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ABSTRACT 

Optical coherence tomography (OCT) proposed by D. Huang in 1991 finds 

applications in various scenes and ignites the passion of numerous researchers to work 

on OCT. Compared with time domain OCT (TD-OCT) which is hampered by the slow 

mechanical movement of the reference mirror and the spectral domain OCT (SD-OCT) 

which is limited by resolution and the low acquisition rate of the spectrometer, swept 

source OCT (SS-OCT) could provide much higher axial scan (A-scan) rate and is the 

most promising OCT technique in development to realize the volumetric imaging at 

video rate. The core technology of SS-OCT system is the swept laser source, sweep 

rate, sweep range and instantaneous linewidth of which directly determine the SS-OCT 

imaging performance. In this thesis, I focus on two high performance swept sources, 

which are discrete Fourier domain mode locked (FDML) laser and swept laser based 

on time stretching of the pulses from a mode locked fiber laser in dispersive modules, 

and their applications in SS-OCT imaging systems. 

In conventional FDML laser cavities, the fiber dispersion and nonlinearity of the 

semiconductor optical amplifier (SOA) jointly induce high frequency fluctuations and 

limit the coherence length to a few millimeters only. The discretization of the swept 

signal by an intracavity Fabry-Pérot (F-P) comb filter is proven as an effective method 

to improve the coherence length. However, it is challenging to reduce the linewidth of 

bulky fused silica F-P comb filter to sub-GHz level for further improvement of the 

performance of such frequency comb swept laser. Compared with F-P comb filter, 
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whispering gallery mode (WGM) based high quality (Q) microring filters could 

provide much higher finesse and narrower linewidth. In this thesis, we demonstrate a 

highly coherent discrete FDML laser by adopting a microring comb filter with a Q 

factor of >106, which greatly narrows the instantaneous linewidth of the swept signal 

and extends the imaging range of SS-OCT to 53 mm and 100 mm with 6 dB and 10 dB 

sensitivity roll off, respectively. 

However, using comb filters to realize discrete FDML lasers lacks the flexibility to 

vary the free spectral range (FSR) and linewidth. To improve the flexibility of signal 

manipulation in discrete FDML lasers, we propose and demonstrate a novel discrete 

FDML laser by time domain modulation using an optical modulator, which can be 

easily reconfigured with variable driving pulse trains. Discrete swept signals with 

pulses uniformly distributed in the time domain and the frequency domain are 

respectively demonstrated with different parameters and features when they are applied 

in the SS-OCT system. In the study of discrete FDML laser with time domain 

modulation, we find that the flexibility is not limited to varying the swept signal in a 

single sweep. We propose and demonstrate another configuration of FDML laser with 

grouped mode hopping modulation to discretize the swept signals in three adjacent 

sweep periods by different modulations to effectively increase the density of the 

spectral comb lines. The demonstration shows that one can either use the swept signals 

with a high sweep rate or combine the adjacent three sweeps to obtain a spectrally 

dense swept signal. 

Time stretching of broadband ultrashort pulses generated by mode locked lasers could 

generate swept signals with tens of megahertz sweep rate because of the inertia free 
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configuration. In a time stretching setup, a highly dispersive element is adopted to 

sequentially distribute the different spectral components of a broadband ultrashort 

pulse to different temporal positions to obtain a swept signal. The performance of such 

time stretched swept signals depends dominantly on the generation of the ultrashort 

pulse train with a high repetition rate and a highly coherent broadband spectrum. In 

this thesis, we demonstrate an ultrahigh speed time stretched swept source with a sweep 

range of more than 100 nm and a 100 MHz sweep rate. To the best of our knowledge, 

this is the first demonstration of a swept laser source for OCT with simultaneously a 

100 MHz sweep rate and a >100 nm sweep range. By using the SS-OCT based on the 

100 MHz swept source, we imaged an encoding disk and a hard disk rotating at ~17,000 

rpm. Because of the ultralong coherence length of the swept signal, the imaging range 

of the SS-OCT depends only on the total dispersion used in the time stretching and the 

bandwidth of the detection subsystem. By incorporating an optical modulator and 

utilizing appropriate dispersive modules, a reconfigurable swept source is implemented. 

We demonstrate three different repetition rates of 100 MHz, 25 MHz and 2.5 MHz. 

Chirped fiber Bragg grating (CFBG) and dispersion compensation fiber (DCF) are 

respectively used as the dispersion elements in experiments. The sensitivity roll off 

length of the SS-OCT with a 2.5 MHz sweep rate is extended to 111 mm by using a 

DCF with a total nominal dispersion of ‒3,306 ps/nm. This is also the first time that 

the imaging range of an MHz SS-OCT is extended to >100 mm. We then demonstrate 

a 400 MHz swept source by using the buffering technique and then applied in OCT 

imaging. The ultrahigh speed OCT will enable the application of 3-D imaging of 

ultrafast motion or reactions with ultrashort temporal duration. The enhancement in the 
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performance of SS-OCT will extend the use of SS-OCT into industrial applications 

besides the applications such as endoscopic OCT imaging of large scale lumen. 
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Statement of Originality 

The following contributions reported in this thesis are claimed to be original. 

1. I propose and demonstrate a highly coherent frequency comb swept laser by using 

a high-quality micro-ring comb filter to discretize a Fourier domain mode-locked 

laser for the OCT system, which has a 6-, 10- and 15-dB sensitivity roll off length 

of ~49, ~70 and over 100 mm, respectively. 

2. I propose and successfully demonstrate reconfigurable discrete Fourier domain 

mode locked lasers by utilizing variable pulses to drive the modulator in the time 

domain. 

3. A spectrally densified discrete Fourier domain harmonically mode locked fiber 

laser with a novel scheme of mode hopping modulation by consecutively driving 

the modulator with three groups of pulse trains is proposed and demonstrated. 

4. I demonstrate an ultrafast SS-OCT with an A-scan rate of 100 MHz based on a 

swept source by time stretching of a broadband femtosecond fiber laser with more 

than 100 nm. A tomographic image of an encoding disk and a hard disk rotating at 

17,000 rpm is captured by this SS-OCT system. 

5. A reconfigurable swept source with swept rates of 100 MHz, 25 and 2.5 MHz are 

demonstrated for OCT by time stretching of a broadband femtosecond pulse train 

in CFBG and DCF. It is the first time that ultrafast swept sources for megahertz 

OCT with 100 MHz swept rate and with >100 mm imaging depth are demonstrated. 
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6. Buffered 400 MHz swept laser by time stretching technique for the OCT system is 

also proposed, which to the best of our knowledge is the highest sweep rate as 

reported. 
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Chapter 1  

Introduction 

 

 

In this Chapter, the overview including the history, classification and key parameters 

of optical coherence tomography (OCT) will be given. Then we will focus on the 

introduction of wavelength swept laser sources, which are the core components for 

OCT systems, including conventional wavelength swept laser, dispersion-tuned 

wavelength swept laser, wavelength swept laser with frequency shifted feedback, 

Fourier domain mode locked laser and swept sources based on time stretching 

technique. Finally, the research objectives and outlines of the thesis are given. 
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1.1 Overview of optical coherence tomography (OCT) 

The fast development of biomedical instruments has greatly simplified the process and 

enhanced the accuracy of diagnostics in clinics. X-ray, ultrasonic detectors and 

computed tomography have significantly enabled the in vivo imaging of the inner parts 

of the organs inside human bodies, which are already standard diagnostic procedures 

in most hospitals nowadays [1–3]. Unfortunately, such modern instruments cannot be 

used in the ophthalmic clinics to diagnose the disease of eyes since their resolutions 

are limited to millimeter level, which is too coarse for imaging the eyes, especially the 

retina, the most advanced detector of the human body with a thickness of about 1 

millimeter. The invention of optical coherence tomography (OCT) in the 90’s of the 

20th century eventually filled this void in the medical imaging technology [4]. OCT 

was commercialized in only a few years and became a powerful diagnostic tool for 

diseases not only in eyes but also in cardiovascular and derma [5–10]. In the subsequent 

section, we will briefly introduce the history, classification and key parameters of OCT. 

1.1.1 History and classification of OCT 

OCT is a powerful technique for in-vivo, non-invasive and high-resolution cross-

sectional imaging of biological tissue, which was first demonstrated by D. Huang et al. 

in 1991 [4] and has been widely applied in biological imaging of retina, cardiovascular, 

tissue and so on [6–8,11–14]. The development of OCT technology has undergone 

three generations of innovation as shown in Fig. 1-1 [15], which includes time domain 

OCT (TD-OCT), spectral domain OCT (SD-OCT) and swept source OCT (SS-

OCT)  [6–8,15–19], where SD-OCT and SS-OCT are also referred as frequency 

domain OCT (FD-OCT). 
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Fig. 1-1. Three implementations of OCT: Time domain OCT (TD-OCT), spectral domain OCT (SD-

OCT) and swept source OCT (SS-OCT)(Adapted from Ref.  [15] ). 

Although the optical sources, detection and data processing schemes are 

significantly different in the three generations of OCT, the main structures of them are 

similar and based on the Michelson interferometer. In an OCT system, the optical 

source signal is divided into two beams by a beam splitter. The optical signals in the 

two beams are reflected by a reference mirror and the sample under test, respectively. 

The reflected lights will be combined by the beam splitter again and then be detected 

and processed to obtain the axial distribution of the reflectance of the sample. 

In the first-generation OCT, i.e. TD-OCT as shown in Fig. 1-1(a), the light from 

a low coherence source, which is usually a superluminescent diode (SLD), is injected 

into the interferometer with a scanning reference mirror and the combined light is 

detected by a photodetector (PD). Because of the short coherence length of the light 

source, the two light beams are combined incoherently unless the path lengths of the 

reference arm and the sample arm are exactly same. Once the path lengths of the two 

arms are identical, the lights will be coherently and constructively combined thus the 

intensity will be greatly increased to form a narrow pulse on the waveform generated 



4 
 

by the PD along with the scanning of the reference mirror. Thus, by scanning the 

reference mirror in a full detection range, the positions and reflectivity of the reflective 

interfaces can be found out by marking the positions and intensities of the pulses 

appeared on the waveform generated by the PD, which is also referred as an A-scan. 

In TD-OCT, the axial resolution of imaging is determined by the coherence length of 

the source, which is typically 5-10 m when an SLD with ~100 nm spectral bandwidth 

at ~1 m emitting wavelength is used. However, the A-Scan rate of TD-OCT is the 

bottleneck, which is normally <1 kHz limited by the speed of the reciprocating 

movement of the bulky reference mirror. 

To overcome the limitation of the A-Scan rate of TD-OCT, a novel OCT detection 

scheme without any moving mirror is proposed. The structure is similar to that of the 

TD-OCT system, but the detection principle is significantly different. In such an OCT 

system, the reflection positions of the sample are retrieved not by scanning the 

reference mirror but by Fourier transform of the interference spectrum of the combined 

lights reflected from the two arms. Since the main task in such an OCT system is 

switched to the detection of the interference spectrum, such OCT is named as Fourier 

domain OCT (FD-OCT). The two sub-classes of FD-OCT, i.e. SD-OCT and SS-OCT, 

are differed by the acquisition methods of the interference spectrum, as shown in Figs. 

1-1(b) and 1-1(c) respectively. In an SD-OCT system, a broadband light source, which 

can be either a continuous wave or a pulsed source, is adopted. The interference 

spectrum of the reflected lights from the sample arm and the reference arm is obtained 

by a spectrometer, which includes a diffractive grating and a charge-coupled device 

(CCD) or complementary metal-oxide-semiconductor (CMOS) line detector array. 
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After bypassing the limitation of the moving reference mirror, the resolution of the 

spectrum measurement unit and the acquisition speed of line CCD become the new 

bottlenecks of SD-OCT, which limit the spectral sampling points to ~1000 and the A-

Scan rate to ~20 kHz. 

To break the measurement bottleneck of SD-OCT, SS-OCT, as shown in Fig. 1-

1(c), adopts a swept source and a single photodetector to acquire a time-resolved 

interference signal, which will further improve the imaging speed benefiting from the 

sophisticated high speed PDs developed in optical communication. When compared 

with SD-OCT which disperses the spectrum in the spatial domain, SS-OCT uses a 

swept source to distribute the spectral signal in the time domain. The carrier wavelength 

of the swept source sweeps in the full spectral range periodically. When the lights 

reflected from the two arms interfere, the temporal waveform of the combined swept 

signal will be periodically modulated in accordance with the modulation of the 

spectrum. Different delays between the sample arm and the reference arm will result in 

modulations on the temporal waveform with different frequencies. By resampling the 

time domain interference signal, we can obtain the interference spectrum and hence the 

hierarchical information of the sample with Fourier transform of the interference 

spectrum. SS-OCT has become the most promising candidate for next generation OCT 

because of several advantages. Firstly, SS-OCT has higher sensitivity because it adopts 

a single point photodetector which shows higher sensitivity than the detector unit of 

CCD or CMOS line array used in SD-OCT. Secondly, the difference of the distances 

from the units of line arrayed CCD to the incident point of diffractive grating inevitably 

leads to serious field curvature phenomenon and dispersion, which introduces 
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unavoidable crosstalk to the multichannel spectrometer. Therefore, it will reduce the 

spectral resolution and the contrast ratio of the retrieved interference fringe. The 

spectral resolution can be greatly enhanced in SS-OCT because of the narrow 

instantaneous linewidth of swept source and the high-speed photodetector, which will 

consequently improve the axial imaging range of OCT. On the other band, CCD and 

CMOS line array work only in the visible and near infrared region of <1 m. Silicon 

and InGaAs photodetector arrays, which have much higher cost and lower resolution 

than CCD and CMOS, should be adopted to detect signals with >1 m. In contrast, 

low cost high speed single point photodetectors with >10 GHz bandwidth are available 

in all interested wavelengths of 400-1700 nm. The A-Scan rate of SS-OCT depends 

only on the sweep rate of the swept source, which can be as high as hundreds of 

megahertz and much higher than the A-Scan rate of TD-OCT and SD-OCT. 

1.1.2 Fundamental principle of SD-OCT and SS-OCT 

 

Fig. 1-2. Principle of SD-OCT (Adapted from Ref.  [5] ). 
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Although SD-OCT and SS-OCT are constructed with totally different sources and 

detectors, the fundamental principles of them are the same and different from the 

principle of TD-OCT, this is the reason they are both classified as FD-OCT. 

We first consider the SD-OCT shown in Fig. 1-2 with an input signal 

 ( )( ) ,i kz t

iE Ae  −=  (1.1) 

where A is the amplitude, k is the wavenumber and ω is the angular frequency. k and 

ω are linked by the dispersion relation ω/k = c/n(ω), where c is the speed of the light 

in vacuum and n(ω) is the refractive index of the optical medium used in the 

interferometer, which is usually optical fiber. The electric field reflectivity of the 

reference mirror and sample are denoted as rR and rS, thus the power reflectivity RR 

=|rR|2 and RS =|rS|
2. When a single trip optical path difference ΔL exists between the 

reference arm and the sample arm, the intensity of the combined signal at the 

photodetector is 

  
2

( ) ( 2 )( ) ( ) 2 cos(2 ) .i kz t i kz k L t

o R S i R S R SI r Ae r Ae I R R r r k L  − +  −= + = + +    (1.2) 

Substituting the wavenumber k with n(ω)ω/c, and considering that the optical path 

difference only occurs in the air with refractive index n()=1, the intensity becomes 

 ( )( ) ( ) 2 cos 2 .o i R S R SI I R R r r L c  = + +      (1.3) 

If we vary the carrier frequency , an intensity modulation with a period of c/(2ΔL) 

will be observed on the interference spectrum, as shown by the inset of Fig. 1-2. The 

period of the modulation on the spectrum is inversely proportional to the relative delay 

between the two arms of the Michelson interferometer. Fourier transform of the 

spectrum in Eq. (1.3) gives 
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   ( )   ˆ ( ) ( ) ( ) ( 2 ) ( 2 ) ,o i R S R SI t I R R t r r t L c t L c   =  + + +  + −    (1.4) 

which shows narrow pulses at the positions of zero and ±2ΔL/c. The position of the 

pulse at 2ΔL/c is proportional to the relative delay ΔL and the peak intensity of the 

pulse at 2ΔL/c is proportional to the amplitude reflectivity of the sample, which implies 

that the waveform obtained by the Fourier transform of the interference spectrum 

represents the distribution of reflectance in the sample along the axial direction. From 

Eq. (1.4), all of the Dirac delta functions will convolute with the Fourier transform of 

Ii(), which means that the minimum resolvable delay ΔL, namely axial resolution, is 

determined by the pulse width of [ ( )]iI  , which is inversely proportional to the 

spectral range covered by Ii() when the envelope profile of Ii() is given as, say a 

Gaussian profile. Although some extra processing should be included in practice to 

remove the artifacts introduced by the self-correlation of sample and other fixed pattern 

noises, FD-OCTs including SD-OCT and SS-OCT are all based on the principle 

described by Eqs. (1.1)-(1.4). 

It has been discussed above that SD-OCT met the bottlenecks of resolution and 

A-Scan rate along with the wavelength problem in applications, which were broken by 

replacing both the source and detector to deliver a novel OCT scheme as SS-OCT. The 

principle of SS-OCT is illustrated in Fig. 1-3. In SD-OCT, the signal of different 

wavelengths on the spectrum should be measured in parallel by line arrayed detectors 

since all of the information carried by different wavelengths arrive simultaneously. In 

SS-OCT by injecting the signals of different wavelengths at different times thus the 

photodetector receives the interference signal carried by only a single wavelength in a 
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short period of time. The interference spectrum could be reconstructed by sorting the 

signals arrived at different times. 

 

Fig. 1-3. Principle of SS-OCT (Adapted from Ref.  [5] ). 

To describe the principle of SS-OCT, we consider a swept signal defined as 

 ( )
( ) ( )

( ) ( ) ,

z t

i k x dx d

iE t A t e
  


 

− 
  

=  (1.5) 

where (t) is the instantaneous carrier frequency and A() represents the amplitude of 

the signal at given instantaneous carrier frequency . k/ω=c/n(ω) defines the dispersion 

relation. When a relative single trip path difference ΔL is introduced between the 

reference arm and the sample arm, the combined interference signal arriving the 

photodetector can be written as 

 

2
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By using the dispersion relation k=n()/c and dx=cdt/n(), Eq. (1.6) could be 

converted to 
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If the optical path difference only occurs in air, with first order approximation, the 

intensity can be expanded as 

 ( )( ) ( ( )) cos ( )2 .o i R S R SI t I t R R r r t L c = + +      (1.8) 

If a linearly swept signal with (t)=0+t is used as the source, then the detected 

signal could be written as 

 ( )0( ) ( ) cos 2 2 ,o i R S R S LI t I t R R r r t L c    = + + +  +     (1.9) 

where ΔL = 0ΔL/c is a time invariant phase shift. Thus the relative position shift ΔL 

will induce an intensity modulation on the temporal waveform with a period of c/2ΔL. 

A longer delay ΔL will generate a modulation with a shorter period on the temporal 

waveform as illustrated in Fig. 1-3. When compared with the spectral modulation 

determined in Eq. (1.3), the frequency swept source converts the spectral modulation 

into temporal modulation with a constant conversion factor of 1/. If the sweep trace 

(t) is nonlinear, then the temporal waveform should be resampled according to the 

(t) to generate a spectrum with a uniform sampling of  before applying Fourier 

transform. 

The conceptual illustration of SS-OCT as Fig. 1-3 is not sufficient to describe a 

functional SS-OCT system. Some auxiliary systems are necessary to support the 

running of SS-OCT. Figure 1-4 demonstrates the schematic of a fully functional SS-

OCT, which consists of a wavelength swept laser source, an optical fiber based 

Michelson interferometer with a scanning mirror on the probe, a Mach-Zehnder 
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interferometer to generate a clock signal for sweep trace calibration, a balanced 

photodetector to capture the interference spectrum and a set of data acquisition and 

processing system to calculate and display the imaging results. 

 

Fig. 1-4. The schematic of a practical SS-OCT(Adapted from Ref.  [20] ). 

In practice, the sweep traces (t) of most swept sources are nonlinear and it may 

vary slightly from shot to shot and different running parameters. To reduce the 

sampling error in the k-space linearization, a Mach-Zehnder interferometer is used to 

filter the swept signal to generate sequential pulses with peaks to identify sampling 

positions with identical frequency intervals. Optical fiber is normally used to construct 

the Michelson interferometer. The optical power injected into the two arms are 

different to minimize the power difference of the reflected lights since the reflectivity 

of the sample is normally much lower than the mirror. A lateral scanning system is 

used in the sample arm to move the position for different A-Scans. A circulator is used 

in each arm to route the reflected lights into a 50:50 coupler, two output ports of which 
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are connected to a pair of balanced photodetectors. The lengths of fiber used in the two 

arms should be carefully matched to reduce chromatic dispersion. Adopting the 

balanced detection scheme has at least two advantages, i.e. elimination of the DC and 

self-correlation terms and doubling the interference intensity. For sample with multiple 

reflective surfaces, the reflected signals at a frequency  are given by 
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Since the optical fiber coupler will introduce a /2 phase shift to the coupling branch, 

thus the combined signals at the two output ports are 
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which can be expanded as 
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 (1.12) 

The differential signal Io2−Io1 obtained in the balanced photodetector is 

 
2 1 4 ( ) sin(2 ),o o i R Sm mm

I I I t r r k L− =   (1.13) 

where only the cross-correlation terms remain and double. The DC terms and self-

correlation terms are all eliminated. 

1.1.3 Key parameters of SS-OCT 

In application, several parameters determine the performance of SS-OCT. The lateral 

and axial resolution determine the minimal resolution. The sensitivity roll-off 
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determines the effective axial range that the OCT could detect with sufficient 

sensitivity. The A-Scan rate or imaging speed determines how fast the OCT could 

capture an axial line data. These parameters are critical in the evaluation of the SS-

OCT imaging system. In SS-OCT, most of these parameters are determined by the 

performance of the swept source. Here we briefly discuss the impact and limitation of 

the parameters. 

Resolution 

The lateral and axial resolution of the SS-OCT are two independent parameters 

that determine the final image resolution. Similar to optical microscopy, the lateral 

resolution of the OCT depends on the diffraction limit of the focusing system. Using 

Gaussian beam optics, the lateral resolution can be expressed as [21] 

 
4 2

,
ff

x
D NA

 


 
= =


 (1.14) 

where D is the spot size of the beam, ff  is the focal length and NA=D/2 ff is the numerical 

aperture.  

Assuming a Gaussian profile, the axial resolution of SS-OCT, which is defined as 

the full width at half maximum (FWHM) of the point spread function, is expressed 

as [22] 

 
2

02ln 2
4ln 2 ,

c
z




  
= =

 
 (1.15) 

where Δ is the FWHM of the power spectrum in the angular frequency domain, λ0 is 

the center wavelength of the full spectral range of the laser source and Δλ is the FWHM 

of the power spectrum versus wavelength. From Eq. (1.15), the axial resolution is 

determined solely by the sweep frequency range of the swept source. When the central 
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wavelength of the light source is chosen, to achieve a high axial resolution, the sweep 

range of the swept source should be extremely enlarged with any possible effort. It 

should be noted that Eq. (1.15) is obtained with a Gaussian spectral profile, which will 

be deviated besides the emergence of sidelobes if the spectral profile is not Gaussian. 

The artifacts and sidelobes suppression will be discussed with the demonstration of 

experimental results in the subsequent chapters. 

Sensitivity roll-off 

In SD-OCT, the spectral resolution of the spectrometer limits the resolution of the 

interference fringe on the spectrum that can be resolved. When the spectrum detection 

scheme is reconstructed into a sequential form, the resolution of the interferogram 

depends on the combined performance of the coherence length of the swept source and 

the detection bandwidth of the photodetector and data acquisition system. The swept 

signal described in Eq. (1.5) does not include any noise or the source instantaneous 

linewidth. When a finite linewidth of the swept signal is considered, the interference 

signal should be revised to 

 ( )
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2
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( ) ( ( )) cos ( )2 ( ),
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ol i R S R SI t I R R r r L c e d

  

     

−
−

−
= + +       (1.16) 

which includes the convolution with the Gaussian line shape and  is the width of the 

instantaneous line shape. If the interference fringes have a modulation with a period 

m comparable to or shorter than the instantaneous linewidth  of the laser, the 

convolution in Eq. (1.16) will wash out the fringe and decrease the modulation depth, 

and hence reduce the peak intensity of the corresponding pulse on PSF after Fourier 

transform. The Fourier transform of Eq. (1.16) is 
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where ( )oI L  is the Fourier transform of Eq. (1.8). Assuming the other components 

do not affect the sensitivity of SS-OCT, the one side 6-dB roll off length where the 

sensitivity drops by 1/2 is given by 
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 (1.18) 

where lcoh is the coherence length of the wavelength swept laser [23], FWHM=2(ln2)1/2 

represents the FWHM of the instantaneous lineshape with a Gaussian profile, 0 is the 

center wavelength of the sweep range and ΔFWHM is the FWHM of the instantaneous 

lineshape presented as wavelength. It should be noted that the estimation of Eq. (1.18) 

is valid only for Gaussian lineshape. If the lineshape is a Lorentzian, the 6-dB roll off 

length will be  

 
2

0
6

ln 2
ln 2 .

4 2

coh
dB

FWHM FWHM

l c
L



  
= = =


 (1.19) 

However, despite Eqs. (1.18) and (1.19)  connect explicitly the roll-off length with 

the instantaneous linewidth of the wavelength swept laser, it is not easy to precisely 

predict the roll-off length directly because the measurement of the instantaneous 

linewidth of a wavelength swept laser is not straightforward. The most important 

application of Eqs. (1.18) and (1.19) in SS-OCT is to estimate the instantaneous 

linewidth by characterizing the PSF roll off. 

Besides the instantaneous linewidth of the swept source, another limitation caused 

by the detection subsystem should also be considered especially when a highly 

coherent ultrafast swept source is used in SS-OCT. In experiments, the bandwidths of 
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the photodetector and A/D conversion module will both affect the detected signal. We 

consider the detection module with a responsivity assuming as a Gaussian function as 

 
2 2ln(2)

0

2 ln 2
( ) ,BR R e

B


 −=   (1.20) 

where R0 is the responsivity of the detector, B is the 3 dB bandwidth of the detector as 

angular frequency. The corresponding temporal response function is 

 
2 2 4ln2

0( ) .B tR t R e−=  (1.21) 

The response function will be convoluted with the temporal optical signal as Eq. (1.8) 

and the output signal will be sampled  

 ( )( ) ( ( )) cos ( )2 ( ).D i R S R SI t I t R R r r t L c R t = + +      (1.22) 

Assuming a linear sweep trace as Eq. (1.9), the signal will be 

 ( )0( ) ( ) cos 2 2 ( ).D i R S R S LI t I t R R r r t L c R t    = + + +  +     (1.23) 

After Fourier transform, the spectral response profile of the detector will be applied on 

the A-Scan as 
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where the 6 dB roll off length L6dB can be estimated by 

 6 det .
2

dB

cB
L


=


，  (1.25) 

It should be noted that other factors such as the mismatch of fiber tail lengths of 

the coupler and polarization mismatch could also affect the sensitivity roll off, which 

will be discussed in the following chapters. The final roll off length of the SS-OCT 

including all contributions are given by 
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Imaging speed 

SS-OCT avoids the mechanically moving reference arm in TD-OCT (at kHz level) and 

overcomes the fundamental speed limitation of spectrometers such as CCD or CMOS 

in SD-OCT (at a hundred kHz level). SS-OCT has demonstrated the fastest A-scan rate 

ever reported at tens of megahertz by adopting high-speed swept sources and a 

balanced photodetector with GHz bandwidth to acquire time-resolved interference 

signal. The A-scan rate of the SS-OCT is solely determined by the sweep rate of the 

swept source, which has great potential for applications of the volumetric imaging and 

capture of ultrafast motions. 

1.2 Overview of swept sources for OCT 

The core technology of the SS-OCT imaging system is the swept source. The sweep 

speed, sweep range and the instantaneous linewidth (or coherence length) of swept 

source respectively determine the imaging speed, axial resolution and the sensitivity 

roll off. In a wavelength swept laser, the lasing wavelength of the laser changes with 

time [24]. Conventional realization of wavelength swept lasers based on intracavity 

optical tunable filters is straightforward but the sweep speed is limited by the buildup 

time of the new laser signals after wavelength tuning. Reducing the cavity length 

shortens the laser buildup time but the mode hopping problem becomes severe [25,26]. 

Vertical-cavity surface emitting lasers (VCSEL) with a MEMS tuned cavity mirror 

avoids the mode hopping problem to provide long coherence length, which is a major 

focus of wavelength swept laser source for SS-OCT [27]. Another scheme to avoid the 
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laser rebuilding is the Fourier domain mode locked (FDML) laser proposed by R. 

Huber in 2006 [28] with a long fiber in the cavity to buffer the full swept signal, which 

could increase the imaging speed to hundred kilohertz or several megahertz with 

buffering technique [29,30]. Swept source based on time stretching a broadband mode 

locked fiber laser by dispersion demonstrated a sweep rate up to 44 MHz [31]. The 

time stretching method has a long coherence length, which is important for long range 

SS-OCT [32]. In the following, we will briefly introduce the different approaches of 

wavelength swept lasers. 

