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SUMMARY  
This work concerns the development of monolithically integrated InP widely tunable laser 
systems at 1300 and 1550 nm, suitable to achieve multispectral optical coherence 
tomography (OCT) imaging in biological tissues. The research aim is to investigate a variety 
of integrated laser configurations and optimize their wavelength scanning performance to 
meet OCT requirements.  In terms of wavelength scan, 50 to 100 nm range swept at hundred 
microseconds speed is needed together with a coherence length of several centimeters, at 
least. 
The laser systems here investigated make use of an optical amplifier combined with intra-
cavity tunable filters biased by voltage-controlled phase modulators. In all designs but one 
the wavelength scan is performed in a stepwise manner over a set of equally spaced optical 
frequencies. The research has been carried out starting from the existing InP active-passive 
integration technology in which active components such as amplifiers, and passive 
components are combined with a monolithic approach. To realize 1300 nm lasers on chip, a 
new InP integration platform was developed in collaboration with a III-V semiconductor 
foundry company. The thesis consists of four main parts. The first part focuses on the design, 
the characterization, and the modeling of a new 1300 nm InP active-passive integration 
platform, with minimized active-passive interface reflections. Such reflections inside the laser 
cavity can cause problems with tuning the laser to specific wavelengths. The processing in 
this platform is compatible with the already established processing pipeline in the 1550 nm 
integration platform. The active and passive layer stack were designed and tested on a fully 
passive and fully active device fabrication run respectively. The active and passive layer stack 
designs were optimized to have >99% mode overlap, less than 0.5% difference in refractive 
index, a sufficiently low propagation loss (<3 dB/cm), a wide gain bandwidth (>80 nm), and 
an efficient (20°/V*mm) phase modulation. Design, characterization, and modeling of 
specific building blocks such as multimode interference (MMI) couplers, semiconductor 
optical amplifiers (SOA), absorbers and reverse bias driven electro refractive modulators 
(ERM), led to the development of a photonic design kit (PDK) which can be used by users of 
multi-project wafer runs (MPW). To test the active quantum well based layer stack, high 
power diode lasers (>2 W for broad area devices) and amplifiers were fabricated. The 
dependency of the measured gain spectrum on the current density has been successfully 
modelled using amplifier rate equations and has been validated further with material 
transparency and optical saturation measurements. 
The second part of the thesis focuses on the realization of laser systems on this new 1300 nm 
InP monolithic integration platform. Pulsed sources and continuous wave (CW) widely 
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tunable laser systems have been investigated experimentally. Quantum well based passively 
mode-locked lasers have been realized on a fully active wafer. Mode locking and Q-switching 
dynamics have been characterized and investigated by studying the repetition rate change 
with current and the optical pulse duration. This is aimed to evaluate a gain and absorption 
parametrization of a new quantum well based 1300 nm amplifier. Laser designs utilizing 
active-passive integration raise the opportunity of having optical filters in the passive part 
inside the laser cavity. Intracavity electro-optically tunable bandpass filters for the laser to 
meet the OCT application requirements of tuning range, spectral quality, and scan speed, 
have been simulated, designed and characterized. To simulate the tuning capabilities, a rate 
equation model of the 1300 nm quantum well amplifier has been extended into a steady 
state laser spectral model. 
The third part concerns the study of a 1550 nm laser system as an OCT tunable laser source. 
An investigation of the intracavity filter and the laser tuning improved insight into the 
stability limitations of the wavelength scanning control. A detailed analysis of the influence 
of the control settings on the wavelength tuning of one laser design is presented together 
with the demonstration of a wavelength calibration process that ensures the control of the 
laser system through a real-time wavelength monitoring unit. 
In the fourth part, the suitability for OCT of an integrated Fourier domain mode locked 
(FDML) laser is investigated. In particular, the lasing output is produced through a sinusoidal 
RF driving signal which is applied to an electro-optic modulator to tune an intra-cavity 
bandpass filter within the round-trip time of the laser light. The fixed phase relation between 
the optical modes inside the frequency comb led to a CW laser output which can be used as 
an OCT source with a calculated coherence length of 35 mm according to simulations. 
Preliminary experiments with a FDML fiber-based laser and an integrated asymmetric Mach-
Zehnder Interferometer on InP as a fast tunable bandpass filter reveal promising results since 
a FDML operation has been demonstrated and highly chirped optical pulse have been 
observed. This confirms the viability to use an integrated electro-optic filter in an FDML and 
even fully integrate the device for an OCT imaging scan at high scan rates and with electronic 
waveforms that are different than the sinusoidal ones currently used in FDML lasers. 
The results achieved in this thesis show that a laser system at 1300 nm can be accomplished 
and controlled with a calibration scheme to properly tune the output emission. The step wise 
scan demonstrated in the chapter 6 highlights the current limitation of the continuous wave 
single mode laser systems based on cascaded asymmetric Mach-Zehnder interferometers. 
Therefore, an alternative approach relying on a FDML lasers has been searched towards 
enabling the use of monolithically integrated lasers on InP in OCT systems.  
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1. INTRODUCTION 
1.1 OPTICAL COHERENCE TOMOGRAPHY 

Detailed and informative imaging on the internal structure human body is crucial for an 
effective medical diagnosis and treatment [1]. Several diagnostic imaging techniques such as 
X-ray radiography [2], computed tomography (CT) [3], ultrasonic imaging [4] and magnetic 
resonance imaging (MRI) [5], are being  already developed over the past decades. These 
techniques aim for different applications, depending on specific application requirements, 
mainly on the imaging depth and resolution. The optical tomography techniques are 
nowadays taking off, especially in the field of optical medical imaging. In particular Optical 
coherence tomography (OCT) can have several specific advantages over the other techniques 
[6]. It is non-invasive, as uses light waves to produce detailed images of internal body 
structures. Contrary to X-ray based techniques, it is not harmful to biological tissues and 
there is no need for physical contact with the sample under investigation. Therefore, it is 
possible to perform OCT imaging in-vivo. OCT also allows a high-resolution image, compared 
to the other techniques. Due to its micrometer level resolution and millimeter level imaging 
depth, OCT is widely used in diagnostic inspections, such as in ophthalmology to obtain three-
dimensional images of retinas [7]. OCT can be beneficial also to other medical applications 
such as dermatology [8], or to non-medical applications such as art conservation [9]. This 
technique is developed from one-dimensional interferometric measurements, based on the 
information on the attenuation coefficient coming from a sample [10]. Two- or three-
dimensional OCT images can be obtained through repetition of one-dimensional in-depth 
measurements in different positions over a surface. The working principle of an OCT system 
is a Michelson interferometer, and it is depicted in Figure 1.1 a). The phase and the intensity 
information of the backscattered light are obtained in an interferometer configuration where 
the reference arm uses a portion of the input light. The information on the position and the 
intensity of the reflections can be derived from the optical interference signal that is recorded 
into a photodetector as a function of wavelength. In Figure 1.1 b) a real OCT system 
implemented by Topcon is shown. It is possible to observe that the machinery is composed 
by several different units, making the system rather costly and bulky.  



CHAPTER 1  

2 

               
Figure 1.1: a) The schematic diagram of a basic OCT system. The hand image is taken from [11]. b) Topcon OCT 

imaging system for ophthalmology [12]. 

The frequency domain or Fourier domain OCT (FD-OCT) is a promising technique to achieve 
fast scanning speed because, differently than the time domain OCT (TD-OCT), it does not 
involve any mechanical movement of the reference mirror [6]. In FD-OCT, the OCT image 
along the penetration depth is obtained through the inverse Fourier transformation (FT) of 
the interferometer transmission spectrum. The interference spectrograms are detected 
either with a broad band light source and a high speed spectrometer (i.e. spectral domain 
OCT (SD-OCT))[7], [13], [14] or with a wavelength swept laser and an ultrahigh speed photo-
detector (i.e. swept source OCT (SS-OCT)) [15]. SD-OCT uses a fast CCD camera to achieve 
high acquisition speed [16], and can get over 100.000 A-scans per second. On the other hand, 
SS-OCT uses a swept source (i.e. a tunable laser system) and a dual balanced photodetector 
to obtain higher resolution in the signal detection [17]. The swept laser with a sufficiently 
narrow linewidth in an SS-OCT setup can lead to higher OCT resolution than the SD-OCT 
setup. The major advantage of SS-OCT over SD-OCT is the lower sensitivity roll-off along the 
imaging depth [18]. The sensitivity roll-off is the minimum detectable signal along the depth 
which depends on the amount of power impinging the sample and on the acquisition 
resolution of the spectrum. In both techniques the speed of the data acquisition systems 
(DAQs) is the limiting factor to the imaging speed. High definition live 3D-OCT imaging has 
been performed using Fourier domain mode locked (FDML) lasers and ultra-fast (2.5 GS/s) 
analog to digital converters (ADC) [19].  
Different monolithically integrated laser systems discussed in this thesis are designed to be 
used as source for the FD-OCT setup, with the aim of achieving high-performance OCT 
imaging. These widely tunable laser systems are conceived to be stepwise swept sources in 
SS-OCT schemes. Finally, options for Fourier Domain Mode Locked (FDML) lasers based on 
monolithic integrated circuits for both SS and SD-OCT are investigated. The performance of 
both type of integrated lasers will be discussed with particular focus on the impact of the 
tunable laser scan speeds. 
 

a) b) 
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1.2 TUNABLE LASER SOURCE REQUIREMENTS FOR OCT 
In OCT there is a clear link between the tunable laser systems specifications and the 
associated OCT image quality. The four different aspects of a tunable laser source that 
influence the performance metric of an OCT system are described here below. 

1. The laser tuning range is linked to the axial resolution of the images in SS-OCT 
systems. The axial resolution in vacuum of the OCT imaging (Δ𝐿𝐿) is defined as [20]: 

Δ𝐿𝐿 = 2𝑙𝑙𝑙𝑙2 𝜆𝜆0
2

𝜋𝜋Δ𝜆𝜆
         (1.1) 

where 𝜆𝜆0  is the central wavelength and Δ𝜆𝜆  is the tuning range. Note that this 
equation assumes a Gaussian intensity distribution of the laser output power over 
the laser scan range. It is possible to observe from this equation that the axial 
resolution is mainly limited by the tuning range of the laser around a central 
wavelength.  

2. The spectral sampling of the laser determines the maximum imaging depth in 
vacuum from the zero path length difference point, as [21]: 

𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜆𝜆0
2

4𝛿𝛿𝜆𝜆
      (1.2)  

where 𝛿𝛿𝜆𝜆 is the spectral sampling interval of the tunable laser system. 
3. The coherence length of the laser influences the fringe visibility of OCT 

measurements [22]. The longer the coherence length the lower the interference 
fringe visibility roll-off, so the image quality does not decrease with increasing the 
imaging depth. The coherence length is strictly related to the spectral linewidth of 
the laser as [23]: 

𝐿𝐿𝑐𝑐 =  𝜆𝜆0
2𝜋𝜋𝜋𝜋𝜆𝜆

      (1.3) 

where 𝑑𝑑𝜆𝜆 is the laser linewidth or the full width at half maximum (FWHM) of the 
laser peak. 

4. The sweep speed is a crucial factor to obtain high-definition OCT images. Since FD-
OCT for clinical purposes needs to be performed in-vivo, the motion of the cells 
inside the tissue can lead to image blurriness in 3D imaging. For this reason, the OCT 
scan needs to be at least 100 kHz to distinguish the motion of the particles, from the 
interferometric signal [24].   

As defined from the equations above ((1.1)(1.2) (1.3)), the choice of the operating 
wavelength influences the performance of an OCT system. Longer wavelengths lead to 
deeper penetrations and longer coherence lengths for the same spectral sampling and 
FWHM. On the other hand, shorter wavelengths can obtain higher axial resolution for the 
same laser tuning range. However, when choosing the operating wavelength is important to 
consider the properties of the sample that needs to be imaged, such as the absorption 
spectrum of water to perform OCT imaging biological tissues. The water absorption is the 
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main limiting factor of this technique. Figure 1.2 shows the water absorption spectrum 
between 800 and 2500 nm. It is possible to notice that two strong absorption bands are 
present (1400-1500 nm 1900-2200 nm). This research focuses on the realization of a tunable 
laser source operating at 1300 nm for its use as a swept source in a SS-OCT system. The choice 
of this wavelength is based on the presence of a local minimum of 1.12 cm-1 in the water 
absorption spectrum at 1270 nm. Moreover, the use of a dual wavelength OCT system, with 
swept sources around 1300 and 1500 nm, enables an interleaved OCT imaging [25]. In this 
way, it is possible to derive the water content of a biological tissue, i.e. a human hand, from 
the analysis of the different wavelengths, which yield different water absorption coefficients.  

 
Figure 1.2: Water absorption spectrum taken from [26]. 

1.3 GENERIC INTEGRATION TECHNOLOGY ON INP 
A photonic integration technology platform for generic purposes refers to a design and 
fabrication system for photonic integrated circuits that can be used for a wide range of 
applications, as opposed to being specifically designed for a single application or use case. It 
is typically made up of a combination of various photonic components like optical amplifiers, 
lasers, modulators, detectors, and waveguides integrated onto a single chip or substrate 
using a single process [27]. This allows for the creation of compact and versatile systems that 
can be adapted to a wide range of applications. 
Examples of applications that can benefit from a generic photonic integration platform 
include telecommunications, sensing, and imaging. In telecommunications, for example, a 
generic photonic integration platform can be used to create compact and efficient optical 
transmitters and receivers for high-speed data communication [28]. In sensing and imaging, 
a generic photonic integration platform can be used to create compact and versatile devices 
for a wide range of applications, such as spectroscopy [29], interferometry, and optical 
coherence tomography [30]. 
The design of a generic photonic integration platform can be challenging as it requires a 
balance between flexibility and performance. The platform must be able to accommodate 



1.3 Generic integration technology on InP 

5 

different applications, while providing necessary functionality and performance. The 
platform discussed in this thesis is based on the InGaAsP/InP material system, with a 
monolithic active-passive integration technology [31]. The generic platform is based on wafer 
material produced using three different epitaxial steps with metalorganic vapor phase 
epitaxy. The first step is the growth of an active wafer stack for an active waveguide on a 
highly n-doped InP substrate up to the first low p-doped InP layer. The active gain material is 
then etched away everywhere, except where the optical amplifiers are needed on the wafer. 
The second growth step refers to a passive bulk quaternary InGaAsP and first undoped InP 
layer that restores the wafer in the areas that have been etched away to a passive 
waveguiding stack. The active and the passive material have then the same height again and 
are connected. This is called a butt-joint active/passive integration scheme. The third step 
involves the growth of p-doped cladding InP layer and the contact to supply forward or 
reverse bias to the InP pin diodes. The active and the passive material layer stack must be 
designed to optimize the interface between the two different layer stacks. This is done to 
ensure minimal losses (<0.1 dB) and reflections (<-50 dB) at the transitions in the ridge 
waveguides that are realized at the active-passive interfaces. In Figure 1.3 a) is depicted a 
schematic representation of the different cross-sections of the basic building blocks which 
compose the 1500 nm library of photonic components. This technology is since 2013 
commercially available through Smart Photonics in the forms of multi-project wafer (MPW) 
runs, where the designers can submit their PIC designs and share the processing costs (Figure 
1.3 b) [31]. After the fabrication, the wafer is diced into separate photonic chips. The 
extension of this generic integration platform towards the 1300 nm wavelength range is 
broadly described in this thesis. This first 1300 nm InP monolithic integration platform with 
active/passive capabilities is crucial to realize tunable laser systems. Different approaches to 
realize 1300 nm integration platforms, such as heterogeneous [35] or heteroepitaxial III-V 
integration on Si [36] have been reported in literature. These approaches have encountered 
difficulties in requiring tailored processes with high precision alignment and high control over 
the formation of defects at the interfaces between different materials. With a monolithic 
integration platform on InP, modulators, passive components and amplifiers can be 
integrated together with a single regrowth process. In this way the risk of defects and 
impurities is minimized. Moreover, this new monolithic 1300 nm platform on InP can exploit 
a well-established process [34], which, in turn, can lead to robust 1300 nm photonics 
components.  
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Figure 1.3: a) Examples of different cross sections realized on the generic integration technology on InP with active 

passive capabilities, this picture is taken from [27] b) Multi project wafer where the mask area is shared among 
different users. After  manufacturing, each die is further sub–diced and the chips containing the different designs 

are delivered to the customers. After [32].  

1.4 INTEGRATED LASERS FOR OCT 
Most of the OCT systems developed so far are realized using bulk-optical components or 
fiber-optic components. Photonic integrated circuits (PICs) have the potential to satisfy the 
need of miniaturization e.g., by combining the light source with interferometer optics. Such 
miniaturization is increasingly of interest in OCT technology to perform diagnostics of internal 
organs in a minimal invasive way [8]. Photonic integration in OCT is also used for endoscopic 
devices, as it allows for miniaturization of the system and integration of the source, detector 
and optics into a small probe [33]. In addition, an OCT system on a chip would not suffer from 
misalignment and optical path instability such as free-space and fiber-optics based OCT 
systems. The compact size also allows for options such as multi-channel OCT systems that 
accelerate image acquisition through parallelization [34]. Efforts to integrate parts of an OCT 
system on a photonic integrated circuit (PIC) have resulted in the integration of widely 
tunable light sources on an InP chip [11, 15]. The development of optical sources for SS-OCT 
is focused on the development of a tunable laser system which can be tuned over a wide 
range with fast stepwise scan rates (20 kHz-100 MHz).  High quality OCT imaging can be 
obtained using a uniform frequency grid of around 1000 lasing wavelengths within 100 nm. 
The feasibility of a 1.7 µm source for OCT has been studied [21]. This source was based on a 
long ring cavity (43.5 mm) with two electro-optically tuned arrayed waveguide gratings and 
a quantum dot (QD) amplifier. Two main limitations were highlighted. The first limitation is 
the low gain in the QD amplifiers. This in turn leads to slow wavelength switching time (500 
ns) with respect to what has been predicted by theory (10 ns), due to the fact that the laser 
could not be operated further above threshold [21]. The second limitation was related to the 
complexity of the control settings needed to operate the laser with 36 reverse bias voltage 

a) b) 
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electro-optic modulators, which results in a need of more complex electronics driving. A 
different approach based on the use of asymmetric Mach-Zehnder interferometers inside 
the laser cavity is investigated in this thesis. This laser with shorter integrated cavity length 
can lead to faster switching times (50 ns) [36] and stronger single mode selection between 
adjacent longitudinal cavity modes, leading to side mode suppression ratio >40 dB [29]. 
These laser type have still to be demonstrated suitable to achieve OCT scans with sufficiently 
high sweep rate. To improve the speed of SS-OCT scans, the integration of  FDML laser 
sources can lead to hundreds of MHz scan speeds in OCT systems [37]. The use of 1300 nm 
tunable laser systems are fundamental in OCT setup schemes, to obtain imaging from 
biological tissues which present a high-water content. The absorption in water at 1300nm is 
approximately 1.1 cm-1 and this can be tolerated over a propagation distance of a few 
millimeters. Moreover, the 1300 nm wavelength range is currently used in multiple clinical 
applications [24].    

1.5 MOTIVATION 
This main goal of the work presented in this thesis is to search and develop a 1300 nm 
monolithically integrated InP extended cavity widely tunable laser that is to be used as a light 
source in a swept source OCT system. The focus of this goal can be divided into two main 
research questions:  

1. How to realize a 1300 nm InP integration platform that is technologically as similar 
as possible as an established 1550nm platform, and that can support a widely 
tunable laser system? 

2. Is it possible to achieve high-performance OCT by means of a monolithically 
integrated InP widely tunable laser as a swept source? 

The first four chapter of this thesis are dedicated to addressing the realization of a 1300 nm 
generic integration platform. The main objective is to develop electro optic modulators on 
InP with sufficient efficiency (<8.5 𝑉𝑉𝜋𝜋  mm) and speed (< several ns) to be able to integrate 
widely tunable lasers that can have a stable output power while operating at high scanning 
rates. The design, realization and test of passive and active components has been done first. 
That is followed by their integration using the butt-joint integration scheme, and the 
realization of active-passive integrated complex circuits. The main challenges are to develop 
optimum passive components (i.e., single mode and low loss waveguides), and to design 
compatible amplifiers (i.e. high mode overlap and minimal modal index difference with the 
passive waveguide) without compromising their performance (i.e. high characteristic 
temperatures and wide modal gain bandwidth). Parametrized models are set-up, which 
describe the different photonic building blocks in a simple but complete way and are used in 
the development of steady state and dynamics laser simulation tools at 1300 nm. 
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The remaining chapters of the thesis focus on the study of laser sources for OCT schemes. 
The main challenge is to realize a tunable laser system that is able to maintain a stable laser 
operation for OCT experiments. This problem is approached from two different perspectives 
and using different laser sources. The first approach involves the integration of a single mode 
widely tunable laser system for OCT with a real-time wavelength monitoring system to obtain 
a complete laser calibration strategy. The wavelength monitoring system also enables 
frequent measurements of all the laser emission wavelengths and the compensation for any 
calibration drift due to environmental condition changes. 
The second approach is to use active/passive integration in the development of a FDML laser 
for OCT. The use of FDML laser for OCT allows to obtain wide emission frequency comb with 
equally spaced optical frequency and tens of MHz scan speeds. Moreover, the use of 
integrated filters in FDML laser cavities, allows one to obtain uniform power distributions 
over a broad range of emission wavelengths. This is achieved through the application of 
different electronic waveforms rather than sinusoidal to the modulators used in the filter 
arms. This power uniformity over the full wavelength tuning range is a critical requirement 
for SS-OCT applications. 
The laser calibration systems for OCT lasers are performed at 1500 nm due to the higher 
maturity of the technology and availability of equipment in the lab. Since the control strategy 
mostly involves optimization methods for the electronic control settings, similar 
consideration can be done on tunable laser systems at 1300 nm. 

1.6 THESIS OUTLINE 
In the following paragraphs, the thesis outline is detailed. 
Chapter 2 focuses on the definition of a passive waveguide component which is single mode 
and with sufficiently low amount of propagation loss in the 1300 nm wavelength range. The 
description of the choices made on the material composition and the geometry of the ridge 
waveguide are followed by the characterization results of passive components such as 
straight and bend waveguides, and multimode interference couplers (MMI) and reflectors 
(MIR) that were fabricated by the company Smart Photonics. 
In Chapter 3 the performance of quantum well based semiconductor optical amplifier (SOA) 
based on a multiple Quantum well active layer stack on InP is presented.  The SOA stack was 
designed to be compatible with the passive waveguides for an active/passive but-joint 
integration scheme at 1300 nm. The SOAs were fabricated at Smart Photonics. The 
dimensions and material composition of the active layer stack were chosen to maximize the 
mode overlap (>99%) and minimize the interface reflections (<-50 dB) with the passive 
waveguide defined in Chapter 2. Moreover, we present a compact description of the SOA, 
which can be used in the modeling of more complex circuits.  
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 Chapter 4 describes the behavior of a two-section passively mode locked laser at 1300 nm 
realized in the newly designed gain layer stack, and its modeling. The model description is 
based on the gain and absorption parametrization of the SOA. The parameters for gain and 
absorption are tested on a sensitive device such as a Mode-Locked laser to verify their 
goodness for a use inside a 1300 nm laser simulator. The different Q-switching and Mode-
Locking laser dynamics and the output pulses observed are compared with the simulation 
results of a time domain travelling wave simulator using the parameters of the SOA described 
in Chapter 3.   
Chapter 5 discusses the characterization results of the full active/passive 1300 nm monolithic 
integration technology on InP substrate. The description of a phase modulator utilizing 
electro-optic effects, is followed by the analysis of its use in bandpass optical filters and a 
widely tunable laser system at 1300nm.  
In Chapter 6 a possible control strategy for a scanning monolithically integrated tunable laser 
system on InP at 1500 nm is presented and tested. Fast wavelength monitoring of the 
different control parameter configurations in the scan is used to monitor the laser 
performance. Wavelength drift of the initial laser calibration and small changes in the control 
settings obtained using an optimization algorithm, could be monitored. This allowed for the 
correction of the data recorded in a laser scan. Such a system is necessary to be able to use 
this type of widely tunable laser as a swept source for OCT setup schemes.  
In Chapter 7 a new design for an integrated Fourier domain mode locked (FDML) laser 
system, intended as an FD-OCT source is described in detail. The simulation results of a 2.5 
GHz fully integrated FDML laser design with asymmetric Mach-Zehnder integrated filter are 
presented and its use as an OCT source is discussed. The use of such AMZI in a 12 MHz fiber 
based FDML is described, and initial characterization results are presented. The results 
demonstrate that integrated optical devices show potential use in such FDML lasers.  
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2. 1300 NM PASSIVE COMPONENTS 
DESIGN AND CHARACTERIZATION 

In this chapter, the design and performance of passive integrated optical components for a new 
active/passive generic integration platform on InP at 1300 nm are discussed. This new platform aims to 
extend the capabilities of a 1550 nm integration platform towards the 1300 nm wavelength regime 
without increasing the fabrication complexity. To design and realize a platform for 1300 nm, the 
development was started with the optimization of passive components separately. In this chapter, the 
design of a new passive layer stack is introduced. The geometry and the material composition of shallow 
and deep etched ridge waveguides have been chosen from the analysis of optical simulations. This is 
followed by the characterization of different passive components such as straight waveguides, 
multimode interference coupler (MMI) and reflectors (MIR) that were fabricated. A deep etched 
waveguide with propagation loss of 2 dB/cm at 1310 nm, limited by p cladding InP absorption losses, 
has been realized as well as an MMI with a minimized wavelength dependency (<1 dB), less than 0.2 dB 
imbalance and 1 dB insertion loss over 100 nm between 1260 and 1360 nm. This MMI has been realized 
engineering the input and output waveguide geometries. 
These passive components form the foundation of a 1300 nm active/passive integration platform as 
functional building blocks to be used in complex optical circuits that will be described in the following 
chapters. The parametrized models describing the different passive components can be used inside 
complex circuit simulators, to describe the steady state behavior of tunable laser systems, realized on a 
1300 nm active/passive integration platform on InP. 

2.1 INTRODUCTION  
Photonic integrated circuit technology allows for the miniaturization of complex optical 
systems. This can enable the reduction of cost and allows for larger production volumes, 
being able to serve several different applications. An Indium Phosphide (InP) monolithic 
active/passive integration platform in the 1300 nm range (O-band), with low reflections at 
the active/passive interfaces (<40 dB) such as those available at 1550 nm [27], will enhance 
the use of photonic integration in a larger number of applications such as optical data 
communication and medical optical imaging techniques. This platform is useful for 
applications in broad band circuits such as wavelength division multiplexing [38] or for 
realizing widely tunable laser systems [29]. A generic integration platform uses a standard 
set of building blocks which brings the benefit of being able to create a large variety of 
complex circuits with the same integration process. This allows for fast and cost-effective 
prototyping, since many different applications, i.e. circuits, can be served at the same time 
and the cost can be shared.  
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This chapter explores the capabilities of an integration platform at 1300 nm platform on InP 
with low propagation loss (≈ 2 dB/cm). The passive layer stack needs to be compatible with 
an active layer stack through a butt-joint active/passive integration scheme. The passive 
stack is formed by growing several different layers on a InP based substrate. From the 
analysis of the geometry and the material of the layers is possible to derive the properties of 
the passive components. The choice for the layer stack to be used in this new 1300 nm InP 
passive platform is justified by the analysis of two-dimensional simulation output for straight 
waveguide structures as described in section 2.2. The fabrication of two different waveguide 
geometries which are distinguished by the different etch stop levels is then addressed in 
section 2.3. Section 2.4 describes the characterization methods and the results obtained for 
different passive functional building blocks such as straight passive waveguides, and multi-
mode interference couplers and reflectors. 

2.2 PASSIVE LAYER STACK DESIGN 
The starting point in the design of a passive layer stack monolithically grown on InP is the 
definition of a straight passive ridge waveguide which presents single mode propagation and 
a low amount of optical loss per unit length (cm). This passive layer stack needs to be 
compatible with a butt-joint active/passive integration to maximize the mode overlap with 
an active InP layer stack defined in the same thesis [39]. The waveguide is also used as an 
electro-refractive modulator when contacted. In this way it is possible to design and realize 
intra-cavity bandpass optical filters inside monolithically integrated widely tunable laser 
systems.  
These requirements lead to the presence of p and n-doping above and below the 
waveguiding layer. The passive components are grown on a n-type (100) InP substrate. In the 
waveguide, light is guided by a quaternary alloy, made of InGaAsP lattice matched to InP and 
sandwiched by n- and p-doped InP. The bandgap of InGaAsP is properly engineered to be 
almost transparent in the O-band (1260-1360 nm). Both n- and p-  type doping influence the 
real and imaginary part of the refractive index of InP [40]. While the change in the real part 
of the refractive index is almost negligible, the doping has a strong effect on the imaginary 
part of the refractive index and on the wavelength dependent material absorption. In 
particular, inside the p-doped InP layers, the absorption occurs due to the excitation of the 
light and heavy holes, which has been measured to be  dependent on the doping 
concentration in InP [41] as: 

𝛼𝛼𝑝𝑝(𝑁𝑁) = 4.25 ∗ 10−16𝑁𝑁𝑒𝑒−
4.53
𝜆𝜆      (2.1) 

Since the p-doping levels should be maintained sufficiently high to ensure a low series 
resistance in the active components, the design challenge is to minimize the mode power 
fraction in the p-doped regions to keep low value for the optical losses.   
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Simultaneously, the geometry of the waveguide can also influence the number of transverse 
modes that the waveguide supports. It is important to design a waveguide with a limited 
number of guided modes to avoid the propagation of higher order modes. The higher order 
modes propagation could lead to the propagation of hybrid modes inside the waveguide 
during the light transmission, leading to higher optical losses and a scrambling of the phase. 
It is highly important to avoid the propagation of the second order mode (𝑇𝑇𝐸𝐸02) since it can 
easily couple with the fundamental one ( 𝑇𝑇𝐸𝐸00 ) being both symmetric over both the 
horizontal and the vertical directions.  
To meet those requirements, the design of the layer stack for the fabrication of the passive 
structures arises from the optimization of two different parameters, through two 
dimensional MODE simulations [42], which are: 

1. The waveguiding layer thickness (t) 
2. The composition (InGaAsP) of the waveguide core layer (Q) 

2.2.1 WAVEGUIDING LAYER THICKNESS  
The first parameter studied in the simulations is the thickness of the waveguiding core layer. 
Finite difference element (FDE) 2-D numerical simulations were performed varying the 
thickness of the waveguiding layer for a small range of ridge widths. The number of modes 
together with their effective refractive indices as function of the waveguide thickness are 
calculated. The optimum waveguiding layer thickness arises from the trade-off between the 
optical loss and the number of propagating modes. Waveguiding layers as thick as possible 
maximize the 𝑇𝑇𝐸𝐸00 confinement but, at the same time, thinner waveguiding layers avoid the 
propagation of high order modes. Furthermore, during the design phase it is important also 
to account for the fabrication tolerance on the layer thickness (±5%)  and more importantly 
on the waveguide width (± 0.2 𝜇𝜇𝜇𝜇). An increase of 0.2 µm in the ridge width can lead to the 
propagation of higher order modes for thinner waveguides. Figure 2.1 a) and b) show the 
simulation results of the fundamental mode effective index on shallow and deep etched 
waveguides, for ridge widths of 2 and 1.5 µm. These widths are chosen as references for the 
analysis of the waveguiding layer thickness. Further in this chapter, we will study the 
influence of the waveguide width from the measurements of the waveguide propagation 
losses. A thickness equal to 𝑡𝑡 = 400 nm is selected for the waveguiding layer thickness. In 
this way it is possible to obtain a deeply etched single mode waveguide at 1.5 µm. For shallow 
etched waveguides with ridge widths as wide as 2 µm the waveguide propagates the 𝑇𝑇𝐸𝐸00 
and the 𝑇𝑇𝐸𝐸01 modes which in a straight waveguide do not couple to each other. 
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Figure 2.1: a) Effective Index of the different order TE modes as function of the waveguiding layer thickness at 

1310 nm for a) the deep (W=1.5 µm) and b) the shallow (W=2 µm) etched ridge waveguides. c) Intensity of the TE 
modes of different orders from 2-dimensional simulations  

2.2.2 QUATERNARY ALLOY MATERIAL COMPOSITION 
The quaternary alloy composition (Q-value) refers to the bandgap energy in µm of the 
InGaAsP contained inside the waveguide core layer [40]. The optimization of this parameter 
considers the optical mode confinement and the intrinsic absorption of the quaternary layer 
itself (Q-layer). The higher the Q-value, the more the optical mode is confined inside the Q-
layer, due to a higher refractive index contrast with respect to the InP layers. On the other 
hand, the amount of intrinsic absorption of a semiconductor depends on its composition [43]. 
The intrinsic absorption at 1300 nm increases for higher Q-values since the bandgap energy 
will then be closer to the photon energy. The intrinsic absorption in quaternary alloy 
semiconductor below the bandgap can be approximated to [44]: 

𝛼𝛼 = 𝐴𝐴𝑒𝑒𝐴𝐴𝐴𝐴[𝜎𝜎(ℏ𝜔𝜔−ℏ𝜔𝜔0)
𝑘𝑘𝑏𝑏𝑇𝑇

]      (2.2) 

where ℏ𝜔𝜔0 is the bandgap energy, ℏ𝜔𝜔 is the photon energy, T the temperature and 𝜎𝜎 and A 
are parameters that depend on the quaternary alloy material composition. The parameter 𝜎𝜎 
in this work has been obtained from the measurement of the absorption tail of a straight 
waveguide with a Q-value=1.25 µm when the photon energy is close to the band edge (i.e., 
1300 nm) at 20°C. The 𝜎𝜎 parameter is then assumed to be almost constant within 10% of 
accuracy (𝜎𝜎 = 2 ± 0.2), for similar quaternary alloy compositions (InGaAsP). 𝐴𝐴 = 𝛼𝛼 at the 
bandgap energy. The total waveguide losses are then simulated as function of photon 

a) 

c) 

b) 
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wavelength, including the free carrier absorption (equation (2.1)) and the intrinsic absorption 
(equation (2.2)). Please note that the free carrier absorption wavelength dependence is 
negligible compared to the intrinsic absorption. The simulation results for the propagation 
loss of the waveguides with different material compositions are presented in Figure 2.2 
Optical propagation loss of the passive layer stack design as function of wavelength for two 
different bandgaps of the quaternary alloy material composition of the waveguiding layer. 
From this figure it is possible to observe how for a Q-value=1.1 µm, the overall waveguide 
propagation losses are simulated to be lower than 2 dB/cm with a 0.2 dB/cm change over 
the whole wavelength range. Higher Q-values (Q=1.15 µm) make the intrinsic absorption (≈
0.3 1

𝑐𝑐𝑚𝑚
 @1300 𝑙𝑙𝜇𝜇) the predominant source of losses, leading to higher losses variations (> 

1 dB) over the whole 1260-1360 nm wavelength range. 

  
Figure 2.2 Optical propagation loss of the passive layer stack design as function of wavelength for two different 

bandgaps of the quaternary alloy material composition of the waveguiding layer. 

For a Q-value equal to 1.1 µm the fundamental 𝑇𝑇𝐸𝐸00 mode has an optical confinement of 
67% inside the waveguiding layer. Lower Q-values do not improve the optical losses, because 
they reduce the refractive index contrast at the boundaries of the waveguiding layer resulting 
in a poorer mode confinement (<50%). A Q value equals to 1.1 μm  is also the lower 
technological limit given by the Smart Photonics foundry which performs the epitaxial layers 
growth and the waveguide lithography. This is due to the increasing percentage of 
Phosphorus (>70%) needed to decrease the Q-value below 1.1 µm. 
The choice of the different layer thicknesses, doping profiles and bandgap energies, for the 
passive layers are summarized in Table 2.1. 
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Table 2.1 Epitaxial layer thicknesses and composition hich arises as optimum design from simulation. (n.i.d. is non-
intentionally doped). 

