is much smaller than fcav. Considering the

total number of frequency components as ≈ ∆f/fs + 1 and assuming a constant tuning

sensitivity S(f0) across the qcth tuning band, the tuning bandwidth ∆λsingle given by

Eq. (4.13) can be expressed alternatively as a sum of fractional bandwidths ∆λl+1,l =

λl+1 − λl:

∆λsingle ≈
∆f/2fs∑

l=−∆f/2fs

∆λl+1,l =

∆f/2fs∑
l=−∆f/2fs

S(f0)fs

≈ S(f0)
∆f

fs
fs = S(f0)∆f,

(5.6)

leading to the same result as derived in Eq. (4.13). The laser optical spectrum for the

single-harmonic regime is graphically depicted in the middle panel of Fig. 5.4. Such

a spectrum can be observed on an optical spectrum analyser for an integration time

much larger than Ts. The spectrum consists of ≈ ∆f/fs + 1 spectral lines (5 lines in the

diagram) with an instantaneous linewidth of δλ (optical linewidth δν = cδλ/λ2 in Fig. 5.4)

at wavelengths λl (optical frequencies νl = c/λl in Fig. 5.4). The exact spectral shape

and linewidth of the lines can be evaluated using a perturbed Gaussian or hyperbolic

secant function, as follows from mathematical modelling of the cavity components and

their effects on pulse propagation inside a DTML laser cavity [5–9]. For the graphical

purposes, the spectral lines in Fig. 5.4 are approximated by a Gaussian spectral line with

an instantaneous linewidth δν. In the single-harmonic DTML, the modes within each

spectral line (the vertical bars) are locked at the same qcth harmonic order with spacing

given by ∆νm,l = qcfcav(λl). An inverse Fourier transform of the each individual spectral

line represents a monochromatic pulse train (5 trains in the diagram) with a carrier

wavelength λl and a pulse rate given by fp,l = ∆νm,l = qcfcav(λl), perpetually circulating

inside the cavity (indicated by the curved arrow at its centre), as depicted in the bottom

panel of Fig. 5.4. A superposition of these monochromatic trains in time leads to a pulse

train with a carrier wavelength varying over time, shown as snapshots of the optical field

inside the cavity at two periods of Tcav in the bottom panel of Fig. 5.4.
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Figure 5.4: Single-harmonic DTML. Top: Emission wavelength λ as a function of the
modulation frequency fl. Middle: Optical spectrum consisting of spectral lines at νl
with an instantaneous linewidth of δν = cδλ/λ2. Bottom: Monochromatic pulse trains
with a carrier wavelength λl and a pulse rate given by fp,l = ∆νm,l = qcfcav(λl), each
corresponding to a single spectral line at νl in the spectrum from above.
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5.3 Multi-harmonic DTML

As discussed in Sec. 4.3, fast sweeping in the single-harmonic DTML regime requires

reduction of the cavity length. This represents a technical limitation, as fibre components

may not allow shortening the cavity below a few meters. This cavity length constraint

is addressed here by employing a long cavity (∼ 100-1000m) and introducing a different

DTML regime: the multi-harmonic mode-locking. To examine the laser optical spectrum

in this regime, the large number sweep cycles framework will be exploited, developed

in the previous chapter. The basic concept of the multi-harmonic DTML is that the

modulation frequency f in Fig. 4.5, satisfying the resonant condition given by Eq. (4.10),

is not restricted to just a single tuning band qc. To involve harmonic orders beyond qc,

two additional conditions are imposed on f(t) (i.e., on the modulation signal V (t)). First,

while Eq. (5.1)-Eq. (5.3) remain valid, the sweep rate is set close to the fundamental

frequency of the cavity, fs ≈ fcav. Therefore, the spacing fs between the frequency

components fl in Eq. (5.4) is now much larger than in the single-harmonic case in Fig 5.4,

to the extent that each individual fl corresponds to a separate tuning band qc+ l (see the

top panel of Fig. 5.5 and 5.6). To engage multiple tuning bands qc + l, the modulation

frequency range ∆f is extended significantly, as shown in the top panels of Figs. 5.5 and

5.6, greatly exceeding the fundamental frequency of the cavity, ∆f ≫ fcav ≈ fs. In this

way, many tuning bands qc + l are involved in wavelength tuning. The total number of

tuning bands Q involved is then estimated as:

Q ≈ ∆f

fs
+ 1. (5.7)

When the two multi-harmonic conditions, i.e., fs ≈ fcav and ∆f ≫ fcav, are accomplished,

wavelength tuning can be experimentally observed only if fs is slightly detuned from the

reference fcav(λ0). Also, it is observed that the tuning bandwidth increases linearly with

this detuning. An approximate formula for this dependency was proposed in [10], and its

more general form applicable to any large ∆f will be derived here.

93



For convenience, fs can be expressed in the form:

fs = fcav(λ0) + δfs, (5.8)

where fcav(λ0) is the fundamental frequency for the emission wavelength λ0, and δfs

represents the sweep frequency detuning from fcav(λ0). For the cavity to be mode-locked,

the frequency components fl = f0 + lfs, with the spacing fs given by Eq. (5.8), has to

satisfy the resonant condition according to Eq. (4.10),

fl = f0 + lfs = qcfcav(λ0) + l[fcav(λ0) + δfs]. (5.9)

If δfs = 0, that is fs = fcav(λ0), each component fl (vertical blue bars in the top panel of

Fig. 5.5) corresponds to a single emission wavelength λ0 from several tuning bands qc + l,

fl = (qc + l)fcav(λ0). (5.10)

In this case, the optical spectrum in the middle panel of Fig. 5.5 consists of a single spectral

line at an optical frequency ν0 = c/λ0 with an instantaneous linewidth δν = cδλ/λ2. This

single line results from a superposition of lines at the same optical frequency ν0, but

with modes locked at different (qc + l)th harmonic order with mode spacing given by

∆νm,l = (qc + l)fcav(λ0). Again, for the graphical purposes, the spectral lines in Figs.

5.5 and 5.6 are approximated by a Gaussian spectral line shape with a linewidth δν. An

inverse Fourier transform each invidual group of modes with spacing ∆νm,l represents a

monochromatic pulse train (5 trains in the diagram) with a carrier wavelength λ0 and a

pulse rate given by fp,l = ∆νm,l = (qc+ l)fcav(λ0), perpetually circulating inside the cavity

(indicated by the curved arrow at its centre), as depicted in the bottom panel of Fig. 5.5.

Despite the modulation frequency being swept fast, only one emission wavelength λ0 is

stored inside the cavity at a given time, similarly to the single-harmonic case for fs = 0,

as displayed at the bottom of Fig. 5.5.

If δfs ̸= 0, each component fl in Eq. (5.9) (vertical blue bars in the top panel of

Fig. 5.6) corresponds to a different emission wavelength λl from several tuning bands

94



Figure 5.5: Multi-harmonic DTML for the case fs = fcav(λ0). Top: Emission wave-
length λ as a function of the modulation frequency fl. Middle: Optical spectrum con-
sisting of a superposition of spectral lines at ν0 = c/λ0 with an instantaneous linewidth
of δν = cδλ/λ2, with different mode spacing given by ∆νm,l = (qc + l)fcav(λ0). Bot-
tom: Monochromatic pulse trains with a carrier wavelength λ0 and a pulse rate given by
fp,l = ∆νm,l = (qc + l)fcav(λ0), each corresponding to the spectral line at ν0 from above.
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qc + l,

fl = (qc + l)fcav(λl), (5.11)

and a wavelength tuning takes place. In this case, the optical spectrum in the middle panel

of Fig. 5.6 consists of several spectral lines (5 lines in the diagram) at different optical

frequencies νl. The modes within each line are locked at different (qc+l)th harmonic order

with spacing given by ∆νm,l = (qc + l)fcav(λl). An inverse Fourier transform of the each

individual spectral line represents a monochromatic pulse train (5 trains in the diagram)

with a carrier wavelength λl and a pulse rate given by fp,l = ∆νm,l = (qc + l)fcav(λl),

perpetually circulating inside the cavity (indicated by the curved arrow at its centre),

as depicted in the bottom panel of Fig. 5.6. A superposition of these monochromatic

trains in time leads to a pulse train with a carrier wavelength varying over time, shown

as snapshots of the optical field inside the cavity at two periods of Ts in the bottom panel

of Fig. 5.6.

In order to derive a quantitative formula for the tuning bandwidth ∆λmulti in the

multi-harmonic regime in Fig. 5.6, the same summing approach of fractional bandwidths

∆λl+1,l = λl+1 − λl in Eq. (5.6) will be used. As the modulation frequency is now swept

over a range of ∆f ≫ fcav, ∆λl+1,l must be expressed as:

∆λl+1,l ≈ S

(
fl+1 − fl

2

)
[fl+1 − fl − fcav(λ0)]

≈ S

(
fl+1 − fl

2

)
δfs,

(5.12)

where S((fl+1 − fl)/2) is the average tuning sensitivity between components fl+1 and fl.

∆λmulti is then given by a summation of all bandwidths ∆λl+1,l:

∆λmulti ≈
(Q−1)/2∑

l=−(Q−1)/2

∆λl+1,l

=

(Q−1)/2∑
l=−(Q−1)/2

S

(
fl+1 − fl

2

)
δfs,

(5.13)

with the total number of tuning bands Q given by Eq. (5.7). Since the modulation signal
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Figure 5.6: Multi-harmonic DTML for the case fs = fcav(λ0)+δfs. Top: Emission wave-
length λ as a function of modulation frequency fl. Middle: Optical spectrum consisting
of several spectral lines at different optical frequencies νl = c/λl and an instantaneous
linewidth of δν = cδλ/λ2, with different mode spacing given by ∆νm,l = (qc + l)fcav(λl).
Bottom: Monochromatic pulse trains with a carrier wavelength λl and a pulse rate given
by fp,l = ∆νm,l = (qc + l)fcav(λl), each corresponding to a spectral line at νl from above.
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comb-like spectrum in Fig. 5.3 consists usually of many components fl, Eq. (5.13) can

be further simplified by replacing the sum with an integral with dq as an infinitesimal

variable. By evaluating the integral, a general formula for ∆λmulti is obtained:

∆λmulti ≈
(Q−1)/2∫

−(Q−1)/2

S(f)δfsdq

= − δfs
TDDcavf 2

cav

f0+∆f/2∫
f0−∆f/2

df

f

= − δfs
TDDcavf 2

cav

ln

(
f0 +∆f/2

f0 −∆f/2

)
,

(5.14)

where dq = df/fs ≈ df/fcav was used. Remarkably, ∆λmulti is linearly proportional to

δfs. Considering for instance an anomalous dispersive cavity, i.e., when TDDcav > 0, for

∆f > 0, the laser emission wavelength is tuned in the backward direction for δfs > 0,

and in the forward direction for δfs < 0. The tuning directions are reversed for ∆f < 0.

Eq. (5.14) can be further summarized into a simpler linear relation:

∆λmulti = S ′
multiδfs, (5.15)

with S ′
multi denoting the multi-harmonic tuning sensitivity, which generally depends on

the cavity dispersion, its length, central modulation frequency f0, and tuning range ∆f .

For ∆f/(2f0) ≪ 1, Eq. (5.14) can be linearized in terms of ∆f by first order expansion

of the logarithm, leading to an approximative relationship, as already reported in [10]:

∆λmulti ≈ − ∆f

TDDcavf 2
cavf0

δfs. (5.16)

5.4 Spectral filtering and dynamic tuning bandwidth

limits

Similarly as in the single-harmonic case, the achievable tuning bandwidth |∆λmulti| in the

multi-harmonic DTML is limited by several factors. The main factor is the gain bandwidth
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of the employed SOA and the bandwidths of the other cavity components. Another

factor is due to the condition to prevent the laser from the undesired dual wavelength

operation. Such a condition provides an estimation for the maximum non-dual wavelength

operation multi-harmonic tuning bandwidth ∆λmulti,n-d. In analogy to Eq. (4.14), this can

be estimated at the largest modulation frequency of the signal applied to the IM:

∆λmulti,n-d =
1

|TDDcav|(f0 +∆f/2)
. (5.17)

The achievable tuning bandwidth is further limited by the phenomena associated with

the high speed of tuning, such as reduction of the output power and coherence length. To

examine the multi-harmonic laser dynamic limitations, the scaling guidelines in [11] are

adopted for the multi-harmonic DTML as well, with the combination of the cFBG and

the IM operating as a tunable spectral filter. Fig. 5.7 graphically depicts such wavelength

filtering over a span of a few periods Tcav. The carrier wavelength of a specific pulse P in

the bottom panel of Fig. 5.7 matches the instantaneous filtered wavelength of the spectral

window at the moment the pulse passes through the modulator. Because the spectral

window moves at a rate of fs = fcav(λ0) + δfs ≈ fcav, the whole tuning bandwidth is

stored within the cavity at any time. With the same reasoning leading to Eq. (4.15), the

saturation laser operation imposes same limit on ∆λround in the top panel of Fig. 5.7. The

maximum (multi-harmonic) saturation operation tuning bandwidth limit ∆λmulti,sat can

be estimated by substituting ∆λround ≈ ∆λmulti,satfcav/|δfs| in Eq. (4.15), where fcav/|δfs|

represents the total number of round trips needed for the carrier wavelength of the pulse

P to be tuned from λstart to λend in the multi-harmonic DTML regime (assuming a linear

wavelength tuning in the top panel of Fig. 5.7). Rearranging the terms in Eq. (4.15), the

saturation operation tuning bandwidth limit ∆λmulti,sat for |∆λmulti| is obtained as:

|∆λmulti| ≲ ∆λmulti,sat ≈
δλstatfcav
Rsat|δfs|

. (5.18)

However, as derived in Eq. (5.14), ∆λmulti,sat and δfs are not independent. By substitut-

ing for δfs from Eq. (5.14) into Eq. (5.18) and rearranging it, the saturation operation
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bandwidth limit is obtained in the form:

|∆λmulti| ≲∆λmulti,sat

≈
[

δλstat

Rsat|TDDcav|fcav

∣∣∣∣ln(f0 +∆f/2

f0 −∆f/2

)∣∣∣∣]1/2 . (5.19)

The inequality in Eq. (5.19) provides a rough estimation for the maximum |∆λmulti| below

which the output power and coherence performance are expected to remain comparable

to those achieved in the stationary regime. One way to increase the limit is by decreasing

fcav through extending the cavity length, while maintaining same TDDcav = DfibreLfibre +

TDDcFBG by employing a larger dispersion cFBG. However, this leads to a lower sweep

rate, as given by fs ≈ fcav in the multi-harmonic regime. To raise the limit in Eq. (5.19)

while preserving the sweep rate, an easy way would be to increase the logarithm, i.e., to

increase ∆f . Additionally, the limit can be also slightly raised by optimizing Rsat, given

by Eq. (4.16), via reducing losses in the cavity by splicing the fibre components in the

cavity, for instance.