1.2.1 Wavelength swept laser with tunable optional filter 

 

Fig. 1-5. Schematic diagram of a conventional wavelength swept laser 

Figure 1-5 shows a conventional wavelength swept laser which consists of a resonator 

including a gain medium and a fast tunable optical bandpass filter which is dynamically 

tuned to set the lasing wavelength [33]. Different gain media could be utilized in the 

cavity to generate lasers at different spectral regions such as 850 nm [25–27], 1000 

nm [37], 1310 nm [16,38] and 1550 nm [39–41]. Tunable bandpass filters [24] 

fabricated by different techniques such as electro-optical scanner [42], acoustic-optical 

filter [41], polygonal scanners [43] or Fabry-Pérot tunable filters [44] have all been 
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demonstrated in the generation of wavelength swept lasers. The sweep range of the 

wavelength swept laser is determined jointly by the tuning range of the bandpass filter 

and the gain profile of the gain medium. In operation, normally multiple cavity modes 

over the gain loss balance threshold will be excited and circulate in the laser cavity. 

When the filter wavelength is tuned, the lasing modes which are moved out the 

passband will be attenuated soon and new laser modes in the new passband will start 

to grow. However, the new laser signal is grown from amplified spontaneous emission 

(ASE), which will take hundreds of round trips to reach a stable lasing state. The long 

buildup time of new laser signals along filter tuning limits the sweep speed of the 

wavelength swept laser. 

In principle, a shorter laser cavity will increase the buildup speed of laser signals 

along with wavelength tuning. With a 128 facets polygon mirror scanner, a 

fundamental sweep rate of 115 kHz [38] and a multiplexed sweep rate of 400 kHz [16] 

have been demonstrated but the instantaneous linewidth of the signals are very large 

since the filtered ASE signal could only pass through the cavity by <5 round trips. Such 

low coherency could not be improved if the cavity is too long even if MEMS filter is 

adopted [45]. By integrating all components into a compact optical platform and 

adopting MEMS filter to shorten the cavity to ~10 cm, short cavity wavelength swept 

lasers with sweep rate up to 200 kHz, >100 nm sweep range and coherence length >20 

mm are successfully demonstrated [25,46–48]. However, the 1~2 GHz cavity mode 

spacing and the unpredictable randomly skipped mode hopping along with wavelength 

tuning limits the performance of such short cavity wavelength swept lasers [26,49]. To 

avoid the mode hopping problem, the cavity length should be reduced to ensure that 
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the FSR of the cavity is larger than the sweep range. Such mode-hop free wavelength 

swept laser with up to MHz sweep rate and long coherence length has been 

demonstrated by combining the vertical-cavity surface emitting lasers (VCSEL) with 

MEMS tuned cavity mirror [27,50–57]. The major challenges for MEMS-VCSEL are 

the optical pump and low emission power but it is a major focus of swept source 

currently under investigation. Another direction of wavelength swept laser is the 

akinetic wavelength swept lasers, which adopt inertia free wavelength tuning 

components such as Vernier-Tuned Distributed Bragg Reflector (VT-DBR) [40,58] 

and electro-optic crystal [42], which have the potentials to realize very high sweep rate 

in the future. 

1.2.2 Fourier domain mode locked laser 

A novel method that can overcome the rebuild time of the laser oscillation without 

state-of-art cavity shortening is the Fourier domain mode locked (FDML) laser, 

proposed by R. Huber et al. in 2006. By inserting a long optical fiber in the laser cavity 

to buffer the long swept signal, FDML avoids laser build up from spontaneous 

emission [28]. In an FDML laser as shown in Fig. 1-6, the entire frequency swept signal 

is optically stored in the long laser cavity. The tunable optical bandpass filter, which 

the remaining component in the cavity that limits the sweep rate, is driven periodically 

according to the round-trip time of the cavity. The light transmitted through the tunable 

filter will return to the filter after a round trip propagation when the filter is just tuned 

back to the same wavelength after a period of the sweep. Different FDML lasers at 

1060 nm, 1310 nm and 1550 nm have all been reported. The difference of FDML lasers 

at different wavelengths is mainly on the dispersion management and cost of 
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components. The related research work of FDML lasers mainly focuses on the 

improvement of sweep speed, sweep range and coherence length or instantaneous 

linewidth. 

 

Fig. 1-6. Schematic and principle of an FDML laser [28] 

Limited by the resonant frequency of the piezoelectric crystal that drives the 

tunable optical bandpass filter, the fundamental sweep rate of FDML lasers is limited 

to the level of 100 kHz. To achieve higher sweep rates, a buffering technique has been 

applied to increase the sweep rate to several MHz [59–61]. The enhancement of the 

spectral range of FDML laser is also desirable to achieve high axial resolution in the 

OCT system. By combining two semiconductor optical amplifiers (SOAs) working at 

1310 nm and 1500 nm respectively, the sweep range of FDML laser is expanded to 284 

nm [62]. Used as a gain medium, SOA has its limitations including low power, high 

noise, and nonlinear frequency shift caused by linewidth enhancement factor, which 

affects the performance of FDML lasers. Various types of FDML lasers based on 

Raman amplifier, erbium-doped fiber amplifier and optical parametric amplifier have 

been demonstrated [63–66]. In FDML laser cavities, the fiber dispersion, nonlinearity, 

and linewidth enhancement factor of the SOA jointly deteriorate the signal and broaden 

the instantaneous linewidth [67,68]. Using low-dispersion fiber or a specially designed 
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chirped fiber Bragg grating (CFBG) to compensate the dispersion can effectively 

improve the coherence length of the FDML laser to longer than 10 mm [69]. However, 

conventional FDML lasers do not provide much enhancement on the instantaneous 

linewidth or the coherence length of the swept signal, which still limits the detection 

range of OCT systems.  

It has been demonstrated in both simulations and experiments that the output of 

the traditional Fourier domain mode-locked laser has a strong high-frequency 

fluctuation, which is a major factor affecting the instantaneous linewidth and signal 

quality [67,70–74]. Intracavity dispersion and sweep frequency deviation induce a time 

dependent relative frequency shift to the signal, which will push the signal away from 

the center of the spectral filter. When the accumulated frequency offset is sufficiently 

large, it will trigger the Eckhaus instability and generate sidebands leading to the high 

frequency fluctuations on the waveforms [72,73]. The new sidebands which are close 

to the filter center will be amplified but will be detuned away from the filter center 

again after multiple round trips. The repetitive triggering of instability degrades the 

signal quality and limit the effort to reduce the instantaneous linewidth. Inserting an F-

P comb filter into the FDML laser cavity to discretize the signal in the frequency 

domain has been demonstrated as an effective method to increase the coherence 

length [20,75–78], which is known as the frequency comb swept laser. However, 

limited by the relatively low finesse of the F-P filter, the imaging range of OCT with 

such discrete swept source is only at the level of ~10 mm [20]. Researchers encounter 

another bottleneck in the quest to improve the performance of swept sources for OCT 

systems [79]. The data streaming speed of analog to digit conversion and PCI-E bus of 
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computer is insufficient to process a large amount of data in real time, which will limit 

the frame rate and the imaging range of OCT if the high axial resolution and high A-

Scan rate are preferred. A frequency comb swept laser proposed by Siddiqui et al. 

demonstrated that a circular interferometric ranging scheme could multiply the imaging 

range without increase the computation requirement [80,81].  

Frequency comb swept laser not only enhances the coherence length to achieve a 

large imaging range but also solves the problem in data processing for the OCT imaging 

system. However, the frequency comb swept lasers demonstrated to date are achieved 

by using an F-P comb filter with low finesse and broad bandwidth. However, it is still 

difficult to further narrow the instantaneous linewidth for large depth imaging. Besides, 

the F-P comb filter whose spectral separation and linewidth are fixed once it is 

deployed in the cavity, which suffers from flexibility for practical applications. 

1.2.3 Swept sources based on time stretching technique 

Long term stability is the problem for the continuous mechanical tunable filter in the 

wavelength swept laser, which can be mitigated by an inertia-free or passive swept 

mechanism. Swept sources based on time stretching techniques are potential 

approaches to realize the MHz OCT imaging system with reliability for a long time 

without the need for mechanical tuning of the filter [82,83]. Besides, the A-scan rate 

for the OCT imaging system is increased to the MHz level which is governed by the 

repetition rate of the seed mode locked laser. The concept of time stretching technique 

was first proposed that dispersed ultrashort pulses could be used to measure the 

spectrum based on group velocity dispersion (GVD), which has been widely applied to 

microscopy and optical digitization [84–87]. Different time stretching components 
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such as dispersive fiber, multi-mode fiber or chirped fiber Bragg grating (CFBG) have 

been demonstrated to stretch short pulses to long chirped pulses [31,83,88–91]. In 2006, 

S. Moon firstly demonstrated the dispersion stretching of a supercontinuum pulse 

source in a dispersive fiber, of which sweep rate could reach 5 MHz [82]. Because of 

the chromatic dispersion, different spectral components of the broadband signal will be 

delayed by different time and the short pulse will be stretched to a long chirped pulse. 

The most challenging part of time stretched swept source is the generation of a highly 

coherent broadband spectrum. It also suffers from the narrowband operation or weak 

output because of the gain bandwidth limitation of the rare earth doped fibers and 

strong nonlinear noise, which will limit the sensitivity of the OCT system [92,93]. Tsia 

et al. theoretically and experimentally demonstrated amplified optical time-stretch 

OCT by combining the broadband Raman amplification and the time stretching process, 

which improved the sensitivity to more than 90 dB with megahertz sweep rate and 80 

nm broadband spectrum [89,91,94]. The performance of the mode locked fiber laser 

including repetition rate and output spectrum determines the performance of the 

wavelength swept laser based on time stretching technique. With state-of-art 

engineering of the cavity dispersion and nonlinearity, it is possible to generate 

ultrashort pulses with a bandwidth of tens of nanometers from a mode locked fiber 

laser [92,95–97]. In 2018, Kang et al. reported a 44.5MHz time stretched swept source 

with a 10 dB bandwidth of 102 nm, which has the highest sweep rate ever reported for 

time stretched swept sources with a practical sweep range of ~100 nm [31]. But the 

spectrum generated from the mode locked fiber laser has a large slope and the 3 dB 

bandwidth is only ~30 nm, which is rather narrow. 
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Many methods such as dispersion and nonlinearity engineering, Raman 

amplification, amplified optical time stretch and polarization control have been utilized 

to achieve ultrafast swept sources with broadband spectrum. However, it is still 

changeling to generate swept sources with a hundred megahertz level sweep rate and 

wide flat spectrum. Besides, the sweep rate of the swept source is nonadjustable and 

lack flexibility for practical applications in OCT systems. 

1.2.4 Alternative approaches for swept sources 

There are other approaches to generate swept sources. For example, swept sources are 

achieved in dispersive cavities by tuning the modulation frequency of harmonically 

mode locked fiber laser to match the different cavity round trip time for different 

wavelengths which are differed by the chromatic dispersion [98–104]. Wide bandwidth 

continuous wavelength swept laser based on dispersion tuning with up to 100 nm sweep 

range and sweep rates from hundreds of kHz to MHz have been reported [98,103]. 

Wavelength stepped swept sources by using dispersive fiber or CFBG for dispersion 

tuning have demonstrated MHz sweep rate [99]. The major challenge in dispersion 

tuning wavelength swept laser is to provide sufficiently high dispersion in a short cavity 

since a long fiber length will limit the tuning speed by the long round trip time. Another 

difficulty of this approach is the dispersion management in a long laser cavity, which 

will broaden the instantaneous linewidth of the swept sources if the dispersion is not 

precisely controlled. Another potential candidate for swept source is the circulated 

frequency shifter [77,78,105]. An acousto-optic frequency shifter is inserted in a laser 

cavity to shift the wavelength of the lasing signal in every roundtrip to obtain 

wavelength sweep [105]. The frequency shifting can also be provided by a carrier 



26 
 

suppressed single-side-band (CS-SSB) modulator [77]. The main challenge of this 

method is the accumulation of noise in cascaded frequency shifting, which limits the 

cascading of frequency stepping and hence limit the sweep range. 

1.3 Outline of the thesis 

The thesis includes 5 chapters. In Chapter 1, we first give an overview of optical 

coherence tomography (OCT) including the history of development, the fundamental 

principle of SD-OCT and SS-OCT. As the key component of SS-OCT, the 

development of swept sources is briefly introduced. The Fourier domain mode locked 

laser and swept source by time stretching technique are highlighted, which are the main 

research objectives for this thesis. In Chapter 2, the principles of Fourier domain mode 

locked laser, discrete Fourier domain mode locked laser in the frequency domain and 

time domain and wavelength swept laser based on time stretching of a broadband mode 

locked laser are introduced and discussed in detail. Chapter 3 shows the experimental 

results of FDML lasers. The improvement in the instantaneous linewidth or coherence 

length of discrete Fourier domain mode locked laser in the frequency domain is first 

demonstrated. Then we show the discretization of Fourier domain mode locked laser 

in the time domain by a modulator to generate flexible wavelength swept laser signal 

with high quality. To enhance the sampling density in the frequency domain, a novel 

mode grouping method to generate a mode hopping swept frequency signals in the time 

domain is also demonstrated. Chapter 4 presents the wavelength swept laser source 

with time stretching. A 100 MHz ultrafast swept source with more than 100 nm 

broadband spectrum by time stretching of a flat spectrum femtosecond laser for the 

OCT imaging system is first demonstrated and characterized. We then demonstrate a 
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reconfigurable high speed and broadband swept sources by incorporating an optical 

modulator and utilizing appropriate dispersive modules. By buffering and time 

stretching technique, an ultrafast swept source with a sweep rate of 400 MHz is also 

demonstrated with OCT imaging. Chapter 5 gives the conclusions and discussions 

about the prospected works. 
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Chapter 2  

Principles of swept sources 

 

 

In this Chapter, the fundamentals and key components of Fourier domain mode locked 

laser and time stretched swept sources are introduced. First, the basic principles of 

discrete Fourier domain mode locked laser in both the frequency and time domain are 

analyzed. Then, the broadband spectrum generation in mode locked fiber laser and time 

stretching technique by dispersive fiber or chirped Bragg fiber grating are discussed. 
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2.1 Principle of Fourier domain mode locked laser 

2.1.1 Fundamental of FDML 

 

Fig. 2-1. Schematic of a typical Fourier domain mode locked (FDML) fiber laser. Besides the output 

coupler, the three main elements are the gain medium, the tunable bandpass filter the fiber delay. 

The schematic of a typical FDML laser is shown in Fig. 2-1. For lasing of all the 

wavelengths in the sweep range, a gain medium with inhomogeneous line broadening, 

e.g. SOA, should be used. A tunable bandpass filter driven by a periodic electrical 

signal is used to set the transient wavelength. A long section of the fiber is inserted in 

the cavity as an optical delay line to buffer the swept signal. The sweep rate of the 

optical bandpass filter is synchronized to the cavity round-trip time, which can be 

calculated by [28] 

s
c

c
f ,

nl
=                                     (2.1) 

where fs is the frequency of the sinusoidal signal to drive the tunable filter, n is the 

effective refractive index of the optical fiber, lc is the total length of the cavity including 

the delay fiber length and other components, c is the speed of light in vacuum. In an 

FDML laser cavity, a signal with a given carrier wavelength could pass through the 
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tunable filter only if the central wavelength of the filter is tuned to the target wavelength 

when the signal arrives. The signal leaving the filter will propagate around the laser 

cavity and reach the filter exactly at the time that the transmission wavelength of the 

filter is turned back to the same wavelength. Thus, the wavelength swept signal will 

pass through the filter without loss. As a result, the lasing signals do not need to build 

up from ASE repeatedly. In other words, all the modes are simultaneously lasing and 

stored in the long optical fiber delay line in the cavity. Therefore, FDML laser operates 

in a quasi-stationary state contrary to conventional mode locking. 

The principle of FDML laser can also be understood from another angle by 

considering a single wavelength. The signal of a given wavelength inside the sweep 

range is blocked most of the time except that the filter is tuned to that wavelength. 

When the central wavelength of the filter passes the given wavelength again, an 

equivalent modulation will be applied to the signal. Such modulation will expand the 

spectrum and generate sidebands to build up phase relationships with other cavity 

modes. As a result, it will generate a train of sweep frequency or highly chirped long 

pulses, which has a definitive phase relationship. The difference of FDML laser and a 

conventional mode locked laser is the time that modulations applied on different 

wavelengths. The modulation for different wavelengths is applied at the same time in 

a conventional mode locked laser but the time of modulation is different for different 

wavelengths in an FDML laser. Therefore, the tunable bandpass filter serves as a 

wavelength modulator in FDML laser which is equivalent to an amplitude modulator 

in conventional mode locked laser. 
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2.1.2 Performance limitation and key elements of FDML 

In a practical FDML laser cavity, parameters such as dispersion and nonlinearity of 

fiber, gain bandwidth, saturation and linewidth enhancement of the gain element, 

mismatch between the sweep period and the cavity round trip time, will affect the 

performance of FDML laser. To understand how these elements in the cavity affect the 

optical signal, we introduce a theoretical model that has been well adopted to model 

the dynamics of intracavity signals of FDML laser. The model includes the gain 

medium, the optical fiber delay line, the tunable bandpass filter and an output coupler. 

The signal evolution in the cavity is given by a generalized nonlinear Schrödinger 

equation (NSE) based on the slowly varying amplitude approximation [106] 

( ) ( ) ( )
22 3

2 3( , )(1 ) ( , ) ( ) ( ) ( ,), ,,z t t t tA z g z i i a z i iD z D z it A z t A z tz   =  − −  −  +  +
 

 (2.2) 

where A(z,t) is the complex envelope, g is the saturated gain coefficient of the SOA 

and a describes the loss elements including the tunable filter, fiber and coupler. α is the 

linewidth enhancement factor of the SOA, D2, D3 and γ represent the second, third order 

dispersion and the nonlinear coefficient of fiber, respectively. In Eq. (2.2), the terms 

could be modeled in either time domain or frequency domain except for the tunable 

filter since it is not static in both domains. To model the tunable filter, we should 

transfer the signal A(z,t) in the laboratory reference frame to a new signal u in the 

moving filter frame following the sweep trace of the swept filter as 

( ) ( )0exp (, ') ' ,u it tA z dt=                                   (2.3) 
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where 0(t) is the sweep trace describing the temporal variation of the center frequency 

of the tunable filter. In the filter frame, the swept filter can be described by a static 

transmission function as(ω). Substation of Eq. (2.3) into Eq. (2.2) and simplifying the 

equation, we have 

22 3 2

0 0 2 0 3 0 2( )(1 ) ( ) ( ) ,z t s tu g i a iD iD iD i u a i u       = − − + + −  + − 
 

  (2.4) 

where g(ω0) and a(ω0) are dynamically evaluated at the instantaneous center frequency 

0(t) of the swept filter. It is obvious that the performance of the FDML laser is 

dynamically dependent on the gain profile and gain related linewidth enhancement 

factor of the gain medium, dispersion and nonlinearity of the optical delay fiber and 

bandpass filtering of the tunable filter [67].  

Gain medium 

The response function of the gain element in the FDML laser cavity could be 

characterized by solving Eq. (2.4) just keeping the term relevant to gain medium, which 

results in 

0
0

(1 ) ( , ( ))
(1 ) ,

L

i g u z dz
i

out in inu u e u G
  −

−= =    (2.5) 

where G is the gain of the whole amplifier. The linewidth enhancement factor α is a 

unique parameter for the semiconductor optical amplifier (SOA), which is normally 

zero for other optical amplifiers. 

Different gain media such as semiconductor optical amplifier (SOA) [28], rare-

earth doped fiber amplifier (EDFA) [63] and Raman amplifier have been utilized in the 

FDML laser cavity [66]. However, the most popular gain medium employed for FDML 

laser is SOA. Compared with EDFA with ~40 nm and Raman amplifier with ~30 nm 
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bandwidth, SOA can provide >100 nm gain bandwidth with a small signal gain over 

30 dB. In FDML lasers, the gain competition between signals at different wavelengths 

are affected by the gain recovery time but not the homogeneous broadening bandwidth 

since the slope of the wavelength sweep is small, typically 1 GHz/ns. The signal with 

duration < 1 ns, which is much longer than the gain recovery time of SOA at 100 ps 

level, can be considered as a single wavelength signal. Therefore, it is not necessary to 

consider the effect of gain competition in SOA. It is difficult to obtain a broad spectrum 

in FDML using EDFA because the gain recovery time of EDFA is at sub-millisecond 

level, which is much longer than the whole sweep period of an FDML laser. However, 

the linewidth enhancement factor α of SOA is a major effect that degrades the signal 

quality in amplification, which differs significantly from rare earth doped fiber 

amplifiers. 

In semiconductor optical amplifiers (SOAs), the gain coefficient g has a linear 

relation to the carrier density N and Δg/ΔN is a fixed parameter. However, the change 

of carrier density N will also induce the change of refractive index n. To characterize 

the related phase variation, linewidth enhancement factor α defined as (Δn/ΔN)/(Δg/ΔN) 

is usually used to model the variation of refractive index n when g varies. The linewidth 

enhancement factor α is an important parameter in the study of SOA [107,108]. It is 

found that the linewidth enhancement factor will induce a frequency shift to the power 

spectrum. Further simulations show that the frequency shift is due to the imaging term 

of the (1−iα) in the frequency domain, which induces an asymmetric gain profile. 

Therefore, it will provide a higher gain to the low frequency side, which results in the 

spectral redshift after propagating through the gain medium [67]. 
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SOAs working in different spectral regions including the 1060 nm, 1310 nm and 

1550 nm wavelength bands have been utilized in the realization of swept sources. 

Benefiting from the development of optical communications, components such as 

optical couplers, circulators and isolators operating at the wavelength regions of 1310 

nm and 1550 nm are available at very low cost. Thus SOAs with central wavelengths 

at 1310 nm and 1550 nm are widely used. 

Optical fiber delay line 

The long optical fiber delay line used as a signal buffer is the unique component of the 

FDML laser. To synchronize the resonant driven frequency of the tunable bandpass 

filter, the optical delay line usually includes several kilometers of optical fiber. 

However, the synchronization of the sweep period to the cavity round trip time at all 

lasing wavelengths is normally impossible because of the group velocity difference, i.e. 

chromatic dispersion. The anomalous dispersion of fiber at 1550 nm wavelength region 

will lead to a shorter roundtrip time for shorter wavelengths, thus the signal with shorter 

wavelength will come back to the swept filter slightly earlier. The signal will therefore 

see a higher loss than expected. The mismatch caused by dispersion can be understood 

from Eq. (2.4) by keeping the dispersion terms only 

2 3 2

2 0 3 0 2 .z tu iD iD iD u   = + −         (2.6) 

WKB analysis of Eq. (2.4) has shown that the intra-band dispersion and Kerr nonlinear 

terms could be neglected in most simulations. Then the signal propagation in the fiber 

delay line could be presented by a simple transfer function as 

2 3
2 0 3 0( ) ( )

( ) ( ) .
i D t D t L

out inu t u t e
  +

 =       (2.7) 

Since 0(t) is sweeping in a wide range along time, the transfer function will introduce 
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a time dependent frequency shift to the signal as 

20
2 0 3 0

( )
( ) 2 ( ) 3 ( ) .

d t
t D t D t L

t dt


  


  = − =  + 

    (2.8) 

In a practical example of FDML with a filter sweeping in 10 THz range with a 

sinusoidal trace of 50 kHz, i.e. 0(t)=Brsin(2ft), Br=101012 s-1, and fs=5104 Hz, 

the frequency shift of Eq. (2.8) will be 

 2

2 3( ) 2 3 sin(2 ) sin(4 ).s r r s st f B L D D B f t f t    =  +     (2.9) 

We use D2 = −8.5 ps2/km and D3 = 0.02 ps3/km, which are the dispersion coefficients 

at ~1550 nm for SMF-28e single mode optical fiber, to estimate the magnitude of the 

frequency shift. After propagation in 4 km SMF in the cavity to match the sweep rate 

50 kHz, the frequency shift will be 

 2 7( ) ( ) 2 10 0.6 sin(2 ) 17 sin(4 ).s sf t t f t f t      =  =   −     (2.10) 

 

Fig. 2-2. Relative frequency shift caused by dispersion after propagation in 4 km SMF. The blue, red 

and black curves represent the frequency shifts caused by D2, D3 and their summation, respectively. 

The frequency shifts caused by D2, D3 and the summation of them are shown in 

Fig. 2-2 as the blue, red and black curves, respectively. It should be noted that the 

frequency shift of Eq. (2.10) is defined in the filter reference frame, which indicates 

the relative frequency offset between the carrier frequency and the filter passband 
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center caused by the dispersion in the propagation of one round trip in the cavity. From 

Fig. 2-2, the dispersion induced frequency shift could be larger than 1.8 GHz in just a 

single round trip. As a typical linewidth of the tunable filter is 10 GHz, the dispersion 

caused frequency shift will push the signal out of the passband of the tunable filter in 

just a few round trips. By considering the gain saturation of the SOA, it has been found 

if the accumulated frequency shift will trigger Eckhaus instability to generate high 

frequency sidebands and distort the waveform. A typical process of Eckhaus instability 

triggering and high frequency fluctuation generation is shown in Fig. 2-3 [72]. It is 

obvious that such consecutive triggering of Eckhaus instability has greatly degraded 

and limit the coherence of FDML lasers. 

 

Fig. 2-3. Triggering of Eckhaus instability by accumulated frequency shift and generation of high 

frequency fluctuations in FDML laser. 

The cavity dispersion induced frequency shift is the dominant effect that degrades 

the signal quality of FDML lasers. By state-of-the-art compensation of the cavity 



38 
 

dispersion, a smooth waveform without high frequency fluctuations has been 

demonstrated [29]. To reduce the cavity dispersion, FDML laser was first demonstrated 

in the wavelength region of 1310 nm, which is around the zero dispersion wavelength 

of SMF-28e. In the wavelength region of 1550 nm, dispersion shifted fiber, or a 

combination of single mode fiber and dispersion compensation fiber should be used to 

eliminate the dispersion. 

If the fiber dispersion is eliminated by dispersion compensation, the distortion 

caused by fiber nonlinearity should be considered in the propagation of the signal. Self-

phase modulation induces spectral broadening to the signal [67,73]. 

Tunable bandpass filter  

  

Fig. 2-4. The configuration and the photograph of a Fabry-Pérot tunable filter. 

The tunable bandpass filter is another key element of an FDML laser. Currently, Fabry-

Pérot tunable filter (FFP-TF, Micro Optics) is the only commercially available tunable 

filter that could fulfill the requirement of FDML lasers. The configuration and the 

photograph of an FFP-TF are shown in Fig. 2-4 [44], which consists of two fiber facets 

with highly reflective dielectric mirrors attached to a piezo transducer (PZT) to form a 

tunable F-P cavity. Since the F-P cavity is very short, the FSR of the F-P filter can 

be >200 nm. The voltage applied to the PZT will change the distance between the two 

facets and shift the resonant wavelength of the F-P cavity. By applying a sinusoidal 

voltage signal to the PZT, the resonant wavelength will sweep in a broad spectral range. 

Single mode fiber

Alignment

fixture
Mirrors

Glass ferrule

PZT
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The typical DC voltage to change the resonant wavelength by an FSR is ~12 V for the 

FFP-TF supplied by Micro Optics. However, the voltage of the sinusoidal signal 

required to drive the FFP-TF to sweep in an FSR range depends on the sweep rate. As 

a capacitive load, PZT normally has resonant frequencies with high responsivity to the 

applied voltage as shown in Fig. 2-5. The FFP-TF shows a wide resonance at ~48 kHz 

and two narrow resonances at 120~130 kHz. However, since the PZT has a high 

capacitance, which requires a larger transient current to drive it at a higher frequency, 

the sweep range obtained with the FFP-TF depends also on the maximum available 

output current of the driver. In experiments, the sweep range measured at ~48 kHz is 

much larger than that at ~120 kHz, which is limited by the output current of the driver. 

 

Fig. 2-5. The typical response of Fabry-Pérot tunable filter [109]. 

The instantaneous linewidth of FDML laser, which determines the frequency 

boundary at which the Eckhaus instability is triggered, is determined by the linewidth 

of the FFP-TF [71,73]. The spectral broadening and frequency shift included by the 

combined effects of dispersion, self-phase modulation, linewidth enhancement factor 

of the SOA and the filtering of the FFP-TF will push the spectrum out of the stable 



40 
 

spectral region, which will be eventually eliminated and replaced by the new signals 

generated inside the stable region. The continuous process of the elimination of 

unstable signals and generation of stable signals will distort the waveform but the lasing 

signals are mostly confined in the linewidth of the FFP-TF. On another side, since the 

linewidth of the FFP-TF is the direct limitation to the instantaneous linewidth of the 

swept signal, it is impossible to narrow it down to 1 GHz level without niche targeting 

measures if the FFP-TF is fabricated with a linewidth of >10 GHz. 

2.1.3 Principle of discrete FDML in frequency and time domain 

It has been demonstrated in an experiment that inserting an F-P comb filter into the 

FDML laser cavity to discretize the swept signal will enhance the coherence length of 

the swept signal [20,110]. The discretization of the FDML laser can also be realized in 

the time domain by applying a pulse train intensity modulation on the swept 

signal [76,111].  