Name Material 
Bandg
ap 
(nm) 

Thickness 
(nm) 

Strain 
(%) 

Dopant 
(n-type) 

Dop. level 
(1/cm^3) 

Dopant 
(p-type) 

Dop. level 
(1/cm^3)  

III-4 InP 920 700 0     Zn 
5.0E+17-
1.0E+18  

III-3 InP 920 300       Zn 5,0E+17 
III-2 InP 920 300 0     Zn 3,0E+17 
III-1 InP 920 140 0 n.i.d.    
II-1 Grating InGaAsP 1100 30 0 n.i.d.       
III-1 InP 920 30 0 n.i.d.    
II-1 Waveguide InGaAsP 1100 400 0 n.i.d.        
I-2 InP 920 500 0 S 3,00E+17   
I-1 InP 920 500 0 S 1,00E+18     
substrate InP 920 - 0 S 4,00E+18     

2.3 WAVEGUIDE FABRICATION 
The passive layer stack is fabricated following the design considerations on the material 
compositions, the thicknesses of the epitaxial layers and the dopant materials for the n and 
p-doped layers as shown in table 1 by Smart Photonics. The layers are fabricated with a metal 
organic chemical vapor deposition method (MOCVD), with p and n doped InP layer definition. 
The waveguide ridges are then written through Ultraviolet (UV) scanner lithography 
technique [45], following a mask design implemented from an open-source design 
framework [46]. The waveguides are all etched using an Inductively Coupled Plasma (ICP) dry 
etch process. In Figure 2.3 one can see two different cross sections following from the use of 
two different etching stop levels, which are called shallow and deep etched waveguides. The 
shallow etched waveguides in Figure 2.3 a) have ridges that are etched down to 100 nm 
above the waveguiding core layer. This is done to obtain wider mode dimensions and a lower 
amount of propagation losses. The losses are lower due to less optical confinement in the p 
doped InP cladding. As a downside, this waveguide shows a smaller lateral confinement, and 
a high sensitivity to the in-plane surface roughness.  
The deeply etched waveguides, shown in Figure 2.3 b) have an etching depth of more than 
150 nm below the waveguiding core layer. In this way the light is more confined inside the 
waveguide, due to the high index contrast at the lateral sides. This allows for sharper bending 
radii and narrower ridges. The narrow ridge in the deep etched waveguide of W=1.5 µm leads 
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to the propagation of the single mode for a waveguiding layer thickness of 400 nm. As a 
downside, the narrower ridges of the deep etched waveguides provoke higher propagation 
losses due to the sidewall roughness.  

                                    

                                       
Figure 2.3: Schematics of the cross section for shallow (a) and deep (b) etched waveguides were the n-doped 

layers (green) the intrinsic quaternary layer (red) and the p-doped InP layers (blue) are highlighted. A darker color 
means higher doping concentration. On the side we report Scanning Electron Microscope (SEM) pictures, where 

we highlight the etch depth by showing different colors (materials) behind the ridge waveguide. 

2.4 PASSIVE COMPONENTS CHARACTERIZATION 
To verify the suitability of the fabricated passive layer-stack, characterization tests are 
performed on straight and curved waveguides to assess their performance. Following from 
that, the design, and the characterization of MMI couplers and MIR are described in this 
section. 

2.4.1 PASSIVE WAVEGUIDE MEASUREMENTS 
The passive waveguide propagation losses per unit length are measured for a wavelength of 
1310 nm. The waveguide dispersion between 1260 and 1350 nm is measured to assess the 
group index 𝑙𝑙𝑔𝑔 dispersion as function of wavelength.  

2.4.1.1 PASSIVE WAVEGUIDE LOSS 
The propagation losses are measured using the Fabry-Perot (FP) interferometric method 
[47]. This method is enabled by the fact that the wafer has been cleaved into a 4 x 4.6 mm 
dies, and the cleaved ends of each die act as mirrors trapping the light in a FP cavity.  The 
analysis of both the transmitted and the reflected light from the FP cavity, allows to perform 
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the analysis of the optical losses through two different methods. The losses extracted from 
these two methods are then compared to cross-validate the two different methods. The 
transmission from a FP cavity is given by [48]: 

𝐼𝐼𝑡𝑡
𝐼𝐼𝑖𝑖

= 𝑒𝑒−𝛼𝛼𝛼𝛼(1−𝑅𝑅)2

�1−𝑒𝑒−𝛼𝛼𝛼𝛼𝑅𝑅�
2
+4𝐺𝐺𝑅𝑅𝐺𝐺𝐺𝐺𝑛𝑛2�𝛿𝛿2�

      (2.3) 

where R=32% is the facet reflectivity for the fundamental transverse mode calculated with 
an academic software developed by the ETH in Zurich, 𝛼𝛼 the optical loss per unit length and 

𝛿𝛿 = 4𝜋𝜋
𝜆𝜆
𝑙𝑙𝑔𝑔𝐿𝐿  is the argument of the sinusoidal, which contains the wavelength dependence.  

Looking at the equation (2.3), it is possible to distinguish between maxima and minima of the 
transmission, where the 𝑠𝑠𝑠𝑠𝑙𝑙2(𝛿𝛿/2) function is either 1 or 0. From the contrast ratio between 
the maxima and the minima of the interferometric fringes it is possible to calculate the 
optical losses per unit length as [48]: 

𝛼𝛼 = 1
𝐿𝐿
𝑙𝑙𝑙𝑙 �1

𝑅𝑅
√𝑟𝑟−1
�√𝑟𝑟+1�

 �      (2.4) 

where r is the ratio between the maxima and the minima of the sinusoidal transmission 
curve. 
The reflected signal from the Fabry-Perot cavity can be also used to calculate the waveguide 
propagation losses. The reflected signal presents higher contrast ratio and transmission, 
being more tolerant with respect to lower fiber to chip coupling. However, the difficulty of 
using this method arises from the need to distinguish between the amount of light reflected 
from the facet without entering the FP cavity and the light traveling inside the cavity for at 
least one roundtrip. As suggested by Y.He et al [49] the intensity of the total reflected light 
detected by the power-meter has been calculated to be:  

𝐼𝐼𝑟𝑟 = 𝑐𝑐2 + 𝑒𝑒−2𝛼𝛼𝛼𝛼𝑅𝑅(1−𝑅𝑅)2+2𝑐𝑐𝑅𝑅
3
2(1−𝑅𝑅)𝑒𝑒−2𝛼𝛼𝛼𝛼−2𝑐𝑐𝑒𝑒−𝛼𝛼𝛼𝛼𝑅𝑅

1
2(1−𝑅𝑅) 𝑐𝑐𝑐𝑐𝐺𝐺(𝛿𝛿)

1+𝑅𝑅2𝑒𝑒−2𝛼𝛼𝛼𝛼−2𝑅𝑅𝑒𝑒−𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝐺𝐺 (𝛿𝛿)
     (2.5) 

where c is a fitting parameter which refers to the amount of optical signal collected by the 
power meter that does not contribute to any resonant mode of the Fabry-Perot cavity. The 
fit of the reflected signal, applying equation (2.5), with a group index value 𝑙𝑙𝑔𝑔 =3.6, is 
implemented to retrieve a value for the optical loss per unit length and a fitting parameter c. 

 
Figure 2.4: Experimental setup for the Waveguide Loss and Dispersion Measurements. 
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The experimental setup used to perform those measurements is schematically shown in 
Figure 2.4. The light from a tunable laser source (TLS) (Santec TSL-550) enters the waveguide 
through a polarization maintained lensed fiber, which is calibrated to ensure the injection of 
TE-polarized light only. An optical circulator is used to capture the reflected light which is 
guided to a power meter. The transmitted light is monitored simultaneously on the second 
channel of the power meter (Agilent 8163B). The TLS and the detectors are synchronized 
through electronic triggering. The input light from the laser is swept over 10 nm with a 
resolution of 1 pm around the central wavelength of the O-band (1310 nm).  Figure 2.5 a) 
and b) show the two resulting signals from these measurements (blue dots). Figure 2.5 a) 
shows the transmission of the FP cavity. In the graph it is possible to notice that the contrast 
ratio is not constant over 1 nm between 1309 and 1310 nm. This can be due to the change in 
fiber to chip coupling during the measurement time of several minutes. To remove noise 
from the signal, a Savitky-Golay digital filter  (red curve) is applied to the transmitted output 
power to smoothen the measurement data [50]. After that, an average contrast ratio (𝑟𝑟)  and 
a standard deviation are calculated over a certain number of smoothed interferometric 
ripples (≈20) around 1310 nm. Figure 2.5 b) shows the reflected signal which is fitted (red 
curve) with equation (2.5). The number for the propagation loss 𝛼𝛼 and the measurement 
error on the propagation losses are then calculated. The error is extracted as the 𝜒𝜒2 of the 
fitted curve. 

 
Figure 2.5: Fabry-Perot interferometric measurements to extract the shallow etched waveguide propagation 

losses. (a) Transmission curve: blue empty dots are measurement data, and the red curve is the smoothed curve. 
(b) Reflection curve: blue dots are the data, and the red curve is the fit performed with Eq (2.5). 

In table 2.2 we report the optical loss values for different waveguides obtained from the 
analysis of the reflected and the transmitted power respectively. Please note that for all the 
measurements the same cavity length of L=4.6 mm is used in the calculations.  

 

a) b) 
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Table 2.2 Waveguide optical loss per unit length, measured from two different signals over 4 different waveguides 
with different geometric parameters 

Waveguide width 
W=1.5 um  

Deep 
Etched 

W=1.6 um   
Deep 

Etched 

W=1.8 um   
Shallow 
Etched 

W=2.0 um  
Shallow Etched 

Transmission  
Loss (dB/cm) 3.00 ± 0.07 2.95 ± 0.15 9.96 ± 0.2 6.11 ± 0.25 

Reflection  
Loss (dB/cm) 3.10 ± 0.12  3.17 ± 0.25   10.29 ± 1  6.30 ± 0.5 

It is possible to notice two different things. First the fact that the loss values measured from 
the two power detectors and analyzed with the two different methods are similar, which 
indicates the robustness of the two methods of analysis. Then it is worth to notice how the 
measurements of the shallow etched waveguide present a higher standard deviation and 
higher fit uncertainty. This can be explained by the fact that the shallow etched waveguides 
can support the 𝑇𝑇𝐸𝐸01 mode, which lead to higher losses due to the propagation of hybrid 
modes in the lensed fiber. On the other hand, the deep etched waveguides can support only 
the fundamental transverse mode. For this reason, in Figure 2.6 we report the amount of 
optical propagation losses as function of the ridge waveguide width, for the deeply etched 
waveguides. Please note that the coupling losses affect the contrast ratio of the FP fringes. 
The increase in coupling losses leads to the overestimation of the loss in some measurements 
due to a smaller contrast ratio in the FP methods. The propagation losses as function of 
waveguide width have not been described in this thesis referring to optical simulations, 
because the amount of measured optical losses is highly dependent on the sidewall 
roughness. This parameter is highly fabrication specific and needs to be investigated with 
experimental data. The propagation losses are then analyzed considering two different 
contributions to the optical propagation loss inside deeply etched InP based waveguides. The 
first contribution is the scattering at the sidewalls, which decreases exponentially with 
increasing the ridge width of the waveguide as shown in the red solid line in Figure 2.6. This 
can be explained using optical simulations which reveal that the fraction of the fundamental 
optical mode intensity at the edges of the ridge drops from 24% to 8% for a waveguide width 
between 1 µm and 2.4 µm. The main contribution to the scattering loss is the sidewall 
roughness of the edges of the waveguide, which leads to propagation losses, according to 
[51] as: 

𝛼𝛼(𝜇𝜇−1) = 16𝜎𝜎2

2𝑘𝑘0𝑛𝑛𝑠𝑠𝑊𝑊4 𝑔𝑔    (2.6) 

where 𝑘𝑘0 = 2𝜋𝜋
𝜆𝜆0 

, is the wavevector in vacuum, 𝑙𝑙𝐺𝐺 is the slab index, W is the waveguide width, 

𝜎𝜎 represents the magnitude of the surface roughness (≈ 3.1 𝑙𝑙𝜇𝜇) from [52], and g is a fitting 
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parameter which depend on the waveguide geometry (𝑔𝑔 ≈ 15). This expression suggests 
that wider waveguides will induce lower scattering losses explaining partly the trend of the 
optical loss with the waveguide width.  
The second contribution to the optical loss is given by the effect of free carrier absorption, 
due to holes, which takes place in the p-doped layers of InP. This is expressed as a linear term 
increasing with the width and is represented by the solid yellow line in Figure 2.6. Increasing 
the width, we increase the presence of p-doped material which will induce higher 
propagation losses. As explained in the previous sections, the p-doping should be maintained 
high to ensure a low resistance series in the active components such as amplifiers or electro-
optic modulators. 
In Figure 2.6 the total prediction of the propagation loss and the waveguide width given by 
the sum of these two effects is represented with a purple solid line.  
Following from those consideration an optimum width of W=1.5 µm can be considered 
because of these two different effects.  

 
Figure 2.6: Deep Etched Waveguide optical Losses as function of waveguide width. The Blue points represent the 
measured data, and the solid line represents the individual contribution of scattering (red) free carrier absorption 
(yellow) to the optical loss. The purple curve is the sum of the two terms, and it is used to predict the optical loss 

values [53]. 

2.4.1.2 PASSIVE WAVEGUIDE DISPERSION 
The passive waveguide dispersion can be determined by accurately measuring the effective 
index of the guided modes as a function of transmitted wavelength [54]. The first step is to 
measure the fundamental mode group index 𝑙𝑙𝑔𝑔  as function of wavelength. With 𝑙𝑙𝑔𝑔 , it is 
possible to calculate the modal effective index 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 change as function of wavelength. The 
measurement of the waveguide dispersion, is important mainly for three reasons: 

1. To calculate the waveguide propagation constants. 
2. To model the field induced effective index change as a function of wavelength inside 

an electro-optical phase modulator at 1300 nm (see Chapter 5). 
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3. To increase the spatial resolution of interferometric measurements needed to 
calculate the reflections from integrated components on-chip.  

To measure the group index dispersion we used the optical frequency domain reflectometry 
(OFDR) measurement technique, taking advantage of the chips facets reflectivity to create 
FP interferometers [55]. The spatial resolution of such OFDR measurements is linked to the 
group index and the external tunable laser wavelength span, according to [56]: 

𝛿𝛿𝐿𝐿 = 𝑐𝑐
2𝑛𝑛𝑔𝑔𝛥𝛥𝑒𝑒

      (2.7) 

where c is the speed of light in vacuum 𝑙𝑙𝑔𝑔 is the group index of the waveguide (set to 3.6) 
and 𝛥𝛥𝛥𝛥 is the frequency span of the laser. For example, in a dispersion free waveguide, a 
wavelength span of 90 nm around 1300 nm should result in a high spatial resolution of 2.65 
µm.   
However, due to the presence of waveguide dispersion, the measured spatial resolution with 
OFDR is significantly lower than the theoretical limit, as demonstrated by Glombitza and 
Brinkmeyer [57]. Therefore, it is firstly necessary to calculate the wavelength dependency of 
the group index, to increase the spatial resolution through the dispersion compensation, as 
reported by Zhao et al. [58] for 1550 nm InP based waveguides. In this way, it is possible to 
obtain a spatial resolution close to the theoretical limit determined by equation (2.7). 
The group index is extracted from the FP transmission measurements using the experimental 
setup reported in Figure 2.4, and the numerical algorithm developed in [58]. The tunable 
laser wavelength steps are first rescaled into equally spaced optical frequencies. Then the 
FFT is applied to a rectangular frequency window of the optical spectrum, thus obtaining the 
temporal trace at the central frequency f of the rectangular window. After having re-scaled 

the temporal axis, with the introduction of the group delay interval  δτ = 1
δf

 , it is possible to 

obtain the temporal traces as function of wavelength by moving the rectangular window over 
the full width of the spectrum. The group index of the dispersive medium is extracted 
according to [56] as: 

𝑙𝑙𝑔𝑔(𝜆𝜆) = 𝑐𝑐
�𝜏𝜏𝑏𝑏(𝜆𝜆)−𝜏𝜏𝑓𝑓(𝜆𝜆)�

𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝑐𝑐
     (2.8) 

where c is the light speed in vacuum, 𝜏𝜏𝑏𝑏 and 𝜏𝜏𝑒𝑒 are the group delays of the front and back 
facet reflection, and 𝐿𝐿𝑐𝑐𝑚𝑚𝑐𝑐𝐺𝐺𝑐𝑐𝑐𝑐 is the cavity length. 
To evaluate 𝑙𝑙𝑔𝑔(𝜆𝜆), the external tunable laser is swept over a wavelength window of 90 nm, 
from 1260 to 1340 nm, with a step-size of 10 pm. This coarser step size is chosen due to the 
limitation on the number of data points that can be recorded by the photodetector’s main 
frame over a single wavelength sweep (i.e., 60000). The group index measurement resolution 
is limited by the wavelength step (10 pm), and by the variations of the cavity length between 
different dies, which was around 15 µm over 4 different dies.  
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Figure 2.7 a) shows the extracted group index dispersion, measured over 5 transmission 
measurements of different waveguides with same parameters. A linear fit to the 
measurements has been applied with [59]: 

𝑙𝑙𝑔𝑔(𝜆𝜆) =  𝑎𝑎 − 𝑏𝑏𝜆𝜆0 − 𝑐𝑐𝜆𝜆0(𝜆𝜆 − 𝜆𝜆0)     (2.9)  
where 𝜆𝜆0 = 1310 𝑙𝑙𝜇𝜇  and 𝑎𝑎 = 3.235, 𝑏𝑏 = −2.978 105 𝜇𝜇−1, and 𝑐𝑐 = 1.127 1012 𝜇𝜇−2  are 
three fitting parameters. 

  
Figure 2.7: a) Group index measurement averaged over 5 different deep etched waveguides with the same ridge 

width (1.5 µm) (blue) together with a linear curve fit (red) following from eq. (8). b) Fourier Transform for the 
signal containing dispersion (top) and the signal after the dispersion is de-embedded (bottom) 

From the group index dispersion fit with equation (2.9), it is then possible to extract the 
effective index wavelength dispersion, which is approximated as a second order polynomial 
of the type:  

𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒(𝜆𝜆) = 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒(𝜆𝜆0) + 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒′ (𝜆𝜆0)(𝜆𝜆 − 𝜆𝜆0) + 1
2
𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒′′ (𝜆𝜆0)(𝜆𝜆 − 𝜆𝜆0)2   (2.10) 

where  neff(λ0) = a, n′eff( λ0) = b and neff′′ (λ0) = c.  
Figure 2.7 b) shows the FFT for a transmission signal when the dispersion is compensated, 

i.e.,  Ƒ � λ
neff

� and when it is not, i.e., Ƒ(λ). It is evident how in the corrected signal on Figure 

2.7 b), the spatial resolution is highly improved going from hundreds to only few µm (≈
10 µm). However, this improved spatial resolution is still lower than the theoretical limit (<3 
µm). The limitations to this spatial resolution have several causes. The uncertainty on the 
cavity length used in the calculation of the group index, the coarser resolution of the 
wavelength step size and the parabolic approximation in the calculation of the effective index 
are just few examples of the causes that can limit the spatial resolution of the cavity length 
created by the straight waveguide. Looking at the relative intensity of Figure 2.7 b) it is 
possible to extract the propagation losses of the waveguide as [60]:  

𝑅𝑅𝐼𝐼 ≈ 𝑅𝑅𝑒𝑒−𝛼𝛼𝐿𝐿    (2.11) 

a) b) 
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Where R=0.32 is the facet reflectivity previously calculated and L=4.6 mm is the FP cavity 
length. From the RI=-9 dB, it is possible to extract losses of 3.6 dB/cm which agrees with the 
measured values for deep etched waveguides with W=1.5 µm.  

2.4.2 CURVED WAVEGUIDES 
A curved waveguide is a waveguide which propagates over a radius of curvature R. The deep 
etched waveguides are the best candidate to have smaller bending radii, due to their higher 
lateral mode confinement. In a model proposed by Melloni et al. [61], the fundamental mode 
in a curved waveguide is described as a linear superposition of fundamental and first order 
modes of a straight waveguide. This approximation holds if the radiation losses are low (< 0.1 
dB/90°), which is generally the case for R much bigger than the width of the waveguide and 
the wavelength. 
It is also important to include an offset at the straight to bend interface to ensure optimum 
overlap between the mode propagating in a straight and a bend waveguide. This helps to 
minimize the insertion losses at the straight-bend interfaces. In this subsection we will 
present: 

• The design and the simulations of two-dimensional curved waveguides to 
obtain indication on a minimum bending radius and on the straight to curve 
offset value.  

• The characterization of curved waveguides with different angles. 

2.4.2.1  DESIGN AND SIMULATION 
Two-dimensional optical simulations have been performed on curved waveguides for a fixed 
angle of 90°, to obtain a relation between the optical confinement inside the waveguiding 
layer and the radius of curvature. The waveguide radius for a fixed angle is strongly related 
to the amount of light that is confined inside a waveguiding layer during a propagation over 
a bend.  Simulation results reveal that for bend radii smaller than 100 µm the optical 
confinement inside the waveguiding layer strongly decreases from 66% at 100 µm to 51% at 
40 µm of radius. For radii larger than 100 µm the optical confinement barely changes, 
reaching a 67% confinement at R=500 µm. This value corresponds to the straight ridge 
waveguide optical confinement. Following from these simulations, a radius of 100 µm has 
been chosen as a minimum value for the design of curved deep-etched waveguides.   
Furthermore, the interface between the straight and the curved waveguide need to be 
optimized, to avoid any insertion loss. A standard way to maximize the optical overlap at a 
straight to bend interface is ensured by the application of a small lateral offset [62]. This 
offset depends on both the bending radius and the waveguide ridge width. In Figure 2.8 a) 
the black dots are the simulated optimum lateral offset for a fixed angle of 90° and different 
bending radii between 50 and 500 µm. The blue curve represents a polynomial fit of the 
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lateral offset as function of the deep etched waveguide ridge width (W=1.5 µm) and the 
radius R as described by [52]:  

𝑜𝑜� = 𝜋𝜋2𝑙𝑙𝐺𝐺2
𝑐𝑐0𝑊𝑊4+𝑐𝑐1

(𝑐𝑐2𝜆𝜆2+𝑐𝑐3)(𝑐𝑐4𝑅𝑅+𝑐𝑐5)
     (2.12) 

where 𝑙𝑙𝐺𝐺  is the slab index, and 𝜆𝜆=1310 nm the wavelength.  The 𝑐𝑐0 − 𝑐𝑐5 terms are fitting 
constant to match equation (2.12) with the two-dimensional optical simulation results. For a 
nominal value of R=100 µm, which is the minimum bending radius used in the platform for 
deep etched waveguides, a lateral offset of 48 nm is applied.  

2.4.2.2  MEASUREMENTS AND CONCLUSIONS 
Several curved waveguides on different passive wafers were measured with the same FP 
method explained in section 2.4.1, and the bend waveguide losses are extracted using as 
reference the propagation over a straight deep etched waveguide. Figure 11 b) shows the 
measured losses of several different deep etched curved waveguides with radius R=100 µm, 
and propagation angles between 15° and 90° with 15° steps. The waveguide lengths have 
designed to be identical to neglect the propagation losses from straight waveguide in the 
analysis. The measurements reveal a linear dependence of the loss with the angle, for a fixed 
100 µm radius. Value as low as 0.1 dB are obtained for a 𝜋𝜋

2
 angle of propagation with a 

standard deviation smaller than 0.01 dB, which agrees to what has been found in literature 
for an InP waveguides operating in the C-band [63].  

    
Figure 2.8 a) Optical simulations of the optimum offset between a deep etched straight and a curved waveguide 
with angle of 90° as function of the radius of curvature (black dots). Fit of the offset with equation (2.11) with a 

W=1.5 µm and a 𝑙𝑙𝐺𝐺 = 3.26. b) Loss measurements of curved waveguide losses as function of the bending angle for 
deep etched waveguides from two different wafers.   

2.4.3 MULTIMODE INTERFERENCE COUPLER 
In this sub-section, the design, and the characterization of 1300 nm 2x2 3-dB multimode 
interference (MMI) couplers on InP substrate are presented. Please note that inside 
integrated tunable laser systems on InP, to ensure the same performance over the whole 

a) b) 
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frequency range it is crucial to have low wavelength dependence of passive components. For 
this reason, the MMI is optimized during the design phase, to decrease the wavelength 
dependency of the splitting ratio and of the insertion loss in the whole 1300 nm range. This 
is done by varying the geometry parameters such as the multimode region width (WMMI)  and 
the access waveguide widths (Wio). A schematic, where the different regions are highlighted, 
together with a picture of the realization of such MMI are presented in Figure 2.9. 

  

  
Figure 2.9 a) Schematics of a 2x2 MMI coupler layout, with distinguish the input (region 1) the interference (region 

2) and the output (region 3) regions. b) A microscope picture of the 2x2 MMI with deep etched waveguides and 
different input and output waveguide ridge widths is shown. In the picture above the parameters that are varied in 

this work are highlighted (𝑊𝑊𝑀𝑀𝑀𝑀𝐼𝐼, 𝑊𝑊𝐺𝐺𝑐𝑐) 

2.4.3.1 THEORY AND DEVICE DESIGN 
In a 2x2 3-dB MMI coupler, the input light is split in a two-fold image after a length of L = Lπ

2
  

[64],  where the beat length 𝐿𝐿𝜋𝜋  is refered as the imaging length. 𝐿𝐿𝜋𝜋  shows a dependence over 
the MMI coupler geometry of the form [64]:  

𝐿𝐿𝜋𝜋(𝜆𝜆) = 4𝑛𝑛𝑒𝑒𝑓𝑓𝑓𝑓(𝜆𝜆)𝑊𝑊𝑀𝑀𝑀𝑀𝑀𝑀
2 (𝜆𝜆)

3𝜆𝜆
      (2.13) 

As indicated in the equation, the beat length of an MMI depends on the wavelength through 
three different factors:  

1. the effective multimode width 𝐖𝐖𝐌𝐌𝐌𝐌𝐌𝐌 
2. the wavelength dependent effective mode index (𝐧𝐧𝐞𝐞𝐞𝐞𝐞𝐞)  
3. the wavelength 𝝀𝝀.  

Resulting from these three different factors, the beat or imaging length changes with 
wavelength [65]. This defocusing effect can lead to a decrease in the MMI performance. As 
an option, from (2.13), it is possible to increase the MMI wavelength tolerance by decreasing 
drastically the width of the multimode region (WMMI). However, too narrow 𝑊𝑊𝑀𝑀𝑀𝑀𝐼𝐼  would 
reduce the number of modes propagated in the MMI. This results in a lower image definition 
due to poorer multimode interference. A valid alternative to reduce the MMI wavelength 

a) 

b) 
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dependence is to increase the tapered [66] access waveguide widths (Wio), to reduce the 
amount of light lost due to the defocusing effect. Beam propagation mode (BPM) simulations 
revealed that increasing the width of the input and output waveguides, the insertion loss of 
the MMI as function of wavelength decreases (see Figure 2.10 b). For a wavelength of 1270 
nm, the insertion loss of the MMI decreases from -1.2 dB for a  Wio = 2 μm, to -0.7 dB for a 
Wio = 3.1 μm, for the same multimode section width of 12 µm. In the meanwhile, the overall 
splitting ratio imbalance between the two different ports of the MMI remains below 0.15 dB 
for 𝑊𝑊𝐺𝐺𝑐𝑐  between 2.7 and 3.1 µmc (see Figure 2.10 a). Moreover, the input and output corners 
of the MMI have been designed with a corner angle of 53° (see Figure 2.9). This leads to the 
reduction of any spurious reflection, which can be detrimental for the laser operation [67]. 
As shown in Figure 2.9, the MMI coupler consists of three regions: the input where single 
mode waveguides adiabatically tapered to Wio (region 1), is followed by a wide multimode 
waveguide where the interference between different guided mode occurs (region 2). The 
output region consists of adiabatic tapers which shrinks the waveguide back to the standard 
deep etched ridge width of 1.5 µm (region 3). Different MMI couplers with various WMMI(10-
13 μm) and different shallow and deep Wio (1.9-3.7 μm), are realized and tested to identify 
the optimum geometrical configuration for broadband wavelength response.   

    
Figure 2.10 Optical simulations of the splitting Imbalances (a) and the insertion loss (b) for an MMI width of 12 µm 

and different deep etched access waveguide widths (𝑊𝑊𝐺𝐺𝑐𝑐). 

2.4.3.2 MEASUREMENTS AND ANALYSIS 
The measurements and the analysis of the different MMI combinations are performed to 
extract the splitting imbalances (IMB) and the insertion loss (IL). The results follow from the 
analysis of transmission measurement over 100 different devices. To reduce the reflection 
from the interface between the InP waveguide and the single mode lensed fiber, an anti-
reflection coating layer is applied to the chip’s facets. During the measurements the MMI is 
defined as a 2x2 S-matrix of a 4-port reciprocal device with no reflections. For every device 
we can store the measurement referring to the device port numbers. As an example, the 
measurements with input port x and output port y can be referred as 𝑃𝑃𝑐𝑐𝑚𝑚 = 𝑆𝑆𝑐𝑐𝑚𝑚2 . For a 2x2 

a) b) 
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MMI the measurements can be referred as 𝑃𝑃31,𝑃𝑃41,𝑃𝑃32 and 𝑃𝑃42.  In this way we can obtain 
the splitting imbalance (IMB) and the insertion loss (IL) of the device as:  

𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑆𝑆𝑏𝑏𝑐𝑐𝑏𝑏
𝑆𝑆𝑐𝑐𝑏𝑏𝑐𝑐𝑠𝑠𝑠𝑠

      (2.14) 

𝐼𝐼𝐿𝐿 = 𝑆𝑆𝑏𝑏𝑚𝑚𝑟𝑟 + 𝑆𝑆𝑐𝑐𝑟𝑟𝑐𝑐𝐺𝐺𝐺𝐺      (2.15) 
where 𝑆𝑆𝑏𝑏𝑚𝑚𝑟𝑟 = 𝑆𝑆312 = 𝑆𝑆422  and 𝑆𝑆𝑐𝑐𝑟𝑟𝑐𝑐𝐺𝐺𝐺𝐺 = 𝑆𝑆322 = 𝑆𝑆412 .  This analysis assumes that the ports of the 
MMIs are identical and lossless. Unfortunately, within the same device waveguides can have 
different transmissions due to their fabrication tolerances and different amounts of sidewall 
roughness. During the measurements, every MMI port transmission is normalized with the 
transmission power through a straight waveguide (𝑃𝑃𝑟𝑟𝑒𝑒𝑒𝑒). In this way, the power measured 
with input port x and output port y will result to be:  

𝑃𝑃𝑐𝑐𝑚𝑚′ = 𝑃𝑃𝑐𝑐𝑦𝑦
𝑃𝑃𝑏𝑏𝑒𝑒𝑓𝑓

= 𝜂𝜂𝑚𝑚𝑆𝑆𝑐𝑐𝑚𝑚2 𝜂𝜂𝑐𝑐     (2.16) 

where 𝜂𝜂𝑚𝑚 and 𝜂𝜂𝑐𝑐 are used to express any excess loss of input and output ports. We end up 
with four different formulas as function of four different port combinations. The four 
different measurements are then used to evaluate six different variables 
(𝜂𝜂1, 𝜂𝜂2, 𝜂𝜂3, 𝜂𝜂4, 𝑆𝑆𝑏𝑏𝑚𝑚𝑟𝑟 , 𝑆𝑆𝑐𝑐𝑟𝑟𝑐𝑐𝐺𝐺𝐺𝐺). To solve the problem, it is necessary to constrain one of the inputs 
and one of the outputs to be lossless. This allows to obtain four different cases (CASE A-D in 
Table ) and four possible IMB and IL for a single device. Only one case will be valid since we 
assume that 0 < 𝜂𝜂𝐺𝐺 ≤ 1. 
The transmission measurements are performed when a tunable laser (Santec TSL-550) is 
swept over the whole frequency range, from 1260 nm to 1360 nm, with a wavelength step 
of 10 pm. At the input, a polarization maintaining fiber is used to ensure the propagation of 
the TE polarized light only. The output optical power is measured by a photodetector that is 
electronically synchronized with the laser. Automated alignment routines and motorized 3-
axis stages both at the input and at the output are used to optimize the coupling between 
optical fibers and the waveguides. This enables one to measure all devices automatically and 
with a reproducible and accurate fiber to waveguide coupling [68]. Transmission from 
straight waveguides on the same chip are used as reference for optical losses in the analysis 
of the MMI performance. Small reflections in the waveguide transmission can lead to ±0.03 
dB oscillations on the analyzed signals. Four different transmission measurements are 
performed on a single MMI device to analyze all the different splitting combinations from the 
different ports of the 2x2 3-dB coupler as explained above. 
The imbalance and the losses are firstly evaluated from the average powers along the 
wavelength range between 1260 and 1360 nm. Some trends can be evaluated as function of 
the different etching levels of the input and output waveguides to the multimode region. 
Figure 2.11 shows the increase of the average splitting imbalance with the 𝑊𝑊𝐺𝐺𝑐𝑐  of the shallow 
etched input waveguide for a fixed 𝑊𝑊𝑀𝑀𝑀𝑀𝐼𝐼 = 13 µ𝜇𝜇 . This dramatic IMB increase can be 



2.4 Passive components characterization 

29 

explained by the optical coupling between the two input ports before entering the 
multimode region. This creates different interference conditions in the MMI structure and 
different splitting ratios. This feature is a direct consequence of the etching depth. In shallow 
etched waveguides, the waveguiding layer remains completely unetched, leading to poorer 
lateral confinement to the optical modes. This leads to a higher mode coupling between 
adjacent waveguides when they are close. The wider the input waveguides the stronger this 
effect, increasing the IMB of the MMI. This problem is hampering the use of wider 𝑊𝑊𝐺𝐺𝑐𝑐  in the 
2x2 MMI, resulting in a strong wavelength dependence of the MMI performance with shallow 
etched input waveguides. 

Table 2.3 Complete List of all the four possible cases to calculate the IMB and IL. The η coefficients account for 
extra losses of the MMI structure with respect to the reference waveguide on the same chip. The matrix element 

for the cross and the bar state are the ones used in the calculation of the imbalances and the insertion loss. 
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Figure 2.11 Imbalances (a) for an MMI (W=13 µm), with Shallow etched input and output waveguides with 

different ridge widths. 

On the other hand, deep etched waveguides present a completely etched waveguiding layer 
which leads to a stronger lateral mode confinement. For this reason, wider 𝑊𝑊𝐺𝐺𝑐𝑐  do not 
negatively influence the splitting ratio. It is possible then to obtain MMI couplers with 
reduced insertion loss and less sensitive to the wavelength. The trend predicted from the 
beam propagation mode optical simulations is in this case confirmed by the experimental 
measurements. Figure 2.12 a) and b) reveal the wavelength-dependent imbalance and 
insertion loss for a multimode section width of  WMMI = 12 µm, for two different 𝑊𝑊𝐺𝐺𝑐𝑐. The 
optical simulation results that were used to design and fabricate the MMI are also visible in 
the graphs (dashed lines). A reduction in imbalance and losses is visible increasing  𝑊𝑊𝐺𝐺𝑐𝑐  for a 
fixed 𝑊𝑊𝑀𝑀𝑀𝑀𝐼𝐼 . The measurements of MMI couplers with deeply etched access waveguides with 
𝑊𝑊𝐺𝐺𝑐𝑐=3 μm reveal a response with <1 dB loss and <0.12 dB splitting imbalance over the 1260-
1360 nm wavelength range. We presented the design, fabrication, and demonstration of the 
first multimode interference 3dB coupler on InP for 1300 nm light splitting with a minimized 
wavelength dependence.  

         
Figure 2.12: Measured (dotted) and theoretical (dashed line) imbalance and insertion loss as function of 

wavelength for two different input waveguide widths [69]. 

a) b) 
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2.4.4 MULTIMODE INTERFERENCE REFLECTOR 

  
Figure 2.13: Schematics (a), analytical simulations of the reflected power (b), and (c) of the reflection power losses 
of the 1-port multi-mode interference reflector (MIR) with width W=6 µm, as function of multimode region length 

L and input waveguide width Wa 

Multi-mode interference reflectors (MIR) are designed to reflect all or part of the input light, 
acting as an on-chip mirrors [70]. Their use as broadband reflective elements is helpful to 
create FP or ring resonator-based laser avoiding the use of cleaved facets of the 
semiconductor, distributed Bragg reflectors [71] or loop mirrors [72]. MIRs presents several 
advantages with respect to the other options for on chip mirrors such as the ones mentioned 
above. A MIR is quite compact, has a high fabrication tolerance and presents a broadband 
response.  
In this sub-section the design and the characterization of 1-port MIRs are presented. The 
design of the mirror is like the design of a 1x1 MMI device. The length is halved to obtain a 
full imaging at the input since it corresponds to the beating length 𝐿𝐿𝜋𝜋. The presence of a 
triangular tip at the end of the MIR geometry, is realized by creating a 45° angle at the end 
of the MIR. This tip is aimed to obtain the full reflection of the light that enters in the MIR. 
However, the rounding of the tip during the fabrication processing induces some insertion 
losses for a MIR. For this purpose, during in the MIR simulations we added a 1 dB of insertion 
loss to the analytical simulation results, as experimentally evidenced on a MIR on average 
[70]. The simulation results suggest that the highest reflected power is achieved when the 
MIR length is 44.5 µm or a multiple of that for a MIR width of 6 µm (Figure 2.13 b). Thus, this 
length was selected for the design of the 1-port MIR. Figure 2.13 c) shows the simulated MIR 
optical insertion loss as a function of the input waveguide width (𝑊𝑊𝑚𝑚). The results show that 
when 𝑊𝑊𝑚𝑚  is greater than 2.2 µm, the insertion losses are below 1.1 dB. Further increasing the 
width of the waveguide does not result in any significant improvement. Moreover, a longer 
adiabatic taper is required to couple the input to the deep etched standard waveguide width 
of 1.5 µm, leading to a bigger MIR total footprint. The characterization of MIR with W=6 µm, 
𝐿𝐿 =  44.5 µ𝜇𝜇 and 𝑊𝑊𝑚𝑚 = 2.2 µ𝜇𝜇, is performed to measure the reflections and losses of such 
components. 