Another bandwidth limit is obtained when a photon γ of wavelength λγ circulating

inside the cavity completes on average only one round trip before its wavelength is outside

of the sliding spectral window in the middle panel of Fig. 5.7. This imposes a limit

on ∆λround in the form of Eq. (4.18). The maximum (multi-harmonic) one round trip

operation tuning bandwidth limit ∆λmulti,sat can be estimated by substituting ∆λround ≈

∆λmulti,onefcav/|δfs| in Eq. (4.18). Rearranging the terms in Eq. (4.18), the one round trip

operation tuning bandwidth limit ∆λmulti,one for |∆λmulti| is obtained as:

|∆λmulti| ≲∆λmulti,one

≈
[

δλstat

|TDDcav|fcav
ln

(
f0 +∆f/2

f0 −∆f/2

)]1/2
.

(5.20)

To conclude the comparison between the single- and multi-harmonic DTML regimes, Tab.

5.1 lists side by side the main parameters and expressions characterising their operations

and tuning performances discussed in this work. The stationary regime linewidth δλstat,

which appears in Eq. (5.19) and Eq. (5.20), and its dependence on dispersion and modu-
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lation window width, is discussed in more detail in Chap. 6.

Figure 5.7: Spectral filtering behaviour in the multi-harmonic DTML regime. Top:
Filtered wavelength as a function of time. Each cavity round trip time Tcav, the filtered
wavelength is tuned by ∆λround. Middle: Snapshots of the sliding spectral window
separated in time by Tcav. The window filters only the modes mode-locked in Fig. 5.6.
δλstat is the bandwidth of the filter and λγ is the wavelength of a photon γ circulating
inside the cavity. Bottom: Snapshots of the cavity optical field separated in time by Tcav

and Ts, with a specific pulse P circulating inside the cavity. The drawings are inspired
by [4, 11, 12].
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5.5 Comparison of the multi-harmonic DTML with

FDML

One prominent feature of the multi-harmonic tuning in Fig. 5.7 is that, because fs ≈ fcav,

the spectral window is tuned so fast that light (a photon of wavelength λγ in Fig. 5.7),

when arrives back at the modulator after a round trip inside the cavity, is filtered in the

next tuning cycle (see the top panel in Fig. 5.7). This means that approximately fcav/|δfs|

tuning cycles are needed for the pulse P carrier wavelength to be tuned from λstart to λend,

unlike in the single-harmonic DTML in Fig. 5.4, where the light is filtered within a single

tuning cycle. As the laser is tuned at a sweep rate close to the fundamental frequency

of the cavity, the whole wavelength bandwidth is stored inside the cavity at any time.

This feature makes the multi-harmonic DTML regime similar to a quasi-FDML opera-

tion [4, 12]. A comparison of the optical fields stored inside a single-harmonic, a multi-

harmonic DTML, and a FDML cavity is graphically depicted in Fig. 5.8. Nevertheless,

some differences between the two regimes can be identified. First, the cFBG-modulator

pair in the multi-harmonic DTML creates an akinetic “virtual” spectral filter, while a

mechanical tunable FP filter in FDML is employed. However, the akinetic filtering mech-

anism in DTML is generally less selective than the narrowband filters used in FDML

systems or the single-mode operation of MEMS-VCSELs, limiting coherence lengths to a

few millimeters [1, 10, 13, 14]. Second, as the mode-locking is achieved via the modulator,

the optical field in a DTML cavity consists of short pulses with the repetition rate of the

modulation frequency f , whereas optical field in an FDML cavity is in the form of long

chirped pulses with a period comparable to Ts. Finally, a DTML cavity is inherently

dispersive, inflicting a time delay between a pulse and the modulation window, needed

for the wavelength tuning. This means that the number of round trips of a photon inside

the cavity before it is blocked by the spectral filter decreases with increasing sweep rate.

This is different from FDML, where, if dispersion is well compensated, a large number of

round trips for a photon is achieved. This drawback is to some extent compensated by

a low complexity and much lower cost of a multi-harmonic DTML cavity in comparison

to an FDML cavity, where dispersion must be accurately brought to zero. In DTML, on
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the other hand, dispersion in the cavity is necessary for the wavelength tuning, but its

value does not have to be accurately managed (as long as it is ≳ 10 ps/nm). Due to the

mechanical nature of tunable FP filters and their tuning speed limitations typically up

to a few hundred kHz, buffering technique [12] is employed to extend the sweep rate into

the MHz range. This further increases both the complexity and cost of an FDML system.

As DTML is inherently akinetic without mechanical moving parts, no buffering is needed

to achieve MHz sweep rates (provided that conditions for the saturation and one trip

operations given by Eq. (5.19) and Eq. (5.20), respectively, are satisfied). In addition,

DTML can exhibit linear-in-wavenumber tuning by tailoring the voltage signal applied

to the VCO, and so eliminating the need for k-clock triggering or post-processing lineari-

sation procedures [15, 16]. The comparison of the main parameters and terms between

multi-harmonic DTML and FDML lasers is summarized in Tab. 5.2.
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Figure 5.8: Comparison of the optical fields stored inside a single-harmonic, multi-
harmonic DTML, and FDML cavity as snapshots separated in time by Ts.
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Chapter 6

Mathematical modelling in DTML

lasers

Mathematical modelling assists in analysing the various physical phenomena inside a

laser cavity and their effects on the lasing properties. Two mathematical frameworks

have been developed for rigorous modelling of DTML lasers: the average model and the

discrete model. Both models are here appropriately described, and a refined extension of

the discrete model, also referred to as the iterative mapping, is utilised for the numer-

ical simulations presented in the last part of this chapter. These simulations are used

to investigate the behaviour of the stationary stationary regime linewidth δλstat, which

appears in the expressions for dynamic tuning bandwidth limits in Eq. (4.16), Eq. (4.17),

Eq. (4.19), Eq. (5.19), and Eq. (5.20), as a function of various cavity parameters.

6.1 Complex envelope and temporal chirp

For the mathematical modelling presented in this chapter, a scalar approach will be

adopted, assuming that the optical field maintains its polarisation state inside the fibre

cavity. While this assumption does not strictly hold unless a polarisation-maintaining fibre

is used, it is nevertheless a reasonable approximation in practice assuming that the shape

of the pulse does not change too rapidly compared to the carrier frequency [1, 2]. Within
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this approach, the scalar optical field E(z, t) propagating along fibre can be expressed as:

E(z, t) = A(z, t) exp[i(β0z − ωct)], (6.1)

where A(z, t) is the slowly varying envelope of the field. This representation does not

include the spatial modal distribution, which, in the case of single-mode fibre, can typically

be approximated by a simple Gaussian profile [3].

The envelope A(z, t) in Eq. (6.1) is inherently complex, containing information about

both amplitude |A(z, t)| as well as the temporal phase distribution of the field ϕ(z, t) =

arg[A(z, t)]. For example, a complex Gaussian shape envelope at z = z0 with a linear

phase chirp C has a mathematical form [1, 4]:

A(z0, t) = A0 exp

(
−1 + iC

2τ 20
t2
)

= A0 exp

[
−2 ln 2

τ 2p
(1 + iC)t2

]
, (6.2)

where τ0 and τp = 2
√
ln 2τ0 are the pulse 1/e half width and FWHM pulse width, respec-

tively. A general temporal chirp δΩ(t) may be nonlinear and is defined as [5]:

δΩ(t) = −dϕ(t)

dt
, (6.3)

where the minus sign arises from the exp(−iωct) convention used in Eq. (6.1). For the

case of a linearly chirped Gaussian pulse given by Eq. (6.2), the chirp parameter C is

related to the temporal chirp δΩ(t) in Eq. (6.3) via C = −δΩ(t)τ 2p/(4 ln 2 t).

Lastly, for the calculations of the envelope spectrum Ã(z,Ω), the forward F{A(z, t)}

and the inverse F−1{A(z, t)} Fourier transform operators will be defined as follows:

Ã(z,Ω) = F{A(z, t)} ≡
+∞∫

−∞

A(z, t) exp(iΩt)dt,

A(z, t) = F−1{Ã(z,Ω)} ≡ 1

2π

+∞∫
−∞

Ã(z,Ω) exp(−iΩt)dΩ,

(6.4)

where Ω = ω − ωc represents the optical frequency offset from the carrier frequency ωc.
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6.2 Average model

In the average model, it is assumed that a pulse experiences only small perturbations

while propagating inside a laser cavity. The primary equation used to describe the evo-

lution of the slowly varying pulse envelope A along fibre is the nonlinear Schrödinger

equation (NLSE) [1, 2, 6]. For the pulse envelope analysis purposes, the NLSE is typi-

cally transformed into a reference frame moving with the pulse at the group velocity vg

by introducing the retarded time variable T = t− z/vg. In this frame, the NLSE takes a

form:
∂A

∂z
=

(
−ρ

2
− i

β2

2

∂2

∂T 2
+ iγ|A|2

)
A. (6.5)

NLSE in Eq. (6.5) comprises three main phenomena affecting the pulse propagating in

fibre: attenuation, dispersion, and Kerr effect, represented by the symbols ρ, β2, γ, re-

spectively. Higher-order dispersions and higher-order nonlinear effects can be neglected

in the NLSE for pulses much longer than 5 ps [1]. Examples of higher-order nonlinear

effects are self-steepening, resulting from the intensity dependence of the group velocity,

and Raman scattering, causing spectral red shift [1, 2]. These higher-order effects leads

to significant asymmetric distortions of the pulse and its spectrum.

In DTML lasers, pulses durations typically extend from tens of picoseconds to units

of nanoseconds.

It is useful to introduce two length scales, the dispersion length, Ld, and the nonlinear

length, Lnl, defined as [1]:

Ld =
τ 20
|β2|

, Lnl =
1

γPpeak

, (6.6)

where Ppeak denotes the pulse peak power. Ld and Lnl provide length scales over which

dispersive or nonlinear effects become important for the pulse evolution. Depending

on relative magnitudes of the fibre length L and lengths Ld and Lnl, the propagation

behaviour can be classified into distinct categories, more detailed in Sec. 6.3.

For its fundamental importance in the theory of pulse propagation and applications,

it is worth to note a soliton form solution of Eq. (6.5) given by [1, 2]:

A(ξ, T ) = η sech(ηT/τ0) exp(iη
2ξ/2), (6.7)
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where η is the soliton parameter. Soliton pulses are formed as a result of certain inter-

play between dispersive and nonlinear effects, and can propagate undistorted over long

distances.

To describe the actual pulse propagation inside a DTML fibre cavity, Eq. (6.5) must

be generalised to include gain and amplitude modulation as well. This generalised NLSE,

also known as Ginzburg–Landau master equation of mode-locking, averages all effects

in the cavity over its length (hence the “average” model). Assuming that an SOA is

employed as the gain medium, the commonly used form of the master equation for an

actively mode-locked cavity is [7, 8]:

∂A

∂z
=

[
g

2
(1− iα)−ρ

2
− i

2
β2

∂2

∂T 2
−2π2Mf 2T 2+iγ|A|2

]
A. (6.8)

The individual colours in Eq. (6.8) mark these cavity effects:

• Gain, where α is the linewidth enhancement factor, representing the nonlinear effects

in the gain medium, and g is the gain, following its own differential equation:

∂g

∂T
=

gsmall

τc
− g

τeff
− |A|2

Esat

[exp(g)− 1], (6.9)

where gsmall is the small signal gain, τc and τeff are the carrier lifetime and the

effective gain recovery time, respectively, and Esat is the saturation energy of the

SOA.