The discretization of the FDML laser is determined by a comb filtering filter. The 

transfer function of an F-P comb filter is described in the frequency domain as 

 
1
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where R is the intensity reflectivity of the facets of the symmetric F-P etalon, r is the 

roundtrip time in the F-P cavity. The free spectral range (FSR) of the F-P comb filter 

is 2/r in angular frequency. Assuming that the input signal is linearly chirped as 
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where ac is the chirp factor and the sweep slope of the swept signal with central 

frequency 0(t) = 0(0) + act. A periodic discrete signal in the time domain can be 

observed after the comb filtering. Assuming a slow sweep rate and the linewidth of the 

comb filter is much larger than the instantaneous linewidth, the intensity modulation 

on the temporal waveform can be approximately expressed as [76] 
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Fig. 2-6. The principle of (a) filtering by a comb filter and (b) modulation with a periodic function of a 

linearly chirped signal. (b) and (c) show the temporal and spectral profiles of the swept signal after the 

filtering. (e) and (f) show the temporal and spectral profiles of the swept signal after the modulation [76]. 

Figure 2-6(a) shows the principle of the signal discretization by an F-P comb filter. 

The comb filter truncates the signal in the frequency domain and simultaneously chops 

the signal in the time domain. We consider the input signal as a linearly chirped signal 

with a super Gaussian envelope A0(t)=exp[−0.5(3t/T)10] with a duration T of 100 ns 

and a sweep slope a of 41018 s−2. The comb filter has an FSR of 50 GHz and a 

reflectivity R of 0.6. The discretized temporal waveform and spectrum are shown in 

Figs. 2-6(b) and 2-6(c) respectively. Comb filtering will separate the signal in the time 

domain since signals with different central frequencies distribute at different times. 
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Similar to comb filtering, time domain modulation is an alternative method to 

achieve a discrete signal as shown in Fig. 2-6(d). Very similar discrete signals in both 

the time domain and the frequency domain are obtained after a temporal intensity 

modulation as shown in Figs. 2-6(e) and (f) respectively. This equivalence of comb 

filtering and temporal modulation is effective under the condition of 1f t  , where 

the filter linewidth f and the pulse duration t of the modulation have a relation 

f=at. It should be noted that the filtering and temporal modulation results could be 

different if high frequency fluctuations appear in the swept signal which implies a large 

instantaneous linewidth. 

To investigate the impact and difference of the comb filtering and the intensity 

modulation in the discretization of swept signals, a swept signal with a Gaussian 

instantaneous line shape modeled as 

 
2 10 21 1

02 2
( ) ( ) (3 ) 21( ) [ ]

i t T iat
A t e e

   − − − −−=   (2.14) 

is used as the input signal, where the linewidth 0 is 5 GHz and ()[0 2] is a 

uniformly distributed random number, the sweep duration T = 500 ns and a = 81018 

s−2.  denotes the Fourier transform. The input signals are shown in Figs. 2-7(a) and 

2-7(b), which are noisy in both time and frequency domains. After passing through the 

comb filter for six times, the input signal is sliced into a comb spectrum with narrow 

lines as shown in Fig. 2-7(d). Although the waveform is also divided into multiple 

comb lines as shown in Fig. 2-7(c), the line quality is worse than that in the frequency 

domain since there is no direct restriction to the lines in the time domain. Similar results 

are also observed when the input signal is modulated six times in the time domain as 

shown in Figs. 2-7(e) and 2-7(f). Because of the chopping in the time domain, the 
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temporal lines are narrower than that using comb filtering in Fig. 2-7(e) while the 

spectral lines are broader as shown in Fig. 2-7(d). To obtain a high quality signal in 

both the frequency domain and the time domain, comb filtering and temporal 

modulation are jointly and successively applied to the input signal for three times. The 

output results are shown in Figs. 2-7(g) and 2-7(h). Obviously, the lines in both the 

time domain and the frequency domain are greatly narrowed, which means that the 

signal quality is improved with less noise. 

 

 
Fig. 2-7. The (a), (c), (e) and (g) are the temporal and (b), (d), (f) and (h) are the spectral profiles of the 

signals,  (a) and (b) are the linearly chirped with a 5 GHz Gaussian line shape, (c) and (d) filtered 6 times, 

(e) and (f) modulated 6 times, and (g) and (h) iteratively filtered and modulated 3 times [76]. 

 
Fig. 2-8. Spectrograms of the (a) input signal, (b) filtered signal, (c) modulated signal and (d) jointly 

filtered and modulated signal [76]. 
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To clearly demonstrate the differences between the waveforms and spectra, we 

plot the spectrograms of the signals in Fig. 2-8. The spectrograms are generated by 

Fourier transforms of gated signals by multiplying the signal with a 0.61 ns Chebyshev 

gating window centered at different temporal positions. The frequency resolution of 

the spectrograms is 0.75 GHz. The input, comb filtered, modulated, filtering and 

modulation jointly confined signals are illustrated in Figs. 2-8(a), 2-8(b), 2-8(c) and 2-

8(d) respectively. Both comb filtering and time domain modulation have divided the 

continuous input signals into discrete pieces into time and frequency domains. In the 

spectrograms shown in Figs. 2-8(b) and 2-8(c), the traces of filtered and modulated 

signals are relatively longer in time and frequency domains respectively. The elliptical 

spots in Figs. 2-8(b) and 2-8(c) are due to the noise in the signals. Figure 2-8(d) 

obviously shows that the joint adoption of comb filtering and temporal modulation on 

the input signal has narrowed both the temporal and spectral comb lines and the quality 

of the spots in the spectrogram is better than those in Figs. 2-8(b) and 2-8(c). 

Based on the analysis, comb filtering in the frequency domain or/and modulation 

in the time domain will improve the signal quality of FDML laser. Using comb filter 

can be considered as delaying and copying the signal in the filter cavity. By copying 

and delaying the signal in the filter cavity, the relationship of signals in adjacent 

temporal positions is enhanced. In addition, the narrow linewidth of the comb filter will 

narrow the linewidth of the signal, which in principle will increase the coherence length. 

Using periodic temporal modulation will improve the pulse quality instead of the 

coherence length. The short pulse will chop the signal into discrete comb lines in the 
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time domain. The fluctuations and some of the overlapping between adjacent pulses 

will also be eliminated. So the signal quality is improved. 

2.2 Principles of time stretching swept source 

Time stretching of broadband ultrashort pulses is the most promising technique to 

generated ultrafast swept sources with a repetition rate from several MHz to hundreds 

of MHz. By eliminating the inertia limited tunable optical filter, the sweep rate solely 

depends on the cavity length of the broadband pulsed laser. The coherence of the 

spectral components of the ultrashort pulse determines not only the imaging range of 

OCT, but also the stability of the swept signal. To obtain a high axial resolution of 

imaging, the spectral bandwidth of the seed laser should be sufficiently large. The 

passive dispersive elements to realize the time stretching, e.g. dispersion compensation 

fiber or chirped fiber Bragg grating, determine the sweep trace by the group velocity 

dispersion besides the additional loss to the swept signal. The engineering of such a 

swept source mainly focuses on the improvement of the repetition rate and spectral 

bandwidth of the broadband pulse, and the dispersion provided by the dispersive 

elements with low loss. 

2.2.1 Principle of mode locked fiber laser 

Among the many techniques to generate optical pulse signals including mode locking, 

Q-Switching, modulation and cavity soliton in micro-resonators, mode locking is the 

only one that is feasible to generate a high power pulse train with megahertz repetition 

rate and tens to a hundred nanometer spectral bandwidth. Fiber lasers are the most 

promising laser sources to provide compact and robust self-starting ultrashort pulse 
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laser signals. Ultrashort pulses with a pulse duration less than 1 ps and spectrum 

broader than 20 nm are normally generated in passive mode locked fiber lasers based 

on saturable absorbers (SAs) [112], nonlinear polarization rotation (NPR) [113] and 

nonlinear optical loop mirror (NOLM) [114–118]. Saturable absorbers including 

semiconductor saturable absorber mirrors (SESAM), carbon nanotubes (CNTs) or 

graphene normally suffer from the slow recovery and low damage threshold, which 

degrade their performance to generate ultrashort high power pulses. Kerr nonlinearity 

based mode locking including NPR and NOLM could generate ultrashort pulses with 

duration down to several tens of femtosecond and peak power up to tens of kilowatts. 

However, the intrinsic instability caused by the random birefringence evolution in long 

term running impedes the instrumentation of NPR mode locked fiber laser since it 

requires nonlinear polarization evolution in low birefringent fibers. NOLM based 

figure-8 mode locked fiber laser suffers from the same polarization instability problem 

which however can be circumvented by adopting polarization maintaining (PM) fiber 

in the cavity. Although the stability can be guaranteed by using PM fiber, NOLM based 

figure-8 laser suffers from the difficulty of self-starting because the working point of 

NOLM locates at the lowest point of the sinusoidal response function. 

To solve the self-starting problem, Menlo System proposed a figure-9 cavity 

scheme as shown in Fig. 2-9, which consists of a compact reflective all polarization 

maintained nonlinear amplified optical loop mirror (NALM) and a group of elements 

to realize a non-reciprocal propagation [97,119,120]. The PM fiber connecting the two 

ports of the polarizing beam splitter 1 (PBS1) is twisted by 90° to exchange the two 

axes of the polarization. A 45° Faraday rotator (FR), a waveplate (WP) and a polarizing 
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beam splitter (PBS2) are placed between a mirror and the combination port of PBS1. 

Compared with the figure eight design, the incorporation of the non-reciprocal element 

solves the self-starting problem and improves the laser efficiency. Specifically, the FR 

and WP in the cavity are used to shift the working point of small signal to the large 

slope region of the sinusoidal response curve of the NALM to enable self-starting and 

improve the efficiency of the laser. The principle of the working point manipulation is 

explained in detail in the following. 

 
Fig. 2-9. Mode locked fiber laser with figure-9 configuration [97] 

We mark the points between different elements with A-F as shown in Fig. 2-9 and 

use ↑ and ↓ to indicate the propagation directions. Point C is chosen as the start point 

and the light will start propagation upward to simplify the calculation because PBS2 

works as a polarizer. The electric field of the starting point C↑ can be expressed as 
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 (2.15) 

by setting the polarization alignment of PBS2 as x. In this way, the amplitude transfer 

function for the light at C   to propagated in a roundtrip can be written 
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The intensity transmission function is further calculated as 
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A particular but important case is θ = π/4, the transmission function in Eq. (2.17) is 

greatly simplified to 
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which is a simple sinusoidal function to the nonlinear phase shift Δnl = 2 induced 

by the NALM and the double trip phase retardation Δwp = 4 provided by the 

waveplate. 

The sinusoidal response curve of the cavity in Eq. (2.18) can be shifted by simply 

varying the phase retardation of the waveplate as shown in Fig. 2-10(a). When Δwp 

= 0, which means no phase retardation is provided by the waveplate, the transmission 

starts at 0 for small signals, which will lead to a very large loss for small signals and 

the laser is hard to self-start. By decreasing Δwp, the small signal working point will 

be shifted along the rising edge of the sinusoidal curve. For example, with Δwp = 

−/2, the small signal will have a transmission of 0.5 at the largest slope of the curve, 

which will significantly enhance self-starting. Fig. 2-10(b) show the response curve 

shifting in a full period by varying Δwp from − to , which demonstrates the full 

control ability of the cavity response by changing the waveplate. 
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Fig. 2-10. Variations of transmission curve along with the tuning of θ and Δwp=4φ. (a) Transmission 

versus Δnl for different waveplate phase retardation Δwp and a fixed θ=/4. (b) Waterfall of T(Δnl) 

for different Δwp and a fixed θ=/4. (c) and (d) The transmission period characteristic along with the 

tuning of angle θ and phase shift φ respectively. 

However, changing the phase retardation of waveplate is not easy in the 

experiment. A waveplate is always fabricated to provide fixed retardation thus 

variation of the retardation implies the replacement of waveplate, which is hard to 

implement in an instrument. From Eq. (2.17), another parameter that could be used to 

control the response curve is the alignment angle  of the waveplate, which is a 

practically variable parameter in both theory and experiment. If we use a /8 

waveplate, which could provide relative phase retardation of π/4 for the slow axis. 

With =−π/8 for the fast axis, Eq. (2.17) becomes 
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which is hard to simplify but could be numerically modeled as shown in Fig. 2-10(c). 

We fix =−π/8 and vary  from 0 to /4 gradually with a step of 0.05. The shift of 

the transmission curve is clearly observed but it is different from the shift caused by 

varying Δwp since the distance of shift is not uniform. Such difference can be 

understood when we show a full period of the curve shift when  is adjusted from 

−π/2 to π/2 in Fig. 2-10(d). Different from the unidirectional shift of the transmission 

curve by increasing Δwp, the shift is periodic as a sinusoidal function along with the 

increasing of . The tuning period of  is  since the fast axis will return to the starting 

angle after turning the waveplate by a half circle. It can also be observed in Fig. 2-

10(c) from the black solid and the blue dash-dotted curves that the tuning of  will 

induce not only the curve shift but also an amplitude compression to increase the 

minimum transmission of the curves. Such amplitude compression of the response 

curve can be more significant with other values of Δwp, which can be used to control 

the self-starting and efficiency of the laser cavity simultaneously. From the above 

analysis, the transmission curve described in Eq. (2.17) is equivalently a nonlinear 

saturable absorber with a strong tuning ability. Since all of the optical fiber used in 

the cavity is polarization maintaining, the laser constructed with the schematic shown 

in Fig. 2-9 will be polarization stable and self-starting. 

2.2.2 Principle of flat-top broadband spectrum generation 

State-of-art mode locking schemes could help generate ultrashort pulses down to 21 

fs from mode locked fiber lasers. However, the generation of broadband spectrum 

from mode locked fiber lasers comes from gain bandwidth limitation of rare earth 

doped fibers. The spectral bandwidths of most femtosecond mode locked fiber lasers 
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are 20~30 nm, which are far below the requirement of OCT. Although some special 

mode locking schemes such as self-similar soliton laser could provide large spectral 

breathing, the long fiber length required to support the pulse breathing limits the 

repetition rate of such fiber lasers to 10 MHz levels [121]. Even with self-similar 

configuration, the spectral bandwidth obtained of mode locked fiber lasers is not large 

enough for the OCT application. The figure-9 mode locked fiber laser shown in Fig. 

2-9 could generate a broad spectrum with 3 dB bandwidth of ~40 nm, which is still 

too narrow for OCT. To obtain a broader spectrum overcome the gain bandwidth 

limitation, nonlinear spectrum broadening outside the laser cavity could also be 

adopted outside the laser cavity. Supercontinuum generated in nonlinear fiber pumped 

by a narrow bandwidth pulse could significantly expand the pulse spectrum, but the 

coherence of the output signal is limited by the modulation instability and strong 

spectral fluctuation intrinsic to the supercontinuum generation process [122–124]. 

Another problem in the time stretching of a supercontinuum output is the higher order 

dispersion of optical fibers. Noted that other dispersive elements are unavailable for 

such a broad spectrum. Higher order dispersion leads to a very large variation of group 

velocity dispersion in the ultrabroad spectrum, which impedes the use of 

supercontinuum in time stretching especially in spectral regions covering the zero-

dispersion wavelength of fiber. In general, a flat spectrum with a bandwidth >100 nm 

in a second order dispersion dominated region is most suitable for the construction of 

time stretching based swept source for OCT. 

In this thesis, we utilize a composite configuration with a mode locked seed laser 

and a nonlinear fiber amplifier to obtain a flat-top broadband spectrum based on 
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higher order soliton evolution in the fiber amplifier. It is known that the propagation 

of a higher order soliton will evolve to a double hump spectrum with suppression of 

the central part. Such higher order soliton evolution is also the important process of 

supercontinuum generation before soliton fission. During the spectral evolution from 

a single to a double hump profile, there is a short period that the spectrum has a flat-

top profile. If we could engineer the pulse and the fiber amplifier to control the 

evolution and terminate the evolution at the flat-top point, it is possible to generate a 

highly coherent signal with a broad flat-top spectrum. To have a clear understanding 

of the evolution to generate a flat-top spectrum, we present the numerical modeling 

of the pulse and spectral evolutions in a section of gain fiber in Fig. 2-11. 

 

 
Fig. 2-11. (a) Input (blue) and output (red) pulse. (b) Input (blue) and output (red) spectra. (c) Waveform 

evolution in gain fiber. (d) Spectral evolution in gain fiber. 
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To model the pulse evolution in the gain fiber, we use a generalized nonlinear 

Schrödinger equation with gain as 
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where g describes the saturated gain coefficient modeled in the frequency domain with 

a gain profile. Up to the 9-th order dispersion are modeled by βm, m=2…9. The right-

hand side term of Eq. (2.20) models the nonlinear effects including self-phase 

modulation, self-steepening and Raman scattering response of the fiber. Standard 

dispersion and nonlinear parameters for single mode fiber are used in the simulation. 

The gain fiber is assumed to provide 20 dB small signal gain in 0.8 m length, has a 

Gaussian gain profile with a bandwidth of 5 THz and centered at ~1535 nm. The 

saturation pulse energy is 1.8 nJ. A chirped pulse with duration of 600 fs and initial 

bandwidth of ~40 nm centered at ~1580 nm is injected into the gain fiber. The central 

wavelength of the pulse locates in the L-band of the EDF in accordance with the 

experimental results of the figure-9 seed laser [97]. The pulse is compressed to 65 fs at 

the output of the gain fiber with some small pulses radiated from the main pulse. The 

change in the temporal location of the pulse is caused by dispersion and the difference 

of carrier wavelength and the central wavelength of the simulation window. From Fig. 

2-11(b), a flat-top spectrum with 1-dB bandwidth of ~64 nm, 3-dB bandwidth of ~78 

nm and 10-dB bandwidth >100 nm is generated as shown by the red curve, which is 

very different to the input spectrum shown by the blue curve. Figs. 2-11(c) and 2-11(d) 

demonstrate the temporal and spectral evolutions of the pulse along with the 



54 
 

propagation in the gain fiber. The high flatness of the spectrum is the result of both of 

the nonlinear soliton evolution and the wavelength offset amplification in the gain fiber. 

Since it is not the focus of this thesis to systematically investigate the theory and 

mechanism of such flat-top spectrum generation, the theoretical modeling shown in Fig. 

2-11 provides only an intuitive understanding of the evolution, which will be 

demonstrated in an experiment in Chapter 4. 

2.2.3 Principle of time stretching 

The concept of time stretching was first proposed by T. Jannson in 1982 as a real-time 

Fourier transform [125] and now has been adopted in many applications including 

signal processing and spectroscopy [126–128] with different names such as time lens, 

dispersive Fourier transform and amplified time stretching. Ultrashort laser pulse 

usually has a large spectral bandwidth, and the different spectral components of the 

spectrum will be dispersed into different temporal positions when they propagate in a 

dispersive medium. When the higher order dispersion coefficients are negligible in a 

relatively narrow bandwidth, the group velocity dispersion (GVD) will introduce a 

linear frequency chirp onto the pulse and stretch it in time domain [126,128].  

 

Fig. 2-12. The principle of time stretching in a dispersive fiber 

Input

Output

Dispersive fiber
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The principle of time stretching in a dispersive fiber in the time domain is shown 

in Fig. 2-12. Initially, the lights of all wavelengths are superimposed with a 

synchronized phase to form the ultrashort pulse in the time domain. After propagating 

through a section of dispersive fiber, different spectral parts of the ultrashort pulse will 

be dispersed to different temporal positions to form a swept signal. The group delay τ 

(λ), as a function of the carrier wavelength can be expressed by [82] 
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    = +   (2.21) 

where L and D(λ) is the fiber length and the GVD of the dispersive fiber, τ0 is the group 

delay for a reference wavelength λ0. If D(λ) can be approximated as a constant, then 

the relative delay can be written in a linear function of λ as 

 0 0( ) ( ).LD    = + −  (2.22) 

The relationship of Eq. (2.22) implies that the temporal waveform is the direct mapping 

of the spectrum. The stretched pulse duration Δτp at the wavelength of λ within a small 

bandwidth ΔλB can be expressed by 

 ( ) .Bp LD      (2.23) 

In a time stretching system, the bandwidth of the pulse, the dispersion amount of the 

fiber and the repetition rate of the mode locked laser should be carefully designed to 

avoid the overlap between adjacent stretched pulses. The repetition rate of the mode 

locked laser should be less than Δτp−1. 

In principle, any GVD dominated dispersive elements with sufficiently large 

dispersion could be used in time stretching. Single mode fiber is the most easily 

acquired dispersive medium in optical laboratories and industry. The single mode 

fibers manufactured by different suppliers have almost the same dispersion coefficients, 



56 
 

which could reduce the cost of replacement. There are some cases that SMF could not 

be used in time stretching especially when the carrier wavelength of the broadband 

signal locates in the O-band near 1310 nm, which is the zero-dispersion wavelength. 

The ~0.2 dB/km propagation loss is another limitation to the application of SMF when 

the required fiber length is longer than 100 km, which will introduce >20 dB loss to the 

signal. The Kerr nonlinearity may also degrade the signal quality if the peak power of 

the input pulse is higher than 1 W and complex nonlinear dynamics may occur in the 

anomalous dispersive nonlinear fiber. 

Dispersion compensation fiber (DCF) widely used in optical communications is 

an excellent dispersive element in time stretching. Nowadays, sophisticated DCFs 

could provide ~9 dispersion compensation to the SMF with nearly 100% slope 

compensation. Considering the propagation loss of ~0.6 dB/km in DCF, the dispersion 

provided by DCF is three times of that by SMF with the same propagation loss. Another 

advantage of DCF is the normal dispersion it provided, which will not suffer any 

modulation instability and soliton dynamics comparing with the anomalous dispersion 

of SMF. It should be noted that the dispersion compensation of most DCFs is designed 

to work in a C-band of 1535-1565 nm. The dispersion should be carefully measured 

before application in other wavelength bands. Perhaps the only drawback in the 

application of DCF may arise from the splicing loss when DCF is connected to SMF 

by commercially available fiber splicer in regular optical laboratories since DCF has a 

much smaller core size than SMF. 

Another dispersive element that is used in time stretching is chirped fiber Bragg 

grating (CFBG). Long CFBGs are commercially available from Proximion AB as 
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dispersion compensation modules (DCMs) because of the demand from optical 

communications. To provide different delays for different wavelengths, the refractive 

index profile of the CFBG experiences continuous variation of the grating period along 

the grating length [129,130]. The reflected wavelength changes with the period 

variation of grating engraved on photosensitive fiber cores by ultraviolet lasers. 

Proximion AB could provide DCMs with a total GVD dispersion as high as ~2300 

ps/nm in C-band or L-band. The adoption of CFBG in time stretching has multiple 

advantages including low loss, low nonlinearity and very high duty cycle of the swept 

signal because of the simultaneous filtering provided by the CFBG. It is also possible 

to fabricate linear CFBGs with a constant β2 to generate a k-space linear swept signal. 

Despite the many advantages, problems remain when CFBGs are used in time 

stretching. The first one is the finite reflection bandwidths of CFBG, which disables 

the tuning of laser wavelength. The relatively narrow bandwidth of CFBG will waste 

part of the laser spectrum and reduce the resolution of OCT. Another problem of CFBG 

is the unavoidable delay ripples inherited from fabrication [131], which may cause 

phase distortion to the interference fringe of OCT and introduce noise to the images. 
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Chapter 3  

Discrete Fourier domain 

mode locked laser source  

 

 

In this Chapter, we will discuss the discretization of the FDML laser signal in both the 

frequency and time domain. The conventional FDML laser will be demonstrated in 

Section 3.1 as a comparison. The discretization of FDML laser in the frequency domain 

by comb filtering with a microring resonator is presented in Section 3.2. In Section 3.3, 

we demonstrate the discretization of FDML laser with temporal intensity modulation. 

Both temporal uniform and spectral uniform discrete FDML lasers are investigated 

with the characterization of sensitivity roll off in OCT. In Section 3.4, we propose a 

novel discrete FDML with a third harmonic sweep rate and a mode hopping scheme to 

densify the FSR effectively, which also illustrates the flexibility of temporal modulated 

FDML. 
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3.1 Conventional Fourier domain mode locked (FDML) laser 

Fourier domain mode locked (FDML) laser was first introduced in 2006 and has been 

successfully applied in many applications such as optical frequency domain 

reflectometer (OFDR), optical fiber Bragg grating (FBG) interrogation and most 

importantly optical coherence tomography (OCT) [28,132,133]. Compared with 

conventional wavelength swept lasers, FDML laser does not need to rebuild from ASE 

noise because the tunable filter is driven at a frequency synchronized to the roundtrip 

time of the laser cavity with a long fiber delay line. The principle, setup and 

performance limitation have been discussed in Section 2.1. In the following section, 

we will experimentally demonstrate a conventional FDML laser running in continuous 

mode. The basic FDML laser configuration, is then extended to realize discrete FDML 

laser by frequency or time domain modulations. 

3.1.1 Experimental setup 

Figure 3-1 shows the schematic diagram of an FDML laser. Two SOAs (Thorlabs, 

BOA1004S) with a 3-dB amplified spontaneous emission (ASE) bandwidth of 85 nm, 

a small signal gain of 27 dB, and saturation output power of 15 dBm serve as the gain 

elements in the cavity. The wavelength sweeping is realized by a fiber F-P tunable filter 

(FFP-TF, Micron Optics) with a free spectral range (FSR) of 25 THz and a linewidth 

of 16 GHz. The FFP-TF has a nominal tuning rate of 12 V/FSR for low speed tuning, 

while the high speed tuning rate depends greatly on the driving frequency as shown in 

Fig. 2-5 and should be carefully tuned based on the monitoring in the experiment. A 

section of 2120 m long double pass optical fiber, which consists of 1916 m of single 

mode fiber (SMF, G.652D) and 204 m of dispersion compensation fiber (DCF, OFS), 
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is incorporated into the laser cavity to match the resonant driven frequency of the FFP-

TF and reduce the cavity dispersion. A sinusoidal electrical signal generated by an 

arbitrary-waveform generator (AWG, Keysight, 33622A) is applied to the piezoelectric 

transducer (PZT) driven FFP-TF. When the driving frequency is tuned to the resonant 

frequency of the FFP-TF, which is also the fundamental resonant frequency of the fiber 

cavity, the swept lasing signal can be stored in the long fiber cavity and repeatedly pass 

through the swept filter without the need to rebuild from ASE. To eliminate the 

polarization mode dispersion induced by the linear birefringence of the long fiber and 

shorten the physical fiber length, a Faraday rotating mirror (FRM) combined with a 

circulator (CIR) is applied to route the light to double pass the long optical fiber. 

Isolators (ISOs) are utilized to block the reflected light. Besides, polarization 

controllers (PCs) are used to adjust the polarization states of the light injected into the 

SOAs to reduce the polarization dependent loss. At the output optical coupler (OC), 

20% of the signal is exported and sent to the optical spectrum analyzer (OSA) and 

oscilloscope (OSC) to characterize the swept signal. 

 

Fig. 3-1. Schematic diagram of an FDML laser. FFP-TF: Fiber Fabry-Pérot tunable filter, SOA: 

Semiconductor optical amplifier, ISO: Isolator, AWG: Arbitrary-waveform generator, OC: Optical 

coupler, PC: Polarization controller, CIR: Circulator, SMF: Single mode fiber, DCF: Dispersion 

compensation fiber, FRM: Faraday rotating mirror. 
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To characterize the performance of the FDML laser, the PSFs are measured at 

different imaging ranges with a Michelson interferometer scheme as shown in Fig. 3-

2. The output swept signal from the swept source is sent to the Michelson 

interferometer by a 50:50 coupler. Two motorized reflective variable optical delay lines 

(VODLs) with two circulators and two PCs are used as the two arms. The interference 

signals combined in the 50:50 coupler are detected by a 43 GHz balanced photodetector 

(Finisar, BPDV2150R) and then is acquired by a high-speed real-time oscilloscope 

(Keysight, MSOS404A) with a bandwidth of 4 GHz and a sampling rate of 20 GSa/s. 

The temporal interference signal is resampled by fitting the sweeping curve of the 

tunable filter to be converted to a uniformly sampled spectrum in the frequency domain. 

The PSFs can be obtained by the Fourier transform of the interference spectra. The 

instantaneous linewidth or the coherence length of the swept laser can be estimated by 

measuring the sensitivity roll off length indicated by the peaks of the PSFs obtained for 

different delays. 

 
Fig. 3-2. The schematic diagram of the point spread function and sensitivity measurement system. OC: 

optical coupler, BPD: balanced photodetector, CIR: circulator, PC: polarization controller, VODL: 

variable optical delay line. 
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3.1.2 Results and discussions 

The output spectrum and temporal waveform of the conventional FDML laser are 

shown in Fig. 3-3 (a) and (b) respectively. The sweep range in Fig. 3-3(a) is 129 nm 

from 1486 nm to 1615 nm with about 20 dB extinction ratio. The output spectrum is 

flat with small fluctuations. The FFP-TF (Micron Optics) used in our experiment has a 

resonant frequency of ~48 kHz. Figure 3-3(b) is the temporal waveform with a sweep 

rate of 48.004 kHz corresponding to a round trip time of 20.8 μs. The intensity of the 

forward scan is higher than that of the backward scan because of the nonlinearity of the 

SOAs [33]. As discussed in Subsection 2.1.2, the high frequency fluctuations observed 

in the temporal waveform should be the consequence of the joint dynamics of the 

triggering of the Eckhaus instability by the dispersion induced frequency offset and the 

nonlinear phase shift induced by the optical fiber and SOAs. The instantaneous 

linewidth or the coherence length of the conventional FDML laser is degraded by the 

fluctuations. There are also modulations on the envelope of the temporal waveform 

owing to the residual polarization-dependent gain of the SOAs in the laser cavity, 

which cannot be completely eliminated by adjusting the polarization controllers. 