L

b) c) a) 
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The technique used to measure such devices is the optical frequency domain reflectometry 
(OFDR), which is the one used to measure the group index dispersion. From the transmission 
of a FP interferometer built out of a MIR, it is possible to obtain the reflectivity R as:  

 𝑅𝑅 =
1
𝐺𝐺�√𝑟𝑟−1�

√𝑟𝑟+1
      (2.17) 

Where 𝐺𝐺 = 𝑒𝑒−𝛼𝛼𝐿𝐿 and 𝑟𝑟 is the contrast ratio between the on resonance and the off-resonance 
power of the FP cavity. Sweeping the tunable laser wavelength, it is possible to obtain the 
contrast ratio as function of wavelength and calculate the R. The losses of the MIR are 
assumed as the difference with respect to a 100% of light back reflected. The experimental 
setup used is depicted in Figure 2.4, but the interferometric structure inside the device under 
test (DUT) is different than the linear FP cavity given by the chip’s facets. In a Michelson 
interferometer configuration (Figure 2.14 a), the reflection from the MIR interferes with the 
reflection of the end facet of the chip. Figure 2.14 b) shows the power reflections.  It is 
possible to see the fast fringes coming from the MIR reflections, due to their path length 
difference of 2 mm. However, some additional slow modulation is present. This modulation 
can be due to some small spurious reflections inside the 2x2 MMI, or between the left-hand 
side facet and the fiber tip. The MIR reflectivity varies due to this slow modulation. Figure 
2.14 c) shows the calculated reflectivity from the analysis of the interference fringes. To 
extract the MIR reflectivity and insertion loss, it is needed to include the MMI insertion losses 
(1 dB) and the propagation loss through the passive waveguide (3 dB/cm). A reflectivity of 
around 0.78% has been calculated which leads to insertion loss of 1.27 ± 0.36 dB for a MIR. 
These values agree with what has been predicted during the design and the simulation phase, 
leading to an amount of insertion loss slightly bigger than 1 dB in the overall 1300 nm 
wavelength range.    
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Figure 2.14 a) Schematics of the Michelson Interferometer on chip. it has been reproduced from [70]. b) Reflection 
over the MIR port as function of the input laser wavelength. c) Estimation of the reflection from the contrast ratio 

of Fig. 16 b). Such reflections will induce a 1.27 ±0.36 dB of insertion loss inside the MIR. 

2.5 CONCLUSIONS 
In this chapter, the design considerations, the simulation results, and the basic performance 
of several passive components in InP at 1300 nm have been described and summarized. The 
considerations made during the 1300 nm layer stack design phase have been tested with the 
measurements of several passive building blocks (BBs). Straight (2 dB/cm) and curved 
waveguides (0.1 dB/90°) propagation loss for a 100 µm curvature radius have been 
evaluated. The group index dispersion has also been measured to be smaller than 3% of its 
value within 70 nm between 1270 and 1340 nm. Insertion loss for MMIs and MIRs have been 
measured (1 dB), engineering their geometries to ensure flat wavelength response. In the 
following chapter, the realization of an InP based 1300 nm active layer stack to be integrated 
with a butt-joint coupling scheme with the passive waveguide will be presented. The aim is 
to maximize the overlap between these two different layer stack and in this way to reduce 
the spurious reflections at the active/passive interface. The combination of such passive and 
active BBs leads to the design of more complex circuits with several functionality, such as 
lasers or optical switches. By making this 1300 nm passive technology generic, multiple 
applications can be targeted at the same time and several different photonic integrated 
circuits can be realized. With the help of SMART Photonics, a component library is made 
available to the users of this 1300 nm monolithic platform where a designer can use such 
functional passive building blocks to design complex photonic circuits. The study of the 
wavelength characteristics of such components is crucial during the development of laser 
circuit simulators which will be described in the following chapters. The propagation 

a) 

b) c) 
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constants and the insertion loss of the components are fundamental characteristics to 
address the building blocks with as transfer matrices (T-matrices), inside a steady state laser 
simulator.
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3. 1300 NM AMPLIFIER COMPATIBLE 
WITH AN INP MONOLITHIC 

ACTIVE/PASSIVE INTEGRATION 
TECHNOLOGY 

In monolithic photonic integrated circuits (PICs), an optimized active/passive integration is 
needed to provide efficient coupling and low amount of interface reflections between 
amplifiers and passive components. A 1300 nm semiconductor optical amplifier (SOA) on InP 
substrate and optimized for butt-joint coupling with the passive components described in 
Chapter 1 is investigated. Material performances were assessed from measurements of broad 
area lasers. Room temperature operation reveals 1.2 W single facet output power with 
threshold current around 100 A/cm2 per well. Characteristic temperatures of T0=75 K and 
T1=294 K were obtained. A compact model description of the SOA, suitable for the design of 
PICs and rate equation analysis, was applied to parametrize the unsaturated gain 
measurements. Current injection efficiency of 0.65, transparency carrier density of 0.57 1018 
cm-3, and free carrier absorption losses up to 15 cm-1 were extracted from fitting the data. 
The model is verified with measurements of optical gain saturation. A modal gain of 15 dB for 
a 600 µm long narrow ridge SOA leads to output saturation power higher than 30 mW at 7 
kA/cm2.  This building block contributes to the development of an InP monolithic integration 
technology in the 1300 nm range, which can enable the use of photonic integrated circuits in 
many kinds of applications. 

3.1 INTRODUCTION 
Semiconductor optical amplifiers (SOAs) are a critical component for numerous kinds of 
photonic integrated circuits (PICs). SOAs are the basis for the development of light sources 
such as light emitting diodes [73] and tunable laser systems [74]. These components are also 
used to increase output power and to maintain sufficiently high signal levels as the signal 
propagates throughout many optical components [75]. Extensive studies have been 
performed on 1300 nm SOA [76], [77], since commercial fibers present near zero dispersion 
in this spectral region [78].  SOAs in this wavelength range are widely used in data centers 
since high bit rates can be achieved without the need of dispersion compensation. O-band 
SOAs can then be included in more complex systems such as dual wavelength division 
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multiplexers for high bit rate and capacity transmission systems [79]. 1300 nm SOA are 
commonly used for their low temperature dependence [80] and high efficiency [81], [82]. 
Different InP SOA were designed as discrete components and optimized for low polarization 
dependence [77], high operating temperatures [83] and wide gain bandwidth [84].  
The introduction of active-passive integration technologies creates the opportunity of using 
1300 nm SOAs in more complex circuits such as extended cavity widely tunable laser systems 
[85] or optical switches [86]. Both hybrid integration [87] and hetero-epitaxial growth [88] 
technologies at 1300 nm have been developed to integrate SOA with passive waveguide on 
Si substrates.  Threshold current as low as 450 A/cm2 has been reported for quantum dot 
laser grown on Si (001) [89]. Narrow width ridge SOA revealed gain as high as 45 cm-1 and on 
chip optical power of 25 dBm at room temperature [90]. However, these “III-V on Si” 
approaches face the challenge of the creation of some bonding defects at the interface 
between the different materials [91]. The development of a new quantum well-based InP 
SOA in the 1300 nm wavelength regime is a crucial step in the development of a 1300 nm 
monolithic integration platform on InP. This 1300 nm platform on InP is designed to have 
minimized active passive interface reflections and optical loss [41] with the same integration 
process. Moreover, the introduction of a 1300 nm InP generic integration platform, based on 
the already existing one [31], brings the benefit of being able to use a standard set of building 
blocks to create various complex circuits and optical functionalities. The platform will allow 
fast and cost-effective prototyping in the 1300 nm band, giving the opportunity to serve 
many different applications. In this chapter, we present the design and the characterization 
of a new InGaAsP/InP SOA that will be integrated with a low propagation loss passive 
waveguide via a butt-joint integration scheme with a single regrowth step, to further develop 
a new monolithic generic integration technology at 1300 nm. The analysis of the fundamental 
properties of active devices such as temperature and current dependent emissions reveals 
that the requirement of being compatible with an active/passive butt-joint integration 
technology does not lead to any major downgrades in the optical performance of the active 
layer stack chosen. First, the active layer stack design is presented together with the 
considerations made to meet the requirement of compatibility with an active passive 
monolithic integration technology on InP at 1300 nm. Then, the overall material quality is 
addressed through measurements of broad area Fabry-Perot lasers and the analysis of 
parameters which highlight the device performance. The description of a compact model for 
a narrow ridge width optical amplifier is presented and verified through experimental data 
of gain spectra and optical gain saturation. This SOA model description can be then use in the 
design and simulation of photonic integrated circuits fabricated on a 1300 nm generic InP 
integration technology.    
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3.2  ACTIVE LAYER STACK DESIGN  
To develop a generic platform for photonic integration at 1300 nm, active devices such as 
lasers and amplifiers need to be integrated with passive components such as propagation 
waveguides, splitters, and reflectors. One of the main challenges of the integration 
technology is to engineer the active and the passive components so that the best coupling 
and the lowest amount of interface reflections are ensured. In this work, an InGaAsP-based 
optical amplifier with photoluminescence (PL) targeted at 1310 nm, is designed, and 
simulated with the commercial simulator HAROLD licensed from Photon Design.  In active-
passive integration it is important to minimize reflections from the butt-joint active passive 
area transitions to at least -50dB. The reflections can lead to poor side mode suppression 
inside tunable laser systems or instabilities when causing feedback to the laser. Therefore, 
an important requirement during the design of the active layer stack was to match the 
fundamental mode effective index of the SOA to that of the InP passive waveguide designed 
for 1300 nm light propagation. The change in the effective index with respect to the passive 
waveguide has been limited to Δ𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 < 5 10−3 and the mode overlap has been kept to >99% 
in simulations, to keep reflections at the active passive interfaces <50 dB. This requirement 
is targeted as follows. Firstly, the total active region thickness is chosen to be 400 nm and 
both the separate confinement heterostructure and the barriers present a quaternary energy 
bandgap (Q-value) of 1.1 µm, to match the passive waveguide dimensions and composition. 
Inside the active region four InGaAsP based quantum wells are embedded. A low number of 
wells does not lead to very uneven carrier densities in the different wells and in this way, the 
material gain can be reasonably approximated as four times the gain arising from a single 
quantum well. Moreover, low number of quantum well is a good compromise between 
having sufficient high small signal gain and a limited modal effective index mismatch with a 
passive waveguide with the same geometry. The second aspect concerns the design of the 
quantum wells in which compressive strain is used, and the design of the barrier layers which 
are needed to compensate the strain. It turns out the compressive strain level that can be 
used in the quantum wells is limited by the requirement to maintain a sufficiently low 
effective index mismatch with the passive waveguide. The introduction of compressive strain 
leads to an increase in the transverse electric (TE) gain which is beneficial for achieving lower 
threshold current levels [92], [93] in lasers and improves high temperature performance [80].  



CHAPTER 3  

38 

      
Figure 3.1: a) Explanation of the degeneracy removal of the energy bands due to the application of the strain. The 

picture is taken from [94]. b) Difference in the effective index of an active shallow etched ridge waveguide with 
respect of a passive waveguide with ridge width W=2 µm as function of compressive strain applied to the quantum 

wells. The effective index of a 2-µm-wide passive shallow etched waveguide is 3.26. 

The compressive strain removes the degeneracy in the valence sub-bands at the Γ point. The 
splitting of the heavy and light holes degenerate bands decreases significantly the Auger 
recombination and the intervalence band absorption [82], increasing the TE polarized light 
optical emission of the SOA (Figure 3.1 a). On the other hand, the introduction of strain 
induces a change in the refractive index of the well, and a change in the Q-value of the 
barriers from the targeted value (Q=1.1µm) which can lead to an effective index change in 
the active region of the waveguide and a smaller mode overlap with the passive waveguide.  
The fundamental TE mode effective index of a straight waveguide with same single mode 
ridge width of 2 µm is equal to 3.26. The introduction of strain increases the effective index 
change with respect to a passive waveguide with the same ridge width. This is depicted in 
Figure 3.1 b) which shows the calculated modal refractive index as function of different 
compressive strain in a four quantum well structure using HAROLD software licensed from 
Photon Design.  
Therefore, it is possible to imply that the more the strain is the higher the effective index 
difference is which can increasingly deteriorate the mode overlap at the active passive 
interface. This will introduce higher coupling loss and strong reflections at the butt-joint 
interfaces which can compromise the performance of integrated laser systems. Moreover, 
simulations show that strain values higher than 0.8% do not noticeably increase the TE 
material gain. A smaller than 10% increase in the material gain occurs when the amount of 
compressive strain in the quantum wells is doubled in the simulation from 0.7% to 1.4%. For 
this reason, we limit the amount of compressive strain at 0.8%, to ensure the butt-joint 
reflection is smaller than -50 dB inside our extended cavity tunable laser systems. At room 
temperature, isothermal one-dimensional simulations of the optimized layer stack design, 
shown schematically in Figure 3.2 a), reveal a threshold current of 300 A/c𝜇𝜇2 and minimum 
internal loss of the amplifier as low as 4𝑐𝑐𝜇𝜇−1. A material gain for TE polarized light of 2200 
cm-1 is predicted at 5 kA/cm2. Finite difference element mode simulations calculate an optical 

a) b) 
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confinement of around 4% inside the active region for a shallow etched 2 µm wide ridge 
waveguide. This value is approximately 1% for every quantum well present inside the SOA.  

3.3 DEVICE FABRICATION 

              
Figure 3.2: a) Cross-sectional view of the fabricated SOA acitve layer stack. b) Measured photoluminescence 

spectrum of the wafer with this layer stack design. 

The InP based fully active test structures were fabricated by Smart Photonics following a well-
established processing technique [31]. The layers are grown on top of a heavily n-doped 
(5 1018𝑐𝑐𝜇𝜇−3) InP (100) substrate. The active layers are grown using Metal Organic Chemical 
Vapor Deposition (MOCVD). After the epitaxial growth the waveguides are defined to obtain 
the shallow waveguide cross section as depicted in Figure 3.2 a). The waveguides are all 
etched using an Inductively Coupled Plasma (ICP) dry etch process. The different waveguide 
ridge widths are defined in a single lithography step to ensure good alignment and fabrication 
reproducibility. After etching, the waveguides are passivated and planarized through the 
deposition of a Polyimide layer. The contact and a metallization layer are applied on top and 
on bottom of the structure to allow current conduction. The photoluminescence signal of the 
four quantum well amplifier is measured using a technique described in [95]. The results, 
shown in Figure 3.2 b), reveal that the maximum emission targeted at 1300 nm during the 
design phase, was achieved during the fabrication. A photoluminescence peak at 1290 nm 
with a 70 nm wide 3-dB bandwidth is reported in the graph measured for a 3-inch wafer. 

3.4 ACTIVE LAYER STACK QUALITY EVALUATION 
To establish the quality of the layer stack used in the fabrication of optical amplifier first the 
following, generally published, parameters are determined. These results to be the 
transparency current density 𝐽𝐽0, the internal quantum efficiency 𝜂𝜂𝐺𝐺  and the amplifier internal 
loss 𝛼𝛼𝐺𝐺 . It is possible to extract these parameters, using a well-established method as 
published in [96], [97], from the analysis of the output optical power as function of the 
injected current density. Since these parameters are generally independent on the geometry 
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of the device, they could provide the gain material performance of a SOA at any operating 
temperature. These parameters can be used to compare the designed device with 1300 nm 
amplifiers available in literature and with the simulated device predictions. To identify the 
temperature dependence of these SOA parameters, it is needed to evaluate the 
characteristic temperatures 𝑇𝑇0 and 𝑇𝑇1. Those can be  obtained from the analysis of the light 
intensity (L-I) curves at different operating temperatures as described by [98]. Higher 
characteristic temperatures 𝑇𝑇0  and 𝑇𝑇1  reflect lower temperature dependence and this 
indicates that the amplifiers performance deteriorates less at high operating temperatures. 
In this work we are investigating the temperature dependence of the broad area lasers from 
length-independent parameters. Thus, the analysis to extract 𝑇𝑇0  and 𝑇𝑇1  is applied to the 
transparency current density 𝐽𝐽𝑐𝑐𝑟𝑟  and the internal quantum efficiency 𝜂𝜂𝐺𝐺  and not to the 
threshold current 𝐽𝐽𝑐𝑐ℎ and the external quantum differential efficiency 𝜂𝜂𝜋𝜋 as often reported 
in literature. 
For this purpose, a set of Fabry-Perot lasers with uncoated cleaved facets and different 
lengths between 500 and 1200 µm, and ridge widths between 1 and 100 µm have been 
fabricated. The cleaved facets leave reflections of approximately 30% at both ends. These 
lasers have been characterized over a range of operating temperatures between 20 and 80°C. 
Broad area stripes, with width of 100 µm, lasers are tested. On devices with this wide ridge 
area, it is possible to approximate that all the current that is going through the metallic 
contact is reaching the active region inside the waveguide. In this way, it is possible to neglect 
the effect of the ridge and measure the material property only.  Pulse current measurements, 
with pulse width of 10 µs and 1% duty cycle (DC), are performed to avoid thermal effect 
inside the lasers. Measurements with shorter pulse duration reveal constant output power 
at current density higher than 3 kA/c𝜇𝜇2. We believe this is since very short pulses do not 
leave sufficient time to the current to heat the active region. The pulsed operation L-I 
measurements of the broad area Fabry-Perot cavity lasers reveal high output powers and 
high temperature of operation. In Figure 3.3 a), averaged L-I curves are shown for 
measurements over 10 identical devices on the same wafer for 1300 µm long amplifiers with 
broad area stripes. The current is swept between 0 and 5 A reaching up to 4.8 kA/cm2 in 
density. We can notice the output power from a single facet of 1200 µm long devices at room 
temperature (T=20°C) goes up to 1.25 W, with standard deviation of around 30 mW. 
Threshold current density as low as 350 A/cm2 has been measured at room temperature. The 
wall plug efficiency (WPE) exhibits a drop from 20% to 8% from room temperature to 80°C, 
as depicted in Figure 3.3 b). In Figure 3.3 a) it is possible to notice that the relative change in 
the threshold current and in the slope of the L-I curve is constant between 20 and 60°C. The 
increase in the threshold current is estimated around 10 mA/°C, ranging from 400 up to 800 
mA between 20 and 60°C. When the substrate is set to 80°C, it is possible to note that the 
stimulated emission slope is slightly lower. This can be due to the lower performance of the 
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active material at high heat sink temperature. Moreover, at 80°C we can notice some roll-
over at around 4 A of injected current, which is due to the relatively long pulse duration of 
10 µs that accumulates heat in the active region.  
By measuring the threshold current density of broad area lasers of different cavity lengths, it 
is possible to evaluate the material without the effect of the ridge, as function of laser 
temperature of operation. 

     
Figure 3.3: a) Total output power per facet and b) wall plug efficiency, for a 1200 um long and 100 um wide Fabry-

Perot laser at different heat sink operating temperatures. The output power a) is averaged over 10 different 
measurements on identical devices, and we can observe the standard deviation (error bars). The measurements 

were performed using pulsed current with 10 µs of pulse duration and 1% duty cycle. 

In Figure 3.4 a) the fit of the threshold current density as function of the inverse cavity length 
is shown. The transparency current density is calculated as the intercept of the fit line which 
corresponds to an infinitely long cavity with zero reflections at the mirrors, as stated in [96]. 
The uncertainty over the 𝐽𝐽𝑐𝑐𝑟𝑟 parameter is given by the covariance matrix of the fit and can 
vary between 10% and 20%, depending on the temperature as can be seen in Figure 3.4 b). 
The observed temperature dependency of the transparency current density shows a mean 
value of 140 A/c𝜇𝜇2 for 20°C and around 310 A/c𝜇𝜇2 for 80°C. These values, as shown in Figure 
3.4 b) are in accordance with those reported in [98] for III-V broad area lasers. At higher 
temperature, the statistical carrier distribution across the states of the quantum wells 
becomes broader and this results in an increase in the transparency current density due to 
the reduction in the differential gain [98]. From the exponential fit with equation from [98], 
the characteristic temperature 𝑇𝑇0 is calculated to be 75 K, which is comparable to what found 
in literature for Al-based lasers on InP substrate [99]. 
From the stimulated emission part of the curve above threshold, it is possible to obtain the 
external differential efficiency 𝜂𝜂𝜋𝜋. The slope is determined from the threshold current up to 
1 A above threshold to avoid the range where thermal roll-over occurs. Figure 3.5 a) shows 
𝜂𝜂𝜋𝜋 as a function of the laser cavity length. By fitting the data to the equation in [96], the 
internal efficiency 𝜂𝜂𝐺𝐺  and the scattering loss 𝛼𝛼𝐺𝐺  are extracted. The amplifier losses are the 

a) b) 
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sum of the free carrier absorption loss [83] and carrier independent loss mechanism such as 
photon scattering [100] or intervalence band absorption [82]. It is noticeable how at higher 
temperature the measurement of 𝜂𝜂𝜋𝜋 is less accurate than the threshold current density value 
since the slope of the L-I curves is evaluated at higher current levels.  

     
Figure 3.4: a) Threshold current density as function of inverse cavity length and linear fit to obtain 𝐽𝐽𝑐𝑐𝑟𝑟 for different 
heat sink T.  b) 𝐽𝐽𝑐𝑐𝑟𝑟 as function of temperature and measurement fit to obtain the characteristic temperature 𝑇𝑇0 =

75 𝐾𝐾 of broad area lasers. Legend same as 3a). 

This leads to higher contribution of thermal effects due to the active region heating. In this 
way we have a much higher uncertainty over the estimation of 𝜂𝜂𝐺𝐺  and 𝛼𝛼𝐺𝐺  at higher operating 
temperatures. Internal losses are increasing with the temperature due to the increase 
intervalence band absorption in the quantum wells [101].  
They are determined to vary from 5 𝑐𝑐𝜇𝜇−1 to 16 𝑐𝑐𝜇𝜇−1 in a temperature range of 20 to 80 °C. 
The fitted internal efficiency as function of temperature shown in Figure 3.5 b) allows to 
calculate the characteristic temperature 𝑇𝑇1  =294 K, which identifies the temperature 
dependence of the stimulated emission slope. 𝑇𝑇1 lies in the reported ‘state of the art’ 
characteristic temperatures around 300 K for 1300 nm broad area lasers on InP substrate 
[99]. The measurements of Fabry-Perot broad area lasers demonstrate that the device 
performance agree with the one-dimensional simulations. 
The amplifier internal losses were observed to be lower than 5 𝑐𝑐𝜇𝜇−1 at room temperature, 
as was expected from the simulation. Furthermore, the thermal dependence of the extracted 
parameters is very close to what is presented in literature for InP based amplifiers. This 
suggests that the requirement of being compatible for an active-passive butt-joint 
integration does not lead to major compromises in the active material performance at low 
carrier density values. The broad area laser analysis has been performed to establish whether 
the designed active material meets the desired specification. In the following section a 
detailed analysis of the performance of single mode ridge width SOA, will be addressed 
together with a compact model to include into laser circuits. Before that the study of 𝐽𝐽𝑐𝑐𝑟𝑟 as 
function of the amplifier ridge width, shows how the ridge width affects the SOA parameters.    

b) a) 
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Figure 3.5: a) External differential quantum efficiency as function of laser cavity length (dots) and fit (line) from 

[96] to extract the injection efficiency 𝜂𝜂𝐺𝐺 and the internal loss 𝛼𝛼𝐺𝐺 at different heat sink Temperature.  b) 𝜂𝜂𝐺𝐺 as 
function of heat sink temperature and measurement fit to obtain the characteristic temperature 𝑇𝑇1 = 294𝐾𝐾 of 

broad area lasers. Legend in 3a) is also valid here. 

3.5 COMPACT MODEL FOR SOA GAIN 
The amplifier structure has been developed to be used in a monolithic InP active-passive 
integration platform. The goal is to obtain a compact model description of the SOA suitable 
for the design of photonic integrated circuits. This is done by measuring the modal gain 
𝑔𝑔 (𝛥𝛥,𝑁𝑁) of the SOA and analyzing the results using a simplified analytical theory. This theory 
leads to a set of parameters that can be used to describe the modal gain and a relation 
between the current density and a scaled carrier density. An analysis is then applied using 
the rate equation for the carrier density to obtain a value for the scaling factor of the scaled 
carrier density. The scaling of the carrier density can then be checked by the study of the 
material transparency and the gain saturation of the SOA. The measurements are compared 
with the predicted behavior using the determined parameters from the unsaturated gain 
analysis. It is possible to obtain important parameters for single mode ridge amplifiers by 
fitting them to the measurement results. The parameters representative of the SOA 
performance are the transparency carrier density 𝑁𝑁0, the passive loss 𝛼𝛼 , the injection 
efficiency 𝜂𝜂𝐺𝐺  and the input saturation power 𝑃𝑃𝐺𝐺𝑛𝑛,𝐺𝐺𝑚𝑚𝑐𝑐. 

3.5.1 UNSATURATED MODAL GAIN 
There are several ways the unsaturated modal gain of the optical amplifier can be measured. 
There are methods based on the contrast ratio of each cavity mode of the amplified 
spontaneous emission (ASE) [102]. However, this method is sensitive to the measurement 
equipment resolution due to the small light intensity at the minimum. This has led 
researchers to study multiple electrodes methods. In this work, the unsaturated gain spectra 
of the 1300 nm SOA are determined by the analysis of the ASE spectra from different 

a) b) 
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amplifier lengths as described by Thompson et al. and Pustakhod et al. [103],[104]. The 
measurements of different amplifier stripes with different lengths are needed to reduce the 
effect of the coupling loss to the chip facets which are hard to control due to variations in the 
fabrication of optical waveguides. Averaging measurements with different SOA lengths and 
different coupling loss it is possible to link the gain and the ASE power density at each 
wavelength 𝜆𝜆. To measure the unsaturated modal gain a series of shallowly etched ridge 
waveguide optical amplifiers, divided into two sections of different lengths, were processed 
on a single 2x2.5 mm2 chip with anti-reflection (AR) coated facets. The two sections are 
addressed by different electrodes and are separated by 20 µm isolation sections where 1 µm 
of highest p doped top-cladding InP is removed to ensure electrical isolation between the 
two sections. One section is reversely biased to prevent any optical feedback into the 
amplifier to avoid unwanted laser operations, while the other one is being driven by current. 
The amplified spontaneous emission (ASE) spectra are detected using an optical spectrum 
analyzer connected to a lensed single mode output fiber. Automated alignment routines are 
performed to optimize the chip to fiber coupling as described in [68]. Multiple spectra from 
different amplifier lengths between 50 and 600 µm are measured. Measuring ASE from 
multiple SOA lengths allows us to identify some experimental points that deviate more than 
10% from the overall averaged values. Those measurements were discarded in the fit, if they 
derived from fabrication imperfections. In Figure 3.6 the modal gain spectra for current 
densities between 1 and 8 kA/cm2, are shown. A 3-dB gain bandwidth greater than 80nm is 
observed for a current density of J=5kA/cm2, together with a gain peak of 60 cm-1. A wide 
gain bandwidth is of high importance in the realization of widely tunable laser systems, since 
the gain spectrum at the laser threshold is the ultimate limitation to the tuning range.  
The modal gain from a quantum well based SOA can be described using only few parameters 
using analytical approximations for the material gain. The model used here is derived by Balle 
[105]. Under the assumptions of parabolic energy bands and temperature equal to zero, the 
material gain spectrum gm (f, N) as function of carrier density 𝑁𝑁 inside the amplifier can be 
written as [105]: 

𝑔𝑔𝑚𝑚(𝛥𝛥,𝑁𝑁) = χ �atan �𝑒𝑒−𝑒𝑒0(𝑁𝑁)
𝛾𝛾

� − 2atan �𝑒𝑒−𝑒𝑒0(𝑁𝑁)
𝛾𝛾

− 𝑁𝑁
𝑁𝑁0
� − 𝜋𝜋

2
�  (3.1) 

where 𝛥𝛥0 (N) is the bandgap frequency which depends on the carrier density, 𝛾𝛾  is the 
homogenous line width, 𝑁𝑁0 is the carrier density at transparency at the bandgap energy and 
𝜒𝜒 is a gain scaling factor. 
Hence the net modal gain 𝑔𝑔𝑚𝑚𝑐𝑐𝜋𝜋  will be:  

𝑔𝑔𝑚𝑚𝑐𝑐𝜋𝜋(𝛥𝛥,𝑁𝑁) = 𝛤𝛤𝑔𝑔𝑚𝑚(𝛥𝛥,𝑁𝑁) − 𝛼𝛼(𝑁𝑁)      (3.2) 
where 𝛼𝛼(𝑁𝑁) represents the amount of free carrier absorption losses inside the amplifier, due 
to the excitations of the light and heavy holes inside the valence band and Γ refers to the 
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gain confinement factor in the quantum wells. The fit of the parameters in equation (3.1) and 
(3.2) 
to the experimental net modal gain spectra with, are depicted by the dashed lines in Figure 
3.7 b). Figure 3.7 a), b) and c) show respectively the fitted values found for the scaled carrier 
density ratio 𝑁𝑁𝑟𝑟 = 𝑁𝑁/𝑁𝑁0  as function of injection current density, the bandgap frequency 
shift, and the free carrier absorption losses as function of carrier density ratio. 

 
Figure 3.6: Modal gain spectra from the fit of ASE measurements (dots) and calculated from the parametrized 

model (dashed) for different injected current densities. 

The fit is obtained for all current densities with the same value for the homogenous linewidth 
𝛾𝛾 = 5.0 𝑇𝑇𝑇𝑇𝑧𝑧, and a scaling factor of 𝜒𝜒 = 1050 𝑐𝑐𝜇𝜇−1. It is interesting to note that the values 
of 𝛾𝛾 and 𝜒𝜒 are near identical to those determined for 1550 nm quantum well amplifiers. The 
confinement factor of 4% for a single mode ridge width amplifier is calculated using PicWave 
software from Photon Design®. 
In Figure 3.7 a), the carrier density increases with the injected current density, until it reaches 
its maximum at approximately 4 times the transparency carrier density value 𝑁𝑁0 . This 
suggests the presence of a carrier overshoot mechanisms, which arises from the fact that 
more injected carriers are recombining in the InP outside of the active region. In this way, 
the gain spectra remain constant for higher current densities. This can be improved either by 
increasing the number of the well in the active region, which will affect the SOA optical 
saturation, or by applying a graded index structure in the spatial confinement 
heterostructure to better confine the carriers inside the SOA active region. This can however 
create issues for the active passive integration reflection and mode overlap.  Figure 3.7 b) 
depicts the bandgap frequency shift 𝛥𝛥0 as function of the carrier density inside the amplifier. 
The bandgap follows a square-root or a cubic-root dependence on the carrier density ratio 
as suggested by Tomita et al. [106] and Kleinman et al. [107]. In Figure 3.7 c) the fitted values 
for the optical loss 𝛼𝛼 as a function of the scaled carrier density are presented. The linear 
relation between the carrier density and losses indicates these are absorption losses due to 
the absorption of light from the holes present in the active region. The values found here are 
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lower than those determined in 1550 nm InP quantum well-based amplifiers [105]. This 
indicates the higher efficiency of 1300 nm quantum wells amplifier with respect to C and L-
band InP amplifiers. Fitted polynomial functions, as shown in Figure 3.7 a) b) and c), can be 
used to parametrize these three single mode ridge width amplifier properties that will be 
used to model the SOA performance. Note that this parametrization underestimates the gain 
at higher energies, due to some approximations on which the model in [105] is based.  

    
Figure 3.7: a) Carrier density ratio as function of injected current. b) Frequency bandgap shift and c) free carrier 
absorption losses as function of carrier density ratio. The dashed lines show polynomial parametrized fit of the 

dots. 

3.5.2 AMPLIFIER RATE EQUATION AND CARRIER DENSITY AT 

TRANSPARENCY  
The relation between the current density and the scaled carrier density can be analyzed 
further to determine a value of 𝑁𝑁0. For this purpose, the rate equation for the carrier density 
in an optical amplifier can be used. 
The time evolution of the carrier density inside the active region of an optical amplifier is 
described by [108]: 

  𝜋𝜋𝑁𝑁
𝜋𝜋𝑐𝑐

=  −𝑣𝑣𝑔𝑔𝑔𝑔𝑚𝑚𝑚𝑚𝑐𝑐(𝛥𝛥,𝑁𝑁)𝑃𝑃 + 𝐽𝐽𝐽𝐽𝜂𝜂𝑖𝑖
𝑞𝑞𝑆𝑆𝑚𝑚𝑐𝑐𝑚𝑚𝑒𝑒Γ

− 𝑅𝑅 (𝑁𝑁)           (3.3) 

Where the first right hand side term describes the carrier depletion due to stimulated 
emission, the second one is the pump rate, which determines the number of carriers injected 
in the active region and the third one refers to possible recombination mechanisms. The 
second right hand side term, which corresponds to the pump rate, directly depends on the 
current density J, the ridge width w and the injection efficiency 𝜂𝜂𝐺𝐺  and it is inversely 
proportional to the optical confinement Γ  times the modal area Smode . For the  Smode 
parameter, which is dependent on the geometry of the structure, the effective mode size 
[109] was used. This was calculated to be 1.63 um2 using a commercial mode solver MODE 
from Lumerical Inc®. Assuming that the photon number inside the active region is negligible 
during the modal gain measurements which implies there is no significant carrier loss due to 
ASE, it is possible to set to zero the stimulated recombination term and equation (3) 
becomes:  

𝜋𝜋𝑁𝑁
𝜋𝜋𝑐𝑐

= 𝜂𝜂𝑖𝑖 𝐽𝐽 𝐽𝐽𝑏𝑏
𝑞𝑞 𝑆𝑆𝑚𝑚𝑐𝑐𝑚𝑚𝑒𝑒𝛤𝛤

− 𝐴𝐴𝑁𝑁 − 𝐼𝐼𝑁𝑁2 − 𝐶𝐶𝑁𝑁3 − 𝐷𝐷𝑁𝑁5.5       (3.4) 

a) b) c) 
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Where the recombination processes are expressed as a polynomial function of the carrier 
density N. The A,B,C,D coefficients represent the probability to occur of each recombination 
mechanism [110], [111]. A, B, and C are extracted from [97] and [111], while D has been kept 
as a fitting parameter. At steady state conditions, under which the measurements were done, 
the carriers are at equilibrium and the rate equals zero. It is then possible to find solutions 
that link the carrier density inside the active region to the injected current density into the 
device. When we compare the solution of equation (3.4) with the carrier density ratio 
extracted from equation (3.1), it is possible to determine the transparency carrier density 𝑁𝑁0, 
the injection efficiency 𝜂𝜂𝐺𝐺  and the D term that corresponds to the carrier leakage inside the 
amplifier due to current drift as explained in [111].  Table summarizes all the values that were 
used to obtain the solutions of equations (3.3) and (3.4).  

Table 3.1: Coefficients in the carrier rate equation 

Coefficient Value Units 
A  [97] 1.68 10−8 𝑠𝑠−1 
B  [97] 2.6 10−10  𝑐𝑐𝜇𝜇3𝑠𝑠−1 
C  [43] 1.417 10−28 𝑐𝑐𝜇𝜇6𝑠𝑠−1 
D 2.5 10−90 𝑐𝑐𝜇𝜇13.5𝑠𝑠−1 
𝒗𝒗𝒈𝒈 0.83 108 𝜇𝜇 𝑠𝑠−1 
𝑺𝑺𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 1.63 𝜇𝜇𝜇𝜇2 
𝚪𝚪 0.04 - 
𝜼𝜼𝒊𝒊 0.65 - 
𝑵𝑵𝟎𝟎 0.575 1018 𝑐𝑐𝜇𝜇−3 

 
The values of 𝜂𝜂𝐺𝐺 = 0.65 and 𝑁𝑁0 = 0.575 1018𝑐𝑐𝜇𝜇−3, are calculated through the agreement 
between the two curves for current densities between 1 and 7 𝑘𝑘𝐴𝐴/𝑐𝑐𝜇𝜇2. At higher injected 
current densities, the two curves start to slightly deviate from each other. The highest carrier 
dependence of the recombination mechanisms in equation (3.4) is referring to the leakage 
due to the carrier drift as explained in [31], but from the parametrization of the unsaturated 
gain measurements, it is evident that the carrier density is clamped at a maximum value of 
four times the carrier density at transparency for current densities of 7 kA/cm2 and higher. 
This behavior indicates that inside the SOA, the injected carriers can easily escape from the 
low energy barriers and spatial confinement heterostructures (SCH). This limitation comes 
from a particular design choice for the active layers’ epitaxial growth since the barriers were 
chosen to minimize reflections at the active passive butt-joint integration interfaces and not 
as an optimized energy barrier layer for the carriers escape.  
The calculation of 𝑁𝑁0 and 𝜂𝜂𝐺𝐺  are verified through the measurements of material transparency 
and optical saturation. Measurements of the material transparency current density have 



CHAPTER 3  

48 

been performed by recording the change in voltage over the SOA induced by an external laser 
as function of current density. An external laser is on/off modulated at 300 kHz and coherent 
light at a particular frequency is injected into a 2 µm wide shallow etched ridge SOA. The 
current bias is swept over a range that includes the material transparency point and both the 
amplitude (mV) and the phase (degrees) of the voltage change over the amplifier are 
detected with the lock-in amplifier (LIA) as also described in [112]. For lower injection 
currents the amplifier is absorbing the external laser light, thus generating carriers, and 
increasing conductivity which reduces the voltage over the diode structure. While for higher 
currents the quantum well material starts to provide gain which reduces the carrier 
concentration when the light is in the SOA, the conductivity is reduced and the voltage over 
the SOA increases. The minimum value in the amplitude of the voltage modulation 
corresponds to 𝜋𝜋  phase jump which means that the voltage modulation over the SOA is 
changing its electrical polarity. The current at which this transition occurs is described as the 
material transparency current at the input wavelength.  