• Losses, where ρ sums all losses in the cavity, including coupling.

• Dispersion, where β2 is the effective group velocity dispersion of the cavity (see

Sec. 4.1).

• Modulation, which approximates sinusoidal modulation with the modulation depth

of M and the modulation frequency of f .

• Nonlinear fibre effects, where γ is the fibre nonlinear coefficient.

The individual cavity processes in Eq. (6.8) and their effect on pulse propagation will be

more detailed in the next section. No general analytical solution is known for Eq. (6.8),
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however a big group of solutions resemble chirped Gaussian or chirped hyperbolic secant

profiles like in Eq. (6.2) and Eq. (6.7). These profiles are perturbed to the extent of the

relative magnitudes of the terms in Eq. (6.8) [6].

6.3 Discrete model

While the origin of Eq. (6.8) arises from the historical development of mathematical mod-

elling for mode-locking, it does not precisely represent the real pulse propagation inside a

laser cavity. As previously noted, the average model assumes that each physical process

in Eq. (6.8) is distributed and averaged over the entire cavity length. However, as seen in

the cavity configurations discussed in Sec. 4.4, many processes, such as amplification and

modulation, are spatially localised, which occur exclusively inside the gain medium and

the modulation element, respectively. A more realistic representation of a laser cavity is

achieved by modelling each physical process independently. In this discrete model, it is

assumed that inside each laser element, only one dominant physical process (or the most

dominant processes) affects the pulse, while all others are negligible. For each cavity el-

ement, the general master equation in Eq. (6.8) is reduced to describe only one effect on

the pulse propagation (Subsecs. 6.3.1, 6.3.4, 6.3.5, and 6.3.6). If more physical processes

must be included to appropriately describe the effects of the cavity element on the pulse

propagation, the more terms are retained in the equation (Subsecs. 6.3.2 and 6.3.3). The

relationship between the input and output pulse in each element is described by a transfer

function. These transfer functions are then concatenated in a sequence, following the or-

der of the cavity elements through which the pulse propagates. This discrete description

provides more intuitive and physically accurate modelling compared to the averaging ap-

proach in Eq. (6.8). The discrete model has been employed in several reports on DTML

lasers [8–10], demonstrating as well good agreement with experimental results. However,

in those studies, while the transfer functions were suitably chosen to reflect the effects

observed in the laboratory, they were selected rather phenomenologically, not necessarily

derived directly from the underlying physics. More recently, a refined formulation known

as iterative functional mapping has been proposed [11], in which a generalised NLSE
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(such as Eq. (6.8)) is applied to each cavity element individually. In the following, the

mathematical forms of the individual transfer functions are derived, and their effects on

pulse propagation are described in detail.

6.3.1 Loss

One inevitable characteristic of a fibre cavity is the presence of losses. These can originate

from intrinsic fibre attenuation, insertion losses in fibre components, or coupling losses.

From the perspective of pulse propagation, if the fibre length L satisfies L ≪ Ld and

L ≪ Lnl, as defined in Eq. (6.6), the fibre acts as a mere transporter, except for reducing

the pulse energy due to the fibre attenuation. Under these conditions, both dispersion

and nonlinear effects play a minor role, and the NLSE in Eq. (6.5) is reduced so it only

includes the attenuation factor ρ, easily solved analytically:

∂A

∂z
= −ρ

2
A =⇒ A = A0 exp(−ρL/2), (6.10)

where A0 denotes the input pulse envelope and L is the propagation length. For optical

components, the loss transfer function Lcomp{A} is implemented as a scalar multiplication

of the pulse envelope by the component insertion loss:

Lcomp{A} ≡
√

1− lcompA or Lcomp{A} ≡ 10−lcomp,dB/10A, (6.11)

where lcomp is the fractional power loss and lcomp,dB is the insertion loss in decibels. For a

cFBG with power reflectivity RcFBG, the loss transfer function is defined as:

LcFBG{A} ≡
√

RcFBGA. (6.12)

The effect of loss on pulse propagation is straightforward, resulting only in a reduction

in the pulse peak power (or energy) without altering its shape, as illustrated in Fig. 6.1,

where Pin is the input pulse peak power.
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Figure 6.1: The effect of loss on pulse propagation. Strong loss is applied for illustrative
purposes.

6.3.2 Dispersion

An essential parameter for DTML operation is high cavity dispersion, which originate

from fibre or a cFBG. If the fibre length L satisfies L ∼ Ld but L ≪ Lnl, as defined in

Eq. (6.6), the nonlinear term in Eq. (6.5) is negligible compared to the other two. Under

these conditions, pulse propagation along the fibre is governed by a simplified equation:

∂A

∂z
=

(
−ρ

2
− i

β2

2

∂2

∂T 2

)
A. (6.13)

Using standard techniques for solving linear partial differential equations in the frequency

domain, Eq. (6.13) is solved analytically [2]:

A = exp(−ρL/2)F−1{exp(iΩ2β2L/2)F{A0}}. (6.14)

In short cavities characteristic to 2nd and 3rd generations DTML lasers, dispersion is

dominated by a cFBG, while the dispersion due to the fibre is negligible in comparison.

The dispersion transfer function DcFBG{A} for a cFBG characterised by its group delay

dispersion GDDcFBG is defined as:

DcFBG{A} ≡ F−1{exp(iΩ2GDDcFBG/2)F{A}}. (6.15)
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Two principal effects on pulse propagation inside a dispersive medium are observed in

Fig. 6.2. First, due to the varying phase delays experienced by different spectral compo-

nents in Eq. (6.15), the pulse obtains a temporal chirp, essential for DTML operation [8].

Second, as the spectral components are delayed to each other, the pulse broadens cor-

respondingly. For an initially unchirped Gaussian pulse with temporal width τ0 as an

input, propagating inside fibre of length L, the width τ1 and temporal chirp δΩ1(T ) of

the output pulse can be found analytically as [1]:

τ1 ≈ τ0

√(
1 +

L|β2|
τ 20

)
, δΩ1(T ) ≈

sgn(β2)(2L|β2|/τ 20 )
1 + (2L|β2|/τ 20 )2

T

τ 20
. (6.16)

When a cFBG is used instead of fibre, L|β2| in Eq. (6.16) is replaced with GDDcFBG.

The analytical expression for δΩ1(T ) implies that the pulse undergoes a temporal chirp

linear in T . Both the temporal chirp and pulse broadening are inherently accounted for in

the dispersion transfer function in Eq. (6.15), with a freedom of an arbitrary input pulse

shape A.

Figure 6.2: The effects of dispersion on pulse propagation. Strong dispersion for illus-
trative purposes.
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6.3.3 Fibre delay

When the fibre length L is comparable to both Ld and Lnl, as defined in Eq. (6.6), both

dispersion and nonlinearity must be taken into account, and pulse propagation is described

by the fibre NLSE given by Eq. (6.5). Assuming the pulse peak power is Ppeak ≲ 1W,

which is typical in DTML lasers designed for SS-OCT [7, 8, 10] and in which case self-

steepening can be neglected [12], Eq. (6.5) can be solved semi-analytically. The resulting

fibre propagation transfer function P{A} is then given by [12]:

P{A} ≡ exp(−ρL/2)F−1{exp(iϕlin)F{A exp(iϕnl)}}. (6.17)

where the linear ϕlin and nonlinear ϕnl phase delays are defined as:

ϕlin =
Ω2β2L

2
, ϕnl = γ

[
1− exp(−ρL/2)

ρ

]
|A|2, (6.18)

where ϕnl accounts for self-phase modulation (SPM), an intensity-induced phase shift

originating in optical Kerr effect [1, 2, 6]. The Kerr effect refers to the intensity-dependent

index of refraction n(I):

n(I) = n+ nnlI, (6.19)

where nnl is the nonlinear index of refraction and I is the optical intensity. The fibre

nonlinear coefficient γ appearing in Eq. (6.5), Eq. (6.8), and Eq. (6.18)is then defined

as [1]:

γ =
nnlω0

cAeff

, (6.20)

where Aeff is known as the effective core area of the fibre.

In the previous reports on mathematical modelling of DTML lasers [7, 8, 10, 13, 14],

fibre delay and its effects on pulse propagation were typically neglected. These studies

focused only on short cavity 2nd and 3rd generations lasers (see Subsec. 4.4.2 and 4.4.3),

where dispersion is dominated by a cFBG and its effect is modelled by the transfer function

given by Eq. (6.15). In contrast, the generalised model developed here, with the fibre delay

transfer function defined by Eq. (6.17), is also applicable to the long cavity 1st generation
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lasers (see Subsec. 4.4.1) and, in particular, multi-harmonic DTML lasers described in

Chap. 5.

The effects of a fibre delay on pulse propagation are illustrated in Fig. 6.3. An

initial unchirped pulse obtains mostly a linear chirp due to the dispersion, with a small

nonlinear contribution from the SPM and a reduction in the pulse peak power due to the

fibre attenuation.

For the sake of completeness, if the fibre length is such that L ≪ Ld but L ∼ Lnl, the

dispersion term in Eq. (6.5) is negligible relative to the nonlinear term. In this regime,

the reduced fibre NLSE containing only the SPM term can be solved analytically as:

∂A

∂z
= iγ|A|2A =⇒ A = exp(iγ|A|2L). (6.21)

Figure 6.3: The effects of a fibre delay on pulse propagation. Strong dispersion and
SPM are applied for illustrative purposes.

6.3.4 SOA amplification

In DTML lasers, an SOA is typically employed as the gain medium. The pulse propagation

inside an SOA is governed by the travelling-wave equation [8, 13, 14]:

∂A

∂z
=

g

2
(1− iα)A, (6.22)
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where g is the optical gain, and α is the linewidth enhancement factor. The gain g evolves

dynamically and follows its own rate equation [5, 13, 14]:

∂g

∂T
=

gsmall

τc
− g

τeff
− |A|2

Esat

[exp(g)− 1], (6.23)

where gsmall, τc, τeff, and Esat are the small signal gain, carrier lifetime, effective gain

recovery time, and saturation energy, respectively. Without going into excessive detail,

the SOA gain arises from carrier injection into the active medium, creating a population

of electrons and holes. The carrier-induced index of refraction change leads to SPM

inside the SOA, accounted in Eq. (6.22) via the linewidth enhancement factor α. Typical

values of the linewidth enhancement factor are α ≈ 1 for quantum-dot SOAs in the

1 µm wavelength range, and α ≈ 5 for quantum-well SOAs in the 1.5 µm range [14]. Once

Eq. (6.23) is solved numerically, the SOA gain transfer function can be obtained by solving

Eq. (6.22) as:

GSOA{A} ≡ exp
[g
2
(1− iα)

]
A (numerically solving Eq. (6.23) for g). (6.24)

The effect of an SOA amplification on pulse propagation is illustrated in Fig. 6.4. As

expected, the pulse undergoes an amplification, apparent from the increase in its peak

power. In the spectral domain, the amplification introduces modulations to the pulse

spectrum, resulting in the spectral broadening and a red shift, both more pronounced

with larger α.

6.3.5 Amplitude modulation

In Eq. (6.8), the amplitude modulation is represented by the term −2π2Mf 2
mt

2, which

describes sinusoidal window of frequency f approximated by a quadratic function. In the

context of the discrete model, this modulation is assumed to be applied from an external

source, affecting the pulse shape.

For sinusoidal modulation, the effect of amplitude modulation on the pulse shape can
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Figure 6.4: The effects of an SOA amplification on pulse propagation. Strong gain is
applied for illustrative purposes. ϕ(Ω) represents spectral phase of the envelope spectrum

Ã(z,Ω).

120



be modelled via a quadratic function:

Aout = −2π2Mf 2T 2Ain = −π2M

2τ 2m
T 2Ain, (6.25)

where τm ≈ 1/(2f) is the sinusoidal modulation FWHM window width. In the case of

pulse modulation technique [15–17], characterised by the window width τm independent

of f , the effect of amplitude modulation can be modelled by a Gaussian window [11]:

Aout = M exp

(
−2 ln 2

τ 2m
T 2

)
Ain. (6.26)

Eq. (6.25) and Eq. (6.26) lead to amplitude modulation transfer functionsM{A} in forms:

Msine{A} ≡ −2π2Mf 2T 2A, Mpulse{A} ≡ exp

(
−2 ln 2

τ 2m
T 2

)
A. (6.27)

The effect of an amplitude modulation on a chirped pulse is illustrated in Fig. 6.5.

The pulse shape is altered correspondingly to the width of the modulation window, while

its temporal chirp is maintained.