 

Fig. 3-3.  (a) Output spectrum and (b) the temporal waveform of conventional FDML laser. 

(a) (b)

129 nm
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The coherence length or instantaneous linewidth of a swept laser is an important 

parameter for OCT imaging systems, which directly determines the effective imaging 

range. The effective imaging range can be determined by using the 6-dB sensitivity roll 

off length of the OCT. By plotting point spread functions (PSFs) with different delays 

between the two arms, the axial resolution of the SS-OCT system can be directly 

measured from the full width at half maximum (FWHM) of a single PSF. 

 

Fig. 3-4. (a) An example of the interference fringe pattern captured by the BPD. (b) Resampled 

interference spectrum. (c) Axial resolution estimation with PSF calculated from the signal of (b). (d) The 

measured PSFs for different OCT imaging ranges. 

However, the interference fringe signal captured by the BPD cannot be used to 

perform the Fourier transform directly since the discrete signal is not uniformly 

distributed in the frequency domain, which can be observed from the example shown 

in Fig. 3-4(a). The temporal signal in Fig. 3-4(a) should be resampled into the 

frequency domain as shown in Fig. 3-4(b) with the assistance of the sinusoidal sweep 

trace and distortions caused by factors such as the nonlinear response of the 

(b)(a)

(d)(c)

15μm
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piezoelectric transducer, dispersion, nonlinearity and the optical fiber. We also found 

that the spectral modulation inherited from the input signal will lead to sidelobes on 

the PSFs. The sidelobes are suppressed by applying a predefined complex modulation 

on the resampled signal. The signals are then fast Fourier transformed (FFT) to obtain 

the PSFs. By FFT of the resampled interference spectrum in Fig. 3-4(b), the point 

spread function (PSF) at 0.4 mm is plotted in Fig. 3-4(c). The axial resolution of the 

OCT is determined to be 15 μm in air and 11 μm in biological tissues by measuring the 

FWHM of the PSF shown in Fig. 3-4(c). PSFs with peaks locating at different positions 

are obtained by FFTs of different resampled interference fringes acquired at different 

positions of the VODL as shown in Fig. 3-4(d), which shows a signal to noise ratio of 

~40 dB with very low sidelobes because of the artifact removal algorithm. The 6-dB 

sensitivity roll off length is measured to be 4.6 mm corresponding to a coherence length 

of 9.2 mm of the swept signal. 

3.1.3 Summary 

We have demonstrated the basic configuration of an FDML fiber laser running at 

continuous mode. The wide sweep range, the sweep rate determined by the FFP-TF 

and the cavity length illustrated the typical performance of an FDML laser. The 

experimental system to measure the point spread functions and characterize the 

sensitivity roll off is also demonstrated, which will also be used for discrete Fourier 

domain mode locked laser by frequency and time domain modulation in the following 

sections. The sensitivity roll off of the OCT system by this conventional FDML laser 

is 4.6 mm with an axial resolution of 15 μm in air. The roll off length of the OCT and 

coherence length of the swept signal is limited by the high frequency fluctuations, 
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which has been observed on the waveform of the conventional FDML laser. The 

improvement of the roll off length of FDML laser based SS-OCT is the major objective 

of the following investigation. 

3.2 Discrete frequency domain FDML fiber laser 

3.2.1 Introduction 

The dispersion and nonlinearity of fiber and the linewidth enhancement factor of the 

SOAs in FDML lasers will degrade the instantaneous linewidth of an FDML by 

generating high frequency fluctuations on the waveform as discussed in Section 2.1 

and experimentally demonstrated in Section 3.1. Incorporating a Fabry-Pérot comb 

filter into the conventional FDML laser cavity to discretize the swept signal has been 

proven effective to improve signal quality and narrow the instantaneous linewidth [20]. 

An important application of such a discrete swept signal is the circular interferometric 

ranging technique to reduce the data acquisition requirement [80]. In FDML lasers 

discretized by comb filters, the linewidth of a single resonance of the comb filter is the 

key factor that determines the instantaneous linewidth of the swept signals. However, 

the ultranarrow linewidth of Fabry-Pérot comb filters is difficult to obtain. Compared 

with Fabry-Pérot comb filters, whispering gallery mode based microresonators with 

high Q factor and ultranarrow linewidth are a better choice for the comb filter. 

Nowadays, a crystalline micro-disk could achieve a Q-factor as high as 1011 [134]. 

But the coupling from fibers to crystalline micro-cavities are unstable and remain 

challenging. In the last decade, the development of state-of-art optical waveguide 

techniques has enabled the fabrication of waveguide coupled micro-rings with Q-
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factors >106 in multiple platforms [135–139]. In this Section, we propose and 

experimentally demonstrate a highly coherent frequency comb swept laser by 

discretizing an FDML laser with an on-chip Hydex glass micro-ring filter with a Q-

factor of ~2×106. To demonstrate the improvement in performance, a Fabry-Pérot 

comb filter with a Q-factor of 6.2×104 and a linewidth of 3.1 GHz is also used in the 

experiment for comparison. Both comb filters have free spectral ranges (FSRs) of ~50 

GHz. Stable and clearly discretized temporal waveforms and frequency comb spectra 

with 50 GHz FSR are observed. The adoption of the high-Q micro-ring filter narrows 

the instantaneous linewidth of the FDML laser down to 1.5 GHz. The OCT system with 

the frequency comb swept laser source with micro-ring filter demonstrates a long 

imaging range, which has a 6-, 10- and 15-dB sensitivity roll off length of ~53, ~73 

and over 100 mm, respectively. 

3.2.2 Experimental setup 

Figure 3-5 shows the schematic diagram of an FDML laser with a comb filter (micro-

ring or F-P comb filter) in the cavity. Different from a conventional FDML laser, a 

comb filter (CF), either a micro-ring filter or an F-P filter for comparison, is used in 

the cavity to slice the swept signal in the frequency domain as well as to chop the swept 

signal into discrete pulses in the time domain, which will improve the coherence length 

of the swept signal. The comb filter is a key component to control the performance of 

the output signal. The application of micro-resonators to discrete FDML lasers does 

not require the highest Q-factor achievable. A Q-factor of ~106, which corresponds to 

a filter linewidth of several hundreds of MHz, is the optimum choice. A higher filter 

Q-factor will lead to a longer pulse for each discrete channel. Too high a Q-factor may 
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cause overlap to adjacent pulses. In the experiment, we use an on-chip Hydex glass 

micro-ring filter with a Q-factor of ~2×106 as the comb filter. Hydex glass is an 

excellent material to fabricate on-chip devices, which shows simultaneous low 

nonlinearity and low absorption [137]. On-chip Hydex glass micro-cavities could have 

a loaded Q-factor of >106 and a linewidth of <200 MHz for individual comb lines [137–

139]. A photograph of the micro-ring resonator is shown in Fig. 3-5(b). For a frequency 

comb swept laser, the FSR of discrete comb lines is inversely proportional to the period 

of the Fourier transform. An FSR of 50 GHz will induce a period of 3 mm for circular 

interferometric imaging [80]. The FSR could be reduced to enlarge the imaging period. 

From the simulation, an FSR of 50 GHz avoids overlapping of pulses from adjacent 

frequency channels [110]. 

   
                                              (a)                                                                                (b) 

Fig. 3-5. (a) Schematic diagram of an FDML laser with a comb filter. FFP-TF: Fiber Fabry-Pérot tunable 

filter, SOA: Semiconductor optical amplifier, ISO: Isolator, AWG: Arbitrary-waveform generator, OC: 

Optical coupler, PC: Polarization controller, CIR: Circulator, SMF: Single mode fiber, DCF: Dispersion 

compensation fiber, FRM: Faraday rotating mirror, CF: Comb filter (micro-ring or F-P comb filter). 

(b)Photograph of the Hydex glass micro-ring comb filter. 

To characterize the performance of the frequency comb swept lasers, the PSFs are 

measured at different imaging ranges with a Michelson interferometer scheme as 

shown in Fig. 3-6. Different from the conventional FDML laser for sensitivity roll off 

length measurement shown in Fig. 3-2, the output signal from the swept source is 
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divided into two parts by an optical coupler. Eighty percent of the discrete swept signal 

is detected by a photodetector and recorded by the oscilloscope as the clock signal to 

be used in the self-clocking calibration. The other 20% of the swept signal is sent to 

the Michelson interferometer. By using the clock signal from the PD, the interference 

signal is resampled in the time domain by time to frequency mapping. The PSFs are 

obtained by Fourier transform of the resampled signal which is already a uniformly 

sampled spectrum in the frequency domain. 

 
Fig. 3-6. The schematic diagram of the point spread function and sensitivity measurement system. OC: 

optical coupler, PD: photodetector, BPD: balanced photodetector, CIR: circulator, PC: polarization 

controller, VODL: variable optical delay line. 

It should be noted that the number of sampling points is determined by the sweep 

range and FSR of the comb filter. The discrete sampling with a frequency interval of 

50 GHz will lead to a period Xp~3 mm in the circulating imaging. The PSF peaks for 

the samples at distances z=x+nXp>0, where n is a natural number and x[−Xp/2, Xp/2], 

will all appear at the position x of the PSF window of Fourier transform. To characterize 

the coherence length and sensitivity roll off length of the OCT, we unwrap the 

circulating PSFs by utilizing the positions of VODLs. 
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3.2.3 Results and discussions 

In this Section, we will first compare the properties of the micro-ring and F-P comb 

filters used in the discrete FDML lasers. Thereafter the output spectra and waveforms 

of the frequency comb swept lasers will be analyzed. The frequency comb swept lasers 

with the F-P and micro-ring filters are then used in the OCT system and the sensitivity 

roll off is characterized by measuring the PSFs. 

3.2.3.1 Micro-ring and F-P comb filters 

The Q-factor of the comb filter is a key parameter that affects the performance of the 

discrete FDML lasers. In the experiment, we use two different comb filters with 

different Q-factors. The F-P comb filter is fabricated by a high reflective multi-layer 

dielectric coating on both surfaces of a two-side polished fused silica substrate with a 

thickness of 2 mm. The coated substrate is then sliced into 2 mm×2 mm×2 mm cubes 

and packaged with a pair of fiber collimators. The packaged F-P comb filter has an 

FSR of ~50 GHz and finesse of ~17. To obtain a stable linear high-Q comb filter, we 

use a Hydex glass on-chip micro-ring filter. Hydex glass has a refractive index between 

1.5 and 1.9 [135]. It is convenient to fabricate ridge waveguides by etching the Hydex 

glass film on a silica substrate and then coating the waveguide by silica for protection 

and dispersion engineering. Because the refractive index of the Hydex glass is lower 

than Si and SiN, the size of Hydex glass waveguide is much larger than Si and SiN 

waveguides, which makes fabrication easier. Sliced single mode fibers are used to 

couple light to and from the waveguide directly with a total coupling loss <4 dB owing 

to the large core size and low numerical aperture of the Hydex glass waveguide. The 

FSR of the micro-ring comb filter is also designed to be ~50 GHz. To characterize the 
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performance of the micro-ring and F-P comb filters in the spectral region of the FDML 

laser, the ASE of one of the two SOAs is used as the source. The transmission spectra 

of both filters are measured by an optical complex spectrum analyzer (OCSA, APEX, 

AP2441A) with 20 MHz resolution. 

 
Fig. 3-7. (a) Transmission spectrum of the micro-ring filter. (b) The fine structures of a pair of resonances 

of the TE and TM modes. (c) and (d) respectively show the TM and TE resonances shown in (b) with 

Lorentzian fittings. (e) The transmission spectrum of the F-P comb filter. (f) The fine structure of one 

resonance of the F-P comb filter with Lorentzian fitting. All the spectra are captured by averaging 30 

measurements. 

Figure 3-7 shows the spectra captured by the OCSA by averaging 30 

measurements. From Figs. 3-7(a) and 3-7(b), the FSR of the micro-ring comb filter is 

50 GHz, both the TE and TM modes are excited in the micro-ring resonator. By the 

Lorentzian fitting shown in Figs. 3-7(c) and 3-7(d), the full-width-at-half-maximums 

(FWHMs) of the TM and TE modes are 96 and 88 MHz, respectively. Both modes 

(a) (b)

(c) (d)

(f)

TM 96MHz

TE 88MHz

50GHz

(e)
50GHz
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have Q-factors of ~2.0×106. In the characterization, both the TE and TM modes are 

excited since we use an unpolarized ASE source. The TE and TM modes can be 

selectively excited in a laser cavity is a polarization controller is utilized to adjust the 

polarization state of light injected into the micro-ring filter. Figure 3-7(e) shows the 

transmission spectrum of the F-P comb filter.  Figure 3-7(f) shows the fine structure of 

a single resonance. The FSR is measured to be 50 GHz and the FWHM is 3.1 GHz, 

corresponding to a Q-factor of 6.2×104, which is significantly lower than that of the 

micro-ring filter. From Fig. 3, the two comb filters have similar contrast ratios of ~20 

dB on the transmission spectra. 

3.2.3.2 Frequency comb swept lasers with different comb filters 

The two characterized comb filters are then inserted in the FDML laser cavity 

separately to obtain frequency comb swept laser signals. In the experiments, stable and 

clearly discretized waveforms in the time domain and frequency comb with 50 GHz 

FSR in the frequency domain are observed with either of the two comb filters. The 

discretization of FDML laser with a comb filter effectively improves the coherence 

length and narrows the instantaneous linewidth of the swept laser. From our 

demonstration in Ref. [110], comb filter with a higher fineness or narrower linewidth 

will improve the quality of the swept signal with less noise and further increase the 

coherence length. Figures 3-8 and 3-9 depict the performance of frequency comb swept 

output signals with the F-P and micro-ring comb filters, respectively. 

In the laser cavity, the swept signals are sliced into discrete comb lines in the 

frequency domain with identical spacing defined by the FSRs of the comb filters. We 

first use the F-P comb filter in the FDML laser cavity. To match the 4266 m cavity 
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length, the FFP-TF is driven by a 47.852 kHz sinusoidal signal which corresponds to a 

round trip time of 20.9 µs. 

 
Fig. 3-8. The performance of a discrete FDML laser with an F-P comb filter. (a) Output spectrum and 

(b) the zoom in view from 1555 to 1565 nm. (c) The instantaneous linewidth of the swept signal with 

Lorentzian fitting measured by the optical complex spectrum analyzer. (d) The temporal waveform and 

(f) the zoom in view from 10 to 10.3 μs without averaging. (e) The temporal waveform and (g) the zoom 

in view by averaging ten measurements. 

Figures 3-8(a) and 3-8(b) show the optical spectra of the frequency comb swept 

signal with the F-P comb filter captured by an optical spectrum analyzer (OSA, 

Yokogawa, AQ6370D) with different spectral spans. The spectrum of the frequency 

comb swept laser ranges from 1487 to 1618 nm with an identical wavelength separation 

of ~0.4 nm, covering a total tuning range of 131 nm. The slight intensity modulation 

on the spectrum is caused by the polarization dependent gain of the SOA.  Such 

intensity variation is difficult to be fully eliminated in such a broad spectral range by 

adjusting the polarization controllers only. The background ASE noise limits the 

contrast ratio to ~20 dB in the central region and more than 30 dB in the side regions. 

In Fig. 3-8(c), we use the OCSA with 20 MHz resolution to measure the fine structure 

of a single comb line, which is selected out from the whole spectrum by a tunable filter 

(a) (b) (c)

(d) (e) (f)

(g)
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(Santec, OTF-930) with a 3-dB bandwidth of 0.3 nm. By Lorentzian fitting, the 

linewidth of a single comb line of the frequency comb swept signal is measured to be 

12.1 GHz. It should be noted that the linewidths vary slightly for different comb lines. 

Besides the spectral slicing, the comb filter will also chop the temporal waveform into 

a sequence of pulse train, which has varying temporal separations since the sweep trace 

is nonlinear. 

Figure 3-8(d) shows the temporal waveform containing two full periods of 

sweeping.  Figure 3-8(f) shows the detail of the waveform within a time window of 

300 ns. The waveform shows dense high frequency fluctuations, which certainly 

degrade the signal quality and limit the coherence length. The details of the waveform 

or the fluctuations vary significantly for different pulses in the swept signal. The 

intensity fluctuations and the variations clearly indicate the residual chromatic 

dispersion of the cavity, which leads to the triggering of Eckhaus instability when 

coupled with the nonlinearity of the cavity. To observe the envelope of the pulses, we 

show the averaged waveform in 10 measurements in Figs. 3-8(e) and 3-8(g). The pulse 

quality is greatly enhanced since the random high frequency fluctuations are averaged 

out. 

The micro-ring comb filter with a Q-factor of 2×106 is then incorporated into the 

FDML laser cavity to replace the F-P comb filter.  It is expected that the linewidth of 

the frequency comb swept signal will be narrowed with the replacement. Because of 

the longer fiber tails of the micro-ring filter, the resonant sweep rate corresponding to 

the cavity length is slightly decreased to 47.845 kHz. Figure 3-9 shows the output 

spectra and corresponding temporal waveforms. In Fig. 3-9(a), the sweep range of the 
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frequency comb swept laser with the micro-ring comb filter is 115 nm.  The channel 

separation is 0.4 nm corresponding to a filter FSR of 50 GHz. The sweep range is 

slightly decreased to match the net gain bandwidth of the cavity, which is decreased 

since the insertion loss of the micro-ring comb filter is larger than that of the F-P filter. 

It can be observed in Fig. 3-9(b) that the comb lines are very narrow. Figure 3-9(c) 

shows the fine structure of a single comb line captured by the OCSA with a Lorentzian 

fitting. The linewidth is measured to be 1.5 GHz, which is only ~1/8 of that with the F-

P filter. 

 
Fig. 3-9. The performance of the discrete FDML laser with a micro-ring comb filter. (a) The output 

spectrum and (b) the zoom in view from 1555 to 1565 nm. (c) The instantaneous linewidth of the swept 

signal with Lorentzian fitting measured by the optical complex spectrum analyzer. (d) The temporal 

waveform and (f) the zoom in view from 10 to 10.3 μs without averaging. (e) The temporal waveform 

and (g) the zoom in view with averaging of ten measurements. 

Figures 3-9(d) and 3-9(f) show the single trace waveform of the frequency comb 

swept signal with the micro-ring comb filter with different time windows for better 

observation of the envelope and details. Compared with the results with the F-P comb 

filter, Fig. 3-9(f) shows a clearer temporal waveform and a significant suppression of 

the high frequency fluctuations because of the narrower linewidth of the micro-ring 

comb filter. The averaged waveforms shown in Figs. 3-9(e) and 3-9(g) show better 

(a) (b) (c)

(d) (e) (f)

(g)
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quality than those in Fig. 3-8 too. Such improvement in the signal quality will enhance 

the performance of OCT systems. 

3.2.3.3 Sensitivity roll off of OCT systems with frequency comb swept lasers 

The coherence length of swept sources, which is twice the sensitivity roll off 

length [69], can be estimated by the optical path difference between the two arms when 

the PSF peak drops by 6 dB. The variation of PSFs measured with a mirror locating at 

different distances will illustrate the sensitivity roll off of the OCT system. In principle, 

the interference fringes can be captured by the BPD when the sample arm is tuned to 

different distances as shown in Fig. 3-2. Then the PSFs can be obtained by Fourier 

transforms of the different interference fringes. 

The interference fringe signal captured by the BPD is shown in Fig. 3-10(a). 

Frequency comb swept lasers have an obvious advantage in the realization of self-

clocking calibration to convert the temporal waveforms into frequency spectra ready 

for Fourier transforms. In the experiment, the pulse train signals detected by the PD are 

not used as a clock directly since there is too much noise on the waveforms. We extract 

the clock signal by removing the slow varying and DC component with a high pass 

filter and then removing the noisy intensity fluctuations with a low pass filter. The 

interference fringe signal as shown in Fig. 3-10(a) is also filtered to remove the high 

frequency noise and then resampled according to the peak positions of the clock signal. 

Fig. 3-10(b) shows the resampled signal, which is uniformly distributed in the 

frequency domain. We found that spectral modulation inherited from the input signal, 

which is shown in Figs. 3-8(a) and 3-9(a), will lead to sidelobes on the PSFs. The 

sidelobes are suppressed by applying a predefined complex modulation on the 



77 
 

resampled signal with a Hann window. The signals are then ready to be used in a fast 

Fourier transform (FFT) to obtain the PSFs. 

 
Fig. 3-10. (a) An example of the interference fringe pattern with F-P comb filter captured by the BPD. 

(b) Resampled interference spectrum with self-clocking. (c) Axial resolution estimation with PSF 

calculated from the signal of (b). (d-g) The measured PSFs of frequency comb swept laser with an F-P 

comb filter for different OCT imaging ranges. (d) The imaging range from 0 to 14 mm. (e) The zoom in 

view from 0 to 1.5 mm. (f) The zoom in view from 6.1 to 7.6 mm, covering the 6 dB sensitivity roll off 

length. (g) The zoom in view from 12.4 to 13.9 mm, covering the 20 dB sensitivity roll off length. 

By FFT of the resampled interference fringe signal, we obtain the PSF as shown 

in Fig. 3-10(c), the position of which directly indicates the position of the sample. The 

axial resolution of the OCT, i.e. the FWHM of the PSF is measured to be 20 μm with 

a Gaussian fit. Multiple PSFs for the OCT system with the frequency comb swept laser 

based on the F-P comb filter with different delays between the reference arm and the 

(d)

(e) (f) (g)

6 dB (7mm) 10 dB (9mm) 20 dB (14mm) 

20μm

(a) (b) (c)
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sample arm are shown in Fig. 3-10(d). As mentioned in the Section above, the 

frequency comb swept lasers will have circulating imaging with a period determined 

by the FSR. To characterize the roll off length, we unwrap the circulating PSFs into the 

physical map with the relation z=x+nnXp and make use of the reading of VODL 

positions. For the comb filters with an FSR of 50 GHz, the period Xp is ~3.0 mm. Figure 

3-10(d) shows the unwrapped PSFs. From Fig. 3-10(d), the 6 dB, 10 dB and 20 dB 

sensitivity roll off lengths of the OCT system with frequency comb swept lasers based 

on the F-P comb filter are 7, 9 and 14 mm, respectively. Figures 3-10(e)-(g) show the 

zoom in view of the PSFs in regions [0, 1.5], [6.1, 7.6] and [12.4, 13.9], which covers 

the first period, the 6 dB and 20 dB sensitivity roll off points, respectively. In Fig. 3-

10(e), the PSFs have almost no degradation from 0 to 1.5 mm. The sidelobe suppression 

ratio is ~32 dB and the signal to noise ratio is ~40 dB. 

Figure 3-11 shows the typical interference signals and unwrapped PSFs of the 

OCT system with the micro-ring comb filter. Since the sweep range is slightly reduced 

compared with Fig. 3-10, the axial resolution is measured to be 22 μm. As a result of 

the narrow linewidth, the 6 dB sensitivity roll off length is extended to ~53 mm, which 

is 7.5 times of that with the F-P comb filter. The enhancement of the sensitivity roll off 

length by 7.5 times agrees well with the linewidth narrowing from 12.1 GHz to 1.5 

GHz, which predicts improvement of coherence length by ~8 times. Besides, the 10 dB 

sensitivity roll off length is 73 mm and the 15 dB roll off length is more than 100 mm. 

The sidelobe suppression ratio is ~27 dB and the signal to noise ratio is ~35 dB, which 

is slightly degraded when compared with that of Fig. 3-10. 
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Fig. 3-11. (a) An example of interference fringe pattern with micro-ring comb filter captured by the BPD. 

(b) Resampled interference spectrum with self-clocking. (c) Axial resolution estimation with PSF 

calculated from the signal of (b). (d-g) The measured PSFs of frequency comb swept laser with a micro-

ring comb filter for different OCT imaging ranges. (d) The imaging range from 0 to 104 mm. (e) The 

zoom in view from 0 to 1.5 mm. (f) The zoom in view from 51.7 to 53.2 mm, covering the 6 dB 

sensitivity roll off length. (g) The zoom in view from 102.6 to 104.1 mm, covering the 15 dB sensitivity 

roll off length. 

3.2.4 Summary 

In summary, we have demonstrated a frequency comb swept laser based on a micro-

ring comb filter with a linewidth of ~90 MHz and a Q-factor of >2×106 in an FDML 

laser cavity. An F-P comb filter with a linewidth of ~3.1 GHz and a Q-factor of ~6.2×

104 is used for comparison. The linewidth of the swept comb lines with the micro-ring 

comb filter is narrowed to 1.5 GHz, which is only one-eighth of the linewidth with the 

(d)

(e) (f) (g)

6 dB (53mm) 10 dB (73mm) 15 dB (103mm) 

22μm

(a) (b) (c)
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F-P comb filter. The 6 dB sensitivity roll off length of the OCT system with the micro-

ring based frequency comb swept laser is extended to 53 mm, which is 7.5 times of that 

with the F-P comb filter. To the best of our knowledge, this is the first time that the 

coherence length of FDML lasers is extended to 100 mm level. The imaging range of 

OCT systems using such FDML sources will be enlarged to >100 mm with 15 dB 

sensitivity roll off. The ultra-long coherence length obtained in the frequency comb 

swept laser is the direct consequence of the narrow linewidth of the micro-ring comb 

filter. Besides, the identical frequency spacing of the discrete pulse signals can serve 

as the clock to realize the time to frequency mapping, which simplifies the data 

acquisition and processing for the SS-OCT systems. The ultra-long coherence length 

frequency comb swept laser will find application in long range OCT including circular 

interferometric imaging, which could greatly reduce the data volume for imaging at 

video rate.  

3.3 Time domain discrete FDML fiber laser 

3.3.1 Introduction 

The discretization of FDML lasers with comb filters has the advantage of coherence 

enhancement. In 2017, we have proposed and demonstrated a time and Fourier domain 

jointly mode locked fiber laser by applying time domain modulation together with a 

comb filter in an FDML laser cavity [76]. However, the comb filter, either an F-P filter 

or a micro-ring filter, is a fixed component, which lacks the flexibility to be 

reconfigured to satisfy different requirements. The comb filter discretized swept signal 

also suffers from amplitude fluctuation which limits the signal to noise ratio (SNR). To 
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overcome the disadvantages caused by the comb filter, we propose and demonstrate a 

discrete FDML laser by using an optical modulator. Similar to the frequency domain 

discretization by the comb filter, the temporal modulation could discretize the swept 

signal in the time domain and the frequency domain simultaneously with a flexible 

driving signal as discussed in Chapter 2. Simulations showed that the pulse quality will 

be improved by applying a pulse sequence on the intensity modulator. We first drive 

the modulator by a uniform pulse train in the time domain, which results in a discrete 

swept signal with varying separations in the frequency domain because of the 

sinusoidal sweep. To obtain a discrete swept signal with uniform distribution on the 

frequency domain, we design a period varying pulse train to drive the optical modulator. 

Swept signals either uniformly or nonuniformly distributed in the frequency domain 

will be used in the OCT interferometer system to study the performance of the swept 

signal. 

3.3.2 Experimental setup and principles 

3.3.2.1 Experimental setup 

Figure 3-12 shows the schematic diagram of an FDML laser with a modulator (MOD) 

to discretize the swept signal, the majority of which is similar to the configuration of 

the conventional FDML laser shown in Fig. 3-1. A section of double pass dispersion 

shifted fiber (DSF) 2120 m long is inserted into the laser cavity to match with the 

resonant driving frequency of the FFP-TF and minimize the cavity dispersion. The 

FFP-TF is driven at the resonant frequency matched to the roundtrip time of the cavity 

by an arbitrary waveform generator (AWG1, Keysight, 33622A) with a sample rate of 

1 GSa/s. To discretize the swept signal, we use a high speed arbitrary-waveform 
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generator (AWG2, Keysight, M8190A) with a sample rate of 12 GSa/s to repeatedly 

generate a sequence of short pulses at a repetition rate synchronized to the cavity round 

trip time. The pulse train generated by the AWG2 is amplified by a modulator driver 

(MD, JDS Uniphase, H301-1110) before applying to the optical modulator. 

  

Fig. 3-12. Schematic diagram of an FDML laser with a modulator in the cavity, FFP-TF: Fiber Fabry-

Pérot tunable filter, SOA: Semiconductor optical amplifier, MD: Modulator driver, MOD: Modulator, 

ISO: Isolator, AWG: Arbitrary-waveform generator, PC: Polarization controller, CIR: Circulator, DSF: 

Dispersion shift fiber, FRM: Faraday rotating mirror, OC: Optical coupler. 