 
Figure 3.8: Transparency current density as function of input laser wavelength (blue). Results are obtained from 

measurements of three different device lengths of 300, 560, and 1100 µm. The (red) dot is the transparency 
current density derived from the analysis with equation (4) of the unsaturated gain parametrized model. An 

example of a detected signal (inset) is shown where both the amplitude (blue) and the phase (red) are detected. 

Figure 3.8 shows the material transparency current density as function of the external laser 
wavelength. In the inset graph a measurement example is presented. Lower wavelengths 
present higher transparency current densities as suggested by the modal gain spectra on 
Figure 3.6. The red dot in Figure 3.8 is coming from the 𝑁𝑁0 determination from the carrier 
density rate equation.  𝐽𝐽0 is defined as the current density at transparency, which refers to 
the transparency carrier density 𝑁𝑁0 at the bandgap frequency 𝛥𝛥0(𝑁𝑁0).  The model predicts 
𝐽𝐽0 = 707 𝐴𝐴/𝑐𝑐𝜇𝜇2 at 1317 nm, which agrees with the material transparency.  
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3.5.3 OPTICAL GAIN SATURATION 
 When light enters the SOA with photon density 𝑃𝑃 ≠ 0, we need to introduce a second 
equation that describes the time evolution of the photon density inside the amplifier. In an 
optical amplifier the rate of photons generated through stimulated recombination can be 
expressed as:  

𝜋𝜋𝑃𝑃
𝜋𝜋𝑐𝑐

= 𝑣𝑣𝑔𝑔(𝛥𝛥)𝑔𝑔𝑚𝑚𝑐𝑐𝜋𝜋(𝛥𝛥,𝑁𝑁)𝑃𝑃(𝑡𝑡),    (3.5) 

where 𝑣𝑣𝑔𝑔 is the group velocity 𝑔𝑔𝑚𝑚𝑐𝑐𝜋𝜋  is the modal gain of equation (2) and P is the photon 
density at a time t. In a one-dimensional device, the signal power P in the SOA is determined 
from the travelling-wave equation [113] as: 

𝜋𝜋𝑃𝑃
𝜋𝜋𝑚𝑚

= 𝑔𝑔𝑚𝑚𝑐𝑐𝜋𝜋𝑃𝑃      (3.6) 

Applying a fixed current and fixed input optical power at a single wavelength 𝜆𝜆, it is possible 
to obtain the output photon number of an amplifier as function of injected current and length 
of the device. This is done by solving the system of coupled differential equations (3.3) and 
(3.6) at the steady state condition (i.e. dN/dt=0 and 𝑑𝑑𝑃𝑃/𝑑𝑑𝑡𝑡=0), using the Runge-Kutta 
method [114]. Thus, it is possible to determine amplification 𝐺𝐺 = 𝑃𝑃𝑐𝑐𝑜𝑜𝑐𝑐/𝑃𝑃𝐺𝐺𝑛𝑛 , for a particular 
photon frequency and injection current density. The calculated gain decreases as function of 
input power due to the significant increase of the carrier depletion inside the active region. 
This mechanism leads to the optical gain saturation of the SOA. The input saturation power 
is identified as the input power for which the amplifier gain drops to half of its value and it is 
linked to the maximum output power by Davenport [115]: 

𝑃𝑃𝐺𝐺𝑛𝑛,𝐺𝐺𝑚𝑚𝑐𝑐 = 𝑃𝑃𝑐𝑐𝑜𝑜𝑡𝑡,𝑚𝑚𝑐𝑐𝑦𝑦
𝐺𝐺0−2 

      (3.7) 

where 𝐺𝐺0  is the unsaturated linear amplification and 𝑃𝑃𝑐𝑐𝑜𝑜𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚  is the output saturation 
power. It is important to state that the saturation power is dependent on current, 
wavelength and amplifier length. To determine the saturation input power levels and to 
check the prediction of the gain saturation using the measured unsaturated gain data and 
the extracted carrier density values, the optical saturation of a series of shallowly etched 
ridge waveguide optical amplifiers was measured. These were special devices where the 
waveguide on the chip was divided into two sections of different length. The two sections 
are addressed by different electrodes and are separated by 20 µm electrical isolation sections 
where 1 µm of top cladding highly p doped InP is removed to ensure electrical isolation 
between the two sections. The first section, where the laser light enters, is operated as an 
SOA. The second section is reversely biased to detect the light amplified by the first section. 
A reverse bias voltage of -1V is applied to the second section amplifier to increase the 
detector absorption. Since the resistance of the isolation section is lower than 1 kΩ , it 
becomes possible to extend the carrier detection area to the isolation section. Thus, the light 
absorbed in the isolation section is included in the signal measured at the detector. The 
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reference input power is obtained by shorting the two electrodes at the same reverse bias 
𝑉𝑉𝑏𝑏 and extracting the amplifier photocurrent with the LIA as function of input power from a 
modulated external laser with different attenuation settings. The opportunity to use an 
integrated solution for light amplification and detection can lead to the full on-chip 
characterization of the amplifier optical properties [116]. The devices were processed on a 
single 2x2.5 mm2 chip with anti-reflection (AR) coated facets.  

        

Figure 3.9: Setup schematics and microscope image of the device under test (DUT). Variable optical attenuator 
(VOA), lock-in amplifier (LIA) and optical spectrum analyzer (OSA). 

The experimental setup used to characterize the optical amplifiers is shown in Figure 3.9. 
When the first section optical amplifier is driven with forward bias and no light is injected 
from an external source, it is possible to perform automated alignment through the 
maximization of the power reading from an external detector (Agilent81636B) [68] and read 
the current dependent ASE from an optical spectrum analyzer (OSA) (ANDO AQ6315A). When 
we inject an on/off modulated (300kHz) TE polarized light from a tunable laser source (Santec 
TSL-520) into the amplifier, the second amplifier section is used as a detector. The first 
section amplification is detected as function of input laser power, which is controlled through 
a variable optical attenuator (VOA). This is done after a polarization controller (PC), used to 
optimize the polarization of the input light to TE. A LIA (Stanford SR865A) is connected to the 
photodetector section to increase the sensitivity of the measurements and avoid any effect 
from the current leakage or the electrical crosstalk between the two SOA segments. In Figure 
10, it is possible to see how the device under test (DUT) looks like under an optical 
microscope, when the two sections are probed. 
The device temperature is stabilized to 20°C with a temperature-controlled copper mount. 
The optical gain saturation measurements are performed to verify the evaluation of the 
injection efficiency parameter 𝜂𝜂𝐺𝐺  inside the optical amplifier model. The first section 
amplifier is biased with current densities J between 2 and 7 𝑘𝑘𝐴𝐴/𝑐𝑐𝜇𝜇2. The lower current 
density limit is chosen to ensure a current density above material transparency. The upper 
current density limit has been chosen as the one that ensures matching between the carrier 
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density obtained from the gain parametrization with equation (3.1) and the solution of the 
amplifier rate equation (3.4). 

   

 

Figure 3.10: a) Measured signal on the detector at different current density b) Measured gain saturation (dotted) 
and predictions based  on the parametrized model (dashed). c) saturation input power and small signal gain as 

function of current density. Measurements performed on a 600 µm long SOA with laser ligth at 1300 nm. Legend 
in a) is valid in all plots. 

Figure 3.10 a) shows an example of a measurement results for a 600 µm long SOA for 
different currents as function of external laser power at a particular wavelength 𝜆𝜆 =
1300 𝑙𝑙𝜇𝜇. The detector voltage as function of input power clearly shows for high optical 
power the presence of gain saturation. Figure 3.10 b) shows the amplifier gain as function of 
the laser power in a logarithmic plot. The dashed line represents the optical gain saturation 
predicted by the model. The error bars of ± 0.5 𝑑𝑑𝐼𝐼 in the measurement points represent the 
error due to the uncertainty on the coupling loss due to variations in the  fiber to waveguide 
alignment, which can be between 3 and 4 dB. The deviation of the measurement curves with 
the model prediction are an artifact due to the dynamic range of the LIA. Since the LIA input 
range is maximized to the highest value obtained at high input photon density, at low input 
power its sensitivity is decreased and in this way it underestimates the ratio of the output 
power with respect to input power. This also explains why before saturation, the small signal 
gain increases instead of slightly decreasing with the increase in optical power. This artifact 

a) b) 

c) 
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is more prominent at low injected current densities since the optical amplification is lower. 
From the gain curves is possible to extract the 𝑃𝑃𝐺𝐺𝑛𝑛,𝐺𝐺𝑚𝑚𝑐𝑐 from [115] as in Figure 3.10 c). It is 
identified as the input power when the gain decreases to half of its unsaturated value 𝐺𝐺0, i.e 
when any increase in the optical input power does not produce any increase in the output 
power. From Figure 3.10 c), it is visible how the input saturation power decreases with 
current density. It varies between 2 and 0.5 mW for a 600 um long SOA. This lead to 
approximately 30 mW maximum output power at 1300 nm for a 600 um long SOA with  7 
𝑘𝑘𝐴𝐴/𝑐𝑐𝜇𝜇2 injected current.  

 
Figure 3.11: Optical gain saturation measurements (dotted) and model (dashed) at 4 kA/𝑐𝑐𝜇𝜇2 for different input 

laser wavelengths. 

In Figure 3.11 the gain saturation curves are plotted as function of wavelength for the same 
device length and an injected current of 4 𝑘𝑘𝐴𝐴/𝑐𝑐𝜇𝜇2.  It is shown how the highest gain is at 
the center of the gain spectrum for that particular current. Moreover, for wavelength closer 
to the modal gain maximum the gain is higher but at the same time 𝑃𝑃𝐺𝐺𝑛𝑛,𝐺𝐺𝑚𝑚𝑐𝑐 is lower, keeping 
an approximately constant maximum optical power with wavelength for the same current 
density. The optical saturation predicted by the model (dashed line) can be used to predict 
the amplifier gain behavior as function of input  wavelength as well as for different lengths.  

3.6   CONCLUSIONS 
In this chapter, we have designed, fabricated, and characterized a new InGaAsP/InP 
semiconductor optical amplifier that is optimize for a monolithic active/passive integration 
technology aty 1300 nm. This SOA is compatible with a butt-joint integration scheme with 
low active/passive interface reflections, and it shows high performance in terms of efficiency 
(𝜂𝜂𝐺𝐺=0.82) and temperature dependence compared to what available in literature. Fabry-
Perot laser measurements reveal output power levels as high as 2.5 W and characteristic 
temperature 𝑇𝑇0 =75 K. A self-consistent compact model for the description of ridge width 
amplifier has been described and validated. The analysis indicates a reduced free carrier 
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absorption loss compared to 1550 nm InP based SOAs, a gain bandwidth as broad as 80 nm, 
limited by the carrier density, and a 30 mW output saturation power from single mode ridge 
waveguide amplifier 600 um long. Therefore, this building block contributes to the 
development of an InP monolithic integration technology in the 1300 nm range, which can 
be utilized for the development of photonic integrated circuits for data communication, 
biomedical imaging and other applications. 
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4. TWO-SECTION PASSIVELY MODE-
LOCKED LASER AS A TEST FOR 

AMPLIFICATION AND ABSORPTION 
PARAMETERS OF A QUANTUM WELL 

BASED INP OPTICAL AMPLIFIER AT 
1300 NM 

The semiconductor optical amplifier (SOA) described in the previous chapter is tested in a 
monolithic passively mode locked laser operating at 1300 nm. The different laser dynamics 
are investigated in detail and the gain and absorption parametrization of the SOA as used in 
a laser simulator is described. Simulation outcomes are compared with the characterization 
results of a passively mode-locked two-section laser that was realized using a fully active 
quantum well layer stack. The different laser dynamic regimes are identified by recording light 
intensity characteristics for a range of operating conditions with 50 GHz bandwidth in real 
time as well as the high frequency electrical spectra from a photodetector. Passive mode-
locking has been achieved with a 20.4 GHz repetition rate with a 0.32% detuning by increasing 
the current, where a 0.25% detuning was predicted by the parametrized model. The stepped 
heterodyne technique has been used to measure the output pulse duration. A FWHM of 1.0 ps 
has been recorded after propagating for 110 m in standard single mode fiber. The phase 
spectrum with a maximum of 2.5 radians variation within the 6 nm frequency comb has been 
obtained. This value agrees with the simulation output, which models the amplification and 
the absorption out of this two-section laser. Q-switched mode-locking behavior is observed 
from the time traces. The measurements of the q-switching dynamics reveal a stepped 
behavior in the relaxation oscillations as function of current injected into the semiconductor 
optical amplifier, with the presence of an exotic dynamical system with different periodicities 
at the transition currents, that cannot be predicted by the model. The fit of the relaxation 
oscillation with the Q-switching self-pulsation frequencies, reveals a differential gain that is 
in-line with the parameter used in the simulations.  
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Figure 4.1 a) Schematics of two section laser characterized in this Chapter. Highlighted are the semiconductor 
optical amplifier (SOA), the saturable absorber (SA) and the reflective facet which create the Fabry-Perot laser 

cavity. b) Sketch of the pulse train in time, together with the gain and loss dynamics of a passively Mode-Locked 
laser with slow gain and absorption saturation. Figure b) has been taken from [117]. 

4.1 INTRODUCTION 
A parametrized compact model to describe the SOA amplification and absorption is essential 
for analyzing the steady state and the dynamical laser behavior [105]. On the basis of such 
compact models it is possible to develop simulation tools for more complex laser systems 
that can be realized on active/passive integration platforms such as those on InP [29], [118]. 
A compact model of a new quantum well based amplifier at 1300 nm suitable for an active 
passive butt joint integration technology has been reported in the previous chapter. This 
model has now been used to describe a two-section passively mode-locked laser and in that 
way to test the parameters of the compact model. Mode-locked (ML) semiconductor lasers 
in the form of photonic integrated circuits (PIC) are best suited to accomplish compact 
devices for distance metrology sensing [119] and high-resolution optical spectroscopy [120], 
high-precision frequency clocks [121], and optical communication systems [122]. Passively 
ML lasers exploiting a saturable absorber are used to obtain ultra-short pulses due to the loss 
modulation inside the saturable absorber. Therefore, passive ML lasers are more simple and 
compact compared to actively driven laser devices [123]. The passively ML laser operates 
using a SOA and a saturable absorber (SA) inside a linear Fabry-Perot cavity (as shown in 
Figure 4.1 a). Figure 4.1 b) illustrates the operating principle: the optical pulse travels back 
and forth, saturating the absorber to create a steeper rising slope and higher peak pulse gain. 
At the end of the pulse, the SOA becomes saturated, causing a net loss. While the recovery 
times for the two saturations are longer than the pulse duration, combining their effects 
creates a short net gain window. Overall, this setup enables the passively ML laser to 
generate ultra-short optical pulses. 
Monolithically integrated InP quantum well (QW) based ML lasers can be realized in a generic 
integration platform at 1300 nm. Such a platform offers the opportunity of decoupling the 
laser cavity length from the length of the amplifier. The passive section can e.g. be used to 

TimePulse Train

T= 1/frep

Loss Gain Net gain

SOA SA

b) a) 
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include an intra-cavity tunable bandpass filter to adjust the central wavelength of the 
frequency comb as needed [85]. To be able to make designs of such lasers, parameters as 
presented here are needed. 
The 1300 nm laser simulator model used here uses the parametrization of the gain and the 
absorption of the optical amplifier when it is under forward or reverse bias conditions. The 
devices studied are all-active two-section lasers with a 2 mm long Fabry-Perot cavity. A two-
section passive mode-locked laser is chosen since its operation is highly sensitive to change 
in the amplification or absorption parameters. The characterization results obtained from 
the fully active stack InP based passively mode-locked lasers are compared with the 
simulation results to draw conclusions on their validity.  
This chapter 4 is structured as follows. First the parametrization of the material and modal 
gain and loss as used in the travelling wave-based simulation is presented. Then the laser 
design and the components’ characterization are presented including a more detailed 
investigation of the different laser dynamics regimes. This is followed by characterization 
results. Laser output time traces have been recorded as a function of injection current with 
a 50 GHz bandwidth photodetector and oscilloscope system to identify the different dynamic 
regimes. A stepped heterodyne method [124] is used to retrieve the optical pulse and the 
relative spectral phase of the optical modes inside the frequency comb when the laser is in a 
pure mode-locked operating regime. The pulse width is then compared with the output of 
the laser simulator [125]. The effect of the SOA current on the repetition rate in mode-locked 
operation is discussed and compared with the simulation prediction. The Q-switching 
dynamics of the laser are analyzed to extract the differential gain of the SOA which is 
compared to the one derived from the gain parametrization performed earlier. We end with 
drawing conclusions on the validity of the model and the parameters used. 

4.2 SIMULATOR MODEL AND PARAMETERS 
In this section the SOA gain and absorption parametrization are described and the conversion 
to parameters that can be used in the travelling wave simulator to predict the behavior of 
the laser dynamics [126]. Similarly as other travelling wave models like [127] and the 
FreeTWM software [128], this model in the simulator involves the use of  rate equations for 
the photon densities in both directions, phases and carrier densities [129]. To solve the set 
of equations, the laser is meshed into several segments of equal length and multiple of 
wavelength. The differential rate equations include a description of non-linear effects such 
as non-linear gain compression due to two-photon absorption, carrier heating and spectral 
hole burning [130] as well as carrier concentration dependent optical and carrier losses 
including drift related losses. The SA is described as a short SOA that is reversely biased [131] 
with the same equations as the amplifier but without carrier injection and with a different 
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cross section 𝜎𝜎 [129] and carrier lifetime. Differently from [128], the simulator does not have 
a bandwidth limitation on the exchange of energy between the photon and the carrier inside 
the active region. However, a bandwidth limitation was introduced in the circuit by using an 
intra-cavity first order finite impulse response filter with a delay of one 63 fs time step. This 
makes that the transmission of the filter is zero at the edges of the full spectral range of the 
simulation.  This model is also useful to describe the behavior of extended cavity lasers based 
on monolithic active passive integration because it includes two photon and free carrier 
absorption effects inside passive elements, together with non-linear refractive index. This 
model has been already used for the simulations of InP monolithically integrated continuous 
wave CW widely tunable lasers [118], as well as for extended cavity Fourier domain mode-
locked laser [132]. The InP passive waveguides are modeled as lossy elements, while electro-
refractive modulators can be included in the circuit and the phase change is arbitrarily 
applied from the user. It is worth noticing that the waveguide dispersion is not included in 
this simulator. In this work, each mesh segment is chosen to be 14 times the central 
wavelength 𝜆𝜆0 = 1310 𝑙𝑙𝜇𝜇, which is equal to 5 µm in optical path length, and a discretization 
time 𝑇𝑇𝐺𝐺𝑒𝑒𝑔𝑔 =  63 𝛥𝛥𝑠𝑠  is derived from a group index of 𝑙𝑙𝑔𝑔 = 3.62. The other parameters for the 
simulator can be found  in [133]. 

4.2.1 SOA GAIN PARAMETRIZATION 

The SOA material gain is modeled with a well-known logarithmic material gain dependence 
approximation on the carrier density, as described in [130][97]. 

𝑔𝑔𝑚𝑚𝑚𝑚𝑐𝑐(𝜆𝜆) = 𝜎𝜎(𝜆𝜆) ∙ N0(𝜆𝜆) ∙ ln �𝑁𝑁 +𝑁𝑁𝜖𝜖
𝑁𝑁0(𝜆𝜆)

�   (4.1) 

where 𝜎𝜎(𝜆𝜆) is the wavelength dependent gain cross section and 𝑁𝑁 and 𝑁𝑁0(𝜆𝜆) represent the 
carrier density and the carrier density at transparency at wavelength 𝜆𝜆  respectively. 𝑁𝑁𝜖𝜖  is 
included in the material gain to ensure that the logarithm is always a finite number and limits 
the negative gain values. The value of the parameters 𝜎𝜎(𝜆𝜆) and 𝑁𝑁0(𝜆𝜆)are determined by 
fitting equation (4.1) to a gain parametrization using a formula as described in [105]  and 
repeated here:  

𝑔𝑔𝑚𝑚(𝛥𝛥,𝑁𝑁) = χ �atan �𝑒𝑒−𝑒𝑒0(𝑁𝑁)
𝛾𝛾

� − 2atan �𝑒𝑒−𝑒𝑒0(𝑁𝑁)
𝛾𝛾

− 𝑁𝑁
𝑁𝑁𝑡𝑡𝑏𝑏
� − 𝜋𝜋

2
�      (4.2) 

where 𝜒𝜒  is the material susceptivity, 𝛾𝛾 the homogeneous linewidth, 𝛥𝛥0  the bandgap 
frequency, and 𝑁𝑁𝑐𝑐𝑟𝑟 represents the transparency carrier density at the bandgap frequency. 
This expression has been experimentally validated on the active layer stack used in this laser 
design with the modal gain measurement described in [53]. The wavelength independent 
parameters in this model  𝛾𝛾 , 𝜒𝜒 and 𝑁𝑁0  have been determined from fitting to modal gain 
measurements as well as the relation between the bandgap frequency 𝛥𝛥0 and the carrier 
density N, as explained in detail in [39]. The modal gain is then calculated including a 
parametrization of the amplifier free carrier losses. These losses are modeled as a polynomial 
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quadratic function of the carrier density N, with coefficients that have been fitted from the 
measurements of the modal gain of section 3.5. The free carrier absorption losses are 
modeled for current densities between 1 and 8 kA/cm2, where the parametrized relation 
between the current and the carrier density is verified from the solution of the carrier rate 
equation at steady state. From the agreement between equations (4.1) and (4.2), it is 
possible to extract the material transparency carrier density 𝑁𝑁0 and the gain cross section 𝜎𝜎  
at each wavelength. An example is presented in Figure 4.2. The curves from equation (4.1) 
(green curve) fits well to the curve from (4.2) (blue curve) for the wavelength at 1310 nm (the 
center of the O-band) for values of  𝜎𝜎 and 𝑁𝑁0 listed in Table . The transparency carrier density 
𝑁𝑁0 and the gain cross section 𝜎𝜎 are then retrieved for the SOA, as function of the wavelength. 

 
Figure 4.2 Material gain in cm-1 derived from the parametrized gain as described in [53]  (blue curve) and the 
logarithmic gain approximation fitted to it (green curve) with equation (1) and the parameters of Table 1. as 

function of carrier density at 𝜆𝜆 = 1310 𝑙𝑙𝜇𝜇. 

4.2.2 ABSORPTION CHARACTERIZATION AND PARAMETRIZATION 
The material absorption in the SA is modeled using the same logarithmic expression of (4.1) 
but with different parameters which are valid for carrier densities under transparency (𝑁𝑁 <
𝑁𝑁0). To determine the value for the absorption cross section 𝜎𝜎, the modal absorption spectra 
were measured for different reverse bias conditions. For this purpose, absorption 
measurements were performed on a two-section device that has both end facets anti-
reflection (AR) coated which prevents the device from lasing. The 1.8 mm long SOA section 
was forward biased. The spectrum and intensity of the amplified spontaneous emission (ASE) 
from the SOA was measured from the facet at the SA section, after it had passed through a 
100 µm long SA. The SA is reversely biased, and the voltage is varied from -1 to -6 V. The ASE 
spectrum and intensity of the SOA is also measured directly from the other facet, and it is 
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assumed to be the same as that of the input light to the SA. Assuming the ASE attenuation of 
the absorber follows the exponential decay with the length, the absorption per unit length 
(1/cm) was calculated as function of wavelength. The results are presented in Figure 4.3 a) 
(solid lines). To align the measurement curves to the simulation results, an experimental 
coupling mismatch of 1 dB has been assumed at 1380 nm between the two different edges 
of the chip. The measured curves, however are quite different from simulations results for 
TE and TM material absorption (dashed lines) performed with the commercial software 
package HAROLD from Photon Design [134]. This is due to the fact that the ASE generated by 
the SOA does contain both TE and TM polarizations with a varying relative intensity over 
whole wavelength range [135]. The difference between the TE and TM simulated material 
absorption slopes is due to the  compressive strain applied to the InP QWs, which removes 
the degeneracy of the heavy and light holes valence bands at the Γ point [113]. For this 
reason, the TE polarized light emission and absorption is the dominant mechanism between 
1280 and 1340 nm. At 𝜆𝜆 lower than 1270 nm the TM absorption start to impact the overall 
measured absorption spectra. The absorption between 1280 and 1260 nm is affected by the 
mixing of TE/TM states in the ASE of the SOA. This leads to a dip in the measured absorption 
as mentioned in [135]. At this purpose in Figure 4.3 b) we repeated the measurements with 
a control on the polarization, selecting only TE modes. The absorption has been measured 
from the analysis of the photocurrent generated in the absorber (𝐼𝐼𝑚𝑚𝑏𝑏𝐺𝐺) and the SOA (𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) 
when light from a tunable laser source is injected into the device. The reverse bias voltage 
has been kept constant to avoid any leaking current between the two sections. The 
absorption is calculated making two different assumptions. First that the light to current 
conversion efficiency is equal in the two sections. Second that the light is completely 
absorbed in the long SOA section. In this way the absorption becomes:  

𝛼𝛼(𝜆𝜆) = 1
𝐿𝐿𝑐𝑐𝑏𝑏𝑠𝑠

𝑙𝑙𝑙𝑙 �
�
𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆−𝑀𝑀𝑐𝑐𝑏𝑏𝑠𝑠
𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆+𝑀𝑀𝑐𝑐𝑏𝑏𝑠𝑠
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Where 𝐿𝐿𝑚𝑚𝑏𝑏𝐺𝐺  is the length of the absorber and the photocurrents are wavelength dependent. 
The TE polarization is ensured using a polarization maintaining lensed single mode fiber at 
the input facet of the die. The measured absorption spectra of Figure 4.3 b) have been 
smothered through a moving average method. The confidence interval represents the 
reflections at the fiber tip, which happened to be relatively higher for lower absorptions 
(1330-1360 nm). It is worth to notice that the model and the experimental results share the 
same trend, however, a discrepancy in the absolute values is present at lower wavelengths. 
We can address this to the uncertainties on the length, contact resistance, or to variations in 
the ridge waveguide width between different samples. We can further notice that an 
increase in the reverse bias voltage leads to a higher absorption at lower energies, as 
consequence of the quantum confined Stark effect [97]. It leads to a blue shift in the 
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absorption spectrum. Another remark is that the simulations have been carried out for an 
SOA bias of 0 V, due to the limitations of the Harold base model from Photon Design®. During 
the measurements, the use of a small reverse bias is needed to obtain an appreciable 
photocurrent. Anyway, the voltage dependent blue shift due to the reverse bias driven 
carrier depletion in the quantum wells is a rather small effect in such measurements. 
Therefore, the absorption of -1 V is used in this work for the absorber parametrization. 

 
Figure 4.3 a) Absorption spectra measured for a 100 µm long device on chip, applying a current density of 1.5 

kA/cm2 to the SOA section, together with the simulated absorption for different light polarizations. A 1 dB 
coupling mismatch between the two facets has been accounted for. b) Absorption retrieved from the analysis of 
the photocurrent on the absorber for different voltages TE laser light polarization. The errorbar is resulting from 

the confidence interval. It reproduces the reflection between the fiber and the chip’s facet. 

From the measurements of the absorption at -1 V (blue curve in Figure 4.3 a) and b), it is 
possible to retrieve the necessary information on the SA. The material absorption is derived 
from the measured modal absorption (1/cm) using the following equation: 

𝛼𝛼𝑚𝑚𝑚𝑚𝑐𝑐(𝜆𝜆) = 𝛼𝛼(𝜆𝜆)
Γ

+ 𝐿𝐿𝑜𝑜𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠     (4.4) 

where 𝛼𝛼 is the measured absorption, Γ is the optical confinement in the QWs equal to 4% 
and the 𝐿𝐿𝑜𝑜𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠 term refers to the free carrier absorption within the active region. The free 
carrier absorption losses are modeled with the same parabolic approximation as function of 
the carrier density that is used for the SOA, but in the case of the SA the carrier lifetimes are 
much shorter, due to the reverse bias applied on the SA structure. The absorption cross 
section 𝜎𝜎𝑚𝑚𝑏𝑏𝐺𝐺 is calculated from the fit with equation (4.1), where the transparency carrier 
density 𝑁𝑁0  and the measured absorption at carrier density values of 𝑁𝑁𝜖𝜖  (1·1022 m-3) are 
considered,  The 𝑁𝑁𝜖𝜖   is used since it is  considered to be the estimated number of carriers in 
the non-intentionally doped InP layers present in the active layer stack. From the fit of 
equation (4.1), it is possible to retrieve the absorption cross section 𝜎𝜎𝑚𝑚𝑏𝑏𝐺𝐺  at different 
wavelengths 𝜆𝜆.  Table  reports the gain and absorption cross section and the material 
transparency carrier density for three different wavelengths of 𝜆𝜆 = 1270, 1310 and 

a) b) 
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1344 nm. These three wavelengths have been reported in the table below since are the 
edges and the center of the gain bandwidth for this quantum well based 1300 nm amplifier. 

Table 4.1 Material transparency carrier density 𝑁𝑁0 and gain and absorption cross sections for different 
amplification/absorption wavelengths. These values have been obtained from the -1 V reverse bias curve of the 

measurements of Figure 4.3. 

Wavelength N0 (m-3) σgain(m2) σabs(m2) 

1270 nm 1.26 1024 2.32 10-19 7.10 10−19 

1310 nm 6.82 1023 2.22 10-19 3.85 10-19 

1344 nm 6.48 1023 1.18 10-19 1.52 10-19 

4.3 DEVICE DESIGN AND FABRICATION 
For this study, a two-section Fabry-Perot linear cavity laser has been designed and fabricated 
with a total length of 2 mm, which leads to 20.4 GHz spaced modes.  
The ridge waveguides are 2 µm wide and are etched until 100 nm above the active 
waveguide. This leads to a rib-loaded waveguide, fundamental transversal mode with a 
1.66 µm2 effective mode surface, which presents a 4% ± 0.1% optical confinement for the 
four quantum wells. The electrical isolation between the two sections is created by removing 
1 µm of highly doped p-InP from the top layers, to increase the electrical resistance between 
the two pin junctions. Two evaporated Ti/PT/Au metal pads contact the two sections ending 
into two separate electrodes. Au-plating increases the contact thickness to ensure uniform 
current injection and enhanced heat dissipation. The plating layer is not present at the FP 
cavity edges to avoid any metal folding over the waveguide’s facet after the cleaving process. 
The two-section device is operated by forward biasing the longer gain section, which serves 
as semiconductor optical amplifier (SOA), and by reversely biasing the shorter section, which 
acts as saturable absorber (SA). The absorber section is 100 µm long in this laser design and 
a 20 µm long electrical isolation section is present between the SOA and the SA. The length 
of the isolation section has been chosen to ensure the lowest amount of carrier leakage, as 
their calculated diffusion length is < 5µm. The resistance of the isolation section has been 
derived from the measurements of the photocurrent on both the electrodes as function of 
the reverse bias voltage applied in the range 0 to -20 V.  The resistance varies with voltage 
between 6 and 40 kΩ. 

4.4 LASER DEVICE CHARACTERIZATION 
The light intensity characteristics and the laser dynamics are studied as function of the SOA 
current and the SA reverse bias voltage. The experimental setup schematics used to 
characterize the 2 mm laser is shown in Figure 4.4. A lensed fiber is used to collect the output 
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of the two-section laser and an optical isolator is included in the setup to avoid any back 
reflected light into the laser, which can affect its performance. The laser output has been 
investigated with an optical spectrum analyzer (AndoAQ6317C) with 1 GHz (10 pm) 
resolution and using a 50 GHz electrical spectrum analyzer ESA with a 50 GHz bandwidth 
photodiode (U2t XPDV 1020R 50 GHz photo detector). The different laser dynamics regimes 
such as Q-switching or passive Mode-Locking have been experimentally identified from 
measurements of the RF power. The results for the different regimes are each presented 
separately in the following subsections. 

 
Figure 4.4: Experimental Setup used to test the two-section laser 

The steady state light intensity curves of the laser have been measured as function of the 
reverse bias applied to the 100 µm long SA between 0 and -2.5 V. The measured threshold 
current varies from 45 to 50 mA, for the SA voltage varying between 0 and -2.5V. This agrees 
with the threshold current in the simulations (50 mA), which is an indication of the 
correctness of the parameters for the gain/absorption cross section and the free carrier 
passive loss parametrization. For a -1V of reverse bias on the SA the measured threshold 
current is equal to 48 mA, as depicted in Figure 4.5 a). The total power measured with an 
optical power meter (Agilent 81632A) reached 1.50 mW in fiber for an injection current of 
150 mA on the SOA and -1 V reverse bias on the SA.   
The step like behavior one can observe in the optical power as function of injected current 
indicates changes in the dynamics of the laser output. This is investigated further in the next 
sections of the paper. Figure 4.5 b) shows the RF spectrum of the photodetector measuring 
the laser output as recorded with the ESA, as a function of injected current on the SOA for a 
fixed reverse bias voltage of -1V on the SA. From this graph we can notice different behaviors 
of the laser dynamics and investigate some specific features. The threshold of the laser is at 
50 mA, and as soon as it emits, the device behaves in a Q-switching regime. Observed are 
undamped relaxation oscillations up to 4 GHz. Compared to continuous-wave lasers without 
absorbers, the relaxation oscillation in the passively mode-locked lasers are damped more 
weakly, as the semiconductor SA introduces lower loss for higher pulse energies [136]. These 
lead to Q-switching dynamics, where the laser shows a periodicity in its output at frequencies 
that are lower than its repetition rate. Between 60 and 70 mA, the laser enters the Q-
switched mode locking regime, as evidenced by the presence of the peak in the RF signal at 
20.4 GHz, which is the mode separation frequency of the laser. Increasing further the injected 



CHAPTER 4  

64 

current above 70 mA, the laser returns to show Q-switching dynamics but with a repetition 
rate that is doubled with respect to the laser frequency at 50 mA. When the injected current 
is higher than 90 mA, the laser starts to operate in the mode-locked regime, with small 
modulation at around 500 MHz, which fades with increasing injection current. At higher 
current the only output frequency component corresponds to the longitudinal mode spacing 
of the Fabry Perot laser cavity of 20.4 GHz. 

  
Figure 4.5: a) Light intensity curve of the laser at -1.0 V (reverse bias) voltage on the SA. b) RF power between 0 

and 25 GHz as function of different SOA currents for a reverse bias voltage of -1V applied to the SA. 

To characterize the behavior of optical pulses output from the device, firstly we measured 
them in a 50 GHz photodiode coupled to a 50 GHz bandwidth real time oscilloscope (Lecroy-
LabMaster 10 Zi-A) which was in another lab room. For this reason, the pulses from the laser 
had to propagate over 110 m into a standard single mode optical fiber before reaching the 
oscilloscope. The time traces of the laser have been taken as a function of the current 
injected into the SOA. Figure 4.6 a) shows two different time traces, for 120 mA and 70 mA 
of injected current in the SOA.  
The different dynamics that can be identified in Figure 4.5 b) are clearly visible from the 
output time traces read on the real time oscilloscope. The blue curve of Figure 4.6 a) for 120 
mA shows a train of pulses which are separated from each other by 49 ps, corresponding to 
the 20.4 GHz repetition rate of the laser cavity. The green curve was recorded at 70 mA. This 
is an operating with a very particular dynamic. In this region there is a signal around 1 GHz 
and its harmonics as well as a weaker signal around 500 MHz and its harmonics. From the 
green curve in Figure 4.6 a) one can see a train of short pulses at 20 GHz that are amplitude 
modulated at 1 GHz with higher and lower maxima every other maximum, which is therefor 
a variation around 500 MHz. The difference in operating modes is also confirmed by the 
optical spectra, depicted in Figure 4.6 b). The spectrum recorded at 120 mA shows a for a 
mode locked semiconductor laser typical skewed gaussian-like shape.  
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Figure 4.6: a) Time traces of the output laser pulse for Q-switching and mode-Locking operating conditions 

recorded with a 50 GHz bandwidth real time oscilloscope with sampling rate of 160 GSa/s after the propagation 
over 110 m of single mode fiber. (b) Operating spectra for the two different currents to highlight the difference 
between the modal phase relations in the two cases. The optical spectrum analyzer was used at 10 pm (1 GHz) 

resolution. 