Figure 6.5: The effect of an amplitude modulation on a chirped pulse.
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6.3.6 Phase noise

The last physical process that should be considered in the modelling of DTML lasers (in

fact, any mode-locked laser) is noise inside a cavity. As the spectral linewidth broadening

and coherence deterioration of a DTML laser are dominated by phase fluctuations, only

phase noise is here considered, while amplitude fluctuations can be usually neglected in ul-

trafast lasers [2]. Phase noise can originate from various sources, such as gain fluctuations,

length and refractive index fluctuations (including time jitter in the amplitude modula-

tion), spontaneous emission fluctuations, or temperature fluctuations [18–20]. While many

of these noise sources exhibit finite correlation times (SOA carrier lifetime, RF jitter, or

temperature drift), the net phase fluctuations arise from their cumulative effect. Under

these conditions, the phase noise can be modelled as a stochastic diffusive (random walk)

process with with Gaussian-distributed increments, and the probability density function

of the phase increments p(∆ϕnoise) is given by [2]:

p(∆ϕnoise) =
1√

2πσ2
noise

exp

(
−∆ϕ2

noise

2σ2
noise

)
, (6.28)

with the phase noise variance σ2
noise = ⟨∆ϕ2

noise⟩. It can be shown that σ2
noise increases

linearly with the time delay δT , as defined by a random walk [2]:

σ2
noise = 2πδνnoiseδT, (6.29)

where δνnoise is the FWHM optical linewidth of the phase noise. Here, δT is the temporal

resolution of the discrete simulation grid (approximately δT ≈ 0.1 ps in the simulations

presented in Sec. 6.4). Although it is generally not straightforward to evaluate δνnoise

in view of its dependence on many laser parameters [18–20], a rough interval 1-100MHz

can be determined from measuring phase noise linewidths in mode-locked lasers prior to

stabilisation techniques [2, 21–23]. To conservatively account for actual DTML cavities

with SOA gain dynamics and modulation signal jitter, the upper bound of the interval is

extended to 500MHz. Using Eq. (6.29) with δT = 0.1 ps, the interval 1-500MHz transfers

to 0.001-0.018 in σnoise. Finally, the corresponding phase noise transfer function acting on
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a pulse A is then implemented according to:

N{A} ≡ A exp[i2π∆ϕnoise(Tm)], (6.30)

where the notation ∆ϕnoise(Tm) indicates that the phase noise increment is evaluated

independently for each discrete temporal point m of the simulation grid.

The effect of phase noise on a pulse is illustrated in Fig. 6.6, where a random phase

shift is applied independently at each temporal point of the simulation grid.

Figure 6.6: The effect of phase noise on pulse propagation. Strong phase noise is applied
for illustrative purposes.

6.4 Simulation results

The reference DTML laser cavity used for mathematical modelling is displayed in Fig.

6.7. The laser comprises an SOA as the gain medium (transfer function GSOA{A}), a

cFBG as the dispersive element (transfer function DcFBG{A}), an IM as the modulation

element (transfer function Mpulse{A}), a fibre delay (transfer function P{A}), and a

CIRC. The optical components are also characterised by their insertion losses (transfer

functions LCIRC{A}, LcFBG{A}, LIM{A}). Finally, phase noise (transfer function N{A}))

is added to appropriately model the real world laser. The characteristic round trip transfer

function R{A} is formulated by mapping the cavity elements and their transfer functions
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in the direction of the circulation of light inside the cavity (the direction of the CIRC

arrow):

R{A} = N{GSOA{P{Mpulse{LIM{LCIRC{DcFBG{LcFBG{LCIRC{A}}}}}}}}}. (6.31)

The laser parameters which remain constant for the numerical simulations are listed in

Tab. 6.1. The numerical modelling is performed here using MATLAB language, with the

code for the individual transfer functions appeared throughout Sec. 6.3 and in Eq. (6.31)

provided in Appx. B.

For their critical impact on coherence performance of a DTML laser, two parameters

with adjustable values will be examined in the simulations: the amount of dispersion in

the cavity and the modulation window width.

Figure 6.7: The reference DTML laser cavity for the mathematical modelling, charac-
terised by the round trip transfer function in Eq. (6.31).

6.4.1 The amount of dispersion in the cavity

As discussed in Subsec. 6.3.2, a pulse propagating inside a dispersive medium (fibre or a

cFBG) obtains a temporal chirp due to the phase delays experienced by different spectral

components. When such a chirped pulse undergoes an amplitude modulation, only the
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Table 6.1: Cavity parameters for the DTML laser in Fig. 6.7.

Parameter Value
Central wavelength λc 1060 nm

Fibre length L 1.542m [16]
Small signal gain gsmall 32 dB [24]

Carrier lifetime τc 200 ps [8]
Effective gain recovery time τeff 200 ps [8]

Saturation energy Esat 0.824 pJ [7, 8, 10, 13, 14]
Linewidth enhancement factor α 1 [14]

cFBG reflectivity RcFBG 0.4 [16]
Circulator insertion loss Lcirc 2 dB [25]
Modulator insertion loss Lmod 3.5 dB [26]

Modulation depth M 1
Fibre attenuation ρfibre 0.5 dB/km [27]

Fibre dispersion coefficient Dfibre −35 ps/(nm · km) (used the technique in [28])
Fibre nonlinear coefficient γfibre 10−3 1/(W ·m) [11]

spectral components near the pulse peak are transmitted through the modulation window,

enhancing the spectral filtering effect. To examine this filtering mechanism only as a

function of dispersion in the cavity, the following simulation considers an idealised noiseless

laser.

Assuming a cavity length of 1.542m as listed in Tab. 6.1, the dispersion introduced by

such short fibre is negligible and the total cavity dispersion is dominated by the cFBG,

i.e., TDDcav ≈ TDDcFBG. Using the cavity parameters in Tab. 6.1, a modulation win-

dow width of τm = 100 ps, and considering an idealised noiseless cavity (σnoise = 0 in

Eq. (6.28)), Fig. 6.8 displays FWHM linewidth δΩFWHM of the lasing spectrum as a

function of dispersion TDDcav after 1000 round trips inside the cavity. This was obtained

by applying the round trip transfer function R{A} given by Eq. (6.31) 1000 times, start-

ing with a white noise as the initial spectrum for the first round trip. From the graph,

it is evident that positive dispersion values (i.e., anomalous dispersion) yield narrower

linewidths than negative values (i.e., normal dispersion), in agreement with the findings

in [13]. This behaviour arises from the interplay between dispersion and SPM in the cav-

ity, with SPM primarily occuring inside the gain medium. In the anomalous dispersion

regime, the linear chirp due to dispersion partially compensates for the nonlinear tempo-

ral chirp due to SPM, reducing the broadening. On the contrary, in the normal dispersion
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Figure 6.8: Simulation of the FWHM linewidth δΩFWHM linewidth as a function of the
cavity dispersion TDDcav.

regime, the compensation is less effective, and dispersion values below −100 ps/nm would

be required to produce linewidths comparable to those achieved in the anomalous regime

in the simulation.

Fig. 6.9 shows the resulting power spectra S(Ω) after 1000 round trips inside the cavity

for selected dispersion values TDDcav. The redshift induced by SPM inside the SOA is

observed to decrease with increasing |TDDcav|, in agreement with the findings in [14].
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Figure 6.9: Optical power spectra S(Ω) after 1000 round trips for different cavity dis-
persions TDDcav.
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6.4.2 The modulation window width

As mentioned in Sec. 4.4, it has been experimentally observed that narrower modulation

windows lead to an enhanced mode-locking stability and improved coherence of the lasing,

even at higher sweep rates. In this simulation, the stability and coherence are examined

by observing the evolution of the lasing spectra over multiple round trips inside the cavity

for various modulation window widths and phase noise levels. Notably, the phase noise

and its effects on the lasing are here included in modelling of DTML lasers for the first

time, extending the previous studies [7–10, 13, 14].

First, using the cavity parameters listed in Tab. 6.1, a cavity dispersion of TDDcav =

10 ps/nm, and considering an idealised noiseless cavity (σnoise = 0) for now, the charts

in Fig. 6.10 display the evolution of the lasing spectra over the first 200 round trips for

various modulation windows widths τm, starting again with a white noise as the initial

spectrum for the first round trip. During the initial build-up from the white noise, the

lasing exhibits strong spectral modulation, more pronounced and enduring longer for

larger values of τm. As it is questionable to simply evaluate the FWHM linewidth for

these build-up round trips, a more general root mean square linewidth δΩRMS is used here

instead [2]:

δΩRMS = ⟨(Ω− ⟨Ω⟩)2⟩1/2 =

[∫ +∞
−∞ (Ω− ⟨Ω⟩)2S(Ω)dΩ∫ +∞

−∞ S(Ω)dΩ

]1/2
, (6.32)

where ⟨Ω⟩ is the centre of gravity of the power spectrum S(Ω) = |Ã(Ω)|2,

⟨Ω⟩ =
∫ +∞
−∞ ΩS(Ω)dΩ∫ +∞
−∞ S(Ω)dΩ

. (6.33)

The evaluated δΩRMS for σnoise = 0 are plotted over 1000 round trips for different values

of τm in Fig. 6.11 top left. Apparently, the lasing reaches its stabilised state (no more

alterations in δΩRMS) after fewer number of round trips Nstable for smaller values of τm.

This dependence is plotted as a function of τm in Fig. 6.12 left. This behaviour can

be explained by the shorter modulation windows transmitting a more limited interval of
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the temporal noise during the lasing build-up from white noise, smoothing the spectral

modulation in Fig. 6.10 more rapidly and reducing Nstable. In this idealised noiseless case,

after reaching Nstable for a given τm, longer modulation windows yield narrower linewidths,

in agreement with the findings in [7–9].

Finally, a non-negligible phase noise is added to the simulations to model a realistic

DTML laser cavity. The effect of this noise on the lasing build-up and the evolution

of the linewidth δΩRMS is observed in plots in Fig. 6.11 for the variance σnoise values

of 0.006, 0.012, and 0.018, as for “mildly”, “moderately”, and “heavily” noisy cavities,

respectively. The corresponding stabilised δΩRMS as a function of τm for different values

of σnoise are plotted in Fig. 6.12 right. From the plots, it is concluded that the phase noise

introduces linewidth broadening in all cases, but the amount of broadening is moderated

by employing shorter modulation windows, consistent with the experimental observations

reported in [10, 15–17].
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Figure 6.10: Evolution of the lasing spectra over the first 200 round trips N for different
modulation window widths τm.
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Figure 6.11: Evolution of the linewidth δΩRMS as a function of round tripsN for different
modulation window widths τm and phase noise variances σnoise.

Figure 6.12: Left: Number of round trips Nstable needed for the lasing stabilisation for
the case σnoise = 0 in Fig. 6.11 top left as a function of the modulation window width
τm. Right: Linewidth δΩRMS (average over the last 100 round trips in Fig. 6.11) as a
function of τm for different phase noise variances σnoise.
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Chapter 7

Experimental validations

In this last experimentally focused chapter, an approximative cavity dispersion assess-

ment method is first proposed and validated. Subsequently, three DTML swept lasers

architectures operating at 850 nm, 1 µm, and 1550 nm, respectively, are presented and

experimentally evaluated.

7.1 An approximative cavity dispersion assessment

exploiting DTML

This section presents presents a simple yet effective method for an approximative cavity

dispersion assessment in a DTML laser cavity without the need for additional components

required for DTML itself [1]. The method exploits the linear dependence between the shift

in the emission wavelength and change in the modulation frequency. The validation of

the method is first performed using spools of SMF-28e fibre, yielding results consistent

with dispersion values found in the literature. After the validation, cavity dispersions are

evaluated for two different cFBGs with unknown dispersions inserted in a DTML cavity.

This method is then employed in Sec. 7.2 [2], Sec. 7.3 [3], and Sec. 7.4 [4]. With the

knowledge of the dispersion value inside the cavity, important parameters such as tuning

and coherence properties of an DTML laser can be evaluated.
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7.1.1 Methods

As derived in Eq. (4.13), the shift in the emission wavelength ∆λsingle from a standard

single-harmonic DTML laser is for high harmonic orders linearly proportional to the

change in the modulation frequency ∆f of the RF signal applied to the mode-locking

element. This linear relationship is given by Eq. (4.13):

∆λsingle ≈ S(Dcav, f0)∆f = − ng

cDcavf0
∆f = − 1

TDDcavfcavf0
∆f (7.1)

where ng, Dcav, and TDDcav = LcavDcav are effective group index of refraction, dispersion

coefficient, and time delay dispersion of the cavity, respectively, and the tuning sensitivity

S(Dcav, f0) generally depends on chromatic dispersion in the cavity Dcav and modulation

frequency f0. Inspired by [5], the method of the cavity dispersion assessment in a DTML

laser is based on a linear regression of measurements of ∆λsingle/∆f against f0:

∆λsingle

∆f
=

K

f0
, (7.2)

where

K = − ng

cDcav

(7.3)

is the slope of the linear regression from which Dcav or TDDcav can be extracted.

7.1.2 Experimental setups and results

To evaluate the accuracy and potential limitations of the dispersion assessment method,

the measurements were first carried out for a cavity composed solely of SMF-28e fibre.

The experimental setup for measuring the fibre dispersion is shown in Fig. 7.1(a). Con-

tributions to the cavity dispersion from non-fibre components, such as the semiconductor

optical amplifier gain medium or the electro-optic crystal inside the intensity modulator,

can be considered negligible as their physical lengths (on the order of millimetres) are at

least three orders of magnitude smaller than the overall cavity length (on the order of

metres and more).