Because of the fast ~100 ps gain recovery time of SOA and the low duty cycle of 

the pulse train applied on the optical modulator which has NULL state gaps of several 

tens of nanosecond between adjacent pulses, the SOA will generate remarkable ASE 

signals besides the amplification of the short pulse train. To eliminate the ASE noise 

of the SOAs in the laser cavity, a synchronous pulse train with the same pulse intervals 

but longer pulse duration than that applied on the modulator is applied on the third 

SOA, which is generated by the second channel of AWG1. Besides, to avoid mismatch 

of the forward and the backward sweeps of the FFP-TF, the modulation signal of the 

SOA is set to zero during the backward sweep. Such a swept signal with a 50% duty 

cycle could also be applied in the buffer scheme to double the sweep rate. 
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3.3.2.2 Principle of discrete swept signal with uniform pulses or spectral lines 

  

Fig. 3-13. (a) Principle of discretization of swept signal with pulses uniformly distributed in the time 

domain (the red lines are the separation varying spectral lines and the blue lines are the corresponding 

pulses with an identical interval.), (b) Principle of discretization of swept signal with spectral lines 

uniformly distributed in the frequency domain (the blue lines are the rate varying pulses and the red lines 

are the corresponding spectral lines with an identical interval.). 

Because of the flexibility of electric waveform generation, variable discrete swept 

signals can be obtained by simply varying the pulse trains to drive the optical modulator. 

In the experiments, a sequence of Gaussian pulses is generated by the high speed 

AWG2 with an amplitude defined as 
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where VA is the output voltage of AWG2, Np is the number of pulses in the sequence, 

ti is the peak position of the i-th pulse and m is the pulse duration of the modulated 

signal. Since the sweep trace of the swept signal is a sinusoidal curve defined by the 

driving signal of the FFP-TF as shown by the black curve in Fig. 3-13(a), a pulse train 

with an identical temporal separation (blue vertical lines) will result in a set of spectral 

lines with varying separations in the frequency domain (red horizontal lines). The 

temporal position of the i-th pulse is given by ti=it+T/4, where T is the period of the 

sinusoidal driving signal and the corresponding frequency position is given by fi = 0.5f 

(a) (b)
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sin(ti)+f0, where f is the full sweep range, f0 is the central frequency of the sweep range. 

The nonuniformity spectral distribution will increase the complexity of OCT systems 

in application. 

To generate a spectrally uniform discrete swept signal, the temporal intervals of 

the modulation pulse train should be carefully designed (blue vertical lines) in Fig. 3-

13(b). With the same sinusoidal sweep trace, if the central temporal position of the i-th 

pulse is given by ti=sin−1[2(fi−f0)/f]+T/4, where fi is the peak frequency of the i-th 

spectral comb line and i is an integer with |i|<f/2(f1−f0), f is the spectral sweep range, 

f0 is the central frequency of the sweep range and T is the sweep period, then the spectral 

intervals will be uniform (red lines) in Fig. 3-13(b). The spectrally uniform swept signal 

will reduce the complexity of image retrieving, which will be demonstrated in the 

following subsections. 

3.3.3 Temporally uniform discrete swept signal 

3.3.3.1 Generation of temporally uniform discrete swept signals 

In the experiment, the FFP-TF should be driven at a frequency near the resonant 

frequency 48 kHz to obtain a wide sweep range. Therefore, a length of 2120 m double 

pass optical fiber is used in the FDML laser cavity to match the roundtrip time T~21 

μs corresponding to sweep rate fs =1/T = 47.796 kHz. The sinusoidal driving signal 

loaded on the FFP-TF is Vfp(t)=Vb+0.5Vppsin(2fst), where the peak to peak voltage 

Vpp is 5 V and the bias voltage Vb is 2.7 V, which results in a sweep range of more than 

15 THz. A uniformly distributed temporal pulse train in the time domain as defined in 

Eq. (3.1) with ti = iT/2N, N=200 and m =1 ns is generated by the AWG2 as shown in 
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Fig. 3-14(a). The pulse train is then amplified by the modulator driver (JDS Uniphase, 

H301-1110) before loading on the optical modulator. As shown in Fig. 3-14(b), slight 

bias variation is caused by the amplifier because of the large difference between the 

average voltages in the forward and backward sweep. 

 

Fig. 3-14. (a) 200 identical pulses in the time domain with 1 ns duration generated by high speed AWG, 

(b) Pulses amplified by a modulator driver, (c) 200 identical pulses with a same pulse separation of (a) 

but 5 ns duration by low speed AWG, (d) Comparison of (a), (b) and (c) pulses for the driver (blue), for 

optical modulator (red), for SOA (black), (e) Zoom in view of (d). 

Another pulse train with the same pulse positions but a super Gaussian pulse 

profile defined as 
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where the driving voltage VSD=5 V and the pulse duration S = 5 ns, is generated by the 

second channel of the low speed AWG1 as shown in Fig. 3-14(c). The pulse train is 

utilized to drive the third SOA to minimize the ASE noise during the free time slots 

without any lasing signals. The additional modulation improves the signal quality. The 

synchronization of the driving signals of the modulator, SOA and FFP-TF is the key to 

achieve discrete swept signals in the experiment, which is precisely adjusted by setting 

the AWGs with appropriate delays. The synchronized pulses are shown in Figs. 3-14 

(d) and (e), which indicate the good alignment of the three pulse trains. 

The temporal waveform of the discrete FDML laser output is shown in Fig. 3-15. 

The discrete pulse train occupies half of the sweep period as shown in Fig. 3-15(b).The 

sweep rate can be doubled by a buffering scheme to copy the pulse train to fill in the 

blank slots. Because of the flexibility of time domain modulation, it is easy to shorten 

the pulse train to reduce the duty cycle of the signal in the full sweep period, which 

will allow the generation of swept signals at a high sweep rate with the buffering 

scheme [59,60]. The zoom in views of the waveform is shown in Figs. 3-15(a), (c) and 

(d) respectively. The pulse train with 200 well separated 1 ns pulses with an identical 

separation of ~50 ns is shown in Fig. 3-15(a). From Figs. 3-15(c) and (d), the pulse 

train has higher quality compared with the pulse train obtained with a comb filter as 

shown in Figs. 3-8 and 3-9. The envelope of the waveform is determined by the net 

gain of the laser cavity, which should be carefully optimized in the experiment by 

adjusting the polarization state of the input lights for polarization-dependent 

components including the modulator and SOAs in the laser cavity. 
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Fig. 3-15. Temporal waveforms of discrete FDML laser driven by 200 equal pulses with 1 ns duration 

in the time domain. (a) The temporal waveform in half a period from 4 to 16 μs, (b)Temporal waveform 

of the output signal of the discrete FDML laser, (c) Zoom in view from 10 to 10.6 μs, (d) Zoom in view 

from 10.4 to 10.5 μs. 

The corresponding spectrum of the discrete swept signal with 200 temporally 

identical pulses is shown in Fig. 3-16(a). The variation of the separations between 

adjacent spectral comb lines is observed. The density of the comb lines gradually 

increases from the central part to the sides. Such nonuniform distribution of the comb 

lines has already been discussed in Fig. 3-13(a), which is due to the sinusoidal sweep 

trace of the FFP-TF. The discrete spectral comb lines are related to the temporal pulses 

shown in Fig. 3-15(a) one to one. It can be observed from Fig. 3-16(a) that the signal 

to noise ratio (SNR) of the spectral comb lines varies along the whole spectrum. In the 

central part, the SNR of the comb lines is determined by the ASE background, which 

can be observed from the good agreement between the minimum of the comb lines and 

the out-of-band ASE profile indicated by the dashed navy blue curve. The highest SNR 

of ~25 dB is observed in Fig. 3-16(c) since the comb line separation is large enough 

here and the ASE noise is very low in this region. We note that besides the ASE, the 

separation of the spectral comb lines is another factor that affects the SNR. To illustrate, 

(a)

(b) (c) (d)

200 equal pulses with 1ns in time domain
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we plot the zoom in views of the small regions in Fig. 3-16(a) indicated by the blue 

rectangles in Figs. 3-16(b), (c) and (d), respectively. Figs. 3-16(c) and (d) show the 

SNR difference caused by the ASE background. Since the sweep slope in the side 

regions is very low, the frequency separation of adjacent comb lines becomes very 

small. Furthermore, the time domain modulation will not reduce the linewidth of the 

swept signal, thus the minimum linewidth of the comb lines is determined by the 

linewidth of the swept filter, which is ~15 GHz. When the comb line separation is 

greatly reduced at the two ends of the sweep, the overlap of adjacent comb lines reduces 

the contrast ratio of the spectrum when the separation is comparable or even smaller 

than the linewidth of a single comb line, which can be observed in Fig. 3-16(b). To 

verify, we model the spectrum by 
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and s is the sinusoidal sweep trace, Δf is the sweep range, tsep is the pulse separation 

in the time domain, σ is the instantaneous linewidth of the swept signal. Ilaser and IASE 

are two Gaussian profiles to model the intensity envelope of the laser spectrum and the 

ASE. The summation term in Eq. (3.3) is used to model the intensities of the 

intermediate points of adjacent comb lines including the overlap of multiple adjacent 

comb lines. We plot the minima of the spectrum calculated by Eq. (3.3) as the black 

dashed curve in Fig. 3-16, which has a good agreement to the measured spectrum. The 

result confirms that the SNR of the obtained spectrum is jointly determined by the ASE 
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background and the overlap of adjacent comb lines. It should be noted that the 

prediction by Eq. (3.3) is just a qualitative demonstration of the impact of comb line 

overlap but not accurate modeling of the SNR since the linewidth of the comb lines is 

not determined only by the filter linewidth. 

 

Fig. 3-16. Output spectra of the discrete FDML laser driven by 200 equal pulses with 1 ns duration in 

the time domain. (a) The spectrum of the discrete FDML laser from 183 to 203 THz, (b) Zoom in view 

from 185.4 to 186.4 THz, (c) Zoom in view from 187.5 to 188.5THz, (d) Zoom in view from 195 to 196 

THz. 

Compared with the swept signal in Figs. 3-8 and 3-9 obtained by comb filter, the 

temporal waveforms shown in Fig. 3-15 are more stable with fewer fluctuations since 

the modulator exerts confinement in the time domain. However, the instantaneous 

linewidth of the FDML laser with temporal modulation is broader than that with a comb 

filter. The experimental results agree well with the simulation results shown in Figs. 2-

7 and 2-8. Comb filtering achieves narrower spectral comb lines in the frequency 

domain while the temporal modulation can obtain shorter pulses in the time domain. 

Time domain modulation depends solely on the driving signal of the modulator, 

where the duration of a single pulse can be freely adjusted over a wide range, which is 

200 equal pulses with 1ns in time domain

(a)

(b) (c) (d)
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much more flexible when compared with the use of intracavity comb filters. To 

demonstrate the flexibility, two pulse trains as defined in Eq. (3.1) with respective 

pulse durations of m = 0.5 and 4 ns are used to drive the modulator. The temporal 

waveforms of the swept signals are shown in Figs. 3-17(a) and (b). Increasing the pulse 

width will boost the intensity of the swept signal as shown in Figs. 3-17(a) and (b), 

especially at the two ends of the swept signal because of the higher tolerance to the 

dispersion induced walk off of the pulses. The zoom in views in Figs. 3-17(e) and (f) 

show clean pulses of the discrete swept signals with both of 0.5 ns and 4 ns pulse 

durations. 

We observed that the SNR of the central part of the spectrum obtained by the 4 ns 

pulse train is higher than that obtained from the 0.5 ns pulse train because when the 

pulse duration increases, the average signal power increases and hence the ASE power 

decreases. Since the dispersion of fiber cavity is not eliminated, the signals at the edge 

part of the spectrum will “walk off” after propagating in the cavity, which will 

introduce loss to the modulation because of the mismatch of the signal positions and 

the modulation pulse positions. Shorter modulation pulse will cause larger loss. 

However, the longer pulse will also increase the linewidth of each comb line and further 

increase the overlap of adjacent pulses, which could be seen from the increase in the 

region with decreasing SNR at the two ends of the spectrum from the 4 ns pulse shown 

in Fig. 3-17(d), where the dashed envelope calculated by Eq. (3.3) could is still a good 

prediction of the trend of SNR reduction despite some mismatch in the details. Besides 

the large fluctuations in the temporal waveforms with too short pulses, the spectrum 
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will also be deteriorated as shown in Figs. 3-17(c) and (g) because of the low tolerance 

to the dispersion induced pulse walk off. 

 

Fig. 3-17. (a) and (b) Temporal waveforms in half a period of the discrete FDML laser. The modulator 

is driven by 200 pulses with 0.5 and 4 ns duration. (c) and (d) The output spectra of the discrete FDML 

laser driven by 0.5 and 4 ns duration, respectively. (e) and (f) Zoom in view of the temporal waveforms 

of the FDML driven by 0.5 and 4 ns respectively from 10.4 to 10.5 μs, (g) Zoom in view of the output 

spectrum of the FDML driven by 0.5 ns pulse from 191.5 to 192.5THz. 

200 equal pulses with 0.5ns in time domain

200 equal pulses with 4ns in time domain

200 equal pulses with 0.5ns in time domain

200 equal pulses with 4ns in time domain

(a)

(b)

(c)

(d)

(e) (f) (g)
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Fig. 3-18. (a) and (b) Temporal waveform in half a period and output spectrum of the discrete FDML 

laser driven by 400 pulses with 2 ns duration in the time domain, respectively. (c) Zoom in view of the 

temporal waveform from 10 to 10.06 μs, (d) and (e) Zoom in view of the output spectrum from 185 to 

186THz and 195 to 196THz. 

Besides adjustment of the pulse duration m, it is also convenient to adjust the 

pulse separation by varying the number of pulses used to discretize the swept signal, 

which will effectively vary the comb line separation in the frequency domain. The 

temporal waveform and spectrum of the swept signal with Np=400 and m=2 ns are 

shown in Fig. 3-18. The separation of adjacent pulses is reduced to ~25 ns as N doubles 

as shown in Fig. 3-18(c). The spectral comb lines are closer to each other leading to a 

stronger overlap of adjacent comb lines and more severe SNR reduction at both sides 

of the spectrum when compared with those in Figs. 3-16 and 3-17. Figure 3-18(e) 

400 equal pulses with 2ns in time domain

(a)

(b)

(c) (d) (e)

400 equal pulses with 2ns in time domain
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shows the region with ASE determined SNR, where clear comb lines with SNR of ~20 

dB are observed. 

3.3.3.2 Sensitivity roll off of OCT with temporal uniform discrete FDML laser 

In this Subsection, the discrete FDML laser with temporal uniform modulation is 

applied in OCT configuration. A discrete swept signal generated with Np=200 and m=2 

ns as shown by the blue curve in Fig. 3-19(a) is used as the source of the interferometer 

configuration shown in Fig. 3-6. The interferometric signal with a sample distance of 

0.2 mm is shown by the red curve in Fig. 3-19(a), where the swept signal shown by the 

blue curve serves as the clock signal. Compared with FDML laser discretized by comb 

filters, the swept signal has a more stable envelope and lower high frequency noise. 

The zoom in views shown in Figs. 3-19 (c) and (d) show that the interference fringes 

could be precisely sampled with the help of the clock signal. By using the predefined 

sweep trace, the interference signal can be converted to the spectrum in the frequency 

domain as shown in Fig. 3-19(b). By Fourier Transform of the interference spectrum, 

we can obtain the PSF as shown in Fig. 3-19(e). The position of the PSF directly 

indicates the position of the sample. The axial resolution of the OCT configuration, i.e. 

the FWHM of the PSF is measured to be 13.3 μm with a Gaussian fit, which is much 

higher than the axial resolution of the OCT by using comb filters as shown in Figs. 3-

10 and 3-11. The improvement of the resolution is due to the dense comb lines on the 

side regions, which effectively improve the intensity of the side spectrum to enhance 

the effective bandwidth. However, such enhancement of axial resolution 

simultaneously leads to the large sidelobes on the PSF, which could be observed on the 

PSFs shown in Figs. 3-19(e) and (f). 
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Fig. 3-19. Sensitivity roll off performance of discrete FDML laser driven by 200 pulses with 2 ns 

duration in time domain. (a) The interference fringe pattern captured by the BPD (red curve) and output 

temporal waveform of swept signal captured by the PD (blue curve). (b) Resampled interference 

spectrum with self-clocking, (c) Zoom in view of (a) at the beginning. (d) Zoom in view of (b) at the 

center. (e) Axial resolution estimation with PSF calculated from the signal of (b). (f-h) The measured 

PSFs for different imaging ranges, (f) Single PSF at imaging range of 0.2 mm. (g) The imaging range 

from 0 to 0.6 mm. (h) The imaging range from 0 to 7 mm covering 6 dB sensitivity roll off length. 

The nonuniform distribution of the spectral comb lines in the frequency domain 

will result in a significant different PSF profile when compared that using uniform 

13.3μm

6dB 5.9mm

(a)

(b)

(d) (e)(c)

(g) (h)(f)
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comb lines. In the FFT of the interference spectrum sampled with spectral uniform 

comb lines, multiple PSF peaks will appear at the positions of z=nnXp+x, where nn=0, 

1, 2, … and Xp=c/2fsr. Since there is a mirror image at the position −x, it will also appear 

at the position z=nnXp−x in each period. However, the distribution of the comb lines 

and the corresponding FSRs in the frequency domain is nonuniform with the temporal 

uniform pulse modulation applied on the swept signal with a sinusoidal sweep trace. 

Therefore, the discrete sampling of the interference spectrum with different FSRs will 

lead to multiple Xp’s for the different parts of the spectrum. 

 

Fig. 3-20 Example of Fourier transform of the discrete spectrum with different FSRs. (a) Carrier 

frequency comb composites of three sections A, B and C with different FSRs. (b) Modulated frequency 

comb spectrum. (c) PSF and the virtual images obtained by Fourier transform of the spectrum in (b). 

To demonstrate this phenomenon, we use an example of a joint frequency comb, 

which is the combination of three frequency combs with different FSRs as shown in 
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Fig. 3-20(a). The FSRs of the sub-combs A, B and C are 14δω, 16δω, and 18δω, 

respectively, where δω=1/3024 is the sampling interval of the spectrum. Sinusoidal 

amplitude modulation with a spectral period of fmod = 70δω is then applied on the joint 

frequency comb as shown in Fig. 3-20(b). The temporal image, which is equivalent to 

the PSF of A-scan shown in Fig. 3-19(f), is obtained by Fourier transform of the 

spectrum of Fig. 3-20(b) as shown in Fig. 3-20(c). The first sharp peak appearing at 

t=43.2=1/fmod is the “real” image corresponding to the sinusoidal spectral modulation. 

According to the periodic boundary condition of Fourier transform, two “virtual” 

images will appear at positions defined by z=nXp±x for each value of n=0,1,2,3,… and 

the temporal period Xp = 1/FSR is determined by the FSR of the frequency comb. Since 

the FSRs of the three sub-combs are different, there will be six “virtual” images 

locating at different positions defined by z=nXp±x for each n. We mark the “virtual” 

images by An±, Bn± and Cn± to indicate the different images for sub-combs A, B and C. 

Since the energy of an image is distributed to multiple temporal locations, the intensity 

of each “virtual” image is significantly lowered compared with the “real” PSF. The 

three period boundaries determined by the different FSRs are also shown by the solid, 

dashed and dash-dotted vertical red lines in Fig. 3-20(c). If there are more sub-combs 

with different FSRs in the carrier spectrum, then multiple “virtual” images will appear 

at different positions, where the “virtual” images are considered as dispersed by the 

different Xp’s. 

The experimental result is shown in Fig. 3-19(b), it is clear that the FSR of the 

carrier comb spectrum varies significantly at the different parts of the spectrum, which 

will hence disperse the “virtual” images of the PSF. The dispersed “virtual” images of 
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the PSF with much lower intensities can be observed in Figs. 3-19(f) and (g). Although 

the “virtual” images are greatly degraded by the varying FSRs, the “real” image of the 

PSF with n=0 will not be affected by the different Xp’s. It is easy to differentiate the 

real and virtual images of the sample and determine the actual position of the sample. 

The difference between the real image and the dispersed virtual images can be easily 

observed in Figs. 3-19(f) and (g). In the real image with nn=0, the PSFs have almost no 

degradation and the signal to noise ratio is ~40 dB. Although the dispersed virtual 

images will mix with the real image when the imaging distance is more than half of the 

smallest Xp, the peak intensity of the real image is still higher than that of the virtual 

images by at least 5 dB as shown in Fig. 3-19(h), which is sufficient to distinguish the 

real and virtual images. The imaging range with 6 dB sensitivity roll off is about 5.9 

mm, which is determined by the instantaneous linewidth of the discrete FDML laser 

but not affected by the sampling. 

With the discrete FDML laser, the positions of the virtual images determined by 

z= nn Xp±x depends solely on the FSR of the discrete spectral comb lines. It is simple 

to double the number of pulses applied on the modulator to extend the imaging period 

Xp. In Fig. 3-21, we increase the pulse number N to 400 with a pulse duration τm=2 ns. 

The discrete swept signal and interference fringes are demonstrated by the blue and red 

curves in Fig. 3-21(a), respectively. The four hundred pulses are good clock signals to 

sample the interference fringes without any missing points or timing jitters as shown 

in Figs. 3-21 (b), (c) and (d). The time to frequency conversation with help of a precise 

self-clocking signal is shown in Fig. 3-21 (e), where the interference fringes are 

uniformly distributed in the frequency domain. 
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The point spread function by FFT transform of the interference fringes in Fig. 3-

21 (e) is shown in Fig. 3-21 (f). The axial resolution is 13.3 μm, which is nearly the 

same as that shown in Fig. 3-19 (e) with 200 pulses of 2 ns duration because of the 

same sweep range of the discrete FDML laser. Compared with Fig. 3-19(g), Fig. 3-

21(g) shows that the imaging range without the mixing of dispersed virtual images is 

doubled because of the doubling of comb line density. The 6 dB sensitivity roll off 

length is 5.9 mm, which is the same as that of a discrete FDML laser with two hundred 

pulses of 2 ns duration, indicating that the instantaneous linewidth is similar. The 

increase in comb density has also improved the peak suppression of the dispersed 

virtual images. From Figs. 3-21(g) and (h), the contrast ratio of the peaks of the real 

image to that of the virtual image is enhanced to ~12 dB, which is ~10 dB in Figs. 3-

19(g) and (h). 

Besides the pulse number, the impact of pulse duration is also investigated in the 

characterization of sensitivity roll off. The experimental results of four hundred pulses 

with 4 ns duration is shown in Fig. 3-21 (i-k). The axial resolution is measured to be 

13.1 μm and the real image range shown in Fig. 3-21 (k) is almost the same as that with 

2 ns duration. There is a minor difference in the imaging range with 6 dB sensitivity 

roll off as shown in Fig. 3-21 (k). The increase in the pulse duration has also slightly 

increased the suppression of the dispersed virtual images by ~1dB as shown in Figs. 3-

21(j) and (k) comparing with Figs. 3-21(g) and (h). 
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Fig. 3-21. (a-h) Sensitivity roll off performance of discrete FDML laser driven by 400 pulses with 2 ns 

duration in the time domain. (a) The interference fringe pattern captured by the BPD (red curve) and 

output temporal waveform of swept signal captured by the PD (blue curve) with 2 ns pulse duration. (b-

d) Zoom in view of (a) at the beginning, center and end. (e) Resampled interference spectrum with self-

clocking. (f) Axial resolution estimation with PSF calculated from the signal of (e). (g) The imaging 

range from 0 to 1.2 mm. (h) The imaging range from 0 to 7 mm covering 6 dB sensitivity roll off length. 

(i-k) Sensitivity roll off performance of discrete FDML laser driven by 400 pulses with 4 ns duration in 

time domain. (i) Axial resolution estimation with PSF. (j) The imaging range from 0 to 1.2 mm. (k) The 

imaging range from 0 to 7 mm covering 6 dB sensitivity roll off length. 

13.3μm

13.1μm

6dB 5.9mm

(a)

(b) (c) (d)

(e)

(f) (g) (h)

6dB 5.1mm

(i) (j) (k)
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The above demonstration of temporal uniform discrete swept signals and the 

sensitivity roll off characterization show that time domain modulation induces good 

confinement on the pulses in the time domain. As a result, high quality discrete swept 

signals are obtained with the ability of self-clocking, which is consistent with the 

analysis in Section 2. Comparing with the frequency domain discretized FDML with 

comb filters, the time domain modulation provides higher waveform stability. The 

temporal uniform discrete swept signal with sinusoidal sweep trace can also suppress 

virtual image by image dispersion caused by the varying FSR in the frequency domain. 

The virtual image suppression avoids the confusion between the real and virtual images 

in periodic frequency sampling and can potentially be used in the positioning of the 

sample for other circulating imaging techniques. 

3.3.4 Spectrally uniform discrete swept signal 

3.3.4.1 Generation of spectral uniform discrete swept signals 

In Subsection 3.3.3, we have demonstrated the discretization of FDML swept signal by 

intracavity intensity modulation with a sequence of pulses uniformly distributed in the 

time domain, which results in discrete comb lines with varying FSRs in the frequency 

domain. The experimental results demonstrate good confinement of the swept signals 

by the temporal modulation. Besides the discretization of swept signals, the temporal 

uniform discretization introduces a unique feature of virtual image dispersion, which 

greatly suppresses the intensity of virtual images on the PSF. The unique feature could 

avoid the period confusion problem occurred in the spectral uniform discrete swept 

signal. However, the dispersed virtual images will mix with the real image to decrease 

the SNR and it is hard to separate them if the sample distance is less than the minimum 
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imaging period. It is natural to adopt both temporally and spectrally uniform discrete 

swept signals together to respectively provide accurate period resolving and high SNR 

imaging. However, it will be hard to combine the comb filter based discrete FDML 

with the time domain modulated FDML lasers. Thus a demonstration of the generation 

of spectral uniform discrete swept signals with the same setup of time domain 

modulation is necessary. 

 

Fig. 3-22. (a) 200 varying pulses in the time domain with 0.5 ns duration corresponding to uniform 80 

GHz FSR in the frequency domain generated by high speed AWG. (b) Amplified pulses of (a) by a 

driver, (c) 200 varying pulses with same pulse separation of (a) but 5 ns duration by low speed AWG. 

(d) Combined pulses of (a), (b) and (c) (pulses with the blue curve for driver, the red curve for optical 

modulator, and black curve for SOA). (e) Zoom in view of (d). 

(d)

(b) (c)(a)

(e)
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We note that spectrally uniform comb lines can be easily obtained by using the 

non-uniform pulse separation on the temporal modulation corresponding to that of a 

uniform spectrum. Fig. 3-22 shows the carefully designed driving signals consists of a 

pulse train of 201 pulses as defined in Eq. (3.1) with temporal positions 

ti=t0+T/2cos−1(2i/Np − 1), i=0, 2, ... Np. When the pulse number Np is fixed, the FSR 

fsr=f/Np depends on the total sweep range f determined by the Vpp of the sinusoidal 

driving signal of FFP-TF. Figs. 3-22(a) and (b) show the pulse train with a single pulse 

duration m = 0.5 ns generated from the highspeed AWG (M8190A) and after the 

amplification of the modulator driver, respectively. The function generator (33622A) 

generates a pulse train with the same pulse position distribution but with a duration of 

5 ns to modulate the SOA. The synchronized pulses are shown in Figs. 3-22(d) and (e). 

 

Fig. 3-23.Temporal waveforms of discrete FDML laser corresponding to 80 GHz FSR in the frequency 

domain with 0.5 ns pulse duration. (a) The temporal waveform in half a period of zoom in view from 3 

to 15 μs. (b)Temporal waveform of output signal of the discrete FDML laser. (c) Zoom in view from 

4.75 to 4.95 μs. (d) Zoom in view from 9 to 9.2 μs. 

Figure 3-23 shows the output temporal waveforms and Fig. 3-24 shows the 

corresponding spectra of the discrete FDML laser with the modulation defined in Fig. 

Equal in frequency domain 80G with 0.5ns

(a)

(b) (c) (d)
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3-22, respectively. Fig. 3-23(b) shows two consecutive pulse trains in adjacent sweep 

periods, where slight envelope variation is observed. The zoom in view of Fig. 3-23(b) 

is shown in Fig.3-23(a), where all of the programmed pulses are excited in the lasing 

state. The pulse width of the FDML output pulses in the central part of the sweep is 

slightly wider than that at the edge of the sweep as shown in Fig. 3-19(c) and (d). The 

difference may be due to the slight nonlinear response of the FFP-TF. Since near the 

edge of the spectrum has a lower gain than the central part, better round trip time 

matching near the edge of the spectrum is required to ensure the simultaneous lasing 

of the full spectrum. Thus the central part of the spectrum will experience a stronger 

mismatch between the driving signal of the FFP-TF and the cavity round trip time. 

However, the pulse is stable and pulse quality remains high despite the different pulse 

widths, which further confirm that time domain modulation will improve the quality of 

swept signals. 