The green spectrum recorded at 70 mA instead shows that the laser operates mostly at 
shorter wavelengths. The higher background of the green curve is determined by the 
measurement technique. The QS-ML dynamics involves a jittering of the spectral modes, 
which results in a wider optical linewidth. This leads to the difficult resolution of the single 
comb lines with a 10 s OSA snapshot with a 1 GHz (10 pm) optical resolution. This avoids the 
complete resolving of the comb lines, leading to a higher background noise in the measured 
spectrum. The presence of the optical frequency comb in the mode locked state at the edges 
of the gain and absorption spectra, can be explained by the long length (1.88 mm) of the SOA 
inside the cavity. Such a length leads to a significant amplification in the long wavelength side 
of the 1300 nm wavelength range at relatively low current densities; the lasing threshold is 
at 1.3 kA/cm2. The laser will want to operate near the minimum absorption of the SA which 
also pushes the laser to longer wavelength, leading to a ML laser output in the 1340-1350 
nm range. The mode-locked optical frequency comb appears in the spectral region where the 
unsaturated absorption of the SA has its minimum value, as shown in Figure 4.3, rather than 
at the maximum of the SOA gain curve. This is visible from the shift of the optical spectra of 
Figure 4.6 b). Different dynamics leads to different peak intensities in the cavity, i. e. different 
carrier density levels inside the SOA, which, in turn, correspond to different gain spectra. For 
this reason, the ML and QS-ML laser dynamics present a difference center of their frequency 
comb. For the current level of 120 mA the frequency comb is at a slightly longer wavelength 
compared to the lasing wavelengths at 70mA, which is centered at 1335 nm instead of 1345 
nm. The presence of the mode-locking frequency comb at 1335 nm  can also explain the 
limited optical bandwidth of the frequency comb presented in Figure 4.6 b), as the gain curve 
presents a steep slope when approaching the bandgap frequency of 1360 nm [53].  

a) b) 
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4.5 PASSIVE MODE-LOCKING 

4.5.1 PULSE DURATION AND RELATIVE PHASE MEASUREMENTS 
In the ML operating region, the phase and the amplitude of the optical pulse have been 
measured with a stepped-heterodyne technique. This method is extensively described in 
[137] and a simplified schematics is shown in Figure 4.7. 

 
Figure 4.7: Setup schematics of a stepped heterodyne pulse measurement. The Tunable laser source (TLS) the 

Device under test (DUT) the Real time Oscilloscope (RTO) and the Optical Spectrum Analyzer (OSA) are the 
instruments involved. 

This measurement has been applied earlier e.g. to characterize a 1550 nm InP based passively 
ML laser in [124]. The method allows for measuring the time domain amplitude and the 
phase of the pulse, without the need of filtering the comb or amplifying it with an external 
booster (which may lead to pulse deformation). It consists of the analysis of the beating 
frequencies between the integrated frequency comb and a local oscillator, which in this 
experiment is a tunable laser source (TLS) with 100 kHz linewidth (SantecTSL550).  By 
stepwise tuning the TLS across the full optical comb and recording the beating with each tone 
it is possible to retrieve the frequency comb relative phase spectrum and reconstruct the 
temporal profile of the laser output. As shown in Figure 4.7, the TLS and the ML laser signal 
are beating on the photodetector, and the interference signal on the detector is recorded 
with a 50 GHz real time oscilloscope after traveling on a single mode fiber for approximately 
110 m to cover the distance between the laser and the oscilloscope. Such a length of fiber 
leads to an amount of dispersion that will be noticeable even at 1340 nm which is close to 
the zero-dispersion wavelength at 1310 nm. The beating signal observed on the oscilloscope 
includes the oscillations of the modes of the comb and the beating of the TLS output with the 
two adjacent tones. The method consists of three steps: (i) a digital filtering of the signal to 
isolate the three frequency components, (ii) the back-transformation of the components to 
get to the corresponding beatings in the time domain, and (iii) phase differences analysis to 
extract the phase relation between the comb modes. More details are given in [137].  By 
tuning the TLS across the full comb, it is possible to retrieve the relative phase of all the 
modes and a complete temporal pulse is then achieved. Figure 4.8 a) shows the overlap of 
the retrieved spectral phase and the optical comb (with SOA current of 120 mA and reverse 
bias voltage of -1V on the SA).  In Figure 4.8 b), a pulse duration of 1.0 ps and a frequency 
chirp of 500 GHz were observed. This result is significantly narrower than what is predicted 
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from the model which is represented with a dashed line. The reason for the difference of the 
pulse widths between the simulation and the measurements are due to a slight pulse 
compression due to the fiber transmission, which is possible due the near linear chirp present 
in the central part of the pulse.       

  

 
Figure 4.8: a) The spectral phase (red) and optical frequency comb spectrum at a SOA current of 120 mA and a 

reverse bias voltage to the SA of -1V. b) Temporal pulse power and frequency chirp measured with the stepped-
heterodyne technique (solid lines) and simulation results (dashed lines) c) simulated pulse after traveling over 110 

m of linear dispersive fiber. 

To calculate the effect of the fiber dispersion we propagate the output of the laser simulator 
into a lossless linear fiber.   
In this way it is possible to calculate the electric field at a distance L as:  

𝐴𝐴(𝐿𝐿,𝜔𝜔) = 𝐴𝐴(0,𝜔𝜔) exp �𝐺𝐺
2
𝛽𝛽2𝜔𝜔2𝐿𝐿�    (4.5) 

where 𝛽𝛽2 = −𝐷𝐷𝜆𝜆2/2𝜋𝜋𝑐𝑐, with D considered to be the fiber dispersion of 0.4 ps/nm [138]. The 
result of |𝐴𝐴(𝐿𝐿,𝜔𝜔)|2 is plotted together with the measured pulse in Figure 4.8 c). The fiber 
thus induces a pulse compression which brings the simulation result in agreement with the 
measurement. 

4.5.2 LASER REPETITION RATE  
The repetition rate of the laser when it is mode locked is studied by recording the RF 
spectrum in detail around the repetition rate as a function of SOA current. The results are 

a) b) 

c) 
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presented in Figure 4.9. The repetition frequency is decreasing throughout the current range. 
This is due to the SOA and SA gain/saturation mechanisms as explained in [139]. The white 
dashed line in the plot of Figure 4.9 shows the expected frequency decrease of the repetition 
rate, which has been simulated with the parametrized laser model described in section 4.2 
for every 10 mA between 100 and 200 mA The shift is simulated to be 50 MHz within 70 mA, 
which corresponds to 0.25% of the round-trip frequency. Since the repetition frequency is 
decreasing, we assume that the detuning is due to the absorber saturation while the 
amplifier remains almost entirely saturated, and the carrier density inside the SOA is almost 
equal to the carrier density at threshold, as reported in [139]. Moreover, from Figure 4.9 one 
can see the electrical linewidth increase with the SOA current, which can be attributed to the 
increase of technical noise with the current.  

 
Figure 4.9: 2D map of the RF frequency spectrum of the signal from the photodetector covering SOA currents 

between 90 and 170 mA when the laser is in mode locked operation to observe the repetition rate shift between 
20.4 and 20.3 GHz, together with the repetition rate predicted by the laser simulations (dashed white line). 

4.6 Q-SWITCHING 
The Q-switching behavior of the laser is difficult to be predicted by the simulation software 
for two main reasons. The first is that a very long simulation time is needed for the simulation 
to settle down to a stable dynamic mode where this behavior can be observed. The second 
issue is that there are differences in the output spectrum in the different operating modes. 
This is due to the larger changes in carrier density that can occur in Q-switching operation. 
The change in spectral properties of the SOA that occur due to the carrier density changes 
are not included in the modelling. The gain spectrum in simulation is controlled using a fixed 
spectral filter. Therefore, one cannot expect correct simulations for both the Q-switching and 
mode locked regime. However, the analysis of the q-switching dynamics can be used to 
confirm some parameters for the SOA, such as the differential gain. Figure 4.10 shows the 
measured RF spectra as of the laser intensity variations at lower frequencies where the laser 
is in a Q-switching operating regime. These intensity variation are induced by low frequency 
self-modulation of the cavity losses [130]. The Q-switching dynamics is varying as function of 
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the SOA current. The frequencies of these oscillations are expected to be close to the 
relaxation oscillations. Therefore we expect the repetition rate to be proportional to the 
square root of the current above threshold as stated in [97] with the equation:  

𝜔𝜔𝑟𝑟 = �
Γ𝑐𝑐𝑔𝑔𝑚𝑚
𝑞𝑞𝑞𝑞

 𝜂𝜂𝐺𝐺(𝐼𝐼 − 𝐼𝐼𝑐𝑐ℎ)      (4.6) 

where Γ  is the optical confinement in the active region, 𝑣𝑣𝑔𝑔  is the group velocity, 𝑎𝑎 =
𝑑𝑑𝑔𝑔/𝑑𝑑𝑁𝑁 is the differential gain, q is the electron charge, V is the volume of the active region 
and 𝜂𝜂𝐺𝐺  is the injection efficiency. The measurements of the Q-switching dynamics of Figure 
4.10 were first fitted with equation (4.6), as you can see in the yellow dashed line. The 
equation is fitted using the injection efficiency 𝜂𝜂𝐺𝐺= 0.66 and the confinement factor Γ = 0.04, 
already analyzed in [39] for a 1300 nm quantum well based amplifier. In this way it is possible 
to obtain the differential gain, which is a = 0.45·10-16 cm2. Using the SOA and SA parameter 
values of the simulator in eq. (6), and a value of the differential gain derived from eq. (1) of 
𝑎𝑎 = 0.41 10−16  cm2, thew white dashed line is plotted. The differential gain derived from 
equation (4.1) is calculated using the carrier density at the laser threshold  and the 
transparency carrier density 𝑁𝑁0  for 𝜆𝜆 = 1340 𝑙𝑙𝜇𝜇.  Putting this differential gain value in 
equation (4.6) results in the white dashed curve which is close to the one fitted to the 
experimental data. It is clear from Figure 4.10 that the measured relaxation oscillation 
frequencies are not a continuous function of the injected current.  

 
Figure 4.10: 2-Dimensional contour plot of the ESA measured power as function of SOA current and frequency for 
a reverse bias voltage of -1V on the SA. The yellow dashed line shows the result of fitting eq. 4 to the experimental 
results with equation 4, to obtain the differential gain 𝑎𝑎 = 𝑑𝑑𝑔𝑔/𝑑𝑑𝑁𝑁, and the white dashed line predicts the output 

of equation (4) with the differential gain obtained from the SOA parametrization at the operating wavelength. 

The RF power presents discrete frequency steps at specific currents. For this purpose, the 
points where kinks appear in the light intensity curves of Figure 4.5 a) were studied in detail. 
They demonstrate a sudden change in the laser dynamics [140]. Figure 4.11 a) and b) 
highlight the low frequency part of the ESA spectrum and the time traces from the real-time 
oscilloscope at the discontinuity point for a reverse bias of -1 V and an SOA current of 80 mA, 
respectively. In this range we can clearly observe the simultaneous presence of different 
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relaxation oscillations with different rates. We can identify the presence of the dynamics in 
Figure 4.11 a) and b) as a dynamical system with period-6 [141], where the 900 MHz 
component is the fundamental self-pulsation frequency of the un-damped relaxation 
oscillation of the laser system, in line with the differential gain parameter.  

             
Figure 4.11: a) Electrical spectrum and b) time trace for a V=-2V and I=80 mA. A mixing of dynamics of the 

electrical spectrum is confirmed by the time trace acquired with a 6GHz real time oscilloscope. 

4.7 CONCLUSIONS 
We presented measurements of a passively two-section mode locked laser based on a multi 
quantum well layer stack on InP n-doped substrate. The measurements are compared with 
the output from a laser simulator which has been built from the gain and absorption 
parametrization of an amplifier compatible with an active passive integration technology at 
1300 nm. This new amplifier together with a laser simulator are needed to realize and model 
the dynamics of complex laser circuits, with intra-cavity optical filters realized through 
active/passive integration. The absorption cross section and the transparency carrier density 
are obtained from the parametrization of the absorption measurements of 50 and 100 µm 
long absorbers, which are used as saturable absorber inside two-section passively mode-
locked lasers. These parameters are used to predict the mode-locked laser behavior in terms 
of optical pulse duration and change of repetition rate with SOA amplification. The 
measurements of the Q-switching dynamics of the laser are fitted to evaluate the correctness 
of the differential gain used in the simulator. The mode-locked laser presents a 5 nm wide 
frequency comb together with a 1 ps pulse train and a 500 GHz frequency chirp after the 
propagation of more than 100 m in fiber, in accordance with the simulations’ prediction.  

a) b) 
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5.  ACTIVE/PASSIVE INTEGRATION 
TECHNOLOGY ON INP AT 1300 NM 

In this chapter, a new monolithically integrated widely tunable laser system on InP at 1300 
nm is realized and demonstrated. From our knowledge, this is the first 1300 nm extended 
cavity tunable laser system realized on an active/passive integration technology platform 
monolithically grown on InP substrate. First, the voltage-controlled phase modulator is 
described as a functional building block of this 1300 nm platform. Its physical modeling is 
compared with a phenomenological description based on the fitting of Mach-Zehnder 
modulator (MZM) measurements. An efficiency around 20°/V mm has been measured 
together with a voltage dependent optical loss as low as 1.5 dB/cm at -10 V and 1300 nm. 
Then the use of the phase modulator inside tunable optical bandpass filters is discussed and 
analyzed. Ring resonators with Q-factor of 1700 have been realized and tested. The compact 
description of these functional building blocks and the optical amplifier is then used in a 
spectral steady state model to predict the behavior of tunable laser systems at 1300 nm. A 25 
nm tuning range is measured from a widely tunable laser system with Vernier tuning of two 
ring filters and one asymmetric Mach-Zehnder interferometer (AMZI). The results highlighted 
in this chapter revealed the successful development of a 1300 nm active passive integration 
platform on InP for generic application purposes. 

5.1 INTRODUCTION 
The use of InP in photonic integration platforms is crucial for the development of circuits that 
require active/passive integration capabilities such as tunable laser systems or large capacity 
optical switches. In particular, a 1300 nm integration platform enables photonic integrated 
circuits for medical imaging techniques such as optical coherence tomography [26]. To obtain 
OCT imaging with high axial resolution a wide operating range of the tunable laser and 
associated optical components is required. Different approaches to realize a 1300 nm 
integration platform, such as heterogeneous or monolithic heteroepitaxial integration of III-
V on Si have been reported [2]. These techniques require tailored processes with high 
precision alignment and high control over the formation of defects at the interfaces between 
different material compounds [91]. In this chapter, a new monolithic InP based active/passive 
1300 nm photonic integration platform is presented. In this platform the passive and active 
components described in chapter 2 and chapter 3 are combined to realize photonic circuits 
with high complexity. This platform has the advantage of having fast electro-optics phase 
modulators and utilizes existing fabrication schemes like those of the 1550 nm InP based 
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monolithic platforms [3]. The butt-joint active/passive integration scheme (Figure 5.1) is 
optimized to maximize the mode overlap between the two regions and minimize the 
reflections at the interface between the amplifier and the passive waveguide. The interface 
is also tilted to avoid any in plane back-scattered light. To demonstrate the capabilities of 
such 1300 nm platform we have realized extended cavity widely tunable laser systems. 
Widely tunable lasers have been designed using the functional building blocks described in 
the previous chapters such as passive waveguides, multimode interference (MMI) couplers 
and semiconductor optical amplifiers (SOAs) [39]. The goal of the present chapter is to 
investigate the performance and the limitations of widely tunable laser systems realized on 
the 1300 nm active passive integration platform, grown monolithically on an InP substrate. 
In this InP platform, a contacted passive waveguide is used as electro-refractive phase 
modulator (ERM) controlled through a reverse bias voltage. The phase efficiency and the 
residual absorption of the ERM are evaluated as the fundamental property of this functional 
building block. The phase efficiency and the absorption measurement are compared with the 
output of a detailed physical simulation of an ERM under reverse bias voltage. The use of 
ERMs inside optical bandpass filters and tunable laser systems is then studied. A compact 
model to describe the phase change and the losses of ERMs is used inside a transfer matrix 
simulator, together with the amplifier and the passive components, to predict the steady 
state behavior of extended cavity widely tunable laser systems when they are tuned in the 
1300 nm wavelength range. The results obtained on the tuning of 1300 nm extended cavity 
widely tunable lasers are then compared to the simulator predictions.  

 
Figure 5.1 Schematics of the active/passive butt-joint coupling scheme used in the 1300 nm monolithic integration 
platform. The gradient fill reflects the doping concentrations over the layer stack. The details on the doping levels 

and dimensions of the layers are listed in Table 2.1 of Chapter 1 (passive layer stack) and in section 3.2 (active 
layers). 

5.2 ELECTRO REFRACTIVE PHASE MODULATORS  
The ERM is designed with the same guiding layer material as the passive waveguide, but with 
an additional contact layer made of InGaAs. The presence of a 300 nm thick InGaAs contact 
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layer leads to the possibility of applying reverse bias voltage to the structure, that creates an 
electric field which changes the optical phase in the ERM. In this section we will investigate 
the phase and the amplitude change over a designed ERM with the passive waveguide layer 
stack. The physical mechanisms involved due to the applied field and the change in free 
carrier concentration are explained. Further, the ERM efficiency and residual absorption are 
extracted from the measurements of Mach Zehnder modulators (MZM).   

5.2.1 THEORY AND SIMULATIONS 
To evaluate the voltage dependent phase shift and losses of the ERM, we have built a cross-
sectional steady state 2D simulation model with the commercial software Device and Mode 
by Lumerical Ansys®, for electrical and optical simulations respectively. In Figure 5.2 a) the 
main layers and dimensions of the ERM cross section are presented. The layer thicknesses, 
compositions and the doping levels are identical to the passive layer stack as presented in 
table 2.1. The deep etched waveguide cross-section, i.e. a ridge width of 1.5 µm and a 
completely etched waveguiding core layer, is chosen for the design of ERMs. First the electric 
field and the carrier concentration are calculated over the cross-section for different reverse 
bias voltages between 0 and -10 V.  The electric field and the change in carrier concentration 
induce a change in the real and imaginary part of the effective refractive index. This will in 
turn leads to a voltage dependent phase shift and propagation losses respectively. There are 
four mechanisms contributing to the change of the real part of the refractive index. These 
can be divided into two different categories. The Pockels and the Kerr effect, are caused 
directly by the applied field, and we will be referring to them as field effects [142]. On the 
other hand, the plasma and the band filling effect are cause by the change in the carrier 
density inside the PIN junction, and are considered as carrier effects [8, 9].   
The change in the imaginary part of the effective refractive index is strictly linked to a change 
in the propagation loss of the ERM. It is modeled considering two main different mechanisms. 
The electro-absorption and the change in the carrier concentration. The reverse bias applied 
across the PIN junction causes carrier concentration to reduce through carrier depletion. As 
explained in section 2.2, the presence of free carriers, especially in the p doped InP region, is 
the main cause of optical propagation loss of defect free waveguides. This free carrier 
depletion, in turn leads to lower propagation losses compared to when no reverse bias 
voltage is applied. Additionally to the loss change due to carrier concentration, it is important 
to consider the electro-absorption or Franz-Keldysh effect [145]. This effect depends on the 
energy difference between the quaternary bandgap and the photon energy and on the 
electron’s effective mass. The wavelength dependent electro-absorption increases for higher 
photon energies, i. e. lower wavelengths. 
In the simulations, the 2-dimensional cross section is discretized and once the electric field 
and the charge densities are calculated at each discretized grid by solving the drift-diffusion 
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equations for the carriers (both electrons and holes) [146], then the real and imaginary index 
change are calculated considering the effects mentioned above. The effect on the optical 
modes at different wavelengths are then simulated, with the same approach used in [147] 
for 1550 nm InP modulators. The optical modes supported by the waveguides are simulated 
with finite difference element simulation of the 2-dimensional cross section for the different 
electric field and charge distributions. It is possible to see in Figure 5.2 a) the schematics of 
the 2-D cross section of an ERM and in Figure 5.2 b) the distribution of the electric field over 
the structure for a -10 V reverse bias voltage applied to the contact layer. The new effective 
indices of the optical modes are extracted with their amount of propagation losses in dB/cm. 

  
Figure 5.2 a) Schematics of the cross section of the deeply etched ERM highlighting the different doping types. The 

shaded color refers to less doping concentration. b) Electric field distribution over the deep etched waveguide 
cross section as function of -10 V of reverse bias voltage. 

5.2.2 MEASUREMENTS AND ANALYSIS  
The efficiency and the voltage dependent loss of the ERMs have been measured from the 
voltage dependent transmission of a Mach-Zehnder modulator (MZM). A MZM is shown in 
the schematics of Figure 5.3 a) and briefly described here. The MZM consists of two 1x2 MMI 
couplers which connect two ERMs. The reverse bias voltage applied to one of the two arms 
of the MZM, lead to an optical path difference between the two arms, through a change in 
the effective index of the optical modes.  The phase difference between the light at the input 
waveguides to the right side MMI, results in a coupling difference at the output. The 
transmission of the MZM presents a sinusoidal behavior with the reverse bias voltage applied 
to one of the ERMs. The output power, as function of the input power on one port is 
calculated from [38], to be:  

𝑃𝑃𝑐𝑐𝑜𝑜𝑐𝑐(𝑉𝑉) = 𝑃𝑃𝐺𝐺𝑛𝑛(14 + 1
4𝑒𝑒

−𝛼𝛼(𝑞𝑞) + 1
2

cos�Δ𝜑𝜑(𝑉𝑉)� ∙ 𝑒𝑒−
1
2𝛼𝛼(𝑞𝑞))  (5.1) 

where Δ𝜙𝜙 refers to the phase change induced by the field applied on one arm of the MZM, 
and 𝛼𝛼  refers to the voltage dependent amplitude modulation. The phase change Δ𝜙𝜙  is 

assumed linear with the voltage with a dependency of the type: Δ𝜙𝜙 = 2𝜋𝜋
𝜆𝜆
Δ𝐿𝐿 𝐴𝐴 𝑙𝑙𝑔𝑔 [148]. 𝐴𝐴 is 
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calculated applying the boundary condition of having a 𝜋𝜋 phase change (Δ𝜙𝜙 = 𝜋𝜋) when 𝑉𝑉 =
𝑉𝑉𝜋𝜋 .  𝑉𝑉𝜋𝜋  is identified in the measurement of the transmission of the MZM (𝑃𝑃𝑐𝑐𝑜𝑜𝑐𝑐) as the voltage 
difference between the maximum and the minimum when varying the voltage of one ERM. 
For the residual absorption we use a parabolic polynomial function of reverse bias voltage 
𝛼𝛼(𝜆𝜆,𝑉𝑉) = 𝐴𝐴0(𝜆𝜆) + 𝐴𝐴1(𝜆𝜆)𝑉𝑉 + 𝐴𝐴2(𝜆𝜆)𝑉𝑉2, with fitting parameters 𝐴𝐴0, 𝐴𝐴1  and 𝐴𝐴2  that depends 
on the wavelength. 𝐴𝐴0 refers to the passive waveguide propagation loss while 𝐴𝐴1 and 𝐴𝐴2 are 
voltage dependent. Evaluating equation (5.1) at different wavelengths, it is possible to obtain 
the variations of the phase change and the propagation loss in the 1300 nm range of the 
ERMs. The light from a tunable laser system (Santec TSL-520A) enters the MZM on-chip 
structure from the coupling of a lensed fiber to the waveguide. The output power as a 
function of voltage applied to the top arm of the MZM is recorded with a photodetector 
(Agilent 8315B).  

                                                            

             

 
Figure 5.3: a) Mach-Zehnder modulator (MZM) schematics with two 1x2 3-dB MMI coupler and ERMs in the top 
and bottom arms. b) Transmitted optical power at 1300 nm of a MZM as function of reverse bias voltage on top 

ERM (blue curve). Measured photocurrent through the ERM as function of the reverse bias voltage (green curve). 
Fit of the transmission function (black curve) of the MZM with equation (5.1). c) Fitted efficiency Vpi (V·mm) and 

extinction ratio (dB) as function of wavelength, together with the simulation for the Vπ values from the physical 2-
D model (solid blue line). d)  Voltage dependent loss for different wavelength fitted with  𝐴𝐴0 𝐴𝐴1 and 𝐴𝐴2 (dots), 

compared with the simulations of the physical model described in 5.2.1. 

a) 

b) c) 

d) 
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In Figure 5.3 b) one can see the output power for a wavelength of 1300 nm (blue curve) when 
changing the top arm reverse bias voltage. The tunable laser input power is set at 0 dBm (1 
mW). The fit of the measurement with equation (5.1) (black curve) is used to extract the ERM 
efficiency and the voltage dependent absorption. Changing the input wavelength of the 
tunable laser system, it is possible to observe the different MZM transmission curves as 
function of wavelength. Figure 5.3 c) plots the efficiency and the extinction ratio calculated 
from the measurements, together with the 𝑉𝑉𝜋𝜋  simulation results as function of wavelengths 
between 1270 and 1330 nm. The electro-optic efficiency was measured to be between 23°/V 
mm at 1280 nm and 17° at 1330 nm, showing a near linear dependency on the input 
wavelength. The extinction ratio is calculated as the difference in dB between the maximum 
and the minimum power level of the MZM transmission.  The evaluation of the extinction 
ratio is between 16 and 22 dB over the wavelength range. The maximum is at 1310 nm which 
corresponds to the wavelength where the MMI is optimized for lowest imbalance in the 
splitting ratio. The lower 16 dB extinction ratio can be due to the difference in losses between 
the two branches of the MZM or due to splitting imbalance in the MMI couplers. The use of 
an actively tunable MMI can lead to a constant splitting imbalance in the whole wavelength 
range [149]. The absorption dependent losses are plotted in  Figure 5.3 d). We can see how 
the matching between the measurements fit and the physical simulation output around 30 
nm centered at 1300 nm is ensured, with propagation losses ranging from 1 to 4 dB/cm at 10 
V. The ERMs parametrization with the experimental data is aimed to be used in a steady state 
spectral laser simulator to model the effect of the ERM in the laser tuning, where the 
polynomial coefficients 𝐴𝐴0, 𝐴𝐴1and 𝐴𝐴2 are wavelength dependent.  

5.3 OPTICAL TUNABLE BANDPASS FILTERS 
In this section the two types of optical filters are described that are used inside a laser cavity 
that will be presented in the next section. Different filter interferometric geometries lead to 
different wavelength dependent transfer functions. The use of such tunable bandpass filters 
inside a laser cavity has two goals. They limit the broad emission of the intra-cavity amplifier 
and one can obtain single mode laser emission. At the same time, due to the presence of 
intra-filter ERMs, they are responsible for the laser tuning.  

5.3.1 ASYMMETRIC MACH ZEHNDER INTERFEROMETERS 
The first class of optical filters is the one made of MZM with a small geometric length 
mismatch between the two arms, which leads them to behave as asymmetric Mach-Zehnder 
interferometers (AMZI). The filter transfer function becomes a sinusoidal function with 
optical frequency. The transmission periodicity characteristic of each AMZI is given by its free 
spectral range (FSR) which is determined by the length mismatch between the two arms Δ𝐿𝐿:  
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𝐹𝐹𝑆𝑆𝑅𝑅 = 𝑐𝑐
𝑛𝑛𝑔𝑔 Δ𝐿𝐿

     (5.2) 

where 𝑙𝑙𝑔𝑔 is the waveguide group index, and c is the speed of light in vacuum. Over a wide 
wavelength range the FSR depends on the wavelength through the group index dispersion. 
In Figure 5.4 b) the sinusoidal transfer function of an AMZI with 1.7 mm of Δ𝐿𝐿 is plotted as 
function of wavelength between 1300.5 and 1301.5 nm. For this AMZI, the FSR is calculated 
to be 0.27 nm (48 GHz) which is in line with the measured value. The extinction ratio of the 
measurements is between 10 and 12 dB, which is around 10 dB lower than what has been 
measured from the MZM voltage dependent transmission. This can be interpreted because 
of differences in optical losses in the two arms in the AMZI due to their length difference, but 
this leads to unrealistically high loss numbers (>20 dB/cm). Therefore, the difference in the 
extinction ratio can be attributed to small deviations in the MMI splitting ratio. The efficiency 
of the ERM measured from the AMZI transmission spectra is around 20°/Vmm which agrees 
with the efficiency of MZMs at 1300 nm.  

              
Figure 5.4 a) Schematics of an Asymmetric Mach-Zehnder interferometer (AMZI). Two 2x2 MMI couplers and a 

length mismatch between two arms are visible. The electrical contacts provide the reverse bias voltage to account 
for a phase shift and a frequency tuning. b) Examples of the transmission function of the AMZI for different reverse 

bias voltage applied to the ERM in the top arm of the schematics in a). 

5.3.2 TUNABLE MICRO-RING RESONATORS 
A different wavelength dependent transfer function can be created using an optical micro 
ring resonator. In the transmission spectrum of a ring resonator a sharper transmission peak 
close to its resonance wavelength is present [150], [151]. In this 1300 nm integration 
technology, micro ring resonators have been designed and realized using two 2x2 MMI 
couplers connected by arc waveguides (see Figure 5.5 a). The two-arc waveguide section are 
contacted to be biased and used as ERMs. The two contacts are connected to ensure that the 
same reverse bias voltage is applied to the full ring except for the MMIs. The MMIs couplers 
are used to couple light in and out of the ring resonator. The power splitting ratio is 50% and 
their expected insertion loss from the design is between 0.3 and 1 dB over 100 nm, as has 
been reported in section 2.4.3. The MMIs are not contacted to avoid any voltage dependent 

FSR=48 GHz

a) b) 
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interference change with respect to the 3-dB coupling. In the ring resonator, the FSR is 
inversely proportional on the radius of the ring. The wavelength FSR of an individual micro-
ring resonator is given by:  

Δ𝜆𝜆𝐹𝐹𝑆𝑆𝑅𝑅 = 𝜆𝜆2

𝑛𝑛𝑔𝑔𝐿𝐿
                  (Δ𝛥𝛥𝐹𝐹𝑆𝑆𝑅𝑅 = 𝑐𝑐

𝑛𝑛𝑔𝑔𝐿𝐿
)      (5.3) 

where 𝐿𝐿 is the circumference of the ring, 𝑙𝑙𝑔𝑔  is the group index, and 𝜆𝜆 is the wavelength. 
Smaller rings will lead to higher FSR and vice versa. However, the radius of the ring is clearly 
directly linked to the length of the phase modulator. Smaller radii lead to shorter ERMs and 
smaller ERM phase change per volt. Figure 5.5 b) depicts the transmission of a tunable ring 
resonator with R=150 µm and two MMIs with length of 200 µm each. The transmission is 
measured through the bar port as shown in the schematics of Figure 5.5 a). The radius is 
chosen to be bigger than 100 µm to ensure bending loss smaller than 0.1 𝑑𝑑𝐼𝐼/90° which 
makes the additional loss due to the bend negligible compared to the MMI losses inside the 
rings. The total ERM length is chosen to be of around 1 mm, to obtain a phase change bigger 
than 𝜋𝜋 between 0 and -10 V. Please note that the total length of the ring resonator needs to 
include the length of the two MMI couplers present in the cavity, i.e. 2 times 212 µm. The 
tuning over 𝜋𝜋 of the micro-ring is sufficient since inside laser configurations, which exploit 
Vernier effect between two micro-ring resonators, the remaining FSR will be covered with 
the tuning of the other tuning element. The ring resonator transmission is recorded for three 
different voltage configurations of the ERM of 0, -2 and -4 V (see Figure 5.5 b).  
The FSR of the filter around 1300 nm is measured to be 46 GHz as the frequency distance 
between two adjacent transmission minima. The full width at half maximum (FWHM) is 
measured to be 14 GHz. From these two parameters, it is possible to calculate the quality 
factor and the finesse of the micro ring resonator. The ring resonator showed a quality factor 
𝑄𝑄 = 𝜔𝜔/2𝜋𝜋𝐹𝐹𝑊𝑊𝑇𝑇𝐼𝐼 of about 17000 and a finesse 𝐹𝐹 = 𝐹𝐹𝑆𝑆𝑅𝑅/𝐹𝐹𝑊𝑊𝑇𝑇𝐼𝐼 of 3.3. These values are 
lower than what has been measured for a  80 µm radius ring resonator on InP platform at 
1550 nm [118]. This reduction can be attributed partly to the higher amount of insertion loss 
in the ring as explained in [152]. The higher loss can be due to the higher passive loss in the 
1300 nm integration platform, or due to the larger radius of curvature, which leads to a 
smaller FSR. The insertion losses of the 3-dB MMI coupler also deteriorates the performance 
of ring resonator, widening the FWHM of the transmission function. 
Two different approaches can be realized to improve the quality factor of this micro-ring 
resonator. It is possible to replace the MMI couplers with directional couplers in such 1300 
nm platform. This can reduce the losses and therefore increase the Q-factor and the effective 
length. On the other hand, the splitting ratio of the MMI can be changed with respect to 3-
dB or 50-50 splitting. Changing to 85-15 or 90-10 splitting ratio, would keep more optical 
power at the resonant frequency into the ring. This would narrow the FWHM, increasing in 
this way the finesse and the Q-factor of the ring for the same bending radius. Changing the 
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ratio of the MMI splitting has a double effect on the ring transmission. It can improve the 
sharpness of the transmission function, but at the same time decreases the transmission due 
to the higher losses. This happens since the light travels for multiple roundtrip inside the 
micro-ring before being coupled out, and it results in more effective losses due to the MMI 
present in the resonator [153]. 

                                  

 
Figure 5.5 a) Schematics of a micro-ring resonator bandpass tunable filter. b) Bar port transmission between 

1300.5 and 1301.5 nm of a micro-ring resonator with R=150 µm at 0 (blue) -2 (green) and -4 (yellow) V. 
Highlighted in the graph are the Free spectral range (FSR) and the full width at half maximum (FWHM) of the 

power transmission curve.  

5.4  TUNABLE LASER SYSTEMS AT 1300 NM  
In this section we describe and test the realized widely tunable laser system at 1300 nm. The 
bandpass tunable filters explained in section 5.3, will here be used to tune the laser emission 
wavelength. To describe the laser and interpret the results, a steady state spectral model is 
developed and is first introduced and explained. The basis of this model lies in the 
parametrization of the loss and the phase change of different photonic functional building 
blocks contained in the 1300 nm library. Such a model is validated with the measurements 
of a widely tunable laser system at 1300 nm exploiting the Vernier effect between two micro-
ring resonators of different radii. The choice of this laser arises from the fact that for this new 
platform the use of high suppression from the rings would lead to single mode laser emission. 
The total tuning range of the laser and the limitations to its side mode suppression ratio 
(SMSR) will be investigated. A wavelength look-up table (LUT) within 13 nm is experimentally 
obtained through the sweep of the control settings on the intra-cavity filters, as a step 
towards the use of 1300 nm laser sources in SS-OCT measurement systems.  

5.4.1  STEADY STATE SPECTRAL MODEL   
In this section we introduce the simulator used to describe widely tunable laser system for 
the 1300 nm wavelength range. A phenomenological steady state spectral model [154] is 

FSR=46 GHz

FWHM=14 GHz

b) a) 
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developed to estimate the output spectrum of widely tunable laser at threshold. Every 
functional building block of the tunable laser circuit is described in a compact way but with 
sufficient detail, including the parametrization of its gain, absorption, or phase modulation. 
The model is based on a transfer matrix (T-matrix) formulation [97]. The electric field 
amplitude and phase transmission of every functional building block present in the laser 
circuit is described by a wavelength dependent T-matrix. For example, an ERM can be 
described as: 

𝑇𝑇𝐸𝐸𝑅𝑅𝑀𝑀 = �𝑒𝑒
−𝑗𝑗Δ𝜙𝜙 ∗ 𝑒𝑒𝛼𝛼𝐿𝐿 0

0 𝑒𝑒𝑗𝑗Δ𝜙𝜙 ∗ 𝑒𝑒−𝛼𝛼𝐿𝐿
�    (5.2) 

where Δ𝜙𝜙  and 𝛼𝛼  are represented by the wavelength function extracted from the 
measurements of section 5.2.2, and 𝐿𝐿 is the length of the ERM. Please note that the off-
diagonal elements are set to 0, since we assume to have negligible spurious reflections or 
back scattered light from the building blocks. Differently than in [154], we adapted the 
parameters of the amplifier (SOA) and the passive waveguide to the gain losses and phase 
change for the 1300 nm integration platform on InP. Moreover, in this modeling, the novelty 
lies on the fact that we include the compact description of the voltage dependent absorption 
losses of the ERMs at 1300 nm. The MMI is modeled as a transfer matrix of a 3-dB coupler 
with a fix value for insertion loss (1 dB). The wavelength dependence of the MMI can be 
included in the steady state spectral model, to obtain better predictions on the behavior of 
AMZI or ring resonator bandpass tunable filters. This can be done by including the 
measurement of the imbalances and the optical losses of 2x2 3-db MMI couplers described 
in Chapter 2. In the work here this was however not included, since those active/passive 1300 
nm run are experimental and can lead to high fabrication tolerances. 
By multiplication of the T-matrices of the different elements inside the cavity, and adding the 
amplified spontaneous emission (ASE), a linear laser system is described by the following 
equation system. 