Dispersion assessments were conducted for three spools of a SMF-28e fibre of differ-
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Figure 7.1: (a) DTML cavity using direct modulation of the SOA as the mode-locking
element and a spool of SMF-28e fibre as the dispersive element. (b) DTML cavity using
an intensity modulator as the mode-locking element and a cFBG as the dispersive element.
SOA: semiconductor optical amplifier, SG: signal generator, ISO: optical isolator, FC: fibre
coupler, CIRC: optical circulator, PC: polarisation controller, IM: intensity modulator.

ent lengths inserted into the cavity in Fig. 7.1(a). To evaluate Dcav, 10 measurements

of ∆λsingle/∆f for different f0 were performed. Although only one measured value of

∆λsingle/∆f at single f0 is sufficient to evaluate Dcav in principle, performing a linear

regression over multiple measurements (e.g., 10) reduces the uncertainty in determining

∆λsingle from the optical spectral analyser. The linear regressions of ∆λsingle/∆f against

f0 are displayed in Fig. 7.2, and the dispersion assessment results Dcav are presented in

Tab. 7.1, along with the wavelengths λ0 at which the assessments were performed. For

all fibre spool lengths, the measured uncertainties in the evaluations of Dcav are below

1% of the evaluated value, and it is not expected to be significantly improved with more

measurements of ∆λsingle/∆f . The values DSMF-28e(λ0) found in the literature [6] are

listed in the last column of Tab. 7.1. For all fibre spool lengths, the comparison with the

literature values show a difference below 1 ps/(nm · km), sufficient for an approximative

cavity dispersion assessment in a DTML laser.
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Figure 7.2: Linear regressions of ∆λsingle/∆f against f0 for different cavity lengths in
Fig. 7.1(a).

Table 7.1: DTML cavity dispersion assessments Dcav for different cavity (SMF-28e spools)
lengths Lcav.

Lcav [m] λ0 [nm] Dcav [ps/(nm·km)] DSMF-28e(λ0) [ps/(nm·km)]
210 1553 16.58± 0.05 16.10
60 1564 17.07± 0.07 17.47
40 1568 18.29± 0.08 17.90

138



Using the same method, it was now possible to assess the dispersion of the cavity in

Fig. 7.1(b), including all fibre components and a cFBG as the dispersive element. The

linear regressions are displayed in Fig. 7.3, along with the measured values of TDDcav(λ0)

for two different cFBGs from suppliers VFibre [7] and O/E Land [8], with unknown

dispersions. In both cases, the cavity length was evaluated as 26m.

Figure 7.3: Cavity dispersion assessments of the DTML cavity in Fig. 7.1(b) for two
different cFBGs with unknown dispersions.

7.1.3 Conclusion

A simple and effective dispersion assessment method was demonstrated, showing good

accuracy in practical measurements. Its advantage lies in utilising the same components

intended for DTML itself. While this method is limited to evaluating only effective disper-

sion of the cavity, neglecting higher order dispersions or polarisation-dependent dispersion,

it can be used to determine ∆λsingle,n-d and ∆λmulti,n-d in Eq. (4.14) and Eq. (5.17) or for

mathematical modelling in Chap. 6.
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7.2 DTML swept source at 850 nm for OCT using a

cFBG and pulse modulation technique

The study in [2] presents a (single-harmonic) DTML swept source operating at 850 nm, de-

veloped primarily for full-field swept-source optical coherence tomography (FFSS-OCT).

The laser combines a cFBG and pulse modulation technique to enable stable emission over

tuning bandwidth of 35 nm at sweep rates up to 20 kHz. Unlike previous DTML imple-

mentations at 850 nm relying on an SOA direct modulation or long dispersive fibre as the

dispersive element, this design achieves improved coherence and higher sweep rates. The

results demonstrate the viability of DTML operation at shorter wavelengths and show a

promise for replacing slower acousto-optic based swept sources (see Subsec. 3.2.1) in next

generation FFSS-OCT systems.

7.2.1 Experimental setup

The studied DTML swept source is depicted in Fig. 7.4. The swept source consists

of three main components: a semiconductor optical amplifier (SOA, Superlum SOA-

372, optical gain bandwidth 40 nm), an intensity modulator (IM, Exail NIR-MX800-LN-

20, RF bandwidth 20GHz), and a chirped fibre Bragg grating (cFBG, Teraxion PSR-

840-72(+D16.77-0.035)-0S1-0R, reflection bandwidth 72 nm, reflectivity 90%, dispersion

17 ps/nm). The SOA acts as the gain medium, the IM as the mode-locking element, and

the cFBG as the dispersive element. The operational wavelength and bandwidth of the

swept source are mainly determined by the employed SOA. The light is directed to the

cFBG through an optical circulator (CIRC, OZ Optics FOC-12P-111-6/125-PPP-1060-

50-3A3A3A-1-1-WB, optical bandwidth 100 nm), which serves also as an optical isolator

in the cavity. The light is then coupled out in transmission through the cFBG. The

cFBG employs single mode fibre via a polarisation controller (PC). The rest of the cavity

consists of polarisation maintaining fibre. The total cavity round trip length is evaluated

as 13.6m (fundamental frequency of 15.1MHz) and cavity dispersion is estimated as

14.6 ps/nm using the dispersion assessment method described in Sec. 7.1.

A schematic diagram of the intensity modulator driver is detailed in Fig. 7.4 as well
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(inside the green dashed rectangle). A voltage-controlled oscillator (VCO, Mini-Circuits

ZX95-1240-S+, 1-2GHz), is driven with DC, VDC, and AC, VAC, voltage signals from a

signal generator (SG, Agilent Technologies 81160A). Due to the maximum output voltage

limitation of VDC+VAC delivered by the SG, an in-house bias-tee is employed to separate

the control of VDC and VAC. The VCO output signal is directed to a pulse generator (PG,

AlnairLabs EPG-210M-0050-S-P-N-N), which generates a short pulse of width 50 ps per

each period of the input sinusoidal signal. This means that the pulse repetition frequency

f is that of the instantaneous input sinusoidal signal provided by the VCO. The pulses

are then amplified through a pair of cascaded RF amplifiers (RFA, Mini-Circuits ZVA-

01243+ and Xmicrowave XM-A3E6-0804C-01), and applied to the IM. Finally, the bias

of the IM is controlled separately by DC voltage from a regulated power supply (PS).

Figure 7.4: DTML swept source 850 nm. SOA: semiconductor optical amplifier, IM:
intensity modulator, CIRC: optical circulator, PC: polarisation controller, cFBG: chirped
fibre Bragg grating, SG: arbitrary function signal generator, VCO: voltage-controlled
oscillator, PG: pulse generator, RFA: RF amplifier, PS: power supply.
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The light exiting the cFBG is amplified by another semiconductor optical amplifier

(BOA, the same model as the gain medium inside the cavity, now operating as a booster)

and directed to an interferometer, the configuration of which is shown in Fig. 7.5. The op-

tical spectrum of the BOA output is monitored using an optical spectrum analyser (OSA,

Agilent Technologies 86145B). The interferometer consists of two couplers arranged to

recirculate the reference arm light, preventing light from being reflected back into the

swept source. The interferometer is terminated with a balanced photodetector (bPhD,

New Focus 1607). The output signals from the interferometer are observed on an os-

cilloscope (OSC, Teledyne Lecroy WaveRunner 104MXi-A). The optical path difference

(OPD) in the interferometer is adjusted by translating the mirror M along the z-axis from

the position where OPD = 0.

Figure 7.5: SS-OCT setup used for characterisation of the 850 nm DTML swept source in
Fig. 7.4. The recirculation of the reference arm right is depicted with an arrow. DTML-SS:
dispersion tuned mode-locked swept source, ISO: isolator, BOA: booster optical amplifier,
OSA: optical spectrum analyser, FC: fibre coupler, L: launcher lens system, M: mirror,
bPhD: balanced photodetector block, OSC: oscilloscope.

The relationship between the shift in the lasing wavelength ∆λsingle and the change in

the modulation frequency ∆f is given by the high harmonic expression in Eq. (4.13),

∆λsingle ≈ − 1

TDDcavfcavf0
∆f = S(f0)∆f. (7.4)

The VCO central modulation frequency is determined by VDC and its frequency is tuned

from 1113.80MHZ to 1122.60MHz by repeatedly applying VAC. Experimentally, the

polarisation state in the cavity is adjusted actuating on the PC in Fig. 7.4, affecting
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both the central lasing wavelength and the tuning bandwidth. The polarisation state was

optimised to achieve the best compromise between the tuning bandwidth and the low

amplitude ripple within the spectrum.

Fig. 7.6 shows stationary tuning (no fast tuning) spectra obtained by sinusoidal modu-

lation (modulation window width of ≈ 1/2f0
.
= 500 ps) and by pulse modulation technique

(modulation window width of
.
= 50 ps), both at f0

.
= 1.1GHz. Fig. 7.6 illustrates three

improvements due to the pulse modulation: (i) the detrimental ASE is reduced, (ii) spec-

tral peaks are better defined, and (iii), tuning bandwidth is enlarged from 25 nm to 35 nm,

in agreement with experimental findings in [9]. These observations are consequences of

applying shorter modulation windows, of which effect on the lasing spectra is exactly

modelled in Subsec. 6.4.2. To document further the advantage of the pulse modulation

in comparison with the sinusoidal modulation, Fig. 7.7 shows the interferometer output

signals at the mirror M position of z = 25 µm (see Fig. 7.5). This measurement was

performed using the bPhD monitor output in order to provide a proportional value to

both the ASE power as well as to the fringes imprinted by the interference. The source

was tuned for this measurement within a 25 nm tuning bandwidth at a 10 kHz sweep rate.

The fringe depth, defined as (Vmax−Vmin)/(Vmax+Vmin), where V represents the voltage of

the photodetected signal, was measured to be 0.62 and 0.72 for the sinusoidal modulation

and the pulse modulation, respectively.

Figure 7.6: Comparison of the stationary tuning spectra using the sinusoidal and pulse
modulation.

By applying the pulse modulation in the stationary regime, the linewidth was measured

as δλstat
.
= 0.09-0.11 nm, which is also the narrowest linewidth achievable from the laser.
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Figure 7.7: Comparison of the interferometer output signal using the sinusoidal and
pulse modulation for the mirror M distance z = 25 µm in Fig. 7.5.

7.2.2 Results

The peak-hold spectra obtained from the swept source (without the BOA) using the

pulse modulation technique at three different sweep rates fs are shown in Fig. 7.8 left.

As the sweep rate increases, spectral degradation becomes more pronounced, as predicted

by the sweep rate limitations given by Eq. (4.17) and Eq. (4.19). This degradation is

primarily observed as a reduction in power spectral density (PSD) within the first half

of the tuning bandwidth. This effect can be attributed to the lower gain of the SOA on

the shorter-wavelength side of 850 nm, which may require more cavity round trips for the

emission to reach saturation, compared to those in the longer-wavelength portion of the

gain spectrum, as described by Rsat in Eq. (4.16). Fig. 7.9 shows the total output power

of the swept source (without the BOA) as a function of sweep rate fs.

Figure 7.8: Peak-hold spectra without and after the BOA.
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Figure 7.9: Laser output power Pout without the BOA as a function of sweep rate fs.

By adding the BOA to the DTML swept source output in Fig. 7.5, the output power

increases to 8.2mW at 10 kHz sweep rate. However, there is an ASE contribution from

the BOA, visible in the spectra in Fig. 7.8 right. The reflective profiles (A-scans) roll-off

measurements utilising the interferometer and the method of Leader-Follower interferom-

etry [10] are displayed in Fig. 7.10. First, a roll-off measurement for 25 nm tuning range

using the sinusoidal modulation was performed. It can be seen that a short imaging depth

of only ∆z6dB = 0.3mm was achievable. Then, the operating regime was switched to the

pulse modulation, whose roll-off measurements for 35 nm tuning bandwidth are plotted

in Fig. 7.10 as well. As can be predicted using Eq. (4.17) and Eq. (4.19), the faster the

sweeping, the lower the output power. The degradation in the axial resolution is expected

due to the narrowing of the tuning bandwidth with fs shown in Fig. 7.8. The FWHM

axial resolutions (measured on an A-scan peak close to zero axial coordinate z) for 10 kHz,

15 kHz, and 20 kHz sweep rates were measured as 15 µm, 22 µm, and 44 µm, respectively.

The measured value of 15 µm at 10 kHz sweep rate is close to the theoretical value given

by δztop-hat = 0.60λ2/∆λ
.
= 12 µm for a top-hat tuning spectral shape (see Eq. (2.7)).