 

Fig. 3-24. (a) The output spectrum of the discrete FDML laser corresponding to 80 GHz FSR in the 

frequency domain with a 0.5 ns pulse duration from 183 to 203 THz. (b) Zoom in view from 185.2 to 

186.2 THz. (c) Zoom in view from 193 to 194 THz. (d) Zoom in view from 201 to 202 THz. 

Equal in frequency domain 80G with 0.5ns

(a)

(b) (c) (d)
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The corresponding spectrum shown in Fig. 3-24(a) shows the comb lines in the 

frequency domain with ~80 GHz FSR. The FSRs are almost the same but decrease 

slightly when the frequency increases. The variation in FSR indicates a slight mismatch 

between the pulse train and the sinusoidal sweep trace. The zoom in views at the low, 

middle and high frequency part of the spectra are shown in Figs. 3-24(b), (c) and (d) 

respectively. The linewidth of the comb lines at the central part is narrower than that at 

the edge of the spectrum. Some distortions are observed on the spectrum, which may 

be caused by the polarization variation along the spectrum. Compared with the output 

spectrum from FDML laser using a comb filter to generate a discrete swept signal as 

shown in Figs. 3-8 and 3-9, the output spectra generated by time domain modulation 

are less stable and lower quality. The observation is consistent with the simulations 

demonstrated and discussed in Chapter 2.1.3. 

When a frequency comb swept laser is used as the source of a circular 

interferometric ranging system, the imaging period is determined by the FSR of the 

frequency comb. Time domain modulation is flexible in generating different FSRs by 

using different sequences of pulse trains on the optical modulator. After studying the 

effect of FSR on the quality of discrete FDML output, we investigate the effect of the 

pulse width of the electric pulse used to drive the modulator. 

Figure 3-25 shows the temporal waveforms of the swept signals generated by time 

modulation in with (a) fsr=80 GHz, m=4 ns, (b) fsr=40 GHz, m=0.5 ns, and (c) fsr=40 

GHz, m=4 ns, respectively. Figures 3-25(d), (e) and (f) show the corresponding details 

indicated by the red dashed rectangles in Figs. 3-25(a)-(c), respectively. Comparing 

with the waveform shown in Fig. 3-23 for fsr=80 GHz, m=0.5 ns, increasing the pulse 
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width to 4 ns has enhanced the power and led to a more stable temporal waveform as 

shown in Figs. 3-25(a) and (d). The corresponding spectra shown in Figs. 3-26(a) and 

(d) are also more stable when compared to that with m=0.5 ns. 

 

Fig. 3-25.Temporal waveforms of discrete FDML laser corresponding to different FSRs in the frequency 

domain with different pulse durations. (a) The temporal waveform corresponding to 80 GHz FSR with 

4 ns pulse duration, (b) and (c) the temporal waveforms corresponding to 40 GHz FSR with 0.5 ns and 

4 ns pulse duration, (d) zoom in view of (a) from 9 to 9.2 μs, (e) zoom in view of (b) from 9 to 9.1 μs, 

and (f) zoom in view of (c) from 9 to 9.1 μs. 

Equal in frequency domain 80G with 4ns

Equal in frequency domain 40G with 0.5ns

Equal in frequency domain 40G with 4ns

(a)

(b)

(c)

(d) (e) (f)
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Fig. 3-26. Output spectra of discrete FDML laser corresponding to different FSRs in the frequency 

domain with different pulse durations. (a) Output spectrum corresponding to 80 GHz FSR with 4 ns 

pulse duration, (b) and (c) output spectra corresponding to 40 GHz FSR with 0.5 ns and 4 ns pulse 

duration, (d) zoom in view of (a) from 193 to 194 THz, (e) zoom in view of (b) from 190.4 to 190.9 THz, 

and (f) zoom in view of (c) from 192.5 to 193 THz. 

Besides the pulse duration, the FSR of the designed comb lines is also found as 

an important factor that affects the quality of the output discrete swept signal by time 

domain modulation. Although the temporal waveforms in Figs. 3-25(b), (c), (e) and (f) 

with fsr=40 GHz show some fluctuations on the envelope of the temporal waveforms, 

the quality of the single pulse is still high. From the spectra shown in Figs. 3-26(b) and 

(c), a too short a pulse duration will suffer from the low gain in the cavity to build laser 

signal and the quality of the output comb lines deteriorate. In the zoom in view of Fig. 

Equal in frequency domain 80G with 4ns

Equal in frequency domain 40G with 0.5ns

Equal in frequency domain 40G with 4ns

(a)

(b)

(c)

(d) (e) (f)
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3-26(e), the comb lines are almost invisible. The spectrum obtained with m=4 ns has a 

much higher quality. The pulse duration should not be further increased to avoid the 

overlap and interference between adjacent pulses. 

A possible reason of the higher fluctuations on the waveforms with lower FSR is 

the distortion of the pulse train signal with a repetition rate of ~48 kHz when it is 

amplified in the modulator driver, which has a low-end cut-off frequency of 75 kHz. 

In Fig. 3-22(b), the DC bias variation is clearly observed on the amplified signal, which 

could be more severe when the average voltage in the half period in use is effectively 

increased by increasing the number of pulses in the pulse train. The stronger distortion 

on the driving signal will degrade the extinction ratio of the modulation and introduce 

stronger noise to the signal, which could be observed from the higher noise floor in Fig. 

3-25(e). Such signal distortion should be eliminated by designing a balancing signal in 

the idle half period to reduce the low frequency variation or using a modulator driver 

with a low cut-off frequency of <<40 kHz to improve the signal quality in future work. 

3.3.4.2 Sensitivity roll off of OCT with spectral uniform discrete FDML laser 

Discrete FDML lasers with uniformly distributed pulses in the time domain have 

multiple sidebands on the PSF, which will shorten the imaging range with low signal 

to noise ratio. This problem can be solved by adopting the spectral uniform discrete 

FDML laser. 

The sensitivity roll off of an OCT system using a discrete swept source with an 

FSR of 80 GHz and a pulse duration of 0.5 ns is characterized in Fig. 3-27. The 

interference fringe signal detected by the BPD is shown in Fig. 3-27(a) with a red curve. 

The blue curve is the swept signal output from the discrete FDML laser serving as the 
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clock signal for recalibration. The zoom in views in Figs. 3-27(c) and (d) indicate that 

the discrete signal could be well resampled with the help of a self-clocking signal. 

 

Fig. 3-27. Sensitivity roll off performance of the discrete FDML laser with fsr=80 GHz, m=0.5 ns. (a) 

The interference fringes (red) and discrete swept signal (blue), (b) resampled interference spectrum with 

self-clocking, (c) and (d) zoom in view of (a) at the beginning and center, respectively, (e) axial 

resolution estimation with PSF calculated from the signal of (b), (f) single PSF at imaging range of 0.2 

mm, and (g) the imaging range from 0 to 6 mm covering 6 dB sensitivity roll off length. 

16.9μm

6dB 3.4mm

(a)

(c) (d) (e)

(b)

(f) (g)
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The PSF obtained by FFT of the interference spectrum in Fig. 3-27(b) is shown in 

Fig. 3-27(e) with an axial resolution of 16.9 μm, which is larger than the resolution 

obtained with temporal uniform discrete swept signals shown in Figs. 3-19 and 3-21. 

The degradation of the axial resolution should be caused by the lower sampling density 

on the edges of the spectrum, which results in a much higher sidelobe suppression ratio 

of ~27 dB as shown in Fig. 3-27(f), with a signal to noise ratio of ~35 dB. To 

characterize the roll off length, multiple PSFs are plotted in Fig. 3-27(g) by unwrapping 

the periodic PSFs using the reading of the VODL, where the 6 dB sensitivity roll off 

length is measured to be 3.4 mm. 

 

Fig. 3-28. Axial resolution and sensitivity roll off performance of the discrete FDML laser with different 

combination of FSR and pulse duration. (a) and (b) fsr=80 GHz, m=1 ns; (c) and (d) fsr=80 GHz, m=2 

ns; (e) and (f) fsr=40 GHz, m=1 ns. 

18.8μm

17.5μm

17.5μm

(a)

(c)

(e)

(b)

(d)

(f)

6dB 3.6mm

6dB 3.6mm

6dB 3.6mm
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To demonstrate the flexibility of time domain modulation, the sensitivity roll off 

performances of the discrete FDML laser with different combinations of FSR and pulse 

duration are shown in Fig. 3-28. The axial resolution is measured to be 17.5 m for 

fsr=80 GHz with m=1 ns and 2 ns. The 6 dB roll off length is 3.0 mm for m=1 ns and 

3.6 mm for m=2 ns. The SNR of the PSFs with m=2 ns is also higher than that with 

m=1 ns, which agrees with the higher spectrum quality with longer pulse observed in 

Subsection 3.3.4.1. When the FSR is reduced to 40 GHz, the axial resolution is slightly 

degraded to 18.8 m. The SNR of PSFs is observed to be slightly higher than that with 

the FSR of 80 GHz but the 6 dB roll off length is also 3.0 mm. From the above, the 

optimum choice of pulse duration is important to enlarge the SNR and the roll off 

length of the PSFs. The main difference caused by the variation of FSR should be the 

change of circulating period, which is inversely proportional to the FSR, in addition to 

a slight effect on the axial resolution. The FSR could be flexibly adjusted in real time 

to obtain a longer circulating period by reducing the FSR or higher data acquisition rate 

by increasing the FSR in applications. 

3.3.5 Summary 

In this Section, we have demonstrated the discrete FDML lasers with an intracavity 

optical modulator to discretize the swept signal. By driving the optical modulator with 

sequences of variable pulse trains with different pulse durations, pulses uniformly 

distributed in the time domain and the frequency domain are respectively demonstrated. 

In all demonstrations, the temporal discretized swept signals show higher signal quality 

than the implementation with comb filter discretization studied in Section 3.2. However, 
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the quality of spectra obtained with time modulation is lower than that with a comb 

filter, which agrees with the theoretical results shown in Subsection 2.1.3. 

A driving signal with pulses uniformly distributed in the time domain applied on 

the modulator to discretize the swept signal with a sinusoidal sweep trace generates 

FSR varying comb lines in the frequency domain. The temporal uniform and FSR 

varying discrete swept signal could avoid the real and virtual images confusion by 

dispersing the virtual images with the different FSRs when acting as the source of OCT. 

The feature can be used in circulating imaging OCT to resolve the actual position of 

the sample without dense sampling in the full sweep range. However, the OCT using 

temporal uniform discrete swept signal suffers from the low SNR limited by the 

dispersed virtual images mixed with the real image. The temporal uniform discrete 

temporal swept signal has another advantage of higher axial resolution when applied 

in OCT. The higher frequency sampling on the edges helps improve the axial resolution 

but also introduce significant sidelobes on the PSFs. 

A carefully engineered pulse train with varying separations in the time domain is 

applied to the modulator to obtain a discrete swept signal with uniform distribution in 

the frequency domain. It is found by an investigation that the optimum choice of pulse 

duration, which is 2~4 ns in the study improve the performance of the discrete swept 

signal to maximize the SNR and roll off length of the sensitivity of OCT. It is 

convenient to tune the FSR of the spectral uniform discrete FDML in real time for 

applications such as long range detection or fast detection. 
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3.4 Mode hopped discrete FDML fiber laser 

3.4.1 Introduction 

In the last Section, we have proposed to realize the discretization of FDML laser by 

using highly flexible temporal modulation instead of fixed spectral filtering. However, 

the flexibility of such a temporal modulation scheme by no means is limited to the 

manipulation of the pulse distribution and pulse duration of the pulse trains in a sweep. 

Signal control of this scheme can be easily extended to apply different modulations on 

the forward and backward sweeps and even more than two types of modulations in a 

period with harmonic Fourier domain mode locking. Obviously, such control of the 

discretization of swept signals is impossible for filter based FDML lasers. By the 

combination of multiple sampling formats, the flexible discretization of FDML lasers 

could provide many advantages to the data processing of OCT. Detailed investigation 

and exploration of the combinations will be a major direction of our research in the 

near future. In this Section, we will demonstrate such a combination with a simple 

mode hopping scheme. 

In the study of discrete FDML with time domain modulation, we find that the 

pulse separation cannot be reduced too much, otherwise, the overlapping of adjacent 

pulses will cause severe fluctuations to the waveform and spectra. To solve the pulse 

overlapping problem, we propose to generate discrete FDML laser with a novel 

grouped mode hopping modulation by driving the tunable filter at the third harmonic 

resonant frequency of the FDML laser. For FDML lasers, the driving frequency of the 

tunable filter can either be the fundamental frequency or an integer multiple of the 

fundamental frequency of the laser cavity. If the tunable filter is driven at the third 
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harmonic frequency, there are three independent swept signals in the cavity [140]. In 

the proposed scheme, the three swept signals are discretized with the same FSR but the 

three sets of comb lines are intentionally interlaced with a frequency offset of FSR/3. 

This technique will decrease the effective FSR of the discrete swept signal in the 

frequency domain without lowering the quality of the temporal waveforms and hence 

increase the spectral sampling rate of OCT. Besides, the sweep rate of the FDML laser 

is also increased. 

3.4.2 Principle and experimental setup 

 
Fig. 3-29. The principle of the discrete FDML laser by grouped mode hopping modulation. 

The principle of the discrete FDML laser by grouped mode hopping modulation is 

shown in Fig. 3-29. The fundamental frequency of the FDML laser is fT with a period 

of T, while the tunable filter is driven at the third harmonic frequency with a period of 

T/3. Three grouped pulse trains as shown in Fig. 3-29 with a full period of T are applied 

to the modulator (the green lines). For clear comparison, we slice the full period T into 

three sections with an identical length of T/3, and the three sub-period sections are 

aligned vertically as shown by the red, blue and black lines in Fig. 3-29. In each sub-

period of T/3, the pulse train (red, blue or black lines) will generate a uniform discrete 

0 T/3

2T/3T/3

2T/3 T

0 T
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swept signal with a fixed FSR, e.g. 300 GHz in the frequency domain, which has been 

discussed in Section 3.3. To realize the mode hopping, the red lines in the second pulse 

train are generated by slightly retarding the pulses in the first pulse train with blue lines 

in the time domain to introduce a relative frequency shift of 100 GHz to each come line 

in the frequency domain. Similarly, the third pulse train is generated with the same 

procedure but the frequency shift is 200 GHz. In this way, the discrete FDML laser 

with the grouped mode hopping technique will generate three discrete swept signals 

which have an effective FSR of 100 GHz in the frequency domain after a combination 

of the spectra. By changing the order of harmonic modulation of the tunable filter and 

the corresponding time offset between adjacent pulse trains, different channel 

separations in frequency domain could be obtained easily. The experimental setup is 

the same as that shown in Fig. 3-12, except that the sweep rate of the FFP-TF is ~143 

kHz, which is three times the fundamental frequency to match with the optical 

roundtrip time of the long cavity with 4240 m optical fiber. To realize the grouped 

mode hopping, one pulse train corresponding to 300 GHz FSR and three grouped pulse 

trains corresponding to 100 GHz effective FSR in the frequency domain are 

respectively applied on the modulator. 

3.4.3 Results and discussions 

Figures 3-30(a) and 3-30(b) show the output spectra and the corresponding temporal 

waveforms of the FDML laser with third harmonic mode locking but not pulse train 

modulation. The sweep range of the harmonic mode locking FDML laser is about 17 

nm, which is much narrower than that with the fundamental mode locking operation 

since 143 kHz is not a resonant frequency of the piezo. Linearized discrete output in 
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the frequency domain at 300 GHz spectral channel separation as shown by the blue 

curve in Fig. 3-30(c) is obtained with just one pulse train applied to the modulator. The 

corresponding temporal waveform is shown in Fig. 3-30(d). When the modulator is 

driven by the grouped three pulse trains, the mode hopping discrete FDML laser is 

realized as shown in Fig. 3-30(c) (red curve) and Fig. 3-30(e). The effective FSR of the 

swept signal is decreased from 300 GHz to 100 GHz. The three pulse trains in the sub-

periods shown in Fig. 3-30(e) jointly form the dense comb spectrum in Fig. 3-30(c). 

The envelopes of the discrete swept pulses in the time domain are shown in Figs. 3-

30(d) and (e), which are very stable with low fluctuations owing to the temporal 

confinement of energy. 

 

Fig. 3-30. (a) The spectrum and (b) temporal waveforms of the third harmonic mode locking FDML 

laser output without time modulation. (c) The spectra of the FDML laser with time modulation (blue 

curve and red curve are just one grouped pulse trains and three grouped pulse trains loaded on the 

modulator, respectively. (d) and (e) are the corresponding temporal waveforms with just one grouped 

pulse trains (300 GHz FSR) and three grouped pulse trains loaded on the modulator. 

(a) (b) (c)

(d)

(e)
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The mode hopping technique in the discrete FDML laser is realized by using a 

modulator, so it is straight forward to generate discrete swept signals with different 

FSRs in the frequency domain. We further demonstrate a discrete swept signal with 50 

GHz FSR in the frequency domain by mode hopping method as shown in Fig. 3-31. 

Figures 3-31(a) and (b) are duplication of Figs. 3-30(a) and (b) for comparison. Similar 

to the experimental results shown in Fig. 3-30(c), linear discrete swept spectra with 150 

GHz and 50 GHz effective FSRs in the frequency domain are shown in Fig. 3-31(c). 

The envelopes of the discrete swept pulses in the time domain are shown in Figs. 3-

31(d) and (e), which are also very stable with low fluctuations. 

 

Fig. 3-31. (a) The spectrum and (b) temporal waveforms of the third harmonic mode locking FDML 

laser output without time modulation. (c) The spectra of the FDML laser with time modulation (blue 

curve and red curve are just one grouped pulse trains and three grouped pulse trains loaded on the 

modulator, respectively, (d) and (e) are the corresponding temporal waveforms with just one grouped 

pulse trains (150 GHz FSR) and three grouped pulse trains loaded on the modulator. 

(a) (b) (c)

(d)

(e)
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In future work, the sweep range of the third harmonic mode locking FDML laser 

can be improved by using a longer cavity to fit the third-order resonant frequency of 

the tunable filter at ~120 kHz with much stronger responsivity. Besides, applying group 

pulse trains with shorter individual pulses on the modulator will help increase the pulse 

number in each pulse train to decrease the effective FSR of the FDML laser in the 

frequency domain as well as to obtain high quality swept signal with low high 

frequency noise in the time domain. In OCT imaging, the three discrete swept signals 

with 3FSR could be used individually to obtain a high A-scans rate, the three signals 

could be combined at any time when it is necessary to use a small FSR sampling to 

expand the imaging range. Thus the OCT could work at fast mode or long range mode 

with easy switching of the data processing method. 

3.4.4 Summary 

In conclusion, to illustrate the flexibility of generating different discrete swept signals 

in a single FDML laser, we demonstrate a discrete FDML laser with a grouped mode 

hopping scheme. By driving the modulator with three grouped sequence of pulse trains 

with different frequency offsets, a discrete swept signal in the frequency domain with 

an effectively densified FSR is realized. Such grouped mode hopping FDML provides 

a solution of OCT to easily switch between a fast mode and a long range mode. The 

mode hopped FDML laser can manipulate the swept signals freely in multiple sweeps 

in a full period, which will be investigated in the near future. 
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Chapter 4  

Ultrafast swept source with 

time stretching technique 

Swept sources based on time stretching technique can achieve ultrafast sweep rate to 

MHz or even tens of megahertz with high coherence and long stability when compared 

with FDML lasers which require mechanical varying of the central wavelength of the 

tunable filter. However, it is still challenging to realize ultrafast swept sources with a 

sweep rate at a hundred megahertz level with a flat broadband spectrum. In Section 4.1, 

a mode locked fiber laser with 100 MHz repetition rate and 100 nm broadband 

spectrum is demonstrated by combining a novel polarization maintaining Figure-9 

configuration to realize a high repetition rate and dispersion managed earth doped 

fibers amplifier to achieve broadband spectrum. Then the mode locked laser is time 

stretched by a chirped fiber Bragg grating (CFBG) or dispersion compensation fiber 

(DCF) to generate the swept signal, which is incorporated into the SS-OCT imaging 

system. Besides, a reconfigurable swept source with a sweep rate ranging from 100 

MHz to 2.5 MHz with an imaging range of 5.8 mm to >100 mm will be discussed in 

Section 4.2. To further improve the sweep rate, a buffering technique is also 

demonstrated to realize a 400 MHz swept laser based on time stretching technique for 

the SS-OCT imaging system as discussed in Section 4.3. 
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4.1 100 MHz ultrafast broadband swept source  

4.1.1 Introduction 

The major difficulties to obtain a broadband high-speed time stretched swept source 

come from the gain bandwidth limitation of the rare earth doped fibers to build the 

ultrashort pulse source. The spectral bandwidth of femtosecond mode locked rare earth 

doped fiber lasers are normally limited to about 30 nm, which is far below the sweep 

range of other swept sources such as FDML and insufficient to be used in OCT directly. 

To obtain a spectrum with a spectral bandwidth of ~100 nm, nonlinear spectrum 

expansion should be adopted either in or outside the laser cavity. Supercontinuum 

generated in nonlinear fiber pumped by a narrow bandwidth pulse could significantly 

expand the pulse spectrum, but the coherence of the output signal is limited by the 

modulation instability and the flatness of the supercontinuum is normally bad [122]. 

Another problem preventing the use of supercontinuum in time stretching is the high 

order dispersion of fibers, which makes it very difficult to generate a quasi-linear sweep 

trace in such a broad spectral range. By engineering the dispersion of laser cavities, 

broadband mode locked laser pulse can be generated but the repetition rate is limited 

by the fiber length required to provide sufficient nonlinearity [92]. In this Section, we 

demonstrate a time stretched swept source based on a 100 MHz broadband ultrashort 

pulse source by nonlinear spectral expansion in an erbium doped fiber amplifier 

(EDFA). To the best of our knowledge, this is the first demonstration of an SS-OCT 

with a 100 MHz sweep rate and more than 100 nm sweep range. The OCT 

interferometric fringes were recalibrated by time to wavelength mapping based on the 

dispersive relation. The point spread function was acquired with an axial resolution of 
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21 µm in air and a 6 dB sensitivity roll off length of ~3 mm. The high speed swept 

source with broadband sweep range will contribute to the development of OCT 

especially for volumetric tissue imaging in real time. 

4.1.2 Experiment setup 

 

Fig. 4-1. Experimental setup of the swept laser based on time stretching of a mode locked laser, WDM: 

wavelength division multiplexer, EDF: erbium doped fiber, OC: optical coupler, PBS: polarization beam 

splitter, FR: faraday rotator, WP: waveplate, EDFA: erbium-doped fiber amplifier, DCF: dispersion 

compensation fiber. 

The experimental setup of the swept source is shown in Fig. 4-1. A mode locked fiber 

laser (Menlo System, C-Fiber) with a Figure-9 configuration is used as the seed of the 

whole system [97]. The principle of the Figure-9 mode locked fiber laser is introduced 

in Section 2.2. The mode locked fiber laser used a compact reflective all polarization 

maintained nonlinear amplified optical loop mirror (NALM) as the mode locker, which 

is environmentally stable without the influence of polarization and high efficiency. 

Compared with conventional femtosecond mode locked fiber lasers based on nonlinear 

amplified loop mirror (NALM) or nonlinear polarization rotation (NPR), the Figure-9 

configuration uses the low loss working point on the transmission curve, which lowers 
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the threshold to start the mode locking. The maximum transmission is achieved by the 

combination of a 45°-Faraday rotator, a waveplate, a polarizing beam splitter (PBS) 

and a mirror. When a waveplate with a single pass phase retardation of π/4 is used, the 

small signal in the laser cavity will operate at the working point with the largest slope 

on the nonlinear transmission curve. With such a highly efficient cavity, a chirped pulse 

with a bandwidth of >40 nm is generated from the seed laser. By using the compact 

cavity without long fiber tails, the repetition rate of the fiber laser reaches 100 MHz, 

which is much higher than conventional lasers using the NPR or NALM configurations. 

Besides, the total dispersion of the ring cavity is carefully tuned to the normal 

dispersion region to generate positively chirped pulses at the output. The positively 

chirped picosecond pulse train is then injected into an EDFA with anomalous 

dispersion to amplify the signal. The positively chirped pulse is compressed in the 

EDFA by the anomalous dispersion with strong nonlinear spectral broadening. 

The high speed swept source with broad sweep range is then deployed in an OCT 

system with the schematic shown in Fig. 4-2. The reference arm of the Michelson 

interferometer is a motorized reflective variable optical delay line (VODL) with a 

circulator. The fifth percent of the swept signal is injected into the sample arm, which 

uses an adjustable collimator to steer the light onto the sample. The circulators in the 

two arms route the reflected signals into another 50:50 coupler to combine the signals. 

The combined signals are detected by a 43 GHz balanced photodetector (Finisar, 

BPDV2120R) to remove the optical background and extract the temporal interference 

fringes. The interference signal is acquired by a high-speed real-time oscilloscope 

(Tektronix, DPO75902SX ATI) with a bandwidth of 59 GHz and 200 GHz sampling 
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rate, which is triggered by the electrical signal converted from the ultrashort pulse train 

of the oscillator. To characterize the performance of the swept source, the VODL in 

the reference arm is tuned to different positions. The interference fringes have different 

periods of temporal oscillations for different delays. Point spread functions (PSFs) with 

peaks locating at different positions are obtained by Fourier transform of the 

interference spectra. 

 

Fig. 4-2. The schematic diagram of the point spread function and OCT system measurement, OSC: 

oscilloscope, BPD: balanced photodetector, CIR: circulator, VODL: variable optical delay line, PC: 

polarization controller. 

4.1.3 Results and discussions 

4.1.3.1 Femtosecond pulse with a broad and flat spectrum 

By using the configuration shown in Fig. 4-1, we obtain a femtosecond pulse with an 

ultrabroad and flat spectrum. Figure 4-3 shows the spectral and temporal waveform of 

the output pulse from the EDFA. The pump currents of the oscillator and the EDFA 

are carefully tuned to optimize the output spectrum. As shown in Fig. 4-3(a) by the 

blue curve, the spectrum of the picosecond pulse emitted from the oscillator has a 

bandwidth of ~40 nm which however is still not broad enough for OCT. We note that 
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the central wavelength of the laser spectrum is ~1580 nm, which indicates that the 

cavity loss is low and the EDF runs in a deeply saturated state to shift the gain profile 

towards L-band. 

 

Fig. 4-3. Output performance of the mode locked laser. The (a) spectrum, (b) pulse train and (c) 

autocorrelation trace of the femtosecond laser source. 

To further broaden the spectrum, the positively chirped picosecond pulse is 

injected into the EDFA with anomalous dispersion to amplify the signal. The positively 

chirped pulse is compressed in the EDFA by the anomalous dispersion along with a 

gradual increase of the pulse energy. The increasing peak power will lead to very strong 

nonlinear effects including self-phase modulation and Raman scattering, which will 

broaden the spectrum. It should be emphasized that the offset between the central 

wavelength of the seed pulse and the peak wavelength of the unsaturated EDFA helps 

generate a flat-top spectrum by the asymmetric amplification. The dispersion of the 

mode locked fiber laser cavity is carefully engineered to ensure that the chirp of the 

picosecond pulse is exactly compensated in the EDFA, thus a femtosecond pulse is 

obtained after the EDFA. The output spectrum has a very flat top-hat profile, 1-dB 

bandwidth of 73.7 nm. The 3- and 10-dB bandwidths are 79.4 and 106 nm, respectively. 

To the best of our knowledge, it is the flattest spectrum ever reported, with fluctuations 

of <1 dB, in such a broad range of >70 nm. More importantly, the spectrum has a high 

coherence. While the spectrum is broadened, the average power increases to 100 mW 

1dB with 73.7nm

10ns

Δt=68*0.648

=44 fs
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and the pulse are simultaneously compressed. The optical pulse train is converted to an 

electrical signal by a photodetector (Newport, AD-300) and captured by a 4 GHz real-

time oscilloscope (Tektronix, CSA7404B) as shown in Fig. 4-3(b). The single pulse 

energy is deteriorated to be 1 nJ. The peak power of the pulse is estimated to be ~20 

kW. The pulse train is then characterized by an autocorrelator (Femtochrome, FR-

103HS). The pulse duration is measured to be 44 fs by using a hyperbolic secant of the 

autocorrelation trace, as shown in Fig. 4-3(c). With the 3-dB bandwidth of 79.4 nm, 

the calculated time-bandwidth product of the ultrashort pulse is 0.436, which is close 

to 0.315 and indicates a high coherence of the lasing modes.  

4.1.3.2 100 MHz swept source with 100 nm flat spectrum 

 

Fig. 4-4. (a) The spectrum and (b) pulse train of the swept source by time stretch technology. (c) The 

filtered waveform of the swept signal when the central wavelength is tuned from 1525 to 1605 nm and 

(d) the sweep trace λ (t) obtained from (c) with the parabolic fitting of t (λ). 

1605nm 1525nm
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At the output of the EDFA, a section of DCF (OFS) with a nominal dispersion of ‒84 

ps/nm at 1545 nm to compensate 5 km G.652 single mode fiber (SMF) is used as the 

dispersion element to stretch the broadband pulse. It should be noted that the pulse peak 

power from the EDFA is very high. To avoid strong nonlinear effects in the DCF, we 

use a variable optical attenuator (VOA) to adjust the input power of the DCF, which 

could be replaced by either a power splitter for parallel systems or a section of large 

mode area fiber to pre-chirp the pulse into a picosecond pulse to lower the peak power. 