𝐴𝐴1 = 𝐴𝐴2𝑇𝑇11 + 𝐼𝐼2𝑇𝑇12 + 𝐴𝐴𝑆𝑆𝐸𝐸   (5.3) 
 𝐼𝐼1 = 𝐴𝐴2𝑇𝑇21 + 𝐼𝐼2𝑇𝑇22     (5.4) 

Where 𝑇𝑇11, 𝑇𝑇12, 𝑇𝑇21, 𝑇𝑇22 are the elements of the total T-matrix describing all the elements 
present in the cavity. 𝐴𝐴1,2 and 𝐼𝐼1,2 refers to the intensity level of the light at the front and 
the back reflectors of the laser cavity, for the two different light propagation directions as 
shown in the schematics of Figure 5.6.  

 
Figure 5.6: Schematics of the steady state spectral model operating principle. 
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Imposing the proper boundary conditions, that depend on the laser cavity geometry, it is 
possible to calculate the relative steady state optical field amplitude.  The field amplitude is 
calculated for an arbitrarily set range of optical wavelengths for a specific SOA modal gain. 
The SOA current is then gradually increased until the roundtrip gain plus the ASE reaches 
unity at some specific wavelength inside the range. At this point the laser is reaching 
threshold and starts to operate in a coherent way. 

5.4.2 LINEAR LASER DESIGN WITH LOOP MIRROR INCLUDING MICRO-RINGS  
The 1300 nm laser, realized on the active/passive integration platform, consists of a linear 
cavity with ring resonators and AMZI based tunable bandpass filters. The laser design is 
schematically shown in Figure 5.8, together with a picture of the realized laser on-chip. The 
laser consists of a linear cavity which includes a 1 mm long SOA, where the two ring 
resonators and the AMZI filter form a wavelength selective loop mirror. The choice for 
putting the amplifier in a linear cavity has the advantage that a shorter amplifier can be used 
to get to threshold. The laser is tuned using the Vernier effect [155] of the two rings which 
have a slightly different circumference (Figure 5.7 a). The enhanced FSR of the two rings in 
sequence can be calculated from the Vernier effect works as follows: 

Δ𝜆𝜆𝑐𝑐𝑜𝑜𝑛𝑛𝐺𝐺𝑛𝑛𝑔𝑔,𝑞𝑞𝑒𝑒𝑟𝑟𝑛𝑛𝐺𝐺𝑒𝑒𝑟𝑟 = Δ𝜆𝜆𝐹𝐹𝑆𝑆𝐹𝐹1Δ𝜆𝜆𝐹𝐹𝑆𝑆𝐹𝐹2
Δ𝜆𝜆𝐹𝐹𝑆𝑆𝐹𝐹1−Δ𝜆𝜆𝐹𝐹𝑆𝑆𝐹𝐹2

     (5.5) 

where Δ𝜆𝜆𝐹𝐹𝑆𝑆𝑅𝑅𝐺𝐺  are the FSR of the two rings respectively. During the design of this laser, there 
are trade-offs to be made. The size of the rings and the difference between their 
circumferences are key considerations for a single mode widely tunable laser system. First, it 
is important to note that the size of the ring is constrained by the length of the ERM which 
must be around 1 mm to achieve at least a 𝜋𝜋 phase shift for -10 V of reverse bias voltage. 
Then, a smaller difference between the radii of the micro-rings increases the Vernier FSR, but 
the limited Q-factor of the rings in this 1300 nm active/passive integration technology and 
the long extended linear cavity of the laser means that too small radius difference results in 
a smaller SMSR in the laser spectrum. The introduction of a directional coupler in this 1300 
nm monolithic platform could improve the Q-factor of the ring and enable a smaller 
geometrical length without affecting the beam quality of the laser. The difference in the radii 
between the two rings is 3 µm (𝑅𝑅1 = 150 µ𝜇𝜇,𝑅𝑅2 = 153 µ𝜇𝜇) , which leads to a total 
difference of 18.85 µm in the circumference. This value was taken from similar laser design 
exploiting Vernier effect at 1550 nm [153]. The Δ𝜆𝜆𝑐𝑐𝑜𝑜𝑛𝑛𝐺𝐺𝑛𝑛𝑔𝑔,𝑞𝑞𝑒𝑒𝑟𝑟𝑛𝑛𝐺𝐺𝑒𝑒𝑟𝑟 results to be 25 nm centered 
at 1310 nm, which is narrower than the SOA gain bandwidth for threshold current densities 
between 5 and 6 kA/cm2. To increase the laser tuning range beyond the Vernier FSR, we 
introduced an AMZI filter in the cavity (Figure 5.7 b). The AMZI presents two 1 mm long phase 
modulators, and a length imbalance of 9 µm, which leads to a desired FSR of 50 nm.  
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Figure 5.7 a) Sketch of the Vernier filtering effect between two micro-ring resonators of radii 𝑅𝑅1 = 150 µ𝜇𝜇 and 
𝑅𝑅2 =153 µm. b) Total transfer function of the cavity, combining the Vernier filter with the AMZI (FSR=50 nm) used 

to increase the tuning range. 

The overall cavity length is 9 mm corresponding to a cavity mode FSR of 4.5 GHz in a linear 
cavity laser. The laser is fabricated with the 1300 nm active/passive integration run through 
the integration of several functional building blocks. The chip’s facet is AR coated and the 
output waveguide from a single mode ridge width of 1.5 µm, is adiabatically tapered to a 
width of 3 µm at the edge of the chip to increase the fiber to chip output coupling. The 
waveguide is also tilted by 7° to avoid any external spurious reflection, which can 
compromise the laser performance. 

      
Figure 5.8 Left: Schematics of the laser design. The optical bandpass filters are the two micro-ring resonators 𝑅𝑅𝑅𝑅1 
and 𝑅𝑅𝑅𝑅2 and the asymmetric Mach-Zehnder interferometer (AMZI). The semiconductor optical amplifier (SOA) is 

the gain medium. Two MMI splitter are also present in the drawing. Right: Photography of a realized photonic chip 
with the laser circuit described in the setup schematics. 

5.4.3 TUNABLE LASER SIMULATION 
The laser system is simulated using the steady state spectral model described in section 5.4.1. 
This simulation are aimed to obtain the tuning range and the laser quality in terms of side 
mode suppression ratio (SMSR), for different control settings of the tunable filters inside the 
laser cavity. In particular the tuning of one micro-ring resonator will be then compared with 
the laser tuning measurements. The linear cavity design is modeled with three concatenated 
T-matrices. The first refers to the outcoupler. The output coupler is assumed to couple out 
40% of the light entering. This is the combination of a 50% coupling and a 1 dB insertion loss 
of the MMI coupler [69]. The SOA gain is modeled with the compact model presented  in 

SOA

out
RR1= 150um

RR2= 153um

AMZI

a) b) 

a) b) 
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chapter 3. The third matrix describes the combination of the three different wavelength 
selective filters. The light is assumed to travel through the first ring resonator (RR1) then the 
AMZI and then the RR2.  In the simulation, it is assumed that the light is traveling 
unidirectionally through the three filters. This description is correct  since the mixing of the 
two different directions of the light in a real device would have a negligible effect on the 
steady state spectral features of the laser. A different situation would occur for a description 
of time dependent behaviour of the laser dynamics with high peak power intensities. Then 
the the two possible light paths in the cavity need to be taken into account. Please note that 
during these simulations, the electro-absorption losses in the ERMs are function of voltage 
only. The wavelength dependence is neglected and for the parabolic curve describing the 
voltage dependence of the loss values have been taken for 𝜆𝜆 = 1300 𝑙𝑙𝜇𝜇 . This 
approximation is considered valid since the ERMs inside the filter are relatively short (≤
1 𝜇𝜇𝜇𝜇), which leads to a small contribution to loss variation smaller than <0.4 dB for -10 V of 
reverse bias applied at 1280 nm. This leads to negligible contribution of the higher electro-
absorption losses at lower wavelengths.  
The tuning of the laser is simulated by sweeping the voltage on the 𝑅𝑅𝑅𝑅1 and on the AMZI 
between 0 and -10 V with 1 V steps. A voltage of -10 V is needed to obtain a full 𝜋𝜋 phase shift 
in the micro-ring tunable filters. The ring resonator circumference is slightly smaller than 1 
mm (0.942 mm for 𝑅𝑅𝑅𝑅1). Since 𝑉𝑉 𝜋𝜋 has been measured to be between 7.4 and 9.2 V/mm over 
the whole band, a voltage of -10 V is needed.  Figure 5.9 a) presents a number of simulated 
laser threshold spectra when sweeping the 𝑅𝑅𝑅𝑅1 between 0 and -10 V. From these results, the 
calculated tuning results to be equal to 12.5 nm, which is exactly half of the Vernier FSR, since 
the tuning is over half the ring FSR. The laser is single mode in all the caluclated spectra shown 
here with an SMSR over 30 dB. The mode spacing is around 5 GHz, as one can see in Figure 
5.9 b), which is close to the calculated linear cavity FSR of the laser. The Vernier effect makes 
that the wavelengths for identical voltage intervals are not equally spaced. In Figure 5.9 c) 
the threshold current density of the laser as function of the lasing wavelength when tuning 
the 𝑅𝑅𝑅𝑅1 is presented. This threshold is changing due to the change in the optical loss of the 
circuit. This is caused by  losses in the ERMs that are voltage dependent within this 10 nm 
tuning range. The steady state spectral model simulations revealed three important 
properties of the laser and the model. Firstly, the high SMSR ratio (>30 dB) of the laser at 
threshold is attributed to the use of micro-ring intra-cavity filters which present a sharper 
wavelength dependent transmission function. Secondly, the Vernier effect causes mode 
hopping between different longitudinal cavity modes, leading to non-equally spaced lasing 
wavelengths with the voltage control settings on the ERMs in the rings. Finally, the analysis 
of the threshold current change with the ring tuning shows the parabolic voltage dependent 
loss function that has been extracted from the ERM parametrized model. The simulation 
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results obtained with such a model will be used to explain the laser behavior during the 
tuning measurements.  

      

 
Figure 5.9 Simulations of a) the lasing spectra at threshold for different 𝑅𝑅𝑅𝑅1 reverse bias voltage settings. b) Laser 
spectrum at threshold as function of optical frequencies (GHz). This graph is shown to highlight the SMSR (>30 dB), 

the longitudinal cavity modes spacing (≈ 5 𝐺𝐺𝑇𝑇𝑧𝑧), and the FSR of the ring resonator (≈ 60 𝐺𝐺𝑇𝑇𝑧𝑧). c) threshold 
currents of the tunable laser system as function of the output calculated lasing wavelength at threshold, while 

tuning the micro-ring resonator (𝑅𝑅𝑅𝑅1) The 10 points correspond to the tuning of 𝑅𝑅𝑅𝑅1 from 0 to -10 with 1 V steps 
sequentially.    

5.4.4 LASER TUNING MEASUREMENTS 
The laser design presented in section 5.4.2 was fabricated and its tuning range and its side 
mode suppression ratio (SMSR) were evaluated. The light intensity characteristic of this laser 
is measured to obtain its threshold current and the highest achievable output power. The 
output optical power is measured as function of the current supplied to the SOA. The SOA 
current is supplied through a laser diode controller (Thorlabs Pro8000). The output power in 
fiber after passing through an optical isolator, is measured with a power meter (Agilent 
81635A). The substrate of the chip is kept at 18°C during the measurements. It is important 
to note that 0 V reverse bias is supplied to the filters during this light characteristics’ 
measurements. We can observe from Figure 5.10 a), that the threshold current for this laser 
is around 90 mA at 1296 nm. This corresponds to a current density 𝐽𝐽 = 5.625 𝑘𝑘𝐴𝐴/𝑐𝑐𝜇𝜇2, which 
is higher compared to the simulated threshold current density equal to (𝐽𝐽 = 3.4 𝑘𝑘𝐴𝐴/𝑐𝑐𝜇𝜇2). 
This difference can be attributed to a higher passive loss in the realized laser cavity and a 

a) b) 

c) 
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different filter tuning than used in the simulation. The maximum optical power of 300 µW in 
fiber is obtained at 190 mA of injection current. The output power of the laser can be 
increased with a different design, choosing a preferable position for the output coupler. The 
kinks in the LIV curve originate from the mode hopping of the laser between different 
wavelengths as function of current. This is due to changing of tuning of the filters by the 
increasing heat generated in the SOA. The laser tuning is measured by recording the optical 
spectra for different reverse bias control voltages applied to the optical filters. The control 
settings are applied using source measurement units (SMU) (Keithley 2620B), and the optical 
spectra recorded with an optical spectrum analyzer (OSA). The OSA (Ando AQ6315A) has a 
resolution of 0.01 nm (1 GHz). The laser tuning is done by biasing individually all the three 
wavelength selective elements between 0 and -10 V, with the SMU. The tuning of the 𝑅𝑅𝑅𝑅1 
between 0 and -10 V is observed in Figure 5.10 b). A laser tuning of 17 nm has been measured. 
This is a wider tuning range than was predicted by the simulation. This wider tuning range 
can be linked to the ERM efficiency, which increases for lower wavelengths, as shown in 
Figure 5.2 c). At 1290 nm, a reverse bias of 10 V results in a 1.25 𝜋𝜋 phase shift in the ERM and 
16 nm of tuning range from the Vernier effect.  

           
Figure 5.10 a) Light intensity curve of such a laser design between 0 and 200 mA. It is possible to see that the 

threshold current is around 90 mA. b) Example of Vernier effect tuning when the 𝑅𝑅𝑅𝑅1 voltage is swept between 0 
and 8 V. Less than half of the Vernier FSR is covered due to the circumference of the ring which is less than 1 mm.    

Unfortunately, the laser is not emitting single mode output for all the voltage control settings 
of the three filters. As an example, two different filter configurations leading to very different 
laser states are shown in Figure 5.11. The tuning of the emission wavelength can degrade the 
SMSR with respect to more than 30 dB (blue curve). Due to the small detuning between the 
two RRs circumferences (<19 µm) with respect to their radii (150 µm), the neighboring cavity 
modes are not suppressed enough when the transmission maximum of the two rings is not 
sufficiently near to a single longitudinal cavity mode. Then the laser tends to operate in a 
multimode configuration for such control voltage settings (green curve). The distance 
between the two modes is around 50 GHz, which corresponds to the FSR of a ring resonator 
in the laser cavity, as shown for the simulations of Figure 5.9 b). In this case the poor 

a) b) 
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suppression of the cavity modes, due to the wide FWHM wavelength dependent 
transmission, leads to a dual mode laser configuration. To overcome this limitation, the 
introduction of a single ERM inside the cavity is required to independently tune the 
longitudinal laser modes. In such a way, it is possible to align a single cavity mode to the 
resonance of a Vernier FSR. 

 
Figure 5.11 Examples of different laser configurations. The laser is single mode with more than 30 dB of SMSR 

(blue curve). The setting applied to obtain this curve are 𝑉𝑉𝑆𝑆𝑀𝑀𝐴𝐴𝐼𝐼 = −3 𝑉𝑉,𝑉𝑉𝑅𝑅𝑅𝑅1 = 0 𝑉𝑉,𝑉𝑉𝑅𝑅𝑅𝑅2 = −4 𝑉𝑉. The green curve 
shows a situation where the Vernier effect is not sufficiently narrow to separate only a single cavity mode. The 

setting applied to obtain this curve are 𝑉𝑉𝑆𝑆𝑀𝑀𝐴𝐴𝐼𝐼 = −2 𝑉𝑉,𝑉𝑉𝑅𝑅𝑅𝑅1 = −9  𝑉𝑉,𝑉𝑉𝑅𝑅𝑅𝑅2 = −9 𝑉𝑉. To overcome this situation an 
efficient way to tune the longitudinal cavity modes is required. 

The total tuning range is obtained by tuning all the intracavity filters from 0 to -10 V.  Single 
mode lasing spectra observed between 1282 and 1307 nm are reported in Figure 5.12 for an 
SOA current of 150 mA. SMSR values of over 30 dB have been observed. The tuning range is 
limited to 25 nm even for the AMZI FSR of 50 nm implemented. The losses from the passive 
components, such as passive waveguides or MMI couplers, appear to limit the laser tuning 
range. This hypothesis is also confirmed from the fact that the laser emits at wavelengths 
lower than the center of the photoluminescence curve (𝜆𝜆𝑐𝑐 = 1310 𝑙𝑙𝜇𝜇). High losses lead to 
higher threshold currents, which lead to a blue shift in the modal gain of the SOA. The main 
suspect is the high losses of the passive waveguides. This is also indicated from a link between 
the emission wavelength and the cavity length observed in several other laser designs not 
reported here. Longer cavity lengths lead to a blue shift in the emission and higher threshold 
currents. Note that the wavelengths are non-uniformly distributed over its tuning range 
indicating possible unwanted reflections inside the cavity. To be used as an OCT source, a 
tunable laser needs to have uniformly distributed optical frequencies over a certain range. 
Some effort has been spent to train this laser design to be used as an OCT source. The goal 
was to obtain a LUT over a certain range of nanometer with equally spaced optical 
frequencies. A search optimization on the reverse bias control settings of the filters, based 
on a Nelder-Mead method [156] helps for this purpose. The setup and the optimization 
mechanism will be extensively covered in the next chapter. The aim is to obtain the best 
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reverse bias configuration settings for the laser to emit at a specific wavelength. To do so, 
the output power in fiber from the laser is passing through a tunable bandpass filter (EXFO 
XTA, Bandwidth=0.2 nm), and collected from a photodetector. The maximization of the 
transmission from this external filter, led to the best possible laser configuration for that 
wavelength. Figure 5.13 presents laser output spectra in the 1280-1300nm range as a 
function of the setting points. It shows how it is possible to obtain equally spaced 
wavelengths over more than 10 nm between 1285 and 1296 nm. The SMSR is also kept above 
20 dB. 

 
Figure 5.12 Tuning range measurement of the tunable laser system. Here a 25 nm tuning range between 1282 and 

1307 nm has been obtained. All the configurations with SMSR higher than 25 dB have been reported here. The 
high background level can be due to the high losses of the cavity, which lead to higher-than-expected level of 

threshold currents (𝐽𝐽𝑐𝑐ℎ > 5 𝑘𝑘𝐴𝐴/𝑐𝑐𝜇𝜇2). 

 
Figure 5.13 A linear wavelength map optimized with a Nelder-Mead search algorithm between 1285 and 1298 nm. 

5.5 CONCLUSIONS 
In this chapter, the realization of a first InP monolithic active/passive integration technology 
at 1300 nm is demonstrated. The use of passive waveguide as an ERM when contacted has 
been experimentally evaluated. A 20°/mm of phase efficiency and low amount of residual 

25 nm
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absorption losses (< 1.5 dB @ 1300 nm) have been achieved. The measurement results show 
good agreement with the calculation output of a physical model of reverse bias driven pin 
junction, used to design the ERM. The use of the ERMs inside a 1300 nm active-passive 
platform is tested with the realization of tunable laser systems. The development of a steady 
state laser spectral model based on compact model of different components such as passive 
waveguides, ERM and SOA has been described. In this way it is possible to obtain predictions 
on the behavior of multiple laser designs using this platform. The evaluation of this transfer 
matrix model is done with the comparison of its prediction with the tuning range 
measurements of a tunable laser cavity design at 1300 nm. A tuning range as wide as 25 nm 
has been observed for a tunable Vernier laser. Due to the insertion loss of 0.5-1 dB/MMI 
coupler and the straight waveguide propagation loss of 2.5-3 dB/cm, the tuning range of 
monolithic lasers realized on such 1300 nm integration is measured as 30 nm. A detailed 
analysis of the wavelength dependent losses of the passive components can help to identify 
the causes of such reduced tuning range in the measurements. As a future direction, it is 
possible to test the influence of the passive cavity length or the length of the intra-cavity SOA 
to the laser tuning range. The amplifier length of the laser can in principle be tailored to 
obtain 80 nm of tuning range, which equals the gain bandwidth (FWHM) at an injection 
current density of 7kA/cm2.  A preliminary study of the laser tuning capabilities in relation to 
OCT has been performed. This is done with the creation of a look up table to link the lasing 
wavelengths to the control settings in a sequential way.  
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6.  CONTROL SETTINGS OPTIMIZATION 
AND STEP-WISE WAVELENGTH 

SCANNING OF AN INP MONOLITHICALLY 
INTEGRATED TUNABLE LASER AT 1550 

NM 
 
An InP integrated widely tunable laser at 1550 nm is investigated in a fast stepwise scan 
configuration as a step towards its use as a swept source in optical coherence tomography 
(OCT) applications. The laser is realized on a generic integration technology platform. It 
consists of a gain medium and a bandpass filter with 3 cascaded asymmetric Mach-Zehnder 
(AMZI) interferometers. In this chapter, we show the steps to obtain a linear stepwise fast 
wavelength scan of this widely tunable laser source over 50 nm. The tuning of the laser 
wavelength is first address by understanding its behavior through the analysis of the three 
AMZI filters separately. Then the tuning reproducibility is addressed. An optimized control 
strategy based on the a-priori knowledge of the coarse and the medium filter tuning is 
followed by the application of a search optimization algorithm using the Nedler-Mead 
method to determine the precise settings for each required laser wavelength. The laser is 
scanned over 1000 different wavelengths with 10 GHz frequency step and sub-GHz accuracy. 
A fast wavelength monitoring system with sampling rate of 10 kHz has then been introduced 
in the system. In this way it is possible to compensate for short-term wavelength drift of the 
emission wavelength of the laser. Through the real-time wavelength measurements 1 kHz 
scan speed over 50 nm can be realized. The scan speed is currently limited by the speed of the 
control electronics used to address the Mach-Zehnder interferometers and by the electronic 
bandwidth of the photodetectors used to measure the laser power. At the end of the chapter 
a possible solution to increase the wavelength tuning range to 90 nm and beyond is proposed.  

6.1 INTRODUCTION 
Tunable laser systems are extensively used for sensing and biomedical imaging applications 
such as optical coherence tomography (OCT) [1, 2]. OCT is a noninvasive medical imaging 
technique that reveals tissue information down to millimeter depth and with micrometer 
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resolution. This technique is employed for diagnostic purposes in ophthalmology [3], and 
bladder [4] and skin cancer detection [5], using frequency swept lasers which have enabled 
imaging speed of several thousands of 2-D OCT image scans per second [1]. Photonic 
integrated circuits (PICs) have the potential to satisfy the need of miniaturization e.g., by 
combining the light source with interferometer optics. Such miniaturization is increasingly of 
interest in OCT technology to perform diagnostics of internal organs in a minimally invasive 
way. In addition, an OCT system on a chip would not suffer from misalignment and optical 
path instability such as free-space and fiber-optics based OCT systems. Efforts to integrate 
parts of an OCT system on a photonic integrated circuit (PIC) have resulted in the integration 
of widely tunable light sources on an InP chip [6], [7]. A 74 nm integrated widely tunable laser 
system [8] has already been demonstrated on this generic integration platform on InP. 
However, the use of integrated InP tunable laser systems as swept sources for OCT systems 
needs to address strict requirements of having OCT signal samples at 10 GHz closely spaced 
wavelengths over a 100 nm wide tuning range, with uniform output power. This metric is 
needed to perform OCT imaging at 1550 nm with 30 µm axial resolution and 1 mm of 
penetration depth inside biological tissues. In this chapter a tunable laser system on InP in 
which reverse biased electro optic phase modulators are used [9], is studied to achieve 
stepwise tuning with a scan speed of several kHz. A 1550 nm tunable laser design is here 
investigated; however, the results of this study can be applied to 1300 nm tunable lasers with 
similar designs. Ideally one would like to obtain a uniform frequency grid over 100 nm of at 
least 1000 points with 10 GHz equally spaced optical frequencies. Such a regular grid can be 
used for optical sampling for a fast Fourier transform (FFT) of an interferometric signal 
coming from an OCT measurement setup. A robust control mechanism for the laser is also 
developed to achieve near equally spaced stepwise laser tuning over 50 nm. A real-time 
wavelength meter that monitors the laser output with a fast (10 kHz) read out helps us to 
obtain the actual sampled optical frequencies. These can then be used for a non-uniform 
discrete Fourier Transform of the recorded OCT signal. The laser scan is tested by analyzing 
the transmission of the laser system through an external bandpass tunable filter. In section 
6.2 the specific laser design chosen for this study is discussed. Measurements of the laser 
tuning are compared with a steady state spectral model of lasers [154], in section 6.3. The 
highest tuning resolution is then measured with a sub-pm resolution spectrum analyzer, 
while linearly tuning the longitudinal cavity modes of the laser. The reproducibility of the 
filter tuning is addressed, and the potential causes of the poor tuning reproducibility are then 
highlighted and studied. The results suggested the need of a real-time wavelength 
monitoring unit to be to measure quickly and regularly the short-term drift of this laser 
calibration. The wavelength monitoring unit helps to the reorganizing of the output laser 
signal in time whenever the laser frequencies become not sequential. The results reveal the 
proper reconstruction of the bandpass filter transmission through the analysis of the laser 
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sweeps. A scan speed of 1 kHz for 1000 different wavelengths is obtained. The scan speed of 
the laser is currently limited by the output sample rate used with the control electronics (3 
MHz) and by the photodetector bandwidth (1 MHz). In principle scanning up to 20 kHz with 
a 1000 scan steps can be achieved. The optical switching time between two wavelengths 
determines the fundamental limit to the speed which can be as high as 50 ns [36]. The use of 
this tunable laser in a fast scan configuration is a milestone towards its use as a swept source 
for OCT imaging technique.  

6.2 TUNABLE LASER DESIGN 
The laser circuit is composed of several building blocks available in a 1500 nm generic 
integration technology platform on InP [31]. Figure 6.1 a) depicts the schematics of such a 
laser as described in [29]. A semiconductor optical amplifier (SOA) 1 mm long is used as the 
gain medium of the laser cavity [103]. The laser cavity consists of a ring resonator with the 
wavelength selection mechanism achieved by three cascaded Asymmetric Mach-Zehnder 
interferometers (AMZI), present in the ring resonator and used as spectral filters. Three AMZI 
stages with different periodicity of the sinusoidal transmission profile are needed to ensure 
wide tuning range while maintaining single mode lasing operation with high side mode 
suppression ratio (SMSR), as previously demonstrated by Latkowski et al. [29]. This laser, 
without the use of Vernier effect, can lead to smoother quasi continuous tuning between 
adjacent cavity modes, due to the sinusoidal profile of the AMZI. The periodicity of the 
transmission of an individual AMZI, denoted with its free spectral range (FSR), is determined 
by the physical length mismatch ΔLi between the two arms of the AMZI as described in 
section 5.3.1. In this design, the three AMZIs present FSRs of 66 GHz, 0.9 THz and 9 THz 
respectively. The multiplication of different sinusoidal transmission profile with wavelength 
with different periodicities, leads to the selection of a single longitudinal cavity mode in the 
laser (Figure 6.1 b). The introduction of reverse bias-controlled phase modulators (ERM) is 
needed to move the peak of the wavelength dependent transfer function which tunes the 
laser emission wavelength. From the smallest to the highest free spectral range, they are 
responsible for the fine, the medium and the coarse tuning of the lasing wavelength. The 
overall cavity length is 1.6 cm, leading to a longitudinal mode spacing of 5.4 GHz (0.05 nm). 
The introduction of a phase modulator in the cavity is needed to be able to align the 
longitudinal cavity modes to the maxima of the intra-cavity filters. The wavelength tuning is 
done through reverse bias voltage-controlled electro refractive modulators (ERMs) that have 
lengths of 2 mm. These ERMs have an approximately linear phase change of 15°/V*mm [27]. 
Their voltage dependent absorption has measured to be as low as 1 cm-1 for a reverse bias 
voltage equal to 10 V at 1550 nm [147]. The filters can then be tuned over the full FSR by 
biasing the ERM in each interferometer arm separately from 0 to -8 V. One arm tunes the 
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filter one way, the other arm tunes in the opposite direction. This leads us to the use of seven 
different voltage control settings to tune the emission wavelength of the laser system. During 
the tuning of the ERMs present on every AMZI filter, the SOA current and the substrate 
temperature are kept constant. This was done to avoid as much as possible variations in 
power dissipation in the laser that can lead to temperature variations affecting the laser 
tuning. The chip (Figure 6.1 c) is packaged together with a thermistor as a temperature sensor 
and a Peltier element to actively control the temperature of the substrate (Figure 6.1 d). A 
polarization maintaining fiber is glued to the laser output to maintain the waveguide to fiber 
coupling over time.  

 

  

 
Figure 6.1: a) Schematic of the extended cavity ring laser with three intra-cavity wavelength filters. b) Sketch of the 

wavelength selection mechanism of the laser, highlighting the intra-cavity filter functions (blue) and the 
longitudinal cavity modes from the laser ring cavity (green). c) Picture of a chip with a realized tunable laser 

highlighting the SOA and the filters. d) Packaged laser with the electric pins and the output fiber from Photon 
First®. For more details on this laser configuration please refer to [29]. 

a) 

b) 

c) 

d) 
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6.3 LASER TUNING 

6.3.1 INTRA-CAVITY FILTERS TUNING  
The effect of the filter tuning on the lasing output wavelength is addressed in this section. 
The measurement of the filter tuning is done sequentially from coarser to finer tuning 
elements. In this way, the effects of different filters to the lasing wavelength can be 
evaluated. The tuning of the filter is compared with the simulation predictions of a steady 
state laser model as described and used in chapter 5. Please note that in the model used here 
the phase modulator do not have any residual absorption loss and the MMI coupler 
properties are assumed wavelength independent. The losses in the cavity in the simulation 
originate from the passive elements only (waveguides and MMI). The measurements of the 
laser tuning resolution are performed sweeping the phase cavity section control voltage, 
which tunes the longitudinal cavity mode positions. The maximum voltage applied on the 
phase modulators is limited to 8 V in these measurements, corresponding to a phase 
variation on a single ERM of approximately 8 V ∙  2mm ∙ 15 deg/V ∗ mm = 240 degrees. 
The maximum voltage is chosen to limit the effects of the residual amplitude modulation 
(RAM) and the phase modulator non-linearity. The RAM arises from the phase modulator 
electro-absorption, which is highly wavelength dependent, ranging from 1 dB/cm to 9 dB/cm 
between 1580 and 1480 nm at 12 V [15]. It is possible to limit the wavelength dependence 
on the ERM amplitude modulation by limiting the maximum reverse bias voltage to -8 V, 
which leads to at most 1 dB loss (at 1500 nm) for 2 mm long ERMs. Because of this limitation 
we can neglect the voltage dependence of the ERM absorption in the simulations. The step-
size in the voltage sweeps on the ERMs are chosen differently for the different filters. The 
coarse and the medium filter are tuned with 0.5 V steps, on both the ERMs in the arms of the 
filters. These big voltage steps are justified because of the relatively flat spectral profile of 
the sine shaped wavelength dependence around the transmission maximum. For the fine 
filter the step-size is halved, due to the steeper spectral profile. 
The reverse bias voltages are supplied by a programmable arrayed waveform generator 
(AWG) card (Spectrum Instrumentation M2P.6566-X4) inside the computer, which is 
specified to be capable of an output rate of 125 MS/s at 70 MHz bandwidth. The laser 
calibration starts from forming a tuning map consisting of 1024 coarse and medium filter 
setting combinations covering the full tuning range of the laser. These setting combinations 
are determined using the results of the voltage sweeps. During the laser tuning calibration, 
the SOA current is kept at 150 mA, which corresponds to a current density of 10 kA/cm2, and 
the temperature is fixed to 18°C. Figure 6.2 (a) shows all observed lasing wavelengths for all 
coarse and medium filter settings, as a function of the coarse (blue crosses) and Figure 6.2 b) 
as a function of the medium (blue crosses) filters voltage control settings. Note that in the 
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figure the negative voltage indicates the voltage on one of the two ERMs in the AMZI while 
keeping the other ERM at 0 volt. The positive voltage indicates a configuration where this 
situation is reversed. The result is that going from the negative voltage to the positive voltage 
the filter is scanned continuously over its full range. The tuning results of the coarse and the 
medium filters are compared with the steady state spectral model simulation results in Figure 
6.2 (red dots). Please note that the red dot data have been shifted down with respect to the 
scale by 10 nm, so dots and crosses do not overlap in the figure. Moreover, the tuning results 
can be fitted with continuous polynomial functions. The idea behind the fitting is that the 
effects of the other filters are averaged out and we retrieve the tuning curve of the individual 
AMZI. The wavelength of the highest peak in the laser spectrum as function of the coarse 
filter settings can be fitted with a second order polynomial. The medium filter results can be 
fitted with concatenated independent linear fit, which corresponds to different coarse filter 
settings. In this way it is possible to obtain some predictive continuous function to relate the 
control settings to the output laser wavelengths [157]. 

  

Figure 6.2: Tuning of the Coarse (a) and the Medium (b) filter control settings measured (blue x) and simulated 
with the steady state spectral model (red dots) Please note that the positive voltage refers to the tuning of the 

bottom ERM present in the asymmetric Mach-Zehnder interferometer. 

To address the gaps between two consecutive wavelengths of the medium filter, the fine 
filter is tuned over its FSR. A smaller step in the fine filter step is chosen to investigate its 
behavior as a longitudinal mode selector. Please note that the cavity modes are also tuned 
due to the phase change induced by tuning one arm of the fine filter. The voltages on the 
fine filter arms are tuned with 0.25 V steps (approximately 1.4 GHz steps). The lasing 
wavelength map as function of the control settings is plotted in Figure 6.3 (left y-axis) 
together with the SMSR values obtained (right y-axis). From the analysis of the laser 
simulations (Figure 6.3 a), the fine filter acts like a cavity mode selector, where different 
cavity modes are selected one after the other. In Figure 6.3 a) we can see the simulation 
results of tuning the output wavelength as function of the fine filter control settings. Similar 
behavior to that predicted by the simulation is clearly visible in the measurements (Figure 
6.3 b). When the SMSR is at the minimum, the two lasing wavelengths are simultaneously 

a) b) 
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present in the spectrum. Unfortunately, in the measurements it is not always possible to 
select the longitudinal modes sequentially as predicted by the simulations; we observe 
different wavelength changes as function of the settings. 

     
Figure 6.3 a) Simulation and b) measurements of the tuning of the Fine filter settings where the single mode lasing 
wavelength (blue) is plotted with the SMSR (red) values. The parabolic behavior of the side mode suppression ratio 

(SMSR) as function of the control settings, shows how the fine filter acts as a longitudinal cavity mode selection 
mechanism. 

As a final step, the tuning of the longitudinal cavity modes of the laser is investigated. This is 
done by applying reverse bias voltage on the ERM indicated as cavity in Figure 6.1 which 
controls only the optical cavity length. The laser spectra for different cavity control ERM 
settings are measured using an optical spectrum analyzer (OSA) with a resolution (Apex 
AP268x-A) of 100 MHz (0.8 pm). Figure 6.4 a) shows the linear tuning of the lasing wavelength 
between 1532.155 and 1532.175 (blue dots) keeping the SMSR (red dots) higher than 35 dB 
for all the five lasing wavelengths. From the graph, it is possible to observe how a single 
longitudinal cavity mode is tuned over 35 pm. The laser peak keeps a high SMSR, which is a 
clear indication of single mode laser emission. On Figure 6.4 b) it is possible to evaluate the 
tuning resolution of this laser.  A distance of 3 pm, between two different laser peaks which 
do not overlap their linewidths can be achieved. It is crucial to understand the influence of 
the tuning of the individual filters and the phase section on the laser output wavelength. We 
found that the coarse and the medium filter tuning can be predicted from cold cavity 
simulations. This is illustrated by the simulation results in Figure 6.2 a) and b), where the red 
dots show the simulation results. The gaps between two adjacent wavelengths of the 
medium filter can be addressed by tuning the fine filter. The fine filter acts as a longitudinal 
mode selector, as can be evidenced from the SMSR function with voltage. Unfortunately, the 
tuning of the fine filter results in jump between different fine filter maxima and not always 
between adjacent longitudinal cavity modes. This leads to the necessity of adjusting the 
coarser filters when a finer tuning element is addressed. Moreover, the control setting 
resolution influence the wavelength tuning differently for different emission wavelengths. A 
high-resolution uniform wavelength or frequency grid needs to be created by addressing all 

a) b) 
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the possible combinations of all the filters. The main reason for the differences between the 
simulation results and observations are a few points neglected in the simulations and 
unknowns. The wavelength dependent behavior of the MMI in transmission and phase is 
neglected in the simulation and reflections inside the laser cavity are possible at e.g., 
active/passive interfaces but their position and amount of reflectivity are unknown. 

   
Figure 6.4 Spectra b) and Tuning Figure a) of the laser system for different inline phase modulator (cavity) voltage 

settings. 