However, no significant degradation in the imaging depth is observed, as for all three

sweep frequencies similar values of ∆z6dB
.
= 1mm are obtained for a 50% drop in A-scan

sensitivity.
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Figure 7.10: A-scan sensitivity roll-offs for different sweep rates fs.
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7.2.3 Conclusion

In the study, the combined use of a cFBG and a high-speed intensity modulator driven by

short electrical pulses is demonstrated to enable DTML operation at shorter wavelengths

of 850 nm. The laser achieved a tuning bandwidth exceeding 30 nm and showed improved

performance compared to previously reported DTML swept sources utilising an SOA di-

rect modulation [11]. A sweep rate of 10 kHz was obtained, with potential for further

increase through cavity length reduction, as suggested by the saturation operation condi-

tion in Eq. (4.17). Coherence was significantly enhanced by applying narrow modulation

windows with a temporal window width of 50 ps, yielding a linewidth comparable to that

achieved in galvo- and acousto-optic based swept sources [12, 13]. Further improvements

in coherence length are anticipated using even shorter modulation windows, allowed by

advances in ultrashort electrical pulse generation. The presented swept source is well

suited for integration into FFSS-OCT systems, offering a compact, high-speed alterna-

tive to current commercial sources that are limited to 2 kHz sweep rates. With ongoing

refinements, such as cavity length reduction, this laser architecture may support volume

acquisition rates compatible with tens-of-kHz high-speed 2D CMOS cameras.
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7.3 A 900 kHz multi-harmonic DTML swept source

at 1550 nm for OCT using a cFBG and an inten-

sity modulator

The study [3] presents a high-speed akinetic swept source operating at 1550 nm em-

ploying the multi-harmonic DTML described in Chap. 5. The architecture achieves

mode-locking through a high-speed intensity modulator and incorporates a cFBG to

provide the necessary dispersion in the cavity. This design enables MHz sweep rates

with improved coherence and stability in comparison with the previous reports on multi-

harmonic DTML [14, 15] lasers and offers an electronically controllable alternative for

next-generation akinetic OCT systems.

7.3.1 Experimental setup

The schematic of the researched DTML laser is depicted in Fig. 7.11. As the gain

medium, a semiconductor optical amplifier (SOA, CIP Technologies SOA-S-C-14-FCA,

optical bandwidth 60 nm at a current of 100mA) is employed. The SOA is followed by

a polarisation-insensitive optical isolator (ISO, FOCI Inc.), and by SMF-28e fibre de-

lay of approximately 200m in length. An optical circulator (CIRC, AFW Technologies)

conveys the light to a chirped fibre Bragg grating (cFBG, VFibre, optical bandwidth

40 nm). The mode-locking is achieved by modulating a high-speed intensity modulator

(IM, Sumitomo Osaka Cement Co. 14 GHz). The modulator fibre pigtails consist of a

polarisation maintaining fibre, while all other fibre connections are implemented using

non-polarisation maintaining single-mode fibre. To maximize transmission in the cavity,

inline polarisation controllers (PC) are employed. Output light is extracted via a fibre

coupler (FC) with 80% of power reinjected back into the cavity. The ISO together with

the CIRC ensure unidirectional lasing in the laser cavity. After isolation, the cavity out-

put is amplified with a booster amplifier (BOA, CIP Technologies SOA-L-C-14-FCA).

Fundamental frequency of the cavity is evaluated to be 912 kHz, corresponding to a total

cavity length of 226m, and effective dispersion was estimated as 14.1 ps/nm using the
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assessment technique described in Sec. 7.1.

A schematic diagram of the electronic circuitry driving the IM is detailed in Fig. 7.11

as well (inside the green dashed rectangle). A voltage-controlled oscillator (VCO, Mini-

Circuits ZX95-1790-S+), is driven by a DC off-set, VDC, and a sawtooth AC signal, VAC,

from a signal generator (SG, Agilent Technologies 81160A) through an in-house bias-

tee. The VCO output sinusoidal signal V (t) is amplified by a radio frequency amplifier

(RFA, Mini-Circuits ZHL-42W) and then applied to the IM through a high-speed bias-

tee. Finally, the bias of the IM is controlled separately by a DC bias voltage, Vbias, from

a regulated power supply (PS, PowerLine Electronics).

Figure 7.11: Multi-harmonic DTML-SS at 1550 nm. SOA: semiconductor optical am-
plifier, ISO: optical isolator, CIRC: optical circulator, cFBG: chirped fibre Bragg grating,
PC: polarisation controller, IM: fibre intensity modulator, FC: fibre coupler, BOA: booster
amplifier, SG: signal generator, VCO: voltage-controlled oscillator, RFA: RF amplifier,
PS: power supply.

For the lasing characterisation of the swept source, the output light is directed to an

interferometer, whose schematic is depicted in Fig. 7.12. The interferometer consists of
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two couplers with recirculation of the reference arm light to avoid light being directed

back into the optical source, terminated with a balanced photodetector (bPhD, Thorlabs

PDB460C). The signal from the bPhD was observed on an RF spectrum analyser (RFSA,

Agilent E4411B), and an oscilloscope (OSC, Agilent 54622A).

Figure 7.12: OCT setup used for characterization of the swept source in Fig. 7.11. The
recirculation of the reference light is depicted with an arrow. BOA: booster optical ampli-
fier, FC: fibre coupler, L: launcher lens system, M: mirror, bPhD: balanced photodetector,
RFSA: RF spectrum analyser, OSC: oscilloscope.

7.3.2 Results

A positive sawtooth signal with a DC offset of 5V and peak-to-peak amplitude of 10V at

sweep rate of fs
.
= 912 kHz was applied to the VCO. The negative direction of the ramp

function was used, as it was observed that better coherence properties were achieved

in comparison with using a negative positive sawtooth signal. For an anomalous cavity

dispersion of 14.1 ps/nm and detunings δfs < 0, that determines wavelength tuning from

shorter to longer wavelengths (forward sweeping), as given by Eq. (5.14),

∆λmulti = − δfs
TDDcavf 2

cav

ln

(
f0 +∆f/2

f0 −∆f/2

)
. (7.5)

An experimentally recorded RF spectrum of the VCO output signal is displayed in

Fig. 7.13. The spectrum consists of a frequency comb with the spacing given by fs
.
=
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912 kHz and a spectral spread of ∆f
.
= 185MHz, measured as FWHM of the power

spectral density (PSD).

Figure 7.13: Experimentally measured spectral content of the signal applied to the IM
in Fig. 7.11, with parameters ∆f0

.
= 1700MHz, ∆f

.
= 185MHz, and fs

.
= 912 kHz.

Optical peak-hold spectra obtained without the BOA for different values of δfs from

the reference fs
.
= 912 kHz are displayed in Fig. 7.14. To obtain flat optical spectral shapes,

the polarisation state was altered by fine adjustments applied to the PCs in Fig. 7.11.

The right vertical axis in Fig. 7.15 plots tuning bandwidths |∆λmulti| as a function of δfs.

According to the experimental measurements in Fig. 7.15, |∆λmulti| exhibits a linear tuning

sensitivity of S ′
multi

.
= 9nm/kHz, in good agreement with the approximative formula in

Eq. (5.16),

∆λmulti ≈ − ∆f

TDDcavf 2
cavf0

δfs = S ′
multiδfs. (7.6)

The laser output power as a function of δfs without the BOA is plotted on the left vertical

axis of the plot in Fig. 7.15.

By employing the BOA in the swept source in Fig. 7.11, the laser output power

increased to 6.9mW. The A-scan sensitivity roll-off measurements displayed in Fig. 7.16

were obtained using the interferometer in Fig. 7.12. For the tuning bandwidths |∆λmulti|
.
=

15 nm, 20 nm and 25 nm, the roll-offs exhibit decay with one sided 50% sensitivity drop

imaging depth above 1mm. For |∆λmulti|
.
= 28 nm, however, a degradation in coherence

was observed. The degradation can be associated with the decrease of number of round
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Figure 7.14: Peak-hold spectra as a function of the detuning δfs from the reference
fs

.
= 912 kHz.

Figure 7.15: Measurements of the laser output power Pout (without the BOA) and
tuning bandwidths |∆λmulti| of the spectra in Fig. 7.14 as a functiob of the detuning δfs
from the reference fs

.
= 912 kHz.
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Figure 7.16: A-scan sensitivity roll-off measurements for different tuning bandwidths
|∆λmulti|.

trips of photons circulating inside the cavity, the phenomenon described in Sec. 5.4.

The system sensitivity obtained from the interferometer is measured for z coordinate

close to zero, calculated as 20 log(Asignal/Afloor), where Asignal and Afloor represent the A-

scan amplitude and the floor level noise, respectively. The noise level was measured with

the object arm in Fig. 7.12 blocked. A sensitivity of 66 dB without the BOA was obtained.

By adding the BOA, the sensitivity at the same depth increased to 82 dB.

In order to measure the axial resolution, post-processing corrections are necessary

for the chirp in the interference signal, due to the nonlinear sweeping from the source

and unbalanced dispersions in the interferometer arms. For this purpose, the method of

Leader-Follower interferometry was utilised [10]. The axial point spread profiles displayed

in Fig. 7.17 for different tuning bandwidths were produced at z = 1mm. In Tab. 7.2,

the measured axial resolution values δz are compared with the theoretical δztop-hat ≈

0.60λ2/|∆λmulti| values calculated for a top-hat optical spectral shape (see Eq. (2.7)).

The measured resolution values are in good agreement with the theoretical calculations.
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Figure 7.17: Axial point spread profiles at 1mm for different tuning bandwidths
|∆λmulti|. For better display, the profiles are normalized and aligned exactly at z = 1mm.

Table 7.2: Comparison of the measured axial resolution δz values of the profiles in Fig. 7.17
with the theoretical δztop-hat ≈ 0.60λ2/|∆λmulti| values obtained for a top-hat optical
spectral shape (see Eq. (2.7)).

|∆λmulti| [nm] 10 15 20 25
δz [mm] 0.13 0.10 0.08 0.06

δztop-hat [mm] 0.14 0.10 0.07 0.06
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7.3.3 Conclusion

The multi-harmonic operation was demonstrated for a DTML swept source at 1550 nm

using a high-speed intensity modulator and a cFBG. A sweep rate of approximately

900 kHz and a tuning bandwidth of 25 nm were achieved, with the OCT system sensitivity

of 82 dB and improved coherence compared to previous SOA-modulated multi-harmonic

implementations [14, 15]. The coherence degradation observed at large tuning bandwidths

confirms the trade-off between the tuning bandwidth and coherence derived in Subsec. 5.4.

Based on the theoretical findings developed in Chap. 5, improved laser performance is

demonstrated in a multi-harmonic DTML system operating at 1 µm described in Sec. 7.4.
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7.4 A 1 MHz multi-harmonic DTML swept source at

1 µm for OCT

This multi-harmonic DTML swept source is a part of the study [4]. It represents the first

demonstration of this type of laser operating at 1 µm, with a tuning bandwidth of 30 nm

achieved at nearly 1MHz sweep rate. Owing to its coherence and high signal-to-noise

ration reaching 90 dB, OCT images of a finger tip and the retina are captured for the first

time by using the multi-harmonic DTML regime.

7.4.1 Experimental setup

The DTML swept source (DTML-SS) researched is schematically depicted in Fig. 7.18.

Gain in the cavity is provided by a semiconductor optical amplifier (SOA, Innolume SOA-

1060-90-PM-30dB, full bandwidth 90 nm), whilst dispersion is produced by a chirped fibre

Bragg grating (cFBG, Teraxion PSR-1040-200(+21.9-0.046)-0S2-0L, dispersion 22 ps/nm,

bandwidth 200 nm). Mode-locking in the cavity is achieved by employing an intensity

modulator (IM, Optilab IMP-1064-20-PM, electronic bandwidth 20GHz, optical band-

width 60 nm). Through an optical circulator (CIRC, OZ Optics FOC-12P-111-6/125-

PPP-1060-50-3A3A3A-1-1-WB, bandwidth 100 nm), the light is directed to the cFBG,

and 20% of the power is coupled out through its transmission end. A 100m fibre delay

is inserted between the CIRC and the cFBG, providing an additional 200m to the cavity

length. After transmission through an isolator (ISO, AFW ISOS-64-B-1-2), the output

light is amplified through a booster amplifier (BOA, Innolume BOA-1060-80-HI-120mW,

bandwidth 80 nm). The fundamental frequency of the cavity is evaluated to be 944 kHz,

corresponding to a total cavity round trip length of 217m, and the cavity dispersion is

estimated to be 14.3 ps/nm using the evaluation technique described in Sec. 7.1.