The spectra and temporal waveforms are demonstrated in Figs. 4-4(a) and 4(b) 

respectively, in which the blue/red curves represent the input/output of the DCF. The 

profiles of the input and output spectra are similar, while slightly narrower bandwidth 

with 3 dB of 78.5 nm and 10 dB of 105.8 nm are observed at the output. Meanwhile, 

some fluctuations appear on the top of the spectrum because of the nonlinear effect in 

the DCF. In the DCF, the 100 MHz ultrashort pulses are stretched to long chirped 

pulses with durations of 6.4 ns and 8.3 ns with 50% and 90% intensity drop, 

respectively as shown in Fig. 4-4(b). To confirm the wavelength swept feature of the 

signal, the signal is filtered by a tunable bandpass filter (Santec, OTF-930) with a 3-dB 

linewidth of 0.3 nm and the central wavelength is tuned from 1525 to 1605 nm with a 

step of 5 nm. The filtered signals are detected by a 3 GHz photodetector and a 4 GHz 

oscilloscope (Tektronix, CSA7404B) as shown in Fig. 4-4(c). The sweep trace of the 

temporal position versus wavelength t(λ) with a parabolic fit is shown in Fig. 4-4(d). 

The sweep trace shows a quasi-linear positive chirp and a sweeping from long to short 

wavelength which agrees with the normal dispersion of DCF. The parabolic fitting of 

the t(λ) curve is 
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From the fitted curve with a R2 of 0.99999, the group velocity dispersion LD at the 

central wavelength 1545 nm is −83.6 ps/nm and the dispersion slope LD is −0.27 

ps/nm2, which agrees well to the nominal dispersion [141]. 

4.1.3.3 Sensitivity roll off of OCT system 

The sensitivity roll off performance indicates the effective imaging range of an OCT, 

which is characterized by measuring the peaks of the PSFs with different delays 

between the reference and sample arms. The 100 MHz swept source is adopted in the 

interferometer scheme as shown in Fig. 4-2. A typical interference fringe captured by 

the BPD and high speed oscilloscope is shown in Fig. 4-5(a), where there is a slight 

variation of the oscillation period along time. The non-uniformity is caused by the 

nonzero higher order dispersion of the DCF. The interference fringe signal captured by 

the BPD cannot be used to perform the Fourier transform directly. They should be 

resampled into the frequency domain as shown in Fig. 4-5(b) by using the sweep trace 

(t) including higher order dispersions. The resampled interference spectra in the 

frequency domain are then ready to be used in fast Fourier transform (FFT) with zero 

paddings to calculate the point spread functions (PSFs). 

The starting point of each sampling period should be properly set to ensure the 

time to wavelength mapping is correctly resolved. In an OCT system, the starting point 

could be calibrated by an FBG or other wavelength markers. It is also feasible to 

calibrate the system by data fitting to optimize the PSF profile because of the fixed 

sweep trace of the time stretched swept source. Comparing with other tunable filter 

based swept lasers, the sweep trace of time stretching based swept source is more stable 
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since it is only determined by the dispersion of the CFBG or DCF, which remains 

unchanged after fabrication and also will not be affected by the aging of electronic 

devices of the system. The timing jitter of the femtosecond mode locked laser output 

is <2 fs, which is several orders lower than the jitter of most signal generators used to 

drive tunable filters. The small timing jitter and stable sweep trace will significantly 

reduce the need for recalibration in the OCT systems. 

 
Fig. 4-5. (a) The interference fringe pattern captured by the BPD. (b) Resampled interference spectrum 

with self-clocking. (c) The measured axial resolution of 21 μm in air. (d) Sensitivity roll off performance 

at different positions. 

To characterize the performance of the OCT, the VODL in the reference arm is 

tuned to different positions and the interference fringes with different periods of 

temporal oscillations are captured. By FFTs of the resampled interference spectra, PSFs 

with peaks locating at different positions are obtained as shown in Fig. 4-5(c). The 

PSFs are clean and show a signal to noise ratio ~40 dB with small side lobes as a result 
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of the artifact removal algorithm. The axial resolution of the OCT is determined to be 

21 μm in air and 16 μm in biological tissues by measuring the FWHM of a single PSF 

as shown in Fig. 4-5(d). It has been discussed in Subsection 1.1.3 that the sensitivity 

roll off of OCT is determined jointly by the coherence length of the swept source, 

sweep slope and the bandwidth of the detection module, which can be calculated with 

Eq. (1.26) [31]. Comparing with other swept sources such as FDML lasers, the 

coherence length of mode locked lasers is much longer than millions of kilometers if 

stabilization is further adopted. Even without stabilization, the coherence length of a 

mode locked fiber laser is at least hundreds of kilometers, which can be assumed as 

infinite as long in the sensitivity roll off estimation. A simple calculation with Eq. (1.25) 

based on the bandwidths of 43 GHz of the BPD and 59 GHz of the oscilloscope gives 

a 6-dB roll off length of ~3.3 mm assuming the coherence length of the swept signal to 

be infinite. From the PSFs plotted in Fig. 4-5(c), the sensitivity roll off length is 

measured to be 3 mm, which is very close to the calculation above. The slight mismatch 

may be caused by the minor length difference of the two fiber tails that connect the 

BPD to the 50:50 coupler. 

4.1.3.4 SS-OCT Imaging 

The high speed OCT is then used for imaging. To demonstrate high speed detection, 

we use a rotating encoding disk as the sample as shown in Fig. 4-6(a). A stainless steel 

100-line optical encoding disk with a diameter of 45 mm and a thickness of 0.2 mm is 

set on the spindle motor of a 15,000 rpm hard disk drive with a gap of ~2 mm to the 

hard disk surface. In detection, the spindle motor is driven by a voltage higher than the 

nominal value to achieve a speed of ~17,000 rpm. The line speeds of the edges of the 
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encoding disk and the 70 mm hard disk are 40 m/s (144 km/h) and 62 m/s (224 km/h) 

respectively, which are higher than the speed limits in highway. 

 

Fig. 4-6. (a) Photograph of the encoding disk and hard disk. (b) Tomographic image of the profile of the 

rotating disks. (c) Detail of the tomographic image in the range of 199~211° with a dimension of ~4.2 

mm  2.5 mm. (e) and (f) are the zoom in views of the small regions indicated by the red rectangles in 

(b) with a dimension of ~3.5 mm  0.15 mm. 

As shown by the red arrow in Fig. 4-6(a), the light in the sample arm is normally 

incident on the encoding disk and the hard disk and focused to an intermediate point 

between the encoding disk and the hard disk by an adjustable fiber collimator to ensure 

that most of the light reflected by the hard disk could pass through the line gap of the 

encoding disk. The lights reflected alternatively by the rotating encoding disk and hard 

disk are collected by the collimator and return to the fiber. 

A sequence of A-scan data with a duration of 4 ms covering a full rotation is 

captured by the oscilloscope. By resolving all of the A-scan data and applying FFTs, 
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the tomographic image of the profile along the periphery of the encoding disk with a 

perimeter of ~126 mm is shown in Fig. 4-6(b). The two rows of dots near the top and 

bottom of the tomographic image show the reflection of the encoding disk and hard 

disk respectively. The reflectivity profiles are shown in logarithmic scale in a range of 

30 dB. The measured distance between the reflective surfaces of the two disks is ~2.2 

mm with slight variations on different azimuthal angles. Such depth variations are 

caused by the imbalance of the fastening force of the 6 holding screws and the 

deformation caused by the punch-in fabrication of the thin steel encoding disk. The 

detail of the tomography in the azimuthal angle range of 199~211° with a dimension 

of ~4.2 mm (L)  2.5 mm (D) is shown in Fig. 4-6(c). In the tomographic image, the 

reflectivity of the encoding disk is stronger than that of the hard disk, which should be 

caused by the different light collection efficiency of the collimator for different 

defocusing distance and the sensitivity roll off since the hard disk is far from the zero 

position. Also from Fig. 4-6(c), the patterns of the hard disk are very uniform but 

fluctuations appear on the patterns of the encoding disk, which are also clearly shown 

in Figs. 4-6(e) and (f). The images in Figs. 4-6(e) and (f) are the zoom in view of the 

small areas in Fig. 4-6(b) indicated by the two red rectangles to show the details of the 

encoding disk in the range of 11~21° and the hard disk in the range of 265~275°, both 

with a dimension of ~3.5 mm (L)  0.15 mm (D). The higher uniformity observed with 

the hard disk demonstrates that the state-of-art precision fabricated hard disk has a 

much smoother surface at the sub-nanometer level, when compared with the steel 

encoding disk which is mass produced by punches. 
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4.1.4 Summary 

In this Section, we demonstrate an ultrafast SS-OCT with an A-scan rate of 100 MHz 

based on a swept source by time stretching of the output of a broadband femtosecond 

fiber laser. The swept source shows a sweep range over 100 nm and an ultra-flat 

spectrum with a 1-dB bandwidth of 73 nm. The SS-OCT has an axial resolution of 21 

μm in air and a sensitivity roll off length of 3 mm. A tomographic image of an encoding 

disk and a hard disk rotating at 17,000 rpm is captured by the SS-OCT. To the best of 

our knowledge, it is the first time that an SS-OCT demonstrates an A-Scan rate of 100 

MHz and a sweep range of 100 nm simultaneously. The ultrafast SS-OCT enables the 

tomographic characterization of high speed moving targets, which could also be used 

to enhance the frame rate of video rate volumetric imaging with SS-OCT. 

4.2 Reconfigurable time stretched swept source  

4.2.1 Introduction 

SS-OCT adopts a highspeed balanced photodetector to acquire time-resolved 

interference signal and obtains the hierarchical information of the sample with Fourier 

transform of the interference spectrum by resampling the time domain interference 

signal. The key component of the SS-OCT system is the swept laser source with a high 

sweep rate, wide sweep range and long coherence length. Benefiting from the high 

coherence of mode locked femtosecond laser, the swept source demonstrated in Section 

4.1 has a high sweep rate, wide sweep range and a long coherence length. However, 

the finite bandwidth of the detection system limits the sensitivity. The 6-dB roll off 

length is only 3 mm although we have adopted a 43 GHz BPD and a 59 GHz 
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oscilloscope, which are one of the highest speed devices available in optical 

communications. As discussed in Subsection 1.1.3, in such an SS-OCT system, the 

limitation of the roll off length is mainly determined by the detection system as 

 6 det 2

1
= ,

2 2
dB DCF

cB
L cB L


=


，  (4.2) 

where c is the speed of light, B is the bandwidth of the whole detection system including 

the BPD, A/D conversion and sampling system, =d/dt=1/β2LDCF is the sweep slope 

of the quasi linear swept signal, β2 is the dispersion coefficient of the fiber and LDCF is 

the fiber length. β2LDCF is the nominal total dispersion. When the bandwidth of the 

detection system is fixed, the effective imaging range of the SS-OCT depends solely 

on the sweep slope, which is determined by the amount of dispersion used in time 

stretching. However, the amount of dispersion used in time stretching could not be too 

large to avoid the overlapping of adjacent pulses. A solution is to generate a slower 

sweep speed to relax the requirement to high speed detection without loss of the 

performance of the swept source such as high stability and high coherence. The pulse 

repetition rate should be reconfigured to keep the duty cycle of the swept signals in a 

reasonable range when different sweep slopes are used by adopting different dispersion 

elements. 

In this Section, we demonstrate reconfigurable high speed broadband swept laser 

by time stretching of a flat spectrum femtosecond pulse train with over 100 nm 

bandwidth and an original repetition rate of 100 MHz. By incorporating an optical 

modulator and utilizing appropriate dispersive modules, swept sources with sweep 

rates of 25 and 2.5 MHz are demonstrated. The imaging range of the 2.5 MHz swept 

source reaches >100 mm with a 6 dB sensitivity roll off. It is the first time that ultrafast 
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swept sources for megahertz OCT with 100 MHz sweep rate and with >100 mm 

imaging range are demonstrated, which will extend the applications of swept source 

optical coherence tomography (SS-OCT). 

4.2.2 Experimental setup 

Figure 4-7 shows the experimental setup of the swept laser, where the femtosecond 

mode locked laser with an EDFA demonstrated in Section 4.1 is used as the seed signal 

of the system. An optical modulator combined with a pulse/pattern generator (PPG) is 

used to realize frequency division and a dispersion compensation module, which is 

either a section of a DCF or a long CFBG is used to realize the time stretching. The 

mode locked laser is a Figure-9 laser (Menlo System, C-Fiber) with a post-amplifier, 

where the dispersion of the seed laser and fiber amplifier is carefully engineered to 

guarantee that the output pulse has a broad spectrum with a 3-dB bandwidth of 80 nm. 

The performances and principles of the mode locked fiber laser have been 

demonstrated and discussed in Section 4.1. 

 

Fig. 4-7. Experimental setup of the proposed swept laser. WDM: wavelength division multiplexer, EDF: 

erbium doped fiber, PBS: polarization beam splitter, Components: faraday rotator, waveplate and the 

polarizing beam splitter, OC: optical coupler, EDFA: erbium doped fiber amplifier, VOA: variable 

optical attenuator, PC: polarization controller, PPG: pulse/pattern generator, MOD: optical modulator, 

Amp: RF amplifier, CFBG: chirped fiber Bragg grating, DCF: dispersion compensation fiber, PD: 

photodetector, OSA: optical spectrum analyzer, and OSC: oscilloscope. 

To reconfigure the swept source, a 10 GHz lithium niobite (LiNbO3) Mach-
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Zehnder optical intensity modulator (JDSU, IOAP-MOD9140) is used after the EDFA 

to adjust the repetition rate of the pulse train. A variable optical attenuator (VOA) is 

used before the modulator to decrease the optical power to avoid nonlinear effects, 

which will deteriorate the coherence and simultaneously induce fluctuations on the 

spectrum. A small part of the output signal from the mode locked fiber laser is injected 

into a photodetector to generate a clock signal with frequency fc =100 MHz for the 

pulse-pattern generator (PPG, Agilent, 81130A), which is used to generate a sequence 

of short square pulses with fractional frequency fc/Nn, where Nn=1, 2, 3, … is an integer. 

By adjusting the number of ‘0’ bits (off) between adjacent ‘1’ bits (on) in the pattern, 

the repetition rate of the mode locked laser can be reconfigured. An optical modulator 

driver (JDS Uniphase, H301-1110) is used to amplify the pulse train to drive the 

modulator and an automatic bias controller (Plugtech, MBC-IQ-1) is used to 

dynamically lock the bias voltage at the ‘NULL’ point of the modulator to ensure that 

the femtosecond pulses at the ‘off’ bits are completely suppressed. The polarization 

dependence of the modulation is controlled by a polarization controller. 

The time stretching is the key process, where the ultrashort pulses are stretched 

by the dispersion modules such as the DCF or CFBG to highly chirped long pulses with 

a sweep trace. DCFs and CFBGs with different dispersions will be used in the 

experiments to demonstrate their different features for time stretching. The sweep trace 

of the signals will also be characterized by measuring the different delays of signals at 

different wavelengths with the tunable filter (Santec, OTF-930) and the oscilloscope 

(Tektronix, CSA7404B) similar to that used in Section 4.1. All the spectra are measured 

by an optical spectrum analyzer (Yokogawa, AQ6370D). The schematic diagram for 
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the measurement of point spread function and coherence length is the same as the 

configuration shown in Fig. 4-2. 

4.2.3 Results and discussions 

4.2.3.1 Ultrafast flat spectrum time stretched swept source 

In this Subsection, we will demonstrate a swept source with a repetition rate of 100 

MHz without any frequency division while the time stretching of the ultrashort pulses 

is realized in a ~0.8 m long CFBG (Proximion, DCM-CB-10). The CFBG is designed 

to compensate 10 km of G.652 SMF with a nominal total dispersion of ‒165 ps/nm at 

1545 nm. The CFBG has a reflection bandwidth of 50 nm ranging from 1525.0 to 

1575.0 nm, as shown by the red solid curve in Fig. 4-8(a). The black dotted and blue 

dashed curves respectively represent the input and output spectra of the CFBG. The 

femtosecond pulse train is injected into the CFBG through a circulator. We note that 

the high sidelobe of the red solid curve, which is out of the reflection range of the 

CFBG, is fictitious. The sidelobe is caused by the noise floor of the OSA when the 

intensity of the input light in that spectral region is low. From Fig. 4-8(a), the reflected 

spectrum shown by the blue dashed curve is very flat in the whole 50 nm range because 

the reflection band of CFBG locates fully in the flat region of the laser pulse spectrum. 

The output spectrum has very sharp edges with a ~50 dB side mode suppression ratio, 

which allows the swept signal to have a high duty cycle without overlapping of adjacent 

pulses. The high duty cycle will help to maximize the pulse duration and detection 

range without decreasing the sweep rate in the interference system. Besides the high 

duty cycle, using CFBG as the dispersive element has the advantages of low loss, low 

nonlinearity, low latency and lightweight when compared with DCF, especially when 
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large dispersion is required. Furthermore, the dispersion coefficient β2 of CFBG could 

be designed to be a constant in the whole reflection band to realize linear wavelength 

swept in the k space. 

 
Fig. 4-8. The output performance of the 100 MHz swept source by time stretching in a CFBG. (a) The 

reflectivity, input and output spectra of the CFBG used in the experiment. (b) The output stretched 

waveform from the CFBG. The (c) filtered spectra and (d) waveforms of the swept signal when the 

central wavelength is tuned from 1525 to 1575 nm. (e) The sweep trace λ(t) obtained from (c) and (d) 

with the parabolic fitting of t(λ). (f) An example of raw interference fringe pattern captured by the BPD, 

(g) Resampled interference spectrum with self-clocking, (h) OCT axial resolution in air, (i) Roll-off 

performance of the SS-OCT with PSFs measured at different optical delays. 
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Figure 4-8(b) shows the output waveform of the swept signal. In the CFBG, the 

ultrashort pulses are stretched to long chirped pulses with a duration of 8.4 ns with 

sharp edges. To further verify the wavelength sweep trace, the spectra and temporal 

waveforms of the filtered signals are recorded when the optical tunable filter (Santec, 

OTF-930) is tuned from 1525 to 1573 nm, as shown in Figs. 4-8(c) and (d), respectively. 

The pulses for different wavelengths are clearly separated in the time domain, which 

confirms the wavelength sweeping feature of the signal. The central wavelength versus 

temporal position of the pulse signals are measured and shown in Fig. 4-8(e). The 

wavelength is swept from the red to the blue region according to the normal dispersion 

of the CFBG. By parabolic fitting of the t(λ) curve, the dispersion LD at λ0=1545 nm is 

−164.6 ps/nm and the dispersion slope LD is −0.61 ps/nm2. Taking the average 

dispersion and sweep range into Eq. (4.1), the measured pulse duration of 8.4 ns is 

consistent with the calculation based on the reflection band of the CFBG. 

The effective imaging range of the OCT system can be quantified by measuring 

the axial PSFs with different delays between the reference arm and the sample arm. 

The interference signal with a 0.5 mm path length difference is captured by the BPD 

as shown in Fig. 4-8 (f). Since the dispersion coefficient β2 of the CFBG is not the same 

at different wavelengths, the data points uniformly sampled in the time domain do not 

distribute uniformly in the frequency domain. Therefore the data is resampled to extract 

linear wavenumber to optimize the PSF by mapping the uniformly distributed temporal 

samples on the dispersion curve before the Fourier transform of the interference signal 

as shown in Fig. 4-8 (g). In the processing of the resampled signal, it was found that 

the spectral modulation inherited from the input signal lead to sidelobes on the PSFs. 
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The sidelobes are suppressed by applying a predefined complex modulation on the 

resampled signal with a Hann window. The point spread function (PSF) is plotted in 

Fig. 4-8 (h) by FFT of the interference signal in Fig. 4-8 (g), where the axial resolution 

is 36 μm. Based on the PSFs plotted in Fig. 4-8 (i), the sensitivity roll off length is 

measured to be 5.7 mm with a 43 GHz high speed balanced photodetector and 10 dB 

sensitivity roll off length is ~7.3 mm. 

It should be noted that the SNR of the PSFs shown in Fig. 4-8(i) is ~30 dB, which 

is significantly lower than the typical value of ~40 dB obtained with DCFs as shown 

in Fig. 4-5 and the following subsections. The lower SNR is believed to be caused by 

the phase ripple of CFBG, which is hard to be fully eliminated in fabrication. The phase 

ripple will cause fluctuations on the interference fringes as shown in Figs. 4-8(f) and 

(g). Phase ripple does not exist in DCF since the dispersion of DCF is provided by the 

material and index profile of the fiber but not the discrete index perturbation along the 

fiber length of CFBG. 

4.2.3.3 Reconfiguration of time stretched swept source 

In the above Section, we have demonstrated an ultrafast swept laser source with a 100 

MHz sweep rate by time stretching of the broadband femtosecond pulse in a long 

CFBG. The swept laser shows outstanding performance in the spectrum flatness and 

sweep rate. The adoption of CFBG as the dispersion element has obvious advantages 

such as low latency, low propagation loss, sharp spectral edges, high duty cycle and 

possible linear sweeping. However, CFBG also brings unavoidable drawbacks to the 

system. The spectrum locates outside the reflection bandwidth of the CFBG is not 

utilized. Besides, fabrication of CFBG a few meters long is still challenging and the 
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cost is much higher than DCF with equivalent dispersion. The ripples in delay and 

phase versus wavelength of the long CFBG [131] cause noise on the PSF. Although 

the high sweep rate is desirable to enhance the A-Scan rate of OCT, it also increases 

detection bandwidth to capture enough sampling points in the short sweep period. A 

reconfigurable swept source where the sweep rate could be adjusted will allow 

flexibility to satisfy different requirements with reasonable performance and cost. 

 
Fig. 4-9. Output performance of the 25 MHz swept source by time stretching in DCF. (a) The output 

spectrum of the swept source with a reconfigured sweep rate of 25 MHz. (b) The waveforms before and 

after time stretching in DCF. (c) The sweep trace λ(t) with parabolic fitting from 1525 to 1605 nm. (d) 

An example of the interference fringe pattern captured by the BPD, (e) Resampled interference spectrum 

with self-clocking, (f) OCT axial resolution in air, (g) Roll-off performance of the SS-OCT with PSFs 

measured at different optical delays. 

In this Section, an optical modulator is incorporated into the laser system to divide 

the repetition rate of the pulse train, as shown by the frequency dividing block in Fig. 
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4-7. Figure 4-9(a) shows the output spectrum of the swept source, where a 3- and 10-

dB bandwidth of 73 and 95 nm are observed, respectively. When compared with the 

mode locked laser spectrum depicted in Fig. 4-2(a), the bandwidth is slightly narrowed 

by the working bandwidth of the modulator. 

By adjusting the separation of the ‘1’ bits on the PPG, the repetition rate of the 

pulse train can be reconfigured to 100/Nn MHz (Nn= 1, 2, 3, …) to fully cover the range 

of 1-100 MHz, which are most desirable in OCT systems. The extinction ratio is higher 

than 20 dB to ensure the suppression of the ‘off’ bits. When the repetition rate of the 

pulse train is changed, the dispersion element should be accordingly changed to provide 

a suitable dispersion to stretch the pulse to fill the period without overlapping between 

adjacent pulses. In the experiment, we use various sections of DCF with different 

nominal dispersions individually or jointly to realize the time stretching for different 

sweep rates. It should be noted that a flexible automatic combination of the DCFs could 

be realized by using multiple optical switches, which is not demonstrated here. 

Figure 4-9(b) shows an example of a frequency divided pulse train with a 

repetition rate of 25 MHz. The waveforms before and after time stretching are denoted 

by the blue and red curves, respectively. The time stretching is realized in a section of 

DCF (Accelink, DCF-20) with a nominal dispersion of ‒322 ps/nm at 1545 nm to 

compensate 20 km G.652 SMF. The ultrashort pulses are stretched to long pulses with 

a full width at half maximum (FWHM) of 23.9 ns and a 10% height duration of 32.3 

ns. The relatively large difference between the FWHM and the 10% height duration is 

caused by the pedestal of the pulse, which is significant on the rising edge and 

corresponds to the gentle slope on the long wavelength side of the spectrum. The 
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adoption of DCF has enabled the swept signal to cover the whole spectrum shown in 

Fig. 4-9(a). The sweep trace of the signal is shown in Fig. 4-9(c) measured with the 

same method used in Figs. 4-8(c)-(e), while the tuning range is 1525 to 1605 nm. A 

parabolic fitting of the sweep trace demonstrates a R2 of 0.99998. The measured total 

dispersion LD = ‒327.1 ps/nm and the dispersion slope LD = ‒1.39 ps/nm2 at 1545 nm. 

The swept signal is then launched into the interferometer system. The PSFs with 

different delays are shown in Figs. 4-9(d)-(g) to characterize the sensitivity roll off 

length. The interference fringe signal captured by the BPD and the resampled signal 

uniformly distributed in the frequency domain are shown in Figs. 4-9 (d) and (e), 

respectively. The PSFs are plotted in Figs. 4-9(f) and (g) with the same method as that 

used for 100 MHz swept laser by DCF demonstrated in Section 4.1. Figure 4-9(f) shows 

that the axial resolution measured with a Gaussian fitting to one of the PSF peaks is 25 

μm, which is improved by using the full spectrum when compared with the result with 

CFBG. Besides the increase in resolution, the side lobes on the PSFs are also lower 

than those with CFBG. The noise floor of the PSFs with DCF is significantly lower 

than that with CFBG, which leads to a signal to noise ratio (SNR) of 40 dB. The 

difference on the noise floor has been confirmed by using multiple data sets with 

different lengths of CFBG and DCFs. The higher noise floor of PSFs with CFBGs is 

believed to be caused by the phase ripple of CFBGs. The 6- and 10-dB sensitivity roll 

off length is 13.7 and 17.7 mm respectively as shown in Fig. 4-9(g), which are more 

than twice that with CFBG as shown in Fig. 4-8. The roll off length is doubled with the 

increase of total dispersion from ‒164.6 to ‒327.1 ps/nm indicating that the imaging 
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range is limited by the detector and data acquisition but not the coherence length of the 

swept source [91].  

Besides the demonstrated 25 MHz swept source, multiple sweep rates have also 

been realized in our experiments. We noted that when the sweep rate is reduced, the 

imaging range will be increased accordingly from Eq. (4.2). The flexible swept source 

provides a good solution to balance the requirements to ultrahigh sweep rate and long 

imaging range in SS-OCT applications such as full-eye imaging or endoscopic tissue 

imaging [30]. 

4.2.3.3 Time stretched swept source with ultralong imaging range 

In the Section above, we have demonstrated a swept source with different sweep rates. 

In the OCT system, the imaging range is another important feature. If the imaging range 

is a few millimeters, only the surface of small organs could be detected. If the imaging 

range is increased to tens or hundreds of millimeters, OCT could be applied directly in 

many fields such as weasand, stomach, or even thorax and abdomen. Besides 

biomedical imaging, long range OCT could also find applications in industrial 

inspection and model construction. 

In the reconfiguration of the swept source, the imaging range is found to be nearly 

proportional to the pulse duration of the swept signal. Thus the imaging range of the 

SS-OCT system can be increased by incorporating with larger dispersion value to 

obtain a longer pulse. To obtain an ultralong chirped pulse, three sections of DCF with 

a total nominal dispersion of ‒3306 ps/nm at 1545 nm to compensate 200 km G.652 

SMF are jointly used in the experiment. Circulator and Faraday mirror can be utilized 

to double pass the DCF for time stretched swept sources. The sweep rate is changed to 
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2.5 MHz to fit the pulse duration with the period, which is sufficiently high for most 

OCT applications. Since >99.9% of the input power is attenuated by the modulator and 

DCF in frequency dividing and time stretching, an SOA is used to amplify the swept 

signal after time stretching in the DCF. Figure 4-10(a) shows the spectrum of the 

amplified swept signal with a 10-dB bandwidth of 75.0 nm, which is narrower than the 

input spectrum because of the bandwidth limitation of the modulator, the SOA and 

nonlinear effect in the long DCF. The fluctuations of the spectrum are mainly due to 

the polarization dependence of the SOA. Fig. 4-10(b) shows the pulse trains before 

(blue curves) and after (red curves) the stretching in the DCF and amplification. The 

stretched pulse has an FWHM duration of 214.2 ns. The sweep trace of the signal is 

also characterized as shown in Fig. 4-10(c). A total dispersion LD = ‒3306.1 ps/nm and 

a dispersion slope LD = ‒11.34 ps/nm2 at 1545 nm are obtained by the parabolic fitting 

with a R2 of 0.99998. 

The 2.5 MHz swept signal is injected into the interferometer and the roll off 

lengths are characterized by the PSFs with different delays as shown in Figs. 4-10(d)-

(g). The interference fringe signal captured by the BPD and the resampled signal 

uniformly distributed in the frequency domain are shown in Figs. 4-10 (d) and (e), 

respectively. By FFT of the resampled interference fringe signal, we obtain the PSF as 

shown in Fig. 4-10(f), whose position directly indicates the position of the sample. The 

PSFs show an SNR of >40 dB and an axial resolution of 22 μm, which are in 

accordance to the results with 25 MHz swept signal shown in Fig. 4-9 (f). As expected, 

the detection range has been greatly increased. The 6- and 8-dB sensitivity roll off 

lengths are 111 and >127 mm respectively, which is the longest imaging range of MHz 
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OCT ever reported. The normalized sensitivity is still larger than 10 dB at 127 mm, 

which is the longest distance of our delay line used in the experiment. The swept source 

simultaneously enables the ultralong imaging range of >100 mm and several MHz A-

Scan rate of OCT, which will greatly enhance the performance of OCT and expand the 

applications of OCT into long range biomedical 3-D imaging and large scale industrial 

inspections [36]. For example, the newest Boeing 737-MAX has a fan diameter of 1.73 

m. The line speed of the fan edge could reach 4,890 km/h when the engine runs at 

15,000 rpm. A megahertz long range OCT will enable the real time monitoring of such 

powerful and precise equipment running at high speed with <1 mm resolution. 