6.3.2 LASER STABILITY OVER TIME 
To create a look-up table (LUT) for the laser by addressing all the filter simultaneously, the 
total number of control settings combinations required scales exponentially with the voltage 
resolution and the number of controls. This will in turn lead to a quite long wavelength 
calibration time of several days, considering that every laser spectrum acquisition takes a few 
seconds at the fastest settings of a typical OSA. Unfortunately, the laser is not sufficiently 
stable even over the time that kind of calibration takes. We have observed that in continuous 
operation the lasing wavelength drifts substantially. Figure 6.5 shows how using the same 
control settings over 2 days, the laser shows significant wavelength drifts. The lasing 
wavelength drift observed is around 10 pm (1.3 GHz) every 3 hours. Sometimes larger drifts 
can be observed due to the misalignment of the filters that start occurring with respect to 
the longitudinal cavity modes, as can be seen in Figure 6.5 a) after more than 1000 minutes. 
This leads us to investigate the origins of this wavelength drift over time. According to our 
evaluation, the main reason is related to small changes in temperature over time. Attempts 
to get back to the original wavelength at the start of the measurement by only changing the 
temperature of the chip were not successful.  A small change in temperature distribution 
over the chip can also lead to different changes in relative optical path lengths which will 
affect the tuning of the laser. When intracavity reflections are involved, the relative positions 
will change and there will be an effect on tuning of the laser wavelength as well. The time 
dependent variations of power dissipation in the SOA in combination with properties of the 

a) b) 
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non-hermitically sealed laser packaging can in principle cause non-uniform temperature 
variations inside the laser cavity. An additional measurement was done to study the effect of 
a uniform temperature change, by varying the substrate temperature. When the 
temperature is uniform in the laser circuit, the lasing wavelength increases linearly with the 
increase in temperature. The linear slope of 130 pm/°C between lasing wavelength and 
temperature agrees with [19], which indicates a 120 pm/°C thermal tuning in the ERM due 
to temperature induced effective index change. In this way we can notice how local 
temperature changes smaller than 10 mK can lead to 12 pm wavelength drifts in the output 
laser wavelength. 

 
Figure 6.5 Lasing wavelength as function of operation time applying the same control settings.  

As well as temperature, the humidity of the air can act as external factor to the laser tuning. 
The vapor present in the air increase the stress between the polyamide and the quaternary 
waveguiding material [20], which can induce differences in the refractive index and optical 
path lengths in the filters thus leading to a change in the emission wavelength. Controlling 
the temperature and the humidity variations within the chip is very difficult in practice in our 
packaged chip. Mounting an active cooling system on top of the device is currently not 
feasible without damaging the device and the wire bonded connections to the PCB. For these 
reasons, real-time wavelength monitoring of the laser is necessary to keep a track on the drift 
of the calibration and find ways to compensate for this effect. 

6.4 CALIBRATION STRATEGY FOR THE LASER SWEEP 
In this section we present a new calibration approach for an InP widely tunable laser sweep 
over 50 nm, from 1515 to 1565 nm. The first step is the development of a look up table (LUT) 
for the control settings of the laser for a set of emission wavelengths. The method for finding 
the setting uses an optimization (direct search) algorithm for finding these setting accurately 
and fast [30]. This LUT is then used, and the laser performance is monitored with a high 
resolution (1 pm) wavelength monitoring unit that is based on a fiber Bragg grating 
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interrogator and that is capable of sending out a wavelength reading up to 19 kHz. Due to 
the lack of reproducibility of the laser calibration, the wavelength monitoring is a crucial step. 
In this way it is possible to use such a laser in a scan configuration knowing its wavelength at 
each step in the sequence of the scan. And using this fast readout monitor one can measure 
1000 wavelength settings within 0.1 s. This can therefore easily be done frequently, e.g., 
every minute of imaging where the laser needs to scan at full speed (e.g., at 20 kHz scan 
repetition rate). Scanning the laser in these ways is tested by measuring the transmission of 
a tunable bandpass filter. By tuning the filter over the laser wavelength range the quality of 
the complete scan can be investigated. Due to the lack of reproducibility of the laser, a 
uniformly distributed frequency grid is hard to achieve over a laser scan. The wavelength 
tracking of the laser will therefore require the use of the nonuniform discrete Fourier 
transform and leads to the possibility of applying e.g., sparse sampling Fourier transform 
technique to obtain OCT signal images.  

6.4.1 EQUALLY SPACED WAVELENGTHS LOOK-UP TABLE 
In this sub-section we describe the way the lasing wavelengths are linked to the voltage 
control settings on the filters in a sufficiently fast way to keep the calibration up to date [30]. 
First a LUT is developed to obtain settings for 1000 different wavelengths between 1515 and 
1565 nm. This takes approximately 8 hours. For this LUT an optical bandpass filter (BPF1) is 
used to get the output power of the laser at a specific wavelength. The filters and the cavity 
phase modulator settings are changed to maximize the output power from the bandpass 
filter as in [158]. To accelerate the speed of this calibration, a search optimization algorithm 
is used to search the appropriate control settings. The optimization search algorithm used is 
the Nelder-Mead method [159]. It is a direct search method for optimizing a target function. 
In our case we aim at maximizing the output power transmitted from the bandpass filter. 
This function has a 7-dimensions domain as the numbers of ERMs to be driven. To pursue the 
optimization, the target function is evaluated in 8 points of the search domain, describing 
the vertices of a polytope. Depending on the interrelationships between the values acquired 
by the target function, the polytope can go through reflections, expansions, contraction or 
shrink to improve the output power at least in one vertex, as shown in Figure 6.6 b). The 
algorithm converges when the vertices degenerate, within a certain tolerance. In our case, 
as starting vertices for the optimization, we chose the coarse and the medium filter 
configuration already measured in section 6.3 which present a single mode lasing condition 
with wavelength distance smaller than 0.5 nm from the target wavelength. Please note that 
if more than 8 coarse and medium filter configurations satisfy the requirements stated 
above, the first 8 configuration with the highest SMSR are chosen as the polytope vertices 
for the initial condition.  
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The experimental setup schematics is shown in Figure 6.6 a) and is described here briefly. 
The laser output is split with the use of a 90/10 optical coupler. The 90% of the output power 
is transmitted through a commercial (JDS TB9 optical grating filter) tunable bandpass filter 
(BPF1). The BPF1 has a gaussian shape with a 3-dB bandwidth of 0.3 nm and its center 
wavelength can be tuned with 10 pm steps. The transmitted output power is measured with 
a power sensor (Agilent 8163B). After the optimization is done the laser spectrum is recorded 
with the OSA to measure the exact lasing wavelength with 10 pm resolution and the SMSR. 
The BPF1 is then moved to the next wavelength and the optimization is repeated to obtain 
the subsequent configurations. 

 

 
Figure 6.6 a) Schematics of the control strategy setup. The laser (Tls) output power is split in two. Part is going 

through a bandpass tunable filter (BPF1) at a specific wavelength and then on a photodetector. The optimization is 
finalized to obtain the combinations on an arrayed waveform generator (AWG), which maximizes the power 

reading on the photodetector. For the optimized condition an optical spectrum (OSA) is recorded as a 
confirmation. b) Example of the possible configuration changes on a 2-Dimensional search domain. Note that the 
initial conditions, which are the vertices of the polytope, are taken as the coarse and medium filter configurations 

which give a wavelength as close as 0.5 nm with respect to the target wavelength which is set on the external 
bandpass filter.   

Figure 6.7 (a) shows a two-dimensional map of the laser spectra obtained with this control 
strategy, as function of the wavelength set on BPF1 (y-axis). It is possible to see how the 
wavelengths lie on a linear function. There is a presence of a small gap around 1519 nm, 
where the optimization algorithm does not find any lasing peak. This can be due to the 
presence of spurious reflections which lead to some forbidden lasing conditions. The SMSR 
is not always higher than 30 dB, as can be seen from the presence of lower power at exactly 

a) 

b) 

1 
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one medium FSR from the main laser mode of operation. An example of this multimode 
behavior in the LUT is shown in Figure 6.7 b) for the blue curve. It is possible to see the 
presence of 10 dB difference between the lasing power at two adjacent medium filter 
maxima (8 nm far apart). This multimode behavior will cause uncertainty with the fast 
wavelength monitor which currently assumes single frequency input. If we can keep the 
environmental conditions fixed, it should be possible to overcome the multimode operation 
situation by using multiple probabilistic restarts to find different voltage configuration to 
obtain a global maximum of the laser power at the target wavelength [160]. Moreover, it is 
important to mention that the bandwidth of the BPF1 is a strong requirement in the 
calibration [30]. When the 3-dB bandwidth of BPF1 is bigger than twice the longitudinal mode 
spacing in the laser cavity, i.e., 2 ∙ 0.05 𝑙𝑙𝜇𝜇 = 0.1 𝑙𝑙𝜇𝜇, the optimization algorithm might find 
a maximized power for dual mode lasing operation, where the lasing wavelengths are closer 
than the filter bandwidth.  

     
Figure 6.7 (a) Recorded laser spectra as function of the target wavelength presented as a 2D map and (b) an 

example of laser spectra with a multimode behavior (blue) to be compared to (c) a single mode behavior example 
(red).  The label of the plots is the target lasing wavelength, the center of the passband filter 𝐼𝐼𝑃𝑃𝐹𝐹1.  It is visible 

how two adjacent maxima of the medium filter transfer function are suppressed in one case and not entirely in the 
other, leading to partial multimode lasing conditions. 

6.4.2 WAVELENGTH MEASUREMENTS WITH A FAST READ-OUT UNIT 
The stability of the LUT, which correlates the lasing wavelength to the control settings is 
tested in this sub-section. A fast (10 kHz sampling speed) fiber brag grating interrogator 
(Gator Photon First®) is used to measure in real time any possible drift of the wavelength 
calibration. This Gator unit can measure the lasing wavelength with a 1 pm resolution over 
70 nm between 1500 and 1570 nm. Its use allows for a real time detection during a laser scan 
of 10 Hz (10 kHz sampling for 1000 points). Inside the Gator, the wavelength is calculated 
from the power measurement of an array of photodetectors at the output of an integrated 
multichannel spectral filter system. The algorithm calculates the wavelength from the 
current levels on several detectors (48 detectors divided in 8 channels). This real-time 

a) b) 
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measurement is beneficial to perform a laser sweep to detect any possible calibration drift. 
This allows to reorganize the intensity data recorded in the laser scan as function of time into 
intensity data as function of wavelength. The experimental setup shown in Figure 6.8, is used 
to perform laser sweeps. The output of the laser is split in three different parts. The 10% of 
the output power is collected by the Gator and is used to measure the lasing wavelength. 
The 90% of the power is split in two parts and is measured with two different photodiodes 
(Thorlabs PDB450C) and recorded with a real time oscilloscope (RTO).  One photodiode 
measures the total output power of the laser, while the other channel collects the 
transmission through an external bandpass tunable filter (BPF2). The BPF2 has a 1 nm FWHM 
and can be tuned between 1520 and 1570 nm. To correct for variations in laser power with 
each wavelength, the recorded transmission of the filter is normalized with the laser output 
power at each scan step.  

 
Figure 6.8 Experimental Setup for the measurement of a fast scan of the integrated tunable laser system. The light 

from the Tunable laser (Tls) that is controlled by the multichannel arbitrary waveform generator (AWG), is split 
into three different fibers. The Gator measures the wavelength of the lasing light. The laser scan is tested with the 

transmission over a bandpass filter (BPF2). The signal in time recorded by the real Time oscilloscope (RTO) is 
reorganized with the reading of the Wavelength Read-Out unit (Gator). Thus, the signal in time is converted into 

signal as function of lasing wavelength and the BPF2 can be characterized. 

The wavelength reading on the Gator unit depends on a threshold setting for the signal 
strength on its detectors. Obviously if the setting is too high no wavelength value is reported. 
If it is set to a low value, too many spurious signals from the detectors make that the Gator 
software does not respond with the correct wavelength. Please note that the output power 
of the integrated tunable laser system under test strongly depends on the emission 
wavelength. The main practical issue that arises from the fact that the threshold cannot be 
set dynamically sufficiently fast in the current firmware of the Gator. The optimal threshold 
setting arises from a trade-off between obtaining the maximum number of single mode 
points and at the same time the minimum number of multimode laser configurations which 
give rise to above threshold signals on multiple sensors which cannot be interpreted by the 
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current firmware. The laser output generated by the 1000 configurations in the LUT of 
section 6.4.1 are fed into the Gator unit to measure the wavelength in real time. The clock of 
the AWG for the scan step rate is chosen to be 10 kHz to match the sampling speed of the 
Gator. The scan step rate can influence the real-time monitoring of the Gator for two reasons. 
First having the same measurement time as the scan step means that the read-out is 
influenced by the output of the laser while it is switching. This effect is negligible due to the 
faster scale of the wavelength switching time (50 ns), with respect to the Gator sampling time 
(100 µs). Secondly, the absence of the trigger leads to the absence of perfect synchronization 
between the change in the control setting and the wavelength reading. This can lead to 
variations in the measurements from the expected lasing wavelength. Figure 6.9 shows the 
Gator wavelength measurements and the detuning with respect to the wavelength in the 
LUT. The detuning is smaller than 1 nm for more than 80% of the lasing wavelengths and can 
be attributed to environmental conditions changes during the scan. However, the Gator 
reading can present deviations as big as 8 nm, as observed from the red dots. This is due to 
some mode hopping between different maxima of the medium filter, as evidenced already 
in section 6.4.1. Moreover, the wavelengths are not evenly distributed over the whole 
wavelength range. This can be attributed to small time-dependent reflections inside the laser 
which lead to more stable wavelength configurations, as was investigated in [157]. This 
measurement represents clear evidence of the need of a real time wavelength read-out 
system to compensate for any drift over the lasing output wavelengths. 

 
Figure 6.9 Recorded wavelength output as function of the target wavelength of the look up table (blue). The 

deviation of the measured wavelength (red dots) in real time with respect to the measured single mode lasing 
wavelength with the search optimization method. 

6.4.3 TUNABLE LASER SCAN 
The performance of this system is evaluated through scanning the laser and measuring the 
optical power spectrum at the output of the BPF2. Please note that the Gator does not have 
the option for any input trigger. This limits the accuracy of the simultaneous reading to 100 
µs. Since the laser control settings are driven in reverse bias mode, the tuning speed is much 
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higher (MHz), then the wavelength sweeps allowed by the Gator (20 kHz). The wavelength 
reading cannot be simultaneous with scanning rates higher than 20 kHz. The transmitted 
optical power after BPF1 is recorded on a 1 MHz bandwidth photodiode and a RTO. A trigger 
signal is sent from the control setting laser driver to the RTO at the beginning of the sweep 
to start the acquisition (orange curve in Figure 6.10 a). The BPF2 transmission is shown in the 
blue solid curve, where it’s clear that the laser does not always emit consecutive wavelengths 
in time during the scans. The total output power (green curve) of the laser is also recorded 
during the laser scan. Figure 6.10 b) highlights the output spectrum for a single BPF2 position 
along the laser scanning range. Combining the time traces of the oscilloscope and the read-
out of the Gator (wavelength meter) it is then possible to reconstruct the time signal into an 
intensity signal as function of wavelength. Figure 6.10 c) shows the reconstructed signal as 
function of wavelength together with the gaussian shape of the filter transmission. The 
gaussian curve is assumed to be centered at the maximum transmission, as BPF2 can be 
tuned only manually. The presence of some points outside the gaussian shape of the filter in 
Figure 6.10 c), can be due to the lack of simultaneous acquisition of the RTO and the Gator. 
It’s worth to notice that these issues can be solved if a common trigger was shared by the 
RTO and the Gator. When not recording the wavelength the scan speed can be increased. 
Here we have used the scan rate of 1 kHz, which means a waveform sample output rate (clock 
speed) of 1 MHz in the laser control setting driver is used. The clock speed that can be used 
is currently limited by the bandwidth of the photodetector (1 MHz) used in the output power 
measurements. The optical wavelength switching time has not been addressed here, since it 
has been verified to be much faster (10-50 ns) than the electronics sampling (1 µs) time, in 
previous measurements of the same laser cavity design [12]. In Figure 6.11 it is possible to 
see the evaluation of the laser scan at 1 MHz for three different bandpass wavelength 
transmissions of the filter. The different behavior in the laser stability over the scan can be 
evaluated. Since the wavelength reading is assumed the same as the one of several minutes 
before, the behavior of the laser scan can be studied by moving the bandpass filter in 
different regions. When the filter is centered at 1525 nm (Figure 6.11 a), it is clear how during 
the sweep of the control settings, the laser is not emitting light at wavelengths around 1519 
and 1522 nm. In Figure 6.11 b), the filter is centered at 1533 nm. In this stable region the 
wavelength is not drifting over minutes and the Gator reading is experimentally verified to 
not drift significantly, when calibrated with an external commercial laser (Agilent 8613A). It 
is possible to fully reconstruct the filter gaussian shape. In Figure 6.11 c), we can notice the 
presence of multimode behavior, or unstable laser operation. We can notice the presence of 
a second peak 8 nm smaller than the filter center of 1555 nm. This can be since the laser 
presents poor SMSR at those wavelengths and small changes in the environment can lead to 
the lasing emission at the adjacent medium filter maximum transmission. The presence of 
outliers and spurious points out of the BPF2 bandwidth can be due to the low photodiode 
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bandwidth (1 MHz), with respect to the AWG sampling rate (1MHz). This can lead to 
measurement errors when the laser makes large wavelength jump from scan step to scan 
step. By using this system, we can reorganize the optical wavelengths and maintain the laser's 
stability over time. This can be done with scan speeds up to 1 kHz in a stepwise tunable laser 
system. We have tested our 1 kHz laser scan with a range of 50 nm and 1000 laser points, 
taking us one step closer to using this laser in OCT measurements. 

           

       
Figure 6.10 a) Time dependent signals for the wavelength scan. It is possible to see how at the start of the trigger 
(orange signal) the total laser power (green) increases and the transmitted power at the output of the filter (blue) 

is present only for certain amount of time. Please note that the total power has been offset down to better 
visualization of all the three signals. The measurement of the spectrum is done within 100 ms (10 Hz) since the 

waveform sampling is maintained as the same readout sampling rate of the Gator. b) The relative amplitude 
transmitted through the filter is referenced with respect to the power of the laser. c) Filter function reconstruction 

through the analysis of the relative time trace in Figure 6.10b) and the wavelength readout of Figure 6.9. 

a) b) 

c) 
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Figure 6.11 a), b), c) Examples of transmission measurements using the tunable of the tunable band-pass filter 
positioned at three different wavelengths with respect to the laser tuning range. It is possible to observe three 

very different situations. a) The absence of wavelengths measured by the Gator unit at the filtering wavelength. b) 
A stable wavelength region which is not affected by big calibration drifts over minutes. c) A highly multimode 
region which leads to big drift in the actual laser output wavelength with respect to the Gator read-out a few 

minutes earlier. 

6.5 CONCLUSIONS 
In this chapter, we have presented and investigated the use of an integrated InP based 
tunable laser system for a scan speed of 1 kHz over 50 nm in the 1500 nm wavelength region. 

b) 

c) 

a) 
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The first step was the development of a control strategy for the wavelength calibration of a 
tunable ring laser system containing asymmetric Mach-Zehnder modulators as tunable 
filters. A calibration method with 0.1 nm evenly spaced optical frequency over more than 50 
nm, was demonstrated on an integrated laser with 2 mm ERMs. The calibrated wavelengths 
are then tested with a fast wavelength read-out unit (10 kSa/s) to compensate for any short-
term calibration drift. It is possible to integrate the wavelength monitoring unit on the same 
chip as the laser using an approach like what has been done in [25] for Si based and in [26] 
for InP based wavemeters. It can be beneficial since the laser and the wavemeter can share 
the same heat sink. Higher scan rate will also be achieved with the use of photodetectors 
with bandwidth of several GHz. Laser scan with different scan speeds (10 Hz-1kHz) have been 
investigated through the analysis of the transmission of a bandpass manually tunable filter 
at the output of the laser. The suitability for OCT still must be proven in future 
measurements, due to the presence of several gaps in the laser tuning and imperfect reading 
of the wavelengths in the Gator due to multimode operation and power fluctuations. This 
can be improved by multiple real-time wavelength readings with slower calibrations stepwise 
scan (1 – 5 Hz), and by reducing the spurious reflections coming from the passive components 
in the laser circuit during the design phase of the functional photonics building blocks. The 
use of electronic synchronization between the Gator and the oscilloscope can help neglecting 
measurements artifacts. Moreover, as a future development, a different wavelength 
monitoring unit design can be implemented to discriminate between multimode 
configurations with 8 nm or closer lasing wavelengths. With the current system, the use of 
non-uniform FFT or digital signal processing techniques are needed to use this laser as a 
swept source in OCT measurements. 

6.6 DESIGN IMPROVEMENTS TO INCREASE THE LASER TUNING 

RANGE  

6.6.1 LASER DESIGN  
As an outlook, a new laser cavity design has been realized to improve the tuning range of the 
laser, and to reduce the build-up time of the laser to achieve higher limit for scan speeds 
compared to the design in Figure 6.1. The schematic of the design is presented in Figure 6.12 
a) and a photograph of the realized and package mounted chip is in Figure 6.12 b). The key 
feature of this laser cavity is the presence of a variable output coupler that functions as an 
independent threshold control mechanism, as previously explained in [161]. The principle is 
that the threshold carrier density can be controlled accurately to have the widest gain 
spectrum in the SOA possible. A semiconductor optical amplifier (SOA) 800 µm long is used 



6.6 Design improvements to increase the laser tuning range  

107 

as the gain medium of the laser cavity [103]. The laser cavity consists of a ring resonator with 
a balanced Mach-Zehnder modulator (MZM) as output coupler. The MZM uses two-by-two 
port multimode interference couplers (MMI) and the interferometer is controlled by a 
voltage-controlled phase modulator in each arm. The overall cavity length is 7.47 mm, 
leading to a longitudinal mode spacing of 11 GHz (0.09 nm). This cavity design implies a 
reduction of 9 mm in the overall cavity length with respect to the laser design discussed in 
the section before [14]. The reduction in length was mainly achieved by using 1x2 MMIs in 
the AMZIs and reducing the length of the ERMs as well as using curved ERMs. With this 
increase in cavity mode spacing, the filter transfer functions could be designed to achieve at 
least a 10% of power loss between two adjacent longitudinal cavity modes, or adjacent AMZI 
transmission maximum. This increase in selectivity between the modes not only improves 
SMSR values but it also makes the switching between wavelengths faster. The price to pay is 
the need for higher voltages on the ERM for tuning with increasing losses. 

      
Figure 6.12: a) Schematics of the tunable laser ring cavity. (b) Picture under the microscope of the package laser 

system from Photon First ®. 

6.6.2 OUTPUT COUPLER CHARACTERIZATION 
The behavior of the MZM used as output coupler is characterized before analyzing the laser 
tuning range. To measure the voltage dependent out-coupling fraction as function of the 
reverse bias applied to both arms, the photocurrent on the SOA is recorded for different 
reverse bias settings on the MZM arms, when an external laser light at 1550 nm is sent into 
the laser system via the output waveguide.  The result is presented in Figure 6.13 a). It is 
important to mention that the voltage applied is always negative and the sign in the x-axis 
refers to the reverse bias tuning of the top (+) or the bottom (-) arm of the MZM respectively. 
From the normalized out coupling fraction, it is possible to see that a 9 dB difference in the 
out-coupling fraction can be achieved by tuning the ERMs inside the MZM. Since different 
MZM voltage settings led to different effective loss inside the ring cavity, the out-coupling 
fraction impacts the threshold current density of the laser and the threshold 3-dB gain 
bandwidth. Higher cavity loss will result in higher threshold current densities which lead to 
wider gain bandwidth and an extended laser tuning range. For the same voltage setting on 
the out coupler, it is possible to maximize the tuning range and the output power in fiber 
simultaneously. Measuring the laser sub-threshold spectra, it is possible to verify the spectral 

SOA
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behavior of the MZM as a function of its settings. Figure 6.13 b) shows the sub-threshold 
laser spectra as function of the MZM voltage for a fixed amount of injected current density 
in the SOA (J=3.125 kA/cm2). The ring cavity spectral feature is more visible when the 
outcoupling normalized fraction is smaller, which means that a bigger fraction of the light 
generated in the SOA is travelling inside the ring laser cavity before being coupled out. The 
introduction of the output coupler can in principle also be beneficial to tune the laser output 
power to be uniform within the tuning range. However, this is not independent on the tuning 
of the laser. Analyzing the 2 V sub-threshold spectrum (purple curve), it is possible to notice 
a small dip around 1520 nm, which is currently attributed to reflections inside the two 2x2 3-
dB MMI coupler present in the balanced MZM. Although such a dip looks small, it is 1 dB and 
will have a significant influence on the tuning of the laser since it is larger than the loss 
differences of the different cavity modes due to the AMZI filters. Moreover, it is possible to 
notice how gaps in the tuning range can vary with the control settings applied to the ERMs 
in the output coupler. 

                      
Figure 6.13: a) Normalized outcoupling fraction as function of Voltage in the MZM arms. b) Subthreshold laser 

spectra as function of the out-coupler voltage. 

When the laser is running above threshold (I=160 mA, J=10 kA/cm2), it is possible to 
investigate the effect of the out-coupler on the laser tuning range. Higher output coupling 
fractions lead to increased tuning range. We can see how for an out-coupling fraction of 55%, 
the laser tuning range is limited to less than 60 nm tuning range (Figure 6.14 a), while for a 
99% of out-coupling fraction the tuning range is extended to more than 85 nm (Figure 6.14 
b). Moreover, higher out-coupling fractions present lower lasing wavelengths. This agrees 
with the blue shift of the gain spectra with higher threshold current densities [14]. The 
presence of tuning gaps in the wavelength maps is depending on the out-coupling fraction. 
This leads us to think that the out-coupler is acting as a fourth frequency filter inside the laser 
cavity, due to some fabrication imperfections in the 3-dB MMI couplers. 

b) a) 
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Figure 6.14: a) Laser peak wavelengths and power as function of the Out-coupling fraction. It is possible to see 

how higher intra-cavity loss increase the tuning range from 60 to more than 85 nm tuning range, but it also reveals 
a blue shift in the tuning gap from 1520 to 1500 nm.  

The goal of the following analysis of the variable output coupler is to investigate whether its 
presence leads to a de-facto introduction of an additional spectral filter inside laser cavity. 
Such a wavelength dependent transmission can occur due to a wavelength dependent 
coupling and phase relation between the two ports on one side of the MMIs in the balanced 
MZM. This can also lead to a difference in wavelength response between using the phase 
control setting on one of the two arms. 
To establish these effects, we measure the response of the variable out coupler by isolating 
this element from the rest of the cavity. An external input laser light at 1550 nm is injected 
in the laser circuit via the output waveguide. This is transmitted through the variable output 
coupler. One MMI port connects to the SOA and the light is completely absorbed by the 
optical amplifier which is now reversely biased. This also makes that no resonances are visible 
from the laser cavity. The other port from the MMI near the SOA is connected to an MMI 
mirror which sends the light back through the MZM and the output waveguide. The output 
coupler behavior can thus be studied by analyzing, with a circulator, the reflected light from 
the circuit which is passing twice in the MZM (Figure 6.15 a). Figure 6.15 b) shows the 
reflected power, when 12 dBm are injected, as function of the reverse bias voltage applied 
to the out-coupler arms. It is possible to see how the lasing power follows a sinusoidal curve 
as function of the voltage control settings in each MZM arm. The extinction ratio is 25 dB for 
a double pass of the light in the MZM out coupler. From Figure 6.15  b), it is possible to notice 
how between 0 and 5 V the reflected power is at its minimum value, which identifies the 
maximum out-coupling fraction in that region. The minimum of the voltage dependent 
reflected power in Figure 6.15 b) at 2 V coincides with the highest normalized out-coupling 
fraction. Different voltage control settings give equal 1550 nm lasing output power because 
of the same phase interference between the two arms. To extend the analysis over the full 
wavelength range, we measure the reflected spectrum with an optical spectrum analyzer 

a) b) 
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(OSA), when light from a broadband source (spontaneous emission from an Erbium doped 
Amplifier) is sent into the circuit. Figure 6.15 c) shows the spectral response of the MZM, with 
an input broadband source with constant power between 1530 and 1580 nm, for two voltage 
settings conditions which give same lasing power output at 1550 nm.  

   

   
Figure 6.15: a) Setup schematics used to characterize the variable output coupler as a MZM. b) Transmitted power 

to two times the output coupler for 12 dBm of input laser light at 1550 nm. c) Output power spectral density for 
V=-5 V (blue) and V=9 V (green) out-coupler control settings of Figure 6.15 b) and 50 mA of EDFA current. d) 

Simulations of a balanced MZM transmission with same interference phase condition for 1550 nm, with a small 
fabrication error in the 2x2 MMI coupler widths. 

The spectral response for a voltage of -5V applied to the top arm and for a voltage of -9 V 
applied to the bottom arm are plotted in Figure 6.15 c). The two curves are expected to give 
an identical phase response over the whole wavelength range as they are showing for input 
light at 1550 nm. The two spectra are however showing different wavelength behavior which 
lead us to think to a possible tuning mechanism given by a phase dependent response in the 
MMI. From the simulations of a passive circuit with MMIs with small deviations on the output 
waveguide ridge widths from the design specifications, due to imperfections on critical 
dimensions control, we can observe how the behavior of the calculated output wavelength 
response of Figure 6.15 d) agrees with the measurements between 1530 and 1580 nm. This 
suggests that some fabrication imperfections in the 2x2 MMI couplers, can lead to some 
forbidden lasing wavelengths which are voltage dependent. 

6.6.3  TUNING RANGE MEASUREMENTS 
The maximum achievable tuning range of the laser system is then measured. The tuning 
range of the laser was measured by recording spectra for a wide range of different reverse 
bias settings applied to the different phase modulators between 0 and -8V with 1 V steps for 
the medium and the coarse filter. For the variable out-coupler a voltage step of 0.5 V is 

a) 

b) c) d) 
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chosen. The fine filter is swept with 4 V steps since the fine tuning of the laser output 
wavelength was outside of the scope of the tuning range measurements. A total number of 
more than 32000 spectra were recorded with an optical spectrum analyzer (OSA) with a 
resolution of 0.1 nm (Ando AQ8163 A).  
As shown in Figure 6.16 a tuning range of 90.9 nm has been measured between 1480 and 
1570 nm with a maximum output power in fiber of 200 µW. To our best knowledge, this is 
the widest tuning range reported for monolithically integrated tunable laser systems. This 
wide tuning range enables axial resolution of 11.4 µm in an OCT system in vacuum. To further 
increase the tuning range, we must induce a greater phase variation on every ERM to achieve 
more than 240° (15° ∙ ±8 𝑉𝑉 ∙ 1 𝜇𝜇𝜇𝜇). One option would be to increase the length of the 
ERMs in the filters. However, this will increase the length of the laser cavity which leads to 
narrower longitudinal mode spacing which makes that the filter design will have to be 
adapted to smaller FSR values which makes it more difficult to achieve the large tuning range. 
The alternative way would be to change the technology and make multi quantum well based 
modulators, which present much higher phase efficiency due to quantum confined stark 
effect and can be tuned over the full FSR, with reverse bias voltage limited to 8V [161]. A 
maximum tuning range of 110 nm has been predicted by a model developed within the 
photonic integration group, which considers the amplifier length, the FSR of the coarse filter 
and the amount of passive losses in the laser ring cavity [162]. 

 
Figure 6.16: Laser spectra for different control settings to the AMZI filters to highlight the maximum tuning range 

of the laser.  
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7. FOURIER-DOMAIN MODE-LOCKED 
SEMICONDUCTOR LASER FOR OPTICAL 

COHERENCE TOMOGRAPHY 
As alternative laser source for swept source OCT (SS-OCT), in this chapter, an integrated 
semiconductor Fourier-Domain Mode-Locked Laser (FD-MLL) at 1552 nm is modeled and 
designed. The focus of the chapter is to describe the dynamics of an integrated 2.5 GHz linear 
cavity FD-MLL with an Asymmetric Mach-Zehnder (AMZI) as a bandpass tunable filter. The 
influence of parameters such as the high modulation frequency, the modulation depth, and 
the amplifier current on the FDMLL operation is studied. A detailed simulation revealed that 
a radio frequency tuning accuracy better than 1 MHz is required to achieve FD-MLL operation. 
The amplifier current and the modulation depth of the tunable intracavity filter are linked and 
they reveal the presence of a FDML current region as function of the modulation depth of the 
filter. The simulated FD-MLL shows a comb width of 21 nm and a spectral linewidth of 10 MHz 
which result in a coherence length of 29.7 mm in a simulated swept-source OCT setup. The 
use of an integrated AMZI on InP substrate in a fiber based FDMLL with lower repetition rate 
(12 MHz) is characterized as possible source for SS-OCT setup schemes. Optical and electrical 
measurements reveal a FD-MLL operation with 3 nm comb width, and highly chirped 83.3 ns 
optical pulses. Moreover, the use of AMZI filter raises the opportunity of sending electronics 
driving which are different than the sinusoidal driving waveform. This leads to the opportunity 
of having gaussian-like spectra which increase the signal to noise ratio (SNR) of the OCT 
images. 

7.1 INTRODUCTION 
Fourier domain mode-locked (FDML) lasers are among the fastest wavelength-swept light 
sources. They are used in many applications, like optical coherence tomography (OCT) [163] 
and Raman or two photon microscopy [164].  A FDML (Frequency Domain Mode Locked) 
laser is a ring laser structure that comprises an optical amplifier and a tunable filter. It 
overcomes the physical limitations of cavity build-up dynamics by matching the optical 
roundtrip time of the light circulating in the laser cavity with the bandpass filter sweep period 
[165]. This ensures that lasing modes do not have to build up from a spontaneous emission 
background but are already present from the last wavelength sweep of the filter. This is 
enabled by the very long optical delay line present in such laser cavities (Figure 7.1 a). From 
a viewpoint of physics, the FDML lasers are very different from other tunable lasers, such as 
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swept sources or passively mode locked lasers described in this thesis in chapter 6 and 
chapter 4 respectively. A comparison between these three types of lasers is sketched in 
Figure 7.1 b), where we can observe the electric field and the output spectra of such laser 
configurations. The FDML laser present an almost constant output power (like a cw-laser), 
however the output spectrum is broad and has a comb like structure (i.e., the one of a 
passively mode-locked laser). This can be understood since the FDML presents a fixed phase 
relationship between the longitudinal cavity modes and a highly chirped optical pulse [166]. 
This results in a quasi-Continuous Wave (CW) operation and a frequency comb with equal 
mode spacing.  Current FDMLLs consist of long ring fiber cavities (10-100 km) with tunable 
Fabry-Perot bandpass filters (FFPs) that operate at 10 kHz-100 kHz for the scan repetition 
rate. Such long ring cavities are needed to match the relatively low tuning speed capabilities 
of the Fabry-Perot etalons which are used as bandpass filter. The transmission wavelength 
of the mechanically tunable FFPs is modulated sinusoidally with a repetition period equal to 
the fundamental cavity round trip time. In this way, these lasers allow for sweeps up to 
290 kHz [167]. There are two limitations of such mechanically tunable FFPs apart from 
mechanical stability issues. The first is the limit on the tuning speed due to the limit on piezo 
actuators which affects the length of the laser cavity. The second is the that the scan speed 
also varies sinusoidally in time leading to a large variation in average power over the 
wavelength scan. A possible approach for the realization of a FDMLL source with increased 
tuning speed is the use of an electro-optically controlled bandpass filter on a photonic 
integrated circuit (PIC). A tunable filter tuned using electro-optic phase modulators with 
electrical control bandwidths of well into the GHz range allows for much faster scanning 
speeds and/or linear scans of the optical frequency as a function of time. The high speeds 
allow for a shorter laser cavity that can be integrated onto a single PIC. Such PICs offer some 
major advantages over bulky fiber optic systems such as small footprint, lower power 
consumption compared to that of the fast piezo actuators and robustness towards 
misalignments in case the complete laser is integrated. FDML laser with GHz repetition rate 
can be used as future comb sources for ultra-fast wavelength division multiplexing (WDM) 
interconnects. Their use as laser sources in SS-OCT can be hampered by the rather slow data 
acquisition, since the fastest SS-OCT measurements has been obtained with 400 MHz sweep 
rates [15]. However, they can be used as comb sources for spectral domain OCT (SD-OCT) 
where the analog acquisition through spectrometers allows for higher sweep rates. The use 
of an electro-optic tunable filter in an FDMLL has been reported in literature. A lithium-
niobate Mach-Zehnder interferometers [168] was used as a wavelength-tunable comb filter 
in a fiber based FDML ring laser. In this chapter we investigate the use of the available 1550 
nm generic integration technology on InP [27], [31] to develop a FDMLL suitable for OCT 
imaging. Recently demonstrated high speed phase modulators on this platform [38] can be 
used to make tunable filters that can tune at  GHz scan rates. This will enable the realization 



7.2 Fourier-domain Mode-locked laser design  

115 

of monolithically integrated FDMLLs with much shorter cavities in mm as described by Heck 
et al [169] that can be suitable for real-time in vivo SD-OCT application. The integrated high 
speed phase modulators also enable the realization of a tunable filter and optical amplifiers 
for a lower repetition rate laser for SS-OCT. In this chapter we first present the  design, 
modelling, and simulation results of a 2.5 GHz InP monolithically integrated FDMLL using an 
asymmetric Mach-Zehnder interferometer (AMZI) as intra cavity electro-optical tunable filter 
[132]. A time domain model description of integrated semiconductor lasers [133] is used to 
simulate the influence of several parameters, e.g. the applied scanning frequency of the 
tunable filter, on the laser dynamics. Then a swept source OCT setup simulation was done to 
investigate the suitability of the designed laser for application in OCT.  
As a first step towards the realization of a fully integrated InP FDMLL, we present preliminary 
measurements on a fiber based FDMLL that have been performed. An AMZI bandpass 
tunable filter integrated on an InP based PIC is used to tune a ring based FDMLL in fiber at a 
12 MHz repetition rate. The AMZI is tuned through reverse bias voltage applied to electro 
optical refractive index modulators (ERMs) [147]. Optical and electrical spectra, and output 
pulse duration have been measured for FDML operation. These results can be considered as 
a milestone for the monolithic integration of FDML laser on InP, to achieve GHz scan speeds.  