A schematic diagram of the signal generator driving the IM is depicted in Fig. 7.18

in the green dashed box. A voltage-controlled oscillator (VCO, Mini-Circuits ROS-3000-

819+) is driven by DC voltage (VDC) from a regulated power supply (PS) and AC voltage

(VAC(t)) from a signal generator (SG, Agilent Technologies 81160A). The VCO produces
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a sinusoidal wave signal V (t) with a frequency f(t) proportional to VDC and VAC(t),

f(t) = ηVCO[VDC + VAC(t)], (7.7)

where ηVCO is the Hz/V tuning sensitivity. A VCO instead of a professional signal gener-

ator is employed here for its large RF bandwidth that it can provide (units of GHz). Such

a large RF bandwidth is necessary for the multi-harmonic DTML, where many mode-

locking harmonic orders are engaged. In addition, VCOs are generally of significantly

lower cost and more compact size than professional signal generators. As a trade-off,

due to the large ratio between its bandwidth and central frequency, the VCO tuning sen-

sitivity ηVCO = ηVCO(VDC, VAC(t)) may not be precisely constant over a large range of

input voltages. The VCO signal is then directed to a pulse generator (PG, AlnairLabs

EPG-210M-0050-S-P-N-N), which generates a short pulse of 50 ps width per each period

of the input sinusoidal signal. This means that the pulse repetition frequency f is that

of the instantaneous input sinusoidal signal provided by the VCO. The pulses are then

amplified up to 5V peak-to-peak amplitude with a negligible distortion through a pair of

cascaded RF amplifiers (RFA, Mini-Circuits ZVA-01243+, 1-22GHz, 22 dBm, and Xmi-

crowave XM-A3E6-0804C-01, DC-20GHz, 25 dBm) and applied to the IM. Finally, the

bias of the IM is controlled separately by a DC voltage (Vbias) from a second output of

the PS.
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Figure 7.18: Multi-harmonic DTML-SS at 1 µm. SOA: semiconductor optical amplifier,
CIRC: circulator, PC: polarization controller, SMF: single mode fibre, cFBG: chirped fibre
Bragg grating, ISO: isolator, BOA: booster amplifier, IM: intensity modulator, PMF:
polarization maintaining fibre, PS: power supply, SG: signal generator, VCO: voltage-
controlled oscillator, PG: pulse generator, RFA: RF amplifier, VDC: DC voltage, VAC(t):
AC voltage, Vbias: IM bias voltage.
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The experimental OCT setup driven by the multi-harmonic DTML-SS is displayed

in Fig. 7.19. The interferometer comprises two couplers, with a recirculation path in the

reference arm to prevent the light being directed back into the swept source. In the object

arm, 20% of the coupled light is deflected by a system of two galvanometer scanning

mirrors. The interferometer is terminated on a balanced photodetector block (bPhD,

Thorlabs PDB481C-AC). A 12-bit waveform digitizer board samples the photodetected

signal at a rate of 4GS/s (AlazarTech ATS9373). Using the Leader-Follower (CLF)

interferometry method [10, 16, 17], A-scan and B-scan OCT images are obtained.

Figure 7.19: OCT setup. FC: fibre coupler, L: lens, M: mirror, bPhD: balanced pho-
todetector block, HPF: high pass filter.

7.4.2 Results

The multi-harmonic DTML-SS in Fig. 7.18 was employed in the OCT setup in Fig. 7.19.

The VCO modulation signal spectral content used for mode-locking of the laser is dis-

played in Fig. 7.20. The modulation frequency f was swept approximately linearly using

a negative saw-tooth wave shape of VAC(t) at a sweep rate of fs ≈ fcav
.
= 0.944MHz

over a ∆f
.
= 740MHz frequency range, and centered around the offset frequency of

f0
.
= 2000MHz. The spectrum contains approximately ∆f/fs

.
= 780 frequency compo-

nents. Any noise on the input of the VCO is translated into jittering in the modulation
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frequency, therefore a low pass filter was employed, which however also reduced the max-

imum voltage that could be applied from the SG to the VCO in Fig. 7.18.

Figure 7.20: Large span (top) and small span (bottom) of the VCO modulation signal
spectral content applied to the IM in Fig. 7.18, with parameters f0

.
= 2000MHz, ∆f

.
=

740MHz, and fs
.
= 0.944MHz.

An average stationary regime linewidth δλstat
.
= 0.11 nm was measured on the optical

spectrum analyser. By substituting the measured parameters Psat
.
= 31mW, ∆λSOA

.
=

60 nm, PASE
.
= 2.75mW, GSOA

.
= 1000 (for the SOA injection current of 220mA), and

ρcav
.
= 0.995 into Eq. (4.16),

Rsat ≈
log

(
Psat∆λSOA

δλstatPASE

)
log[GSOA(1− ρcav)]

, (7.8)

Rsat
.
= 5.7 was calculated. Fig. 7.21 displays a theoretical calculation of bandwidths
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∆λmulti,sat, ∆λmulti,one, and ∆λmulti,n-d using Eq. (5.19), Eq. (5.20), and Eq. (5.17),

∆λmulti,sat ≈
[

δλstat

Rsat|TDDcav|fcav

∣∣∣∣ln(f0 +∆f/2

f0 −∆f/2

)∣∣∣∣]1/2 , (7.9)

∆λmulti,one ≈
[

δλstat

|TDDcav|fcav

∣∣∣∣ln(f0 +∆f/2

f0 −∆f/2

)∣∣∣∣]1/2 , (7.10)

∆λmulti,n-d =
1

|TDDcav|(f0 +∆f/2)
, (7.11)

respectively, as a function of ∆f , with specific values of ∆λmulti,sat
.
= 23 nm, ∆λmulti,one

.
=

55 nm, and ∆λmulti,n-d
.
= 30 nm at ∆f = 740MHz. For a moment, let us suppose that

the the single-harmonic DTML was employed with a shortest cavity length of 1.542m

reported [18]. In this case, substituting fs = 0.944MHz, δλstat = 0.11 nm, and Rsat
.
= 5.7

in Eq. (4.17) and Eq. (4.19),

∆λsingle,sat ≈
δλstatfcav
Rsatfs

, ∆λsingle,one ≈
δλstatfcav

fs
, (7.12)

limited bandwidths of ∆λsingle,sat
.
= 3nm (compare with ∆λmulti,sat

.
= 23 nm) and ∆λsingle,one

.
=

15 nm (compare with ∆λmulti,one
.
= 55 nm) would be possible only.

Figure 7.21: Theoretical calculation of the tuning bandwidth limits ∆λmulti,sat,
∆λmulti,one, and ∆λmulti,n-d using Eq. (7.9), Eq. (7.10), and Eq. (7.11), respectively, as
a function of ∆f .
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Fig. 7.22 shows peak-hold spectra of the laser under various detuning frequencies

δfs (without the BOA). The measured tuning bandwidths |∆λmulti| of the spectra in

Fig. 7.23 increases linearly with |δfs|, exhibiting a measured tuning sensitivity of S ′
multi

.
=

27.5 nm/kHz, in good agreement with the prediction given by Eq. (5.14),

∆λmulti = − δfs
TDDcavf 2

cav

ln

(
f0 +∆f/2

f0 −∆f/2

)
= S ′

multiδfs. (7.13)

Two types of drift were observed in the spectra in Fig. 7.22 during extended measure-

ments. The first was a drift in the central wavelength λ0, caused by a gradual shift in

the central modulation frequency f0. Since the system uses a VCO with a high tun-

ing sensitivity ηVCO, even small shifts in the DC voltage VDC in Eq. (7.7) can lead to

noticeable shift in the modulation frequency over time. To compensate for the drift in

the central wavelength automatically, a feedback control scheme similar to that described

in [19] could be implemented in future multi-harmonic DTML systems. The second type

of drift originates from a shift in the bias point of the intensity modulator [20], which

affects modulation depth and symmetry. This drift can be suppressed by employing an

automatic bias control circuit. Both types of drift were observed to occur on a time scale

of half an hour to units of hours. While no significant polarisation state drift was ob-

served at least over several weeks of operation, dependence of the central wavelength and

spectral modulation in the lasing spectra was observed by manually changing the polari-

sation state in the cavity using the PC in Fig. 7.18. This dependence could be eliminated

by assembling an all polarisation-maintaining (PM) architecture including a PM-based

cFBG, while preserving the theoretical framework of multi-harmonic operation developed

in Chap. 5.

To evaluate coherence properties of the swept source, a mirror M was used as a sample

in the setup depicted in Fig. 7.19. The interference signal resulting from interference

using at the reference arm displacement z = 0.25mm is shown in Fig. 7.24 over one

period Ts. This demonstrates that the multi-harmonic DTML-SS provides a continuous

and monotonic wavelength tuning, despite involving many tuning bands in Fig. 5.6. The

interference signal also exhibits a chirp requiring signal post-processing. To account for
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Figure 7.22: Peak-hold optical spectra for various δfs in Eq. (7.13). The measured
tuning bandwidths as a function of δfs are plotted in Fig. 7.23.

Figure 7.23: Measured tuning bandwidths |∆λmulti| of the spectra in Fig. 7.22 and the
theoretical prediction according to Eq. (5.14) as a function of δfs.
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the chirp and produce A-scans, the method of Complex Leader-Follower interferometry

(CLF) [10, 16, 17] is employed. Three sensitivity roll-off measurements for three different

tuning bandwidths |∆λmulti| as a function of z are displayed in Fig. 7.25. The measured

DTML-SS output powers without the BOA, Pout, output powers after the BOA, PBOA,

and 50% sensitivity drop imaging depths, ∆z6dB, are listed in Tab. 7.3. In agreement with

estimated ∆λmulti,sat
.
= 23 nm, the powers and coherence properties for |∆λmulti|

.
= 9nm

and 19 nm are comparable with the stationary regime |∆λmulti|
.
= 0nm. For |∆λmulti|

.
=

30 nm, however, a more significant reduction in coherence is observed. For this tuning

bandwidth, a sensitivity between 85-90 dB and an axial resolution of 22 µmwere measured,

which is in close agreement with the theoretical prediction ≈ 0.6λ2/∆λ
.
= 23 µm for a

top-hat optical spectral shape (see Eq. (2.7)).

Figure 7.24: Photodetected signal showing the interference signal for a mirror M used
as the sample in Fig. 7.19 at the reference arm displacement z = 0.25mm, obtained with
a tuning bandwidth of |∆λmulti|

.
= 30 nm.
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Figure 7.25: Point spread functions roll-off measurements for three different tuning
bandwidths |∆λmulti|.

Using the setup in Fig. 7.19, with the swept source adjusted to a tuning bandwidth

of 30 nm, B-scan OCT images of sweat ducts in a finger and the retina of a volunteer

were captured in Fig. 7.26. The images were taken with an average tissue surface incident

power of 0.78mW, below the American National Standards Institute (ANSI) limit of

1.925mW at 1m [18].
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Table 7.3: Measured output powers Pout and PBOA and 50% sensitivity drop imaging
depths ∆z6dB for three different tuning bandwidths |∆λmulti|. The imaging depth for
|∆λmulti| = 0nm was estimated using the single sided imaging depth expression ∆z6dB ≈
0.22λ2/δλstat (see Eq. (2.13)).

|∆λmulti| [nm] Pout [mW] PBOA [mW] ∆z6dB [mm]
0 1.1 5.7 2.3
9 1.1 5.5 2
19 1 4.9 1.8
30 0.8 4.3 0.9

Figure 7.26: B-scans captured with the setup in Fig. 7.19. Top: A finger tip. Bottom:
Retina.
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7.4.3 Conclusion

The first multi-harmonic DTML swept source at 1 µm for OCT is demonstrated, exhibiting

tuning over 30 nm bandwidth at nearly 1MHz sweep rate. A 1mm imaging depth is

achieved and a sensitivity of up to 90 dB is measured at a small z value. The first OCT

images of a finger tip and the retina are captured employing a multi-harmonic DTML-

SS. The apparent course for future research is to achieve wider tuning bandwidths while

preserving the coherence properties of the laser. To this end, the following optimisation

steps are proposed to improve the multi-harmonic DTML performance:

• Applying narrower modulation windows below 50 ps to achieve stronger ASE sup-

pression, potentially improving the signal-to-noise ratio and coherence performance

of the laser, as demonstrated in Subsec. 6.4.2.

• Employing a wider electrical bandwidth VCO or a scheme of grouping several VCOs,

which could enlarge both ∆λmulti,sat and ∆λmulti,one (see Fig. 7.21).

• Tolerating the dual-wavelength operation by employing CLF with stored chan-

nelled spectra, thereby removing the non-dual wavelength tuning bandwidth limit

∆λmulti,n-d as given by Eq. (7.11).

• Assembling an all polarisation-maintaining (PM) architecture by identifying a man-

ufacturer of PM-based cFBGs, which would eliminate the dependence of the central

wavelength and the spectral modulation on the polarisation state inside the cavity.

• Splicing fibre components together to reduce losses inside the cavity and lower Rsat

as given by Eq. (7.8), and thereby extending ∆λmulti,sat in accordance with Eq. (7.9).

The multi-harmonic DTML laser emerges as a promising fully akinetic, simple in design,

low cost solution for megahertz SS-OCT applications.
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Chapter 8

Conclusion

Over the years, several types of swept sources for use in SS-OCT have been reported,

ranging from mechanical-based configurations, such are grating-based, MEMS-VCSELs,

or FDML, to exploiting akinetic principles, such are acousto-optics, all-seminconductor

designs, time-stretching, or SPML (see Chap. 3). The first tunable laser exploiting a

fibre cavity with large dispersion was reported already in 1998, and a rapidly swept

source using DTML was demonstrated for the first time in 2006. This thesis focused

on description of underlying physical principles of DTML swept lasers and reviewed the

historical development of this type of laser. It presented a rigorous theoretical model for

a novel multi-harmonic DTML regime and reviewed trends in mathematical modelling

of DTML lasers. Finally, several DTML swept sources architectures were designed and

experimentally evaluated.