 
Fig. 4-10. The output performance of the 2.5 MHz swept source by time stretching in DCF. (a) The 

output spectrum of the swept source with a sweep rate of 2.5 MHz. (b) The waveforms before and after 

time stretching in DCF. (c) The sweep trace λ(t) with parabolic fit from 1525 to 1605 nm, (d) An example 

of interference fringe pattern captured by the BPD, (e) Resampled interference spectrum with self-

clocking. (f) OCT axial resolution in air. (g) Roll-off performance of the SS-OCT with PSFs measured 

at different optical delays. 

(a) (b) (c)

40ns

10dB with 95nm

3dB with 73nm

25μm

6dB (13.7mm) 10dB (17.7mm) 

(d) (e) (f)

(g)
Time(ns)



146 
 

4.2.3.4 Comparison and discussions of reconfigurable swept sources 

In the above Sections, we have demonstrated a reconfigurable swept source based on 

a flat-top spectrum femtosecond fiber laser. The swept source has shown distinct 

performances including ultrahigh sweep rate, ultralong OCT imaging range and 

flexible reconfiguration. In Table 4.1, we summarize the performance measured with 

the three configurations demonstrated.  

The first configuration shows an ultrafast swept source with a sweep rate of 100 

MHz. To the best of knowledge, it is the highest sweep rate of swept source for OCT 

ever reported. Besides, the roll off length of sensitivity is 5.7 mm, which is comparable 

to most tunable filter based swept sources, such as Fourier domain mode locked 

lasers [28] and MEMS filter based external cavity diode laser [142]. The high speed 

high quality swept source will enable the use of OCT in the volumetric imaging of 

ultrafast motions or reactions inside the sample. The adoption of CFBG as the 

dispersion element leads to very shape edges on both the spectrum and the temporal 

waveform of the pulse, which may allow a nearly 100% duty cycle if the CFBG and 

the sweep rate are matched. Comparing with DCF, the dispersion slope of CFBG can 

be finely controlled and it is possible to fabricate a CFBG with a large β2 and βn>2 = 0 

for linear frequency swept, which is impossible to be obtained in DCF. The main 

limitation of the adoption of CFBG comes from the high cost of such a long CFBG, 

which requires very high accuracy in fabrication. Once a CFBG is fabricated, it is 

difficult to be cut and spliced and thus the total dispersion is fixed. Hence CFBG is not 

as flexible when compared with DCF. 
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Table 4-1. Performance of swept laser source with different configurations 

Sweep 

rate 

DCM Pulse 

FWH

M (ns) 

10-dB 

bandwidth 

(nm) 

Axial 

resolution 

(m) 

6-dB Roll 

off length 

(mm) 

100 

MHz 
CFBG, −10 km G.652 

−165 ps/nm @ 1545 

nm 

8.4 50 36 5.7 

25 

MHz 
DCF, −20 km G.652 

−322 ps/nm @ 1545 

nm 

23.9 95 25 13.7 

2.5 

MHz 
DCF, −200 km G.652 

−3306 ps/nm @1545 

nm 

214.2 75 22 111 

 

The adoption of DCF allows full utilization of the laser spectrum to increase the 

axial resolution. Massively produced DCF is more competitive in cost than CFBG. It 

is also convenient to cut and splice DCF to obtain a total dispersion of any desired 

value. In the reconfiguration of the swept source, we used different sections of DCF to 

realize the stretching of the pulse into different durations. Optical switches could be 

used to connect multiple sections of DCFs to reconfigure the total dispersion. For 

example, if 5 sections of DCF with compensation lengths of 100, 60, 40, 20 and 10 km 

of G.652 SMF are sequentially connected with optical switches, we can realize all the 

25 dispersion values from 10 to 250 km by a step size of 10 km with a different 

combination of the states of the switches. The adoption of DCF has improved the axial 

resolution by using the full spectrum, at the expense of a lower duty cycle. We note 

that a CFBG with low dispersion could be jointly used with a long DCF to obtain a 

high duty cycle for large dispersion stretching at a relatively low cost. 

When the response speed of the detector and data acquisition are given, the 

imaging range of the swept source OCT is nearly proportional to the total dispersion 
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used in the time stretching [31]. The second configuration demonstrated with a sweep 

rate of 25 MHz. The sensitivity roll-off length increases more than twice when the 

dispersion value is doubled, owing to the low noise of the delay and phase of the DCF 

when compared with the CFBG. When the dispersion is increased from ‒322 ps/nm to 

‒3306 ps/nm, the roll off length is increased from 13.7 mm to 111 mm. To the best of 

our knowledge, it is the first time that the roll off length of megahertz OCT is increased 

to >100 mm. In the meantime, the sweep rate is 2.5 MHz, which is sufficiently high for 

most applications including video-rate volumetric OCT imaging. The ultralong 

imaging range will greatly extend the application of OCT into large scale 3D imaging, 

which is desirable in both biomedical and industrial applications. 

4.2.4 Summary 

In this Section, the femtosecond pulse train with a 10-dB bandwidth of more than 100 

nm is stretched into long swept pulses. The 100 nm swept bandwidth is comparable to 

conventional swept lasers with SOA such as FDML lasers but the sweep rate is 

increased by three orders of magnitude. By incorporating a frequency divider, the 

sweep rate can be reconfigured in the range of 2.5~100 MHz. By using a long CFBG 

as the dispersion element, a sharp edge swept signal with 100 MHz sweep rate, 50 nm 

sweep range and 83% duty cycle is obtained. The swept signal demonstrates a 

sensitivity roll off length of 5.7 mm and an axial resolution of 36 μm in the OCT 

characterization. To the best of our knowledge, it is the first time that the A-Scan rate 

of SS-OCT is enhanced to 100 MHz. When the sweep rate of the swept source is 

reduced by a frequency divider, the roll off length is further increased. With a sweep 

rate of 25 MHz and time stretching in a section of DCF to compensate 20 km G.652 
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SMF, the sensitivity roll off length is 13.7 mm with an axial resolution of 25 μm. When 

the sweep rate is decreased to 2.5 MHz and a DCF with a 200 km nominal length is 

used, the 6 dB sensitivity roll off length is increased to 111 mm. It is also the first time 

that the sensitivity roll-off length of megahertz OCT is increased beyond 100 mm. The 

imaging range of the demonstrated swept laser has been improved by more than one 

order when compared with other swept sources such as FDML lasers. The high speed 

swept source will enable the application of SS-OCT in 3-D imaging of ultrafast motion 

or reactions with ultrashort temporal duration. The long imaging range of the swept 

source enables the use of SS-OCT system in the endoscopic imaging of large scale 

lumina such as airway and stomach where the positioning of endoscopic probe is 

difficult and the distance of the inner wall to the probe varies significantly. Besides 

biomedical imaging, the increase in imaging range will extend the application of OCT 

to other areas such as 3D model construction. 

4.3 400 MHz ultrafast swept source with buffering technique 

4.3.1 Introduction 

There is an increasing demand for high imaging speed of swept source optical 

coherence tomography (SS-OCT) systems in the applications of volumetric imaging at 

the radio rate. The high imaging speed contributes to improving accuracy for obtaining 

parameters of the sample because of unavoidable motions in special clinical 

applications such as catheter-based intravascular or retinal blood vessels. The Fourier 

domain mode locked laser which avoids the laser rebuilding from the ASE by storing 

the swept signal in the long fiber delay has improved the sweep speed to several 
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hundred kilohertz. To further improve the sweep speed, sweep buffering technique 

which is realized by combing a series of optical splitters and couplers with certain 

additional lengths in one arm to multiply sweep copies was applied to FDML lasers 

and external swept lasers. The phase relation between different copies of the swept 

signal is stable and ideal for applications in phase sensitive and Doppler OCT imaging 

systems. Besides, the effective duty cycle of the swept signal can be improved with 

multiple buffering stages. However, the buffering technique suffers from inefficiency 

as half of the light power is lost at the combiner, which will deteriorate the imaging 

sensitivity. Thie problem should be mitigated by adding an extra SOA to compensate 

the loss or utilizing polarization splitter and combiners. 

Sweep buffering technique is widely used in the FDML lasers to realize 4-fold, 8-

fold or even 16-fold increase in the sweeping speed to several hundred kilohertz or 

megahertz, which unavoidably compromises on the sweep range or axial resolution of 

OCT. However, the sweep speed is still insufficient for special applications requiring 

ultrahigh imaging speed. Swept lasers based on time stretching technique can be used 

to realize high sweep speed at tens of megahertz, which has been demonstrated in the 

Introduction Section. Swept lasers based on time stretching technique combined with 

sweep buffering were first demonstrated by T.C. Huo et al in 2019  [143] to realize 40 

MHz imaging speed with only about 40 nm sweep range for the SS-OCT system, which 

did not show the merit of sweep buffering since such a sweep rate is available without 

buffering. In this Section, a 100 MHz mode locked fiber laser with about 100 nm 

broadband spectrum is used as the seed source to generate a 400 MHz swept laser 
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source with buffering and time stretching technique. This is the first time to realize 

such a high sweep rate with such a broad spectrum. 

4.3.2 Experiment setup 

 

Fig. 4-11. Experimental setup of buffered 400 MHz swept source, MLFL: Mode locked fiber laser, OC: 

Optical coupler, PC: Polarization controller, CIR: Circulator, VODL: Variable optical delay line, CL: 

Collimator Lens, BPD: Balanced photodetector, OSC: Oscilloscope. 

The experimental setup of the swept source with buffering technique is shown in Fig. 

4-11(a). A mode locked fiber laser (Menlo System, C-Fiber) with a Figure-9 

configuration demonstrated in Section 4.1 is used as the seed. The pulse train from the 

mode locked fiber laser (MLFL) with a repetition rate of 100 MHz and 100 nm 

spectrum is split into two beams by a 50:50 optical coupler, then the two beams 

propagate in the two arms with a length difference of 1 m and then are combined by 

another 50:50 optical coupler. The repetition rate is doubled to 200 MHz after the 

second coupler. A polarization controller is used to match the polarization states of the 

two arms. To generate a four-fold increase in the repetition rate to 400 MHz, another 
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buffering stage is used with a 0.5 m length difference between the two arms. After the 

third coupler, the repetition rate of the femtosecond pulse train is increased to 400 MHz. 

The 400 MHz pulse train is then injected into a section of 1238 m single mode fiber to 

generate swept signal based on time stretching. The sensitivity roll off is characterized 

by the interferometer system as shown in Fig. 4-1(b). 

4.3.3 Experimental results and discussions 

The output spectrum of the 100 MHz mode locked fiber laser (MLFL) has a very 

broadband profile, of which the 3- and 10-dB bandwidths are 83.7 and 108 nm, 

respectively as shown in Fig 4-12(a) with the blue curve. The separation of adjacent 

pulses is 10 ns as shown in Fig 4-12(b) with the blue curve, corresponding to a 100 

MHz repetition rate. The spectrum and waveform of the 400 MHz pulse train are shown 

in Fig 4-12(a) and (b) with the red curve. The bandwidth of the spectrum is narrower 

than the seed laser because the power splitting has lowered the peak power of a single 

pulse and hence weakened the nonlinear effect in the fiber tail connecting to the OSA. 

For the signal buffering reported in the thesis, the total loss is 3 dB since the power loss 

occur in the first two couplers is negligible (< 0.1 dB for each coupler) Multimode 

interference splitter and combiners based on the fractional temporal Talbot effect will 

not reduce the coupling loss. The pulse separation is reduced to 2.5 ns, corresponding 

to the 400 MHz repetition rate. The intensity difference between the pulses is induced 

by the unbalance of the second coupler and the different losses of the two arms, which 

can be eliminated by carefully adjusting the attenuation of the high intensity arm. The 

polarization of the MZI configuration will also affect the intensity of two arms, which 

is another reason for the fluctuations on the pulses. The 400 MHz repetition rate mode 
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locked pulse train is stretched by the dispersive fiber (single mode fiber in this 

experiment) into a pulse train with chirped long pulses. The optical fiber length 1238 

m is chosen based on the fiber dispersion coefficient and the repetition rate of the pulse 

train. 

 

Fig. 4-12. The output performance of the 100 MHz and the buffered 400 MHz mode locked laser, (a) 

Output spectra at 100MHz (blue curve) and 400 MHz (red curve). (b) The temporal waveform of 100 

MHz (blue curve) and 400 MHz (red curve). 

The spectrum and waveform of the stretched swept signal are shown in Figs. 4-13 

(a) and (b), respectively. The 3-dB and 10-dB bandwidth are 73.7 nm and 99.5 nm 

respectively. The spectrum and waveform almost have the same profile and bandwidth 

as the unchirped signal shown by the red curve in Fig. 4-12(a). The stretched pulse has 

a duration of 1.6 ns and 2.4 ns at 50% and 90% heights, respectively. The temporal 

waveforms of the four pulses shown in Fig. 4-12(b) has an obvious difference on the 

top of the pulse, which should be induced by the polarization difference in the different 

arms. The effective sweep range is almost unaffected by the tiny fluctuations on the 

spectrum and temporal waveforms.  

To further verify the wavelength swept feature of the signal, an optical tunable 

filter (Santec, OTF-930) is utilized to filter out the spectra and temporal waveform 

which are recorded by optical spectrum analyzer and oscilloscope. The corresponding 

(a) (b)

83.7nm

10ns

2.5ns

73.7nm

108nm



154 
 

spectra from 1525 to 1605 nm are shown in Fig. 4-13(c) and the corresponding 

temporal waveforms of the spectra are shown Fig. 4-13 (d) with the same colors, 

respectively. It is obvious that signals at different wavelengths are located at different 

temporal positions. The wavelength is swept from the blue to the red region in 

accordance with the anomalous dispersion of the SMF. By parabolic fitting of the 

wavelength versus temporal position of the signals as shown in Fig. 4-13(e), the 

dispersion LD at 0=1545 nm is 21.0 ps/nm and the dispersion slope LD is 0.08 ps/nm2. 

 

Fig. 4-13. The output performance of the buffered 400 MHz swept source. (a) Output spectra and (b) 

Temporal waveform of the swept signal. (c) and (d) The filtered spectra and waveforms of the swept 

signal when the central wavelength is tuned from 1525 to 1605 nm, respectively. (e) The sweep trace 

λ(t) obtained from (c) and (d) with the parabolic fitting of t(λ). 

The output light of the buffered 400 MHz swept laser is coupled into an SS-OCT 

as demonstrated in Fig. 4-11. The interference fringe signal is collected by a 43 GHz 

BPD and recorded by an oscilloscope with 59 GHz bandwidth of 200 GHz sample rate, 

which is shown in Fig. 4-14(a). The temporal interference fringe signal is resampled to 

(a) (b)

(c) (e)

(d)

73.7nm
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be uniformly distributed in the frequency domain as shown in Fig. 4-14(b) with the 

precise fitting of the dispersion curve with 1238m SMF. The PSF measured with a 

sample at a distance of 0.27 mm is shown in Fig. 4-14(c) by FFT of the signal in Fig. 

4-14(b). The axial resolution is measured to be 19 μm in air. According to previous 

theoretical analysis, the sensitivity roll off length is determined by the detection 

bandwidth and the amount of dispersion for time stretching. The 6 dB sensitivity roll 

off length is measured to be 0.9 mm with 21.0 ps/nm dispersion, which agrees well 

with the calculation of Eq. (4.2). 

 

Fig. 4-14. (a) An example of the interference fringe pattern captured by the BPD. (b) Resampled 

interference spectrum with self-clocking. (c) The measured axial resolution of 191 μm in air. (d) 

Sensitivity roll off performance at different depth. 

The SS-OCT is then tested by imaging the same set encoding disk and hard disk 

used in Fig. 4-6 but the isolating ring between the encoding disk and the hard disk is 

replaced by another encoding disk with a thickness of ~0.15 mm. The two stacked 100-

(a) (b)

(c) (d)
6dB 0.9mm

19μm

Time(ns)
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line encoding disks with a total thickness of ~0.3 mm are adjusted to align the lines. 

The two encoding disks and the hard disk are tightly stacked and set up to the spindle 

motor of the hard disk drive as shown in Fig. 4-15(a). The zero position is set to slightly 

below the hard disk surface by tuning the reference mirror. In imaging, the spindle 

motor is driven at a speed of ~19,000 rpm and a sequence of signals with a duration of 

4 ms is acquired by the oscilloscope with a sampling rate of 50 GSa/s. 

 

Fig. 4-15. (a) Photograph of the encoding disk and hard disk under sampling. (b) Detail of the depth 

profile image within a period of the encoding disk on a color scale of 50 dB. (c) The depth profile image 

within 10 periods of the encoding disk on a color scale of 40 dB. 

The depth resolved profile of the stacked disks along the trace of the laser injection 

point are shown in Figs. 4-15(b) and (c) with different spans. The surfaces of the 

encoding disk and the hard disk are clearly shown by the bright lines at ~0.37 mm and 

~0.07 mm, respectively. In Fig. 4-15(b), the profile within the duration of a period of 
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the 100-line encoding disk, which corresponds to an azimuthal angle span of 3.6°, is 

shown with a color scale of 50 dB. Comparing to the image shown in Fig. 4-6, the color 

scale is increased since the SNR has been enhanced by averaging. The averaging will 

not decrease the lateral resolution of the OCT since the averaging span is much smaller 

than the spot size of the laser beam because of the ultrafast swept source. The weak 

line between the top and bottom bright lines should be caused by the scattering of the 

edge of the encoding disk sandwiched between the top encoding disk and the hard disk. 

The ultrafast swept source will provide a large margin to obtain a high lateral resolution 

and enhance the image quality by averaging of the images with sufficient written of A-

scans captured at almost the same lateral position. 

4.3.4 Summary 

In summary, an ultrafast swept source at a sweep rate of 400 MHz is demonstrated 

based on buffering and time stretching of a 100 MHz femtosecond laser pulse train 

with more than 100 nm spectrum. To the best of our knowledge, this is the fastest sweep 

rate of swept sources for OCT that ever been reported. The point spread function is 

acquired by Fourier transform of the resampled interference fringe signal with the 

assistance of the sweep trace measured. The axial resolution is 19 μm and the 6 dB 

sensitivity roll off length is 0.9 mm. The OCT imaging of two encoding disks and a 

hard disk stacked together is demonstrated. This ultrahigh speed swept source with 

broadband sweep range has great potential for the OCT imaging system especially for 

volumetric tissue imaging in real time. 

 

  



158 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



159 
 

 

Chapter 5  

Conclusions and prospects 

In this Chapter, conclusions will be drawn and future research work will be discussed. 

5.1 Conclusions 

In this thesis, we have demonstrated two kinds of high performance swept sources for optical 

coherence tomography imaging systems, which are discrete FDML lasers generated by 

frequency domain filtering or time domain modulation and swept sources based on time 

stretching with ultrahigh and variable sweep rates. 

5.1.1 Discrete FDML laser with ultralong coherence length by spectral filtering 

of a microring comb filter 

Conventional Fourier domain mode locked (FDML) lasers suffer from the high-

frequency fluctuations and limited coherence length owing to the relative frequency 

detuning caused by chromatic dispersion and the nonlinearities of fiber and SOAs. 

Frequency comb swept lasers with an intracavity comb filter is an effective scheme to 

improve the coherence length because of the constraint in the frequency domain. 

However, it is challenging to obtain a high finesse and ultra-narrow linewidth of Fabry-

Pérot (F-P) comb filters, which limits the narrowing of the instantaneous linewidth and 

the improvement of the coherence length of the swept signal. 
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In this thesis, for the first time we demonstrate a highly coherent discrete FDML 

laser by spectral comb filtering using a microring resonator with a Q factor of ~2×106 

and a linewidth of ~90 MHz. For comparison, discrete FDML laser with an F-P comb 

filter with a Q-factor of ~6.2×104 and a linewidth of ~3.1 GHz is also presented. The 

6-,10- and 15-dB sensitivity roll off lengths of the OCT system adopting the discrete 

FDML laser with the microring comb filter are extended to 53, 73 and 103 mm 

respectively, which are about eight times that with the F-P comb filter. The frequency 

comb swept laser with ultralong coherence length has great potential for long range 

OCT imaging at video rate by circulating technique. 

5.1.2 Discrete FDML laser with flexible temporal modulations 

The fixed free spectral range (FSR) and bandwidth of spectral comb filters restrict the 

flexibility of frequency comb discrete FDML lasers. Besides, the temporal waveforms 

of the discrete FDML lasers with comb filters suffer from severe fluctuations, which 

deteriorates the axial resolution because of sampling errors or time jitter of the 

interference fringe signal from time to wavelength recalibration. 

Temporal modulation in the FDML laser cavity is another method to discretize 

the swept signal with high flexibility. In this thesis, we demonstrate the generation of 

temporal uniform and spectral uniform discrete swept signals by applying two types of 

driving signals on the modulator. The temporal modulation significantly improves the 

pulse quality and suppresses the high frequency noise, which agrees with the simulation 

results. With the temporal uniform discrete swept signal, which effectively increases 

the intensity of two sides of the spectrum, an ultrahigh axial resolution of 13 μm is 

obtained. The temporal uniform, i.e. spectral nonuniform discrete swept source 
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introduces a unique feature of virtual image suppression, which can be used in the 

circulating OCT imaging to determine the actual position of the sample. By engineering 

the position of each pulse in the pulse train, discrete FDML laser with uniform spectral 

comb lines is also demonstrated with easy FSR manipulation. Such a flexible discrete 

swept source will extend the ability of data acquisition and signal processing with 

different combinations of the driving signals in a circulating OCT imaging system. The 

impact of the pulse duration to the sensitivity roll off length and axial resolution is also 

investigated. 

5.1.3 Mode hopped third harmonically discretized FDML fiber laser 

To demonstrate the flexibility of temporal modulation, we design an FDML laser 

running at harmonic mode locking state. The tunable filter is driven at the third 

harmonic frequency, which provides three sweep periods in a single round trip of the 

cavity. A novel scheme of grouped mode hopping modulation is designed to apply 

different temporal modulations on the three independent sweep periods. By driving the 

modulator with three grouped sequence of rate varying pulse trains, three linear discrete 

swept signals interlaced in the frequency domain with individual FSR of 300 GHz (150 

GHz) FSR are generated. The spectra of the three pulse trains can be combined to form 

a full spectrum with 100 GHz (50 GHz) effective FSR. The three discrete swept signals 

can be used individually in a fast detection mode or be combined to extend the 

circulating imaging period in a long-range mode. The temporal modulation provides 

high flexibility in the design of the OCT system and opens the door of the use of 

powerful signal processing techniques into the system. 
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5.1.4 100 MHz ultrafast broadband swept source for OCT imaging 

The investigation of discrete Fourier domain mode locked laser has demonstrated some 

unique features of the frequency comb swept laser source. However, it is difficult to 

increase the sweep rate of the tunable filter based swept source to tens of megahertz 

even if high order buffering technique is adopted. Time stretching of broadband 

ultrashort pulses generated from inertia free mode locked lasers is a promising solution 

of ultrahigh speed swept sources. The major challenge of the time stretching scheme is 

the generation of high quality wide spectrum pulse trains with sufficiently high 

coherence and high repetition rate. 

In this thesis, a mode locked fiber laser (Menlo System, C-Fiber) with a Figure-9 

configuration consisting of a compact reflective all polarization maintained nonlinear 

amplified optical loop mirror (NALM) is designed to generate a high quality pulse train 

with 100 MHz repetition rate and a wide spectrum. The 100 MHz seed pulse train is 

amplified and nonlinear spectral expanded in an EDFA to generate an ultra-flat wide 

spectrum with a 1-dB bandwidth of 73 nm and a 10 dB bandwidth of 106 nm. The 

output pulse from the EDFA is optimized to have a duration of only 44 fs by controlling 

the dispersion and nonlinearity of the EDFA. The 100 MHz pulse train is then time 

stretched in a section of DCF with a total dispersion of ‒84 ps/nm. The optical 

coherence tomography (OCT) based on the swept source has an axial resolution of 21 

μm and a 6-dB roll off length of 3 mm. An OCT system is used to image a steel optical 

encoder rotating at 17,000 rpm and a line speed of 122 km/h. High quality images of 

the rotating encoder and hard disk are obtained,. 
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5.1.5 Reconfigurable time stretched swept laser source with up to 100 MHz 

sweep rate, 100 nm bandwidth and 100 mm OCT imaging range 

The 100 MHz swept source solved most of the problems that limit the performance of 

OCT. However, another sensitivity roll off limitation comes from the finite bandwidth 

of the detection system. The 6-dB roll off length is only 3 mm although we have 

adopted a 43 GHz BPD and a 59 GHz oscilloscope, which are almost the highest speed 

devices available in optical communications. A solution to this problem is to vary 

sweep rate, which uses a slower sweep speed to relax the requirement to high speed 

detection without compromising stability and coherence. 

By incorporating an optical modulator as a pulse picker and utilizing appropriate 

dispersive modules, the 100 MHz swept source is reconfigured to obtain swept sources 

with variable sweep rates from 2.5 MHz to 100 MHz. The 2.5 MHz swept source has 

an imaging range with a 6-dB sensitivity roll-off length of 111 mm. This reconfigurable 

ultrahigh speed swept source with up to 100 mm imaging range opens the door for the 

application of SS-OCT in large scale 3-D imaging at video rate. 

5.1.6 Ultrafast swept laser source up to 400 MHz with buffering technique 

Besides the sweep rate reduction by reconfiguring the swept source by a modulator, 

the sweep rate could also be increased by using a sweep buffering technique. Swept 

source based on time stretching technique combined with sweep buffering was first 

demonstrated in 2019 to obtain a sweep rate of 40 MHz with a 40 nm sweep range. 

In this thesis, an ultrafast swept laser source with a 400 MHz sweep rate and a 

~100 nm sweep range is demonstrated by buffering and time stretching of the 100 MHz 

femtosecond pulse train. To the best of our knowledge, it is the highest sweep rate ever 
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reported for swept sources of OCT. The ultrahigh speed swept source has a 19 μm axial 

resolution and a 6 dB sensitivity roll off length of 0.9 mm. 

5.2 Future work 

The research of FDML lasers is a promising direction to obtain practical and flexible 

high speed and high coherence swept sources. Besides the adoption of comb filter or 

temporal modulation in the cavity, the combination of the two schemes in a single 

FDML laser cavity to seek for the generation of swept solitons will be a promising 

configuration. The extension of the flexible temporal modulation with multiple pulse 

patterns in single or multiple sweeps or some arbitrary combinations is also an 

attractive direction. The application of data processing techniques from other optical 

systems such as optical communication in OCT systems based on the flexible swept 

sources to enhance the performance including the SNR, resolution and imaging range 

should yield future research. 

High performance swept sources based on time stretching are likely to be adopted 

in different applications including OCT, optical ranging, sensing and signal processing. 

Volumetric 3-D real time imaging is an important direction to be investigated. Taking 

advantage of the ultralong coherence length of the seed laser, the swept source could 

be adopted in ultralong distance ranging up to thousands of kilometers. The ultrafast 

swept source will enable the detection of high speed moving objects such as the rotating 

blade of turbofan engines with a line speed of thousands of kilometers per hour. Finally, 

the cost reduction of the high performance swept sources and the detection systems 

should also be investigated to facilitate implementation. 
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Appendix 

Point C is chosen as the start point and the light will start propagation upward to 

simplify the calculation because PBS2 works as a polarizer. The electric field of the 

starting point C↑ can be expressed as 
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by setting the polarization alignment of PBS2 as x. After the waveplate, the electric 

field of B↑ can be written 
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and θ is the alignment angle of the waveplate, 2φ is the phase retardation provided by 

the waveplate. After the 45° Faraday rotator, the electric field at A↑ is 

 
1 11

.
1 12

A B
− 

=  
 

 (4) 

PBS1 will split the light polarized in x and y directions into the two ports. The lights 

will pass through the NALM in clockwise (cw) and counter-clockwise (ccw) directions 

respectively. Since the fiber connecting the two ports of PBS1 is twisted by 90°, the 

lights in NALM will exchange the polarization direction before they are combined in 

PBS1. The electric field at point A can be written as 
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where the gain and loss are the same for the two polarization directions, so they are 

neglected. The downward propagating in the 45° Faraday rotator can be described as 
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After propagating through the waveplate again, the light is expressed as 

 ( ) ( ) .C R WR B = −   (7) 

By substituting Eqs. – into, it is obtained that 
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The expression ( )ccw cwi i
e e
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   can be simplified as ( )i ie e −   by dropping the 

common factor 
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 and define  = (ccw−cw)/2. Then Eq. (8) can be calculated 

as 
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After reflected by the mirror and passing through the PBS2, the light coming back to 

point C upward is 
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In this way, the amplitude transfer function for the light at C   to propagated in a 

roundtrip can be written 
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