Starting with a brief description of the dispersion properties of fibre laser cavities,

Chap. 4 explained the principle of tuning of standard single-harmonic DTML lasers and

rigorously derived the expression for the tuning bandwidth of this type of laser. It was

shown that the emission wavelength as a function of the modulation frequency forms

tuning bands, each band corresponding to a harmonic order of mode-locking. The chapter

then adopted a spectral filtering approach, introducing the saturation and one round trip

operations and showing trade-offs between the achievable tuning bandwidth and coherence

performance. In the last part of the chapter, the historical development of DTML swept

lasers was reviewed, categorising the lasers chronologically into three generations. The
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1st generation lasers consisted of long cavities with fibre-based dispersion, limiting the

achievable sweep rates to a few kHz. The second generation introduced cFBGs as the

dispersive element, reducing the cavity length, enabling anomalous dispersion across all

wavelengths, and increasing sweep rates up to tens or hundreds of kHz. The 3rd generation

designs replaced direct modulation of the gain medium with a fast external intensity

modulator, enhancing the stability and coherence of mode-locking. The chapter concludes

by identifying key parameters for optimising DTML performance, including short cavity

lengths, anomalous dispersion, and narrow modulation windows.

Chap. 5 comprehensively described the advance from the single-harmonic to multi-

harmonic DTML regime. To this goal, the many sweep cycles mathematical framework

was developed, simplifying the description of the relationship between the spectral con-

tent of the modulation signal and the optical spectrum of the laser. Two key conditions

for the multi-harmonic regime were identified: (i), the sweep rate must be close to the

fundamental frequency of the cavity, and (ii), the modulation frequency range must be

broad enough to span multiple tuning bands (i.e., harmonic orders). Within the many

sweep cycles framework, it was shown that if the sweep rate exactly matches the fun-

damental frequency of a specific wavelength, a single, stationary emission at this wave-

length is observed. In contrast, detuning the sweep rate from this fundamental frequency

results in wavelength tuning, with a bandwidth proportional to the detuning. This lin-

ear dependency was also rigorously derived. Adopting the spectral filtering approach,

the chapter also derived the saturation and one round trip operation bandwidth lim-

its, revealing trade-offs between the tuning bandwidth and coherence performance in the

multi-harmonic DTML regime. In the last part, the chapter compared multi-harmonic

DTML to both single-harmonic DTML and the well established FDML technique. A key

similarity with FDML is that, since the sweep rate is close to the fundamental frequency

of the cavity in both cases, the whole wavelength bandwidth is stored inside the cavity

at any time, unlike in the single-harmonic DTML, where only a small portion of the

bandwidth is stored. Some advantages, such as a low complexity and much lower cost,

and limitations, such as a limited photon number of round trips, of the multi-harmonic

DTML over FDML were identified.
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Chap. 6 reviewed trends in mathematical modelling of DTML lasers, extended with

original contributions. The chapter began with a traditional average model based on the

generalised nonlinear Schrödinger equation to describe cavity dynamics, while also high-

lighting its limitations for accurately modelling DTML lasers. A more accurate discrete

approach to modelling lasers was then presented, in which an individual transfer func-

tion for each element appearing in a DTML cavity was derived, detailing also its effects

on pulse propagation. These elements include loss, dispersion, fibre delay, SOA amplifi-

cation, amplitude modulation, and a newly added phase noise term, representing a key

extension to accurately simulate realistic DTML lasers. Utilising this discrete framework,

a representative DTML cavity was modelled to examine two key performance parameters:

the amount of cavity dispersion and the modulation window width. In agreement with

prior modelling studies, it was confirmed that anomalous dispersions produce narrower

linewidths than normal dispersions, due to the interplay between dispersion and nonlin-

ear effects in the cavity. In the investigation of the modulation window width effect, it

was observed that the lasing reaches its stabilised state after fewer number of round trips

for narrower windows. Finally, for the first time, it was numerically demonstrated that

narrower windows moderate the linewidth broadening in realistic DTML cavities with

presence of phase noise, a result consistent with the experimental observations reported

in the previous DTML studies. These findings assist in design and optimisation of DTML

swept sources.

In the last experimentally focused Chap. 7, an approximative cavity dispersion assess-

ment method was proposed and three DTML swept sources architectures were presented

and experimentally evaluated. Sec. 7.1 provides a simple yet effective method for an ap-

proximative cavity dispersion assessment in a DTML laser cavity without the need for

additional components required for DTML itself. The method exploits the linear de-

pendence between the shift in the emission wavelength and change in the modulation

frequency derived in Chap. 2. The method was validated using spools of a SMF-28e fibre,

yielding results consistent with values found in the literature. After the validation, cavity

dispersions were evaluated for two different cFBGs with unknown dispersions inserted in

a DTML cavity. This approximative method was then used for dispersion assessment in
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the DTML lasers presented throughout Chap. 7.

In Sec. 7.2, a (single-harmonic) DTML swept source operating at 850 nm was demon-

strated, combining a cFBG and pulse modulation technique. This implementation was

enabled by recent advances in high-speed modulator technology and the availability of

cFBGs at this wavelength. Unlike previous DTML designs at 850 nm, which relied on

direct SOA modulation or long dispersive fibre, the presented laser achieved improved

coherence and higher sweep rates. The source demonstrated stable tuning over a 35 nm

bandwidth at 10 kHz, with an imaging depth of approximately 1mm, well suited for in-

tegration into FFSS-OCT systems, offering a compact, high-speed alternative to current

commercial sources limited to 2 kHz sweep rates.

Sec. 7.3 presented a high speed akinetic swept source operating at 1550 nm using

the multi-harmonic DTML regime, achieving a sweep rate of approximately 900 kHz.

The design employed a high-speed external intensity modulator in combination with a

cFBG, enabling MHz range operation with improved coherence and enhanced stability

compared to previous multi-harmonic DTML implementations that relied solely on an

SOA direct modulation and long fibre as the dispersive element. This design achieved

a tuning bandwidth of 25 nm with an imaging depth exceeding 1mm. The observed

coherence degradation at larger tuning bandwidths experimentally confirms the trade-off

between bandwidth and coherence predicted in Chap. 5.

Chap. 7 finished with Sec. 7.4, presenting a 1MHz multi-harmonic DTML swept source

operating at 1 µm. This swept source represents the culmination of the knowledge and op-

timisation practises accumulated over the years of research on the multi-harmonic DTML

regime. Notably, it very accurately experimentally validated the tuning bandwidth pre-

dictions and bandwidth limits theoretically derived in Chap. 5. Owing to its coherence

and high signal-to-noise performance of the source, the first OCT images of a finger tip

and the retina were captured using a multi-harmonic DTML swept source. The section

concluded with optimisation steps to improve the multi-harmonic DTML operation, which

are here repeated for their key importance in the future research of this novel sweeping

regime:

• Applying narrower modulation windows to achieve stronger ASE suppression, po-
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tentially improving the signal-to-noise ratio and coherence performance of the laser,

as demonstrated in Subsec. 6.4.2.

• Employing a wider electrical bandwidth VCO or a scheme of grouping several VCOs,

which could enlarge both ∆λmulti,sat and ∆λmulti,one (see Fig. 7.21).

• Tolerating the dual-wavelength operation by employing CLF with stored chan-

nelled spectra, thereby removing the non-dual wavelength tuning bandwidth limit

∆λmulti,n-d as given by Eq. (5.17).

• Assembling an all polarisation maintaining (PM) architecture by identifying a man-

ufacturer of PM-based cFBGs, which would eliminate the dependence of the central

wavelength and the spectral modulation on the polarisation state inside the cavity.

• Splicing fibre components together to reduce losses inside the cavity and lowerRsat as

given by Eq. (4.16), and thereby extending ∆λmulti,sat in accordance with Eq. (5.19).

Because for its key ability of mode-locking at different harmonic orders simultaneously

by using a single modulation element, another possible future direction of research for

the multi-harmonic DTML beyond swept source OCT is the feasibility and potential

application as a source of electro-optic combs [1, 2].

Due to its distinctive ability to support simultaneous mode-locking at multiple har-

monic orders using a single modulation element, multi-harmonic DTML offers potential

for applications beyond swept-source OCT. One particularly promising direction is its

possible use as a source of electro-optic frequency combs [1, 2]. In this context, the multi-

harmonic operation could enable generation of combs with adjustable comb number, po-

tentially extending the capabilities of existing electro-optic comb architectures. However,

further research is required to assess the feasibility, spectral purity and long-term stability

of such sources.

While DTML lasers do not achieve the imaging depths of FDML lasers or the tens

of megahertz sweep rates obtainable with time-stretching and SPML lasers, they offer

compelling advantages in terms of design simplicity, ease of operation, and a high stabil-

ity considering their relatively low cost. Without any modifications to a standard DTML
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cavity, a generalised multi-harmonic megahertz DTML regime was discovered and its prin-

ciple of tuning and trade-offs between the tuning bandwidth and coherence performance

have been rigorously described in this work. Given these findings, the multi-harmonic

DTML laser is now a promising fully akinetic, simple in design, low cost solution for

megahertz SS-OCT applications.
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Appendix B

Mathematical modelling code in

MATLAB

1 %loss transfer function (Eq. (6.11) and Eq. (6.12))

2 function A_out = loss(A_in , l)

3 %l: linear insertion loss

4 %l = 1 - R_cFBG for a cFBG with a reflectivy R_cFBG

5 A_out = sqrt(1 - l) * A_in;

6 end

1 %dispersion transfer function (Eq. (6.15))

2 function A_out = dispersion(A_in , T, GDD)

3 %T: time grid

4 %GDD: group delay dispersion

5 n = length(T);

6 d_T = T(2)-T(1);

7 tau = n*d_T;

8 Omega = 2*pi*( -1/(2* d_T) : 1/(tau) : 1/(2* d_T) -1/(tau)); %

frequency grid

9 A_out = ifftshift(ifft(fftshift(exp(1i*(Omega).^2* GDD /2).*

fftshift(fft(fftshift(A_in))))));
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10 end

1 %fibre delay transfer function (Eq. (6.17))

2 function A_out = fibre(A_in , T, L_f , GVD_f , rho_f , gamma_f)

3 %T: time grid

4 %L_f: fibre length

5 %GVD_f: fibre group velocity dispersion

6 %rho_f: fibre attenuation

7 %gamma_f: fibre nonlinear coefficient

8 n = length(T);

9 d_T = T(2)-T(1);

10 tau = n*d_T;

11 A_in_max = max(abs(A_in));

12 Omega = 2*pi*( -1/(2* d_T):1/( tau):1/(2* d_T) -1/(tau)); %

frequency grid

13 phi_lin = Omega .^2* GVD_f*L_f/2; %linear phase delay

14 phi_nl = gamma_f *(1 - exp(-rho_f*L_f/2))/rho_f*abs(A_in).^2;

%nonlinear phase delay

15 A_out = exp(-rho_f*L_f /2).* ifftshift(ifft(ifftshift(exp(1i*

phi_lin).* fftshift(fft(fftshift(A_in.*exp(1i*phi_nl)))))))

;

16 end

1 %SOA transfer function (Eq. (6.21) and Eq. (6.22))

2 function A_out = soa(A_in , T, g_small , E_sat , alpha , tau_c);

3 %T: time grid

4 %g_small: small signal gain

5 %E_sat: saturation energy

6 %alpha: linewidth enhancement factor

7 %tau_c: carrier lifetime (= effective gain recovery time in

the simulations)
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8 g_small_log = log(small_gain); %logarithmic small gain

9 I_in = abs(A_in).^2/ E_sat; %normalised intensity

10 g = zeros(1, length(T)); %gain

11 d_T = T(2) - T(1);

12 T_shift = T - T(1);

13 %Runge Kutta method for g

14 f = @(T_shift , g, I_in) (g_small_log - g)/tau_c - I_in(floor(

T_shift/d_T) + 1)(exp(g) - 1);

15 for i = 1 : length(T_shift) - 1

16 k_1 = d_T*f(T_shift(i), g(i), I_in);

17 k_2 = d_T*f(T_shift(i) + d_T/2 , g(i) + k_1/2, I_in);

18 k_3 = d_T*f(T_shift(i) + d_T/2, g(i) + k_2/2, I_in);

19 k_4 = d_T*f(T_shift(i) + d_T , g(i) + k_3 , I_in);

20 g(i + 1) = g(i) + (1/6)*(k_1 + 2*k_2 + 2*k_3 + k_4);

21 end

22 A_out = A_in.*exp(g/2).*exp(-1i*g*alpha /2);

23 end

1 %modulation transfer function (Eq. (6.26))

2 function A_out = modulation(A_in , T, tau_m);

3 %T: time grid

4 %tau_m: modulation window width

5 A_out = exp(-2*log(2)/(tau_m)^2*T.^2).*A_in;

6 end

1 %phase noise transfer function (Eq. (6.29))

2 function A_out = phase_noise(A_in , sigma_noise);

3 %sigma_noise: phase noise variance

4 phi_noise = randn ([1, length(A_in)])*sigma_noise;

5 A_out = exp(1i * phi_noise).*A_in;

6 end
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1 %round trip transfer function example (Eq. (6.30))

2 %N: number of round trips

3 for i = 1 : N

4 A = loss(A, l_CIRC);

5 A = dispersion(A, T, GDD_cFBG);

6 A = loss(A, l_cFBG);

7 A = loss(A, l_CIRC);

8 A = modulation(A, T, tau_m);

9 A = loss(A, l_IM);

10 A = soa(A, T, g_small , E_sat , alpha , tau_c);

11 A = phase_noise(A, sigma_noise);

12 end
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