         
Figure 7.1 a) Schematics of a fiber-based Fourier Domain Mode-Locked laser system in fiber, where a tunable 

Fabry-Perot (FP) filter is tuned within the same roundtrip time of the laser cavity.  b) Sketched comparisons of the 
time-dependent field and the laser spectra between a single mode CW-laser, a passively mode-locked laser and a 

FDML laser. (After [170]) 

7.2 FOURIER-DOMAIN MODE-LOCKED LASER DESIGN 
In this section, a bi-directional time domain simulator, based on the optical amplifier 
described in detail in the Appendix A and a gain parametrization described extensively in 
Chapter 3 and Chapter 4 for similar quantum well amplifiers at 1300 nm, is used to simulate 
the behavior of an integrated FDML laser design on InP. The model is used to study the 
dynamics of FD-MLL with a Fabry-Perot linear cavity. The laser design follows from a FDMLL 
design already published in [169], with a few improvements. First the laser cavity is longer to 
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decrease the repetition rate to lower frequencies (2.5 GHz instead of 20 GHz). This will allow 
the testing the laser without the use of high-frequency electronics. Secondly, despite the 
possibility of breaking the roundtrip periodicity of the light filtering, which results to be 
negligible from the simulation results, this approach offers an advantage in terms of stronger 
filtering effect since the light passes twice through the AMZI within a single roundtrip.  
Moreover, in this configuration, through the tuning of one phase modulator (ERM) in the 
AMZI filter, we can achieve time-domain modulation and wavelength sweep simultaneously.  
Five different optical components are used in the laser design as standard building blocks for 
the simulator: Multiple Quantum Well (MQW) based SOA, passive waveguides, Electro-
Refractive Modulators (ERM), couplers and mirrors.  
The design is presented schematically in Figure 7.2. The total laser cavity length is 1.644 cm 
which corresponds to a longitudinal mode spacing of 2.5 GHz in a linear cavity. This cavity 
length is chosen because such laser cavity lengths have been realized successfully before on 
InP [124]. In the simulator, the laser is discretized into 8.6 µm long segments corresponding 
to 103.4 fs time steps. This means that in the design all components have lengths that are an 
integer multiple of this segment length. The tunable bandpass filter (marked by the dashed 
bigger circle) is realized as an Asymmetric Mach-Zehnder Interferometer (AMZI) consisting 
of two Multimode Interference (MMI) couplers with 50:50 splitting ratio and two ERMs. The 
arm difference δL between the two arms is defining the filter free spectral range (FSR). As 
explained in chapter 5, the bandpass filter transfer function presents a sinusiodal wavelength 
dependence which is linked to the optical path mismatch. The AMZI filter is designed with a 
length imbalance of 34.4 µm (4 segments) to achieve a 2.4 THz FSR (21.2 nm around 1552 
nm). The phase change is applied to the 2mm long PMs where a relative phase change of 2π  
between the two arms will tune the filter over its full FSR.  
Since in the simulator, the amplifier gain is assumed to be constant as function of wavelength, 
the laser design in the simulation also includes another bandpass filter which limits the gain 
bandwidth. In this design, the gain bandwidth filter (indicated by the dashed smaller circle in 
Figure 7.2) is an AMZI bandpass filter with a length mismatch of 8.6 µm (1 optical segment). 
This results in a bandwidth limitation of the positive gain to 9.6 THz (80 nm around 1552nm) 
which is a reasonable approximation of the SOA gain bandwidth at high current densities (6-
7 kA/cm2). The length of the SOA is 800 µm to ensure a threshold current density higher than 
5 kA/cm2.   
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Figure 7.2: A schematic of the FD-MLL design studied. The dashed circle indicates a filter used to limit the gain 
bandwidth to 80 nm. The filter arm imbalance is 𝛿𝛿l1=8.6 µm. The tunable AMZI filter is sinusoidally swept to 

achieve FDML operation. The arm imbalance is 𝛿𝛿l2=34.4 µm. The 1x2 coupler has 0.5 coupling ratio. RHS and LHS 
mirrors are assumed to have reflectivity of 0.99 and 0.3 respectively. The total FP cavity length is 1.644 𝑐𝑐𝜇𝜇 

The output optical power as function of time is measured from the right-hand side (RHS) 
semi-transparent mirror which presents a reflectivity of 33%, to simulate the effect of the 
out-coupler. The LHS mirror has a reflectivity of 99%. During the device modelling all the 
multi-mode interference (MMI) couplers and mirrors are assumed to be lossless, while the 
passive waveguides present a propagation loss of 1.5 dB/cm. This means that the output 
power and the threshold current of the laser in the simulation will be overestimated, but the 
influence on the conclusions of the laser dynamics will be negligible. An important limitation 
of the simulator used is that dispersion in the passive waveguide sections is not included in 
the underlying model.  

7.3 LASER SIMULATIONS 
The goal of the simulations of the FD-MLL cavity design are first to demonstrate that the 
FDML state can be achieved and to investigate how the operating regime depends on the 
control parameters of the laser. The simulations mainly focused on investigating the changes 
in the optical spectrum, the output optical power, and the frequency chirp as function of 
several parameters. The parameters that are varied during the simulations are the 
modulation frequency, the modulation depth, and the SOA injection current. Then the 
suitability of the FD-MLL output for OCT is investigated. This is done by using the simulated 
laser output time traces inside a Michelson interferometer to determine the achievable 
imaging depth in vacuum and the laser coherence length.  

7.3.1 OPTICAL SIMULATIONS 
In the simulations of FDML, the AMZI bandpass filter is tuned by directly applying a sinusoidal 
time varying phase shift to the longer arm. The RF frequency of the driving signal applied to 
the ERM in the AMZI is the first parameter addressed in the study of the laser dynamics. Note 
that during the simulations the ERMs are assumed to not have any bandwidth limitation. As 
explained in the introduction, to achieve FDML operation, the optical bandpass filter needs 
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to be tuned with the same repetition rate of the laser cavity. However, due to the carrier-
photon density dynamics, pulsed behavior on the time scale of a single or multiple round 
trips may occur, e.g., in regular mode-locking the pulse shape will be distorted due to self-
modulation effect. This causes the repetition rate to vary as function of current as described 
in [139]. The analysis of the effect of varying the driving signal frequency can lead us to find 
the operating point for FDMLL operation. In the simulations the drive frequency is scanned 
for 40 MHz around the fundamental frequency (2.513 GHz) of the laser cavity with a 
frequency resolution of 1 MHz (0.04% of repetition rate). The resolution was determined as 
the smallest frequency step that gave rise to noticeable changes in the laser operation. The 
peak-to-peak modulation depth on the phase modulator was set to π which is half the free 
spectral range of the AMZI. This represents the phase difference of the sinusoidal driving 
between the maximum and the minimum over a single period. The current in the SOA was 
set at 120 mA. Simulations results for other SOA current levels and modulation depths are 
discussed later in this section. The optimal modulation frequency is found to be 2.523 GHz. 
Figure 7.3 (a) shows the laser output power as function of time for three drive signal 
frequencies. For a modulation frequency of 2.523 GHz, the average optical power is around 
13.3 mW with a variation of ± 5𝜇𝜇𝑊𝑊. This value is close to the average power at steady state 
operation of the laser without driving the phase modulator which is 13.9 mW. In Figure 7.3 
b) the instantaneous frequency is presented for the same three driving frequencies. For a 
driving signal frequency of 2.523 GHz, the frequency chirp presents a sinusoidal profile. The 
frequency chirp ranges between ±625 GHz centered at -185 GHz for a modulation depth of 
𝜋𝜋. This equals the half of the FSR of the AMZI filter. We can therefore conclude that the laser 
is in a FDML state at this driving frequency. A detuning of ±1 MHz from the optimum 
frequency, will result in a lower average power around 12.7 mW. From Figure 7.3 (a), the 
output power varies between 200 nW and 40 mW in the top and bottom time traces. 
Moreover, this pulsed-like operation results in more random phase relation variations 
between the modes leading to a noisier frequency chirp as can be seen from the top and 
bottom graphs of Figure 7.3 (b).  In Figure 7.3 (c) the output spectra, calculated over 60 ns, 
are recorded for the same three different modulation frequencies. At the optimal frequency, 
the average optical power is highest. One can notice how the highest spectral power is 
concentrated at the edges of the optical spectrum. This a consequence of the sinusoidal 
driving signal applied to the ERM of the AMZI filter. It is observed that detuning the 
modulation frequency results in lower output power within the tuning range. This happens 
since a detune of the sweeping speed of the filter will introduce a mismatch between the 
maximum transmission of the bandpass filter and light at a specific wavelength travelling in 
the cavity. This will lead to an extra loss on the spectral modes and to a higher fraction of 
Amplified Spontaneous Emission (ASE), which are transmitted by the filter for each round-
trip time [171]. The spectral power for detuning of -1 MHz and +1 MHz are 1.2 dB and 1.9 dB 
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lower on average. It should be noted that FDML operation could not be achieved by operating 
the AMZI filter in a push-pull configuration where one phase modulator in one arm is driven 
opposite to the phase modulator in the other arm. In such a configuration there is, in the 
ideal case, no phase modulation on the transmitted light. 

                     

 
Figure 7.3: (a) Output power and (b) frequency chirp (Instantaneous frequency) as a function of time, and (c) the 

optical output spectra at the optimal modulation frequency of 2.5229 GHz and detuning of ±1 𝐼𝐼𝑇𝑇𝑧𝑧 for 𝜋𝜋 
modulation depth and ISOA=125 mA. 

The FDMLL operation is investigated for SOA currents ranging between 90 mA and 180 mA 
and for different modulation depth values between 0.5𝜋𝜋 and 2𝜋𝜋. The driving frequency was 
kept constant at 2.523 GHz. The output power is analyzed for a 30 ns time trace to evaluate 
the stability of the FD-MLL operation. Figure 7.4 (a) shows multimode operation with power 
fluctuations between 0 and 30 mW for a SOA current of 90 mA and modulation depth of 𝜋𝜋. 
The power variation is due to beatings between the modes which are varying over time due 
to changes in phase relation between the modes, i.e. clearly a non-modelocked state.  
Increasing the current up to 120 mA, the output power is stable, and the power variation is 
reduced to ±7.5 mW around an average power of 12.6 mW. This indicates that there is a 
certain current range that ensures a stable FD-MLL operation at 2.523 GHz. This range of 
currents depends on the modulation depth. We also see that increasing the current, it can 
result in power instability. Figure 7.4 (b) illustrates (green) the range of FDML operation with 
the current at different modulation depths. We observe that the minimum current to 
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observe FDML operation increases for higher modulation depth of the sinusoidal driving 
function. This happens since the larger the modulation depth, the shorter is the fraction of 
time the laser is operating at one of the cavity modes. This leads to the need of higher light 
amplification to reach the same FDML operation.                 

         
Figure 7.4: (a) Output power for different SOA injection current at a fixed modulation depth of 𝜋𝜋. (b) different 

operations of the simulated FD-MLL for different SOA current and modulation depth. The modulation frequency is 
set at2.523 GHz for all the different currents and modulation depths.  

 
Furthermore, we investigate the comb spectral width as a function of the modulation depth 
of the RF drive signal at 125 mA injection current. Figure 7.5 a) shows the output spectra of 
driving the AMZI filter with modulation depth 0.5 𝜋𝜋,𝜋𝜋, 2 𝜋𝜋  respectively. The optical 
bandwidth of the FD-MLL increases with increasing the modulation depth. The 20 dB laser 
spectral widths are calculated to be 640 GHz, 1.25 THz, and 2.42 THz respectively, which is in 
line with the tuning of the AMZI. The 2 𝜋𝜋  modulation does not correspond to a FDML 
operation, as can be seen by the absence of any power concentration at the spectrum edges. 
This is in line with what expected from Figure 7.4 b). Moreover, all the three spectra are not 
flat and show modulation dips of 6.4 dB, 8.9 dB and 10 dB respectively. The dips obtained on 
the spectrum are related to the phase modulation applied on the laser. This has been 
analyzed in detail with separate phase modulation simulations. The effect has also been 
extensively studied in [172]. As a result of the strong phase modulation applied to the laser 
light, during the laser operation the cavity spectral modes are not only tuned but the light 
passing through is also strongly phase modulated during the frequency up-sweep and down-
sweep. As mentioned before, it is important to mention that to achieve FD-MLL operation in 
the proposed design, it is essential that the modulation is applied only on one arm of the 
AMZI to exploit both the effects of wavelength filtering and phase modulation. In this way it 
is possible to obtain a fixed phase relation between adjacent modes. In Figure 7.5 b), an 
average FHWM linewidth (over 300 spectral modes) is calculated to be 10 MHz (0.08 pm). 
We note that the accuracy of the linewidth calculation is limited by 3 MHz resolution of the 
spectrum which is a limitation of a simulation window of 200 ns in time. 

a) b) 
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Figure 7.5: (a) Normalized optical spectrum for different modulation depth of the drive signal. Modulation 

frequency 2.5229 GHz. ISOA=126 mA. The zero frequency 𝛥𝛥0 = 193.3 𝑇𝑇𝑇𝑇𝑧𝑧 (𝜆𝜆0=1552 nm). (b) simulated optical 
linewidth averaged over 300 spectral modes obtained from the simulated FD-MLL. The spectral resolution is 

limited to 3 MHz. 

7.3.2 SS-OCT SIMULATION  
The proposed FD-MLL design is investigated as a source in a SS-OCT measurement. The 
simulated swept-source SS-OCT setup is a free space Mach-Zehnder interferometer (ng = 1) 
[6]. The laser input power is equally split into two optical paths. The two optical paths have 
a variable optical path length mismatch which lead to an interference signal. The optical path 
is doubled in the calculation, to address the behavior of a Michelson interferometer with the 
use of a Mach-Zehnder interferometer in the simulations of an OCT setup configuration. The 
time dependent interference signal is measured with a photodetector. We assume no 
additional losses between the two arms. The photodetector is just the output power, so it is 
modeled as a detector with an electrical bandwidth determined by the step size in the time 
input trace of 106 fs, which is approximately 5 THz. In this SS-OCT model, a time trace of the 
output of the simulated FD-MLL with 2.4 THz (21 nm) tuning range, 2.522 GHz mode-spacing 
and 14.4 mW output average power is used as the laser input to the interferometer. To 
obtain one-dimensional depth profile, an Inverse Fast Fourier Transform (IFFT) is performed 
on the output interference spectrum. The IFFT is performed with a sampled acquisition of 
1000 points over the sweep range of the FD-MLL. Zero-padding was also applied to improve 
the smoothness of the depth profile.   
The axial resolution of an OCT image δL is determined by the scan range Δ𝜆𝜆span =21nm of the 
laser. For a Gaussian intensity distribution over the full scan the resolution is given by 
equation (1.1), where λ0=1552nm is the central wavelength of the FDML frequency comb. 
The theoretical axial resolution achieved by this laser in an OCT system is 50 μm in vacuum. 
In the simulation, the axial resolution is calculated from FHWM of the reflection peak 
intensity as shown in Figure 7.6 (a) The obtained value is 70 μm. The axial resolution value 
determined in the simulation is 40% higher than the theoretical one. The reason is that the 

a) b) 
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theoretical value is calculated assuming a laser source with a Gaussian shape of the intensity 
distribution over the wavelength scan range. However, in our case, the simulated FD-MLL 
spectrum presents a shape that is very different. It has the highest intensity at the edges of 
the spectral range covered. The coherence length of the laser over the complete wavelength 
tuning range can be calculated using the same interferometer setup. In practice, this is done 
by moving the reference mirror over a certain range and recording the reflected peak 
intensity at each position. The intensity decay (R) as a function of imaging depth (z) can be 
described as [20]: 

𝑅𝑅(𝑧𝑧) = exp �− 𝜋𝜋2𝜔𝜔2

8ln 2
�𝑧𝑧
𝜋𝜋
�
2
�     (7.1) 

Where d is the maximum scan depth, d=λ2/(4Δλ) in which Δλ is the wavelength sampling 
interval, and ω is the ratio of the laser spectral linewidth (FWHM) δλ to the wavelength 
sampling interval ω=δλ/Δλ. 
SS-OCT simulations were done for different optical path mismatch values ranging from 0.9 
mm to 29 mm with 0.9 mm step and the depth profile was calculated as shown in Figure 7.6 
(b). From the figure we can see that the reflected power intensity is almost constant over the 
full imaging depth range of 29.7 mm. The main reason behind that is that the spectral modes 
in the simulated FD-MLL show a very narrow FWHM of 10 MHz compared to the wavelength 
sampling interval of 2.522 GHz. This results in an almost flat intensity decay profile according 
to (7.1) which describes the long coherence length achieved by this simulated laser. In 
previous simulations, the bandwidth of the photodetector was determined by the time step 
in the laser output simulation data. However, the limited photodetector bandwidth can 
result in an intensity decay which limits the maximum imaging depth obtained. To not affect 
the imaging depth of the system, the photodetector bandwidth should be larger than the 
maximum frequency of the detected signal 𝛥𝛥𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐

𝜋𝜋𝑚𝑚𝑐𝑐𝑦𝑦
 , where 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum scan 

depth described in (7.1). The maximum frequency is calculated to be 10 GHz. Figure 7.6 (c) 
shows a depth profile for different simulated photodetector bandwidths. The bandwidth 
limitation was simulated by Butterworth low-pass filter with cutoff frequency [173]. These 
simulations reveal the integrated FDMLL to be a good laser source for SS-OCT. Monolithic 
integrated FD-MLL lasers on InP will have high repetition rates that may be brought down to 
1GHz or even 500 MHz, but those are still too high scan rates for ADCs needed to record the 
OCT signal in SS-OCT. InP integration can still be used however for realizing the tunable filter, 
possibly combined with an SOA in a fiber cavity. Using optical fiber, the cavity can be made 
sufficiently long to reduce the scan repetition rate to levels useful for an SS-OCT set-up.  It is 
therefore useful to evaluate the suitability of an integrated AMZI as a tunable bandpass filter 
in a FDML laser. 
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Figure 7.6: (a) Calculated axial resolution profile for a path length mismatch of 2.7mm (b) calculated depth profile 

of series of path length mismatches ranging between 0.9-29mm (0.9mm step) assuming no photodetector 
bandwidth limitation (c) calculated depth profile including photodetector bandwidth limitation. 

7.4 FIBER-BASED FOURIER-DOMAIN MODE-LOCKED LASER 

WITH AN INP INTEGRATED FILTER 
In this section, we present measurements on a fiber-based ring cavity FD-MLL operating 
around 1530nm with an integrated AMZI as a tunable filter. The filter has been fabricated on 
a multi project Wafer Run (MPW SP24) on an InP generic integration technology [27], 
fabricated by Smart Photonics. The AMZI voltage dependent transmission is investigated at 
different wavelengths. The CW laser performance as a function of the AMZI tuning is 
evaluated first. This is done to understand the threshold current, the maximum output power 
and the operating wavelength of such laser. For the FDML operation of the laser, the 
measurements are focused on investigating the changes in the optical spectrum, the output 
power, and the frequency chirp as function of the modulation frequency and the modulation 
depth. The results obtained can be later applied in the 1300 nm range to obtain hyperspectral 
OCT images with laser scans at different wavelengths. 

7.4.1 ASYMMETRIC MACH-ZEHNDER INTERFEROMETER TUNABLE FILTER 
An AMZI tunable filter is used in a FDML laser cavity. The chip is wire-bonded to a distribution 
printed circuit board (PCB) to have easier access to the electro-optic modulators from the 
voltage source. The FSR of the AMZI is determined by the physical length mismatch ΔL 
between the two arms and it is 6 nm. The AMZI was not specifically designed for this 
application which is why the FSR is relatively small. The wavelength tuning of the AMZI is 
done by applying a reverse bias voltage to one of the ERMs. First, we investigated the 
efficiency of the AMZI filter used in the laser cavity by measuring the half-wave voltage 𝑉𝑉𝜋𝜋  of 
the ERM. Light from tunable laser source (Agilent 8163B-channel A) is coupled to the AMZI 
using a single mode lensed fiber. The output light is then detected with a photodetector 
(Agilent 8163B-channel B) as the reverse bias voltage source (Keithley 2401) applied to the 
ERM is swept between 0 V and -9 V with 0.18 V step. The laser source power is fixed at 10 

a) b) c) 
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dBm and the input wavelength is swept between 1520 nm and 1530 nm with 2 nm step. The 
optical alignment is automated [68], to optimize the fiber to chip coupling. For each voltage 
step, the output power was averaged over 20 scan (100 ms for each scan) to average out any 
possible misalignment during the measurements. Figure 7.7 shows the transmission of the 
AMZI for different voltage bias values and different wavelength of the input laser source. The 
average 𝑉𝑉𝜋𝜋  value measured over the mentioned wavelength range is 5 V, varying of around 
0.5 V with wavelength between 1520 and 1530 nm. The maximum measured Extinction Ratio 
(ER) is 25±5 dB. This value is obtained when the wavelength of the tunable laser is aligned 
with the maximum transmission of the AMZI filter as can be seen for the curve of 1524 nm. 
As the laser source is tuned to higher wavelengths, we see that the ER is decreasing gradually 
to 20 dB. This indicates that the AMZI is tuning towards higher wavelengths with increasing 
the reverse bias on the ERM.  

 
Figure 7.7: AMZI optical power transmission as a function of the reverse bias voltage applied to the AMZI filter for 

different wavelengths. The input laser source power is set at 10 dBm. 

 

       
Figure 7.8: (a) Schematic diagram of the fiber-based FD-MLL with an integrated AMZI as a tunable filter. (b) 

measured LI characteristics of the laser cavity. The temperature of the SOA is fixed at 20°C and the reverse bias 
voltage of the filter is set at 0V. (b) laser optical spectrum for different DC bias voltages applied to the AMZI filter. 
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7.4.2  LASER DESIGN AND DC OPERATION  
The laser design, depicted in Figure 7.8 a), consists of a ring cavity with the AMZI 
characterized in Section 7.4.1 as tunable bandpass filter. The amplification inside the cavity 
is provided by a packaged SOA (JDS Uniphase) where the temperature is controlled using a 
Peltier element and a water cooler element to extract any additional heat generated by the 
Peltier. Two optical isolators are included to ensure the uni-directionality of the light inside 
the cavity.  The output of the AMZI is connected to a 2x2 output coupler where 90% of the 
optical power is fed back to the laser cavity and 10% is extracted as the output signal. A single 
mode fiber (SMF) delay line is added to the ring cavity to reach a total cavity length of 16.071 
m which leads to an expected longitudinal mode spacing of around 12.038 MHz. The light 
intensity characteristics of the laser is measured to determine the operating threshold 
current of the laser. The output power is measured as function of SOA current between 0-
360 mA with 1 mA step. During the measurement of the laser output power, the bias voltage 
applied to the AMZI is constant at 0 V and the temperature of the SOA is stabilized to 20°C. 
Figure 7.8 b) shows the LI characteristics of this laser. The laser threshold current is 200 mA, 
and the obtained optical power has a maximum of 110 𝜇𝜇𝑊𝑊 at 320 mA. This low output power 
is mainly due to the coupling loss between InP chip and the fiber, and the fact that the power 
is measured at the output of the AMZI filter where the highest cavity loss occurs. We choose 
to operate at 318 mA to obtain the highest output power, before thermal roll-over occurs. 
The CW laser tuning range is investigated applying a DC bias voltage to one arm of the AMZI 
filter. The filter bias voltage is swept between 0 V and -7 V with 1 V step. We observed that 
increasing the bias voltage results in the tuning of the AMZI filter towards higher wavelengths 
in agreement with the filter characterization. The measurements indicate a 𝑉𝑉𝜋𝜋  of 5.2 V for a 
2 mm long phase shifter. From the wavelength tuning we observe that lasing modes are 
hopping between the different filter maxima separated by 6 nm. This is since the lasing 
wavelength occurs where the minimum loss is present and small variations in loss for the 
different filter transmission maxima occur during tuning. This behavior is a limitation to the 
FDML operation, since the laser hopping between different wavelengths will occur then as 
well. The variation in the laser output power observed with tuning is related to the residual 
amplitude modulation (RAM) of the ERM present in the AMZI. RAM rises from the electro-
absorption effect of the ERMs which depend on both the wavelength and the applied voltage 
as discussed in [21].  

7.4.3 FOURIER DOMAIN MODE-LOCKING OPERATION 
The mode-locking operation of the laser is investigated tuning the AMZI filter with a 
sinusoidal drive signal with the same frequency as the fundamental frequency of the laser 
cavity. To confirm the FDML operation of our laser system, both electrical and optical spectra 
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have been recorded, together with time trace measurements of the intensity. The frequency 
tuning resolution of the driving signal used to tune the AMZI was 5 kHz.  This resolution 
(1:2500) is determined with the simulations of the FDML operation in section 7.3. Once the 
FDML driving frequency has been established, the effect of the modulation depth on the 
frequency comb width is investigated. Finally, the time dependent output is measured and 
an indication on the pulse chirp is obtained. 
Electrical spectra from a 12.5 GHz photodetector registering the laser output, are recorded 
for different modulation frequency of the AMZI tunable filter. The AMZI filter is tuned by 
applying a sinusoidal drive signal with a voltage offset 𝑉𝑉𝑆𝑆𝑒𝑒𝑒𝑒𝐺𝐺𝑒𝑒𝑐𝑐 =  −2.5 𝑉𝑉 and a Peak-to-Peak 
voltage VPP = 5 V. A frequency sweep of the filter drive signal over a 200 kHz interval with a 
step of 5 kHz around the laser fundamental frequency (12.038 MHz) is implemented. The 
electrical RF spectrum from the photodetector is recorded using an Electrical Spectrum 
Analyzer (ESA-50 GHz E4448A). In this way it is possible to judge the optimal driving RF 
frequency from the analysis of the RF electrical power. The optimal frequency was found to 
be 11.975 MHz, for an SOA current of 318 mA.  
Figure 7.9 a) shows the measured RF spectra for a 15 MHz span with resolution bandwidth 
(RBW) of 100 Hz. The blue curve shows the electrical spectrum when a modulation frequency 
of 11.975 MHz is applied to the AMZI. RF power at the cavity repetition rate is measured to 
be -15.7 dBm, which is 85 dB higher than the noise floor (-100 dB/100Hz). As we detune the 
modulation frequency by 8.5%, the RF power at the driving frequency becomes -37 dBm (red 
curve in Figure 7.9 a). The remaining RF power is still present at the fundamental frequency 
of 11.975 MHz. Beating frequencies between the laser fundamental frequency and the 
electronic modulation frequency, are also clearly visible at 1 and 13 MHz. A high-resolution 
measurement reveals the effect of smaller detuning on the RF power. A high-resolution scan 
(1 Hz RBW-1 MHz span) is recorded for different driving frequencies in Figure 7.9 b). We see 
that a detune of 5 kHz, 15 kHz and 60 kHz results in 1 dB, 3 dB and 5 dB of RF power drop 
respectively. From the observation of the two different figures, it is possible to understand 
that the higher is the detuning between the RF and the laser fundamental frequency the 
lower is the RF power measured by the ESA at the driving frequency. This happens since part 
of the RF power is concentrated at the beating frequencies. According to this, the FDML laser 
frequency is obtained at 11.975 MHz, where the ESA detects the highest peak power.   The 
same frequency detuning is investigated on the optical spectra. The first thing to notice is 
that the laser produces output at two different transmission maxima of the AMZI. There are 
two groups of modes separated by 6 nm, which refers to the FSR of the AMZI. We measured 
that a detuning of +5 KHz with respect to 11.975 MHz (0.04%) results in a 3-4 dB drop of the 
peak spectral power. The power further decreases for a +10 kHz detuning (Figure 7.10 a). 
This behavior is explained by the extra optical losses induced by the mismatch between the 
maximum transmission of the filter and the longitudinal modes spacing as function of time. 
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It is also linked to the lower peak signals in the RF spectra of Figure 7.9 b), as a confirmation 
of FDML operation of the laser. 
 

      
Figure 7.9: Measured RF spectra of the laser corresponding to different modulation frequencies (a) 15 MHz span-

with 100 Hz RBW and (b) 1 MHz span with 1 Hz RBW. (ISOA=318 mA, VPP=5V, VOffset=-2.5V) 

The spectra present the highest power peaks at the edge of the frequency comb generated 
by the filter sweep. This is a characteristic result for a sinusoidal drive signal applied to the 
AMZI filter as we predicted from optical simulations [132]. The asymmetric shape of the 
comb with respect to the center is related to dependency of the AMZI absorption on the 
applied voltage and wavelength. 
The effect of the modulation depth on the spectral width of the laser frequency comb is 
investigated. The Vpp of the drive signal at the optimal frequency (11.975 MHz) is swept 
between 1 V and 5 V with 1 V step. In Fig. 7.10, we observe an increase in the spectral width 
of the combs by increasing VPP of the drive signal. We can notice how a change of 5 V 
corresponds to half of the FSR of the AMZI filter (2.2-2.4 nm). This result is close to what is 
expected from the AMZI characterization of section 7.4.1. (≈ 2.5 𝑙𝑙𝜇𝜇). 
 

            
Figure 7.10: a) Optical spectral power for +5 kHz and +10 kHz detuning with respect to the 11.975 MHz (FDML 
frequency). b) Left hand side (LHS) and  right hand side (RHS) optical spectral widths as a function of VPP, for a 

sinusoidal modulation frequency of  11.975 MHz. (ISOA =318 mA., VOffset=-2.5V), together with the DC tuning 
prediction from Figure 7.7. 

a) b) 

a) b) 
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The time dependency of the output from the laser system, was recorded with a real time 
oscilloscope (WaveMASTER 8600A-6 GHz bandwidth). The RF signal applied to the AMZI filter 
is used to trigger the osciliscope acquisition and the time traces are averaged over 600 
sweeps. The output signal from the laser needed to be amplified using an erbium-doped fiber 
amplifier (EDFA) to have sufficient signal strength from the 12.5 GHz bandwidth photodiode 
used. The EDFA did bring a problem, due to the fact the laser operates right at the short 
wavelength edge of the EDFA gain spectrum at 1530 nm. The spectral shape and what is 
observed in time of the laser is thus strongly affected by the amplification bandwidth of the 
EDFA. Figure 7.11 a) shows 500 ns long time traces of the amplified optical signal. The output 
time traces of FDML lasers are expected to be highly chirped long pulses where the output 
power is distributed over the whole pulse period of 83.3 ns (11.975 MHz repetition rate), 
which is an indication of FDML operation. During up and down sweep of the sinusiodal filter 
we would expect the highest output power to occur at the maxima and minima of the drive 
signal which corresponds to the two peaks at he boarders of the comb. The presence of a 
drop in output power occuring at the maximum drive voltage of -5V can be related to the 
fact that the laser tuning is not continious due to mode-hopping between different maxima 
of the periodic filter function. In this case, the wavelength corresponding to the the maximum 
of the drive signal might have occurred in the left hand side comb between 1522-1525 nm 
where -40 dBm optical power is present. To evaluate the phase relation between different 
spectral modes in the obtained combs, an approach based on the experimental 
demonstration of [174] is adopted. The frequency comb is filtered with a bandpass filter with 
bandwidth of 0.25 nm. The filter is then tuned over the full output comb and time traces are 
recorded. These traces are then analyzed to determine the relative time delay of different 
spectral components. A chirp evaluation over the full obtained combs was not feasible due 
to the limitation of the used measurement system asscociated with EDFA amplification 
bandwidth. 
Instead, the 0.25 nm bandpasss filter is used at one fixed wavelength where a strong signal 
is observed. Because of the up and down wavelength sweep of FD-MLL, we expect to observe 
two pulses at a specific filtered wavelength within the sweep range of the laser. The time 
delay between the two pulses 𝛿𝛿𝑡𝑡 can be linked to the filtered wavelength 𝜆𝜆𝑒𝑒𝐺𝐺𝑓𝑓𝑐𝑐𝑒𝑒𝑟𝑟  by: 𝛿𝛿𝑡𝑡 =
𝜆𝜆0−𝜆𝜆𝑓𝑓𝑖𝑖𝑓𝑓𝑡𝑡𝑒𝑒𝑏𝑏
𝜆𝜆1−𝜆𝜆0

.𝑇𝑇𝑝𝑝𝑒𝑒𝑟𝑟𝐺𝐺𝑐𝑐𝜋𝜋   where 𝜆𝜆0 = 1528.3 𝑙𝑙𝜇𝜇  and 𝜆𝜆1 = 1531.40 𝑙𝑙𝜇𝜇  which are the 

wavelengths at the edge of the sweep range of the obtained frequency comb. 𝑇𝑇𝑝𝑝𝑒𝑒𝑟𝑟𝐺𝐺𝑐𝑐𝜋𝜋  is the 
round-trip time. Figure 7.11 b) shows 500 ns output time trace corresponding to filtered 
output spectrum at 1531.40 nm. We observe the existence of two pulses in the round-trip 
time of 83.3 ns and the time delay between them is found to be 56 ns which agrees with 
expected the time delay between the two pulses at 1531.40 nm. This result from the 
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investigation of the time traces of the laser signal, is the confirmation that the laser operates 
in a FDML operating regime.  

               

      
Figure 7.11: Output optical spectrum a)  500 ns recoreded signal time traces (green) overlapped with the drive 
signal applied to the AMZI.(red) b) Optical spectrum where the time traces are extracted, and a highlight of the 

portion filtered with the optical bandpass filter. c) 500 ns recored signal time traces corresponding to the filtered 
spectrum at 1530.4 nm (green) and the noise floor contributed to the EDFA (red)  (ISOA=318 mA, FModulation =11.975 

MHz, VPP=5, VOffset=-2.5 V, GEDFA=11 dB) 

7.4.4 USE OF MULTIPLE DRIVING WAVEFORMS 
The use of InP integrated AMZI as bandpass frequency raises the opportunity of sending 
electronics driving which are different than the sinusoidal driving waveform. This is a clear 
advantage of integration with respect to mechanically moved mirrors, which are used as 
Fabry-Perot tunable filter in current FDML lasers. The optical spectrum is changing when we 
apply a sawtooth signal with respect to a sinusoid, as depicted in Figure 7.12. We can observe 
how the highest spectral power is at the center of the comb, rather than at the edges. With 
a triangular electronic driving waveform we expect to obtain uniformly distributed power 
over the full width of the FDML frequency comb (3 nm) for a 𝜋𝜋 phase modulation. This is a 
major advantage for the use of integrated filters into FDML lasers  as OCT sources. 
Waveforms that give a Gaussian power spectral distribution over the tuning range of the 
laser, lead to a better signal to noise ratio (SNR) during the OCT imaging. 

a) 

b) c) 
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Figure 7.12: a) Electronic signal and b) resulting optical power spectrum of the FDML laser for a sawtooth 

electronic driving waveform.   

7.5 CONCLUSIONS  
Time domain model simulations for an integrated FD-MLL has been presented. The model 
was used to simulate an InP integrated 2.5 GHz linear cavity FD-MLL with AMZI tunable 
bandpass filter at 1552 nm.  
Simulations demonstrated FD-ML operation can be achieved. Then studies were performed 
into the influence of different parameters such as modulation frequency, modulation depth 
and amplifier current on the laser behavior. Simulation results show that tuning accuracy less 
than 1 MHz is necessary to achieve FD-MLL operation in a 1.6 cm long cavity design. The 
amplifier current and modulation depth are related, and they show a threshold current to 
obtain a stable FD-MLL operation. The simulated FD-MLL has a sinusoidal chirp profile due to 
the sinusoidal drive signal applied to the AMZI filter. This results in a non-flat comb where 
the spectral power is concentrated at the edge of the comb as in a harmonic oscillator. The 
simulated FD-MLL show a comb width of 2.4 THz (21 nm) around 1552 nm and the laser 
linewidth is calculated to be 10 MHz. The use of the designed FD-MLL as a light source in a 
simulated SS-OCT was investigated and reveals a maximum imaging depth of 29.7 mm and 
axial resolution of 70 μm . The axial resolution can in principle be further enhanced by 
increasing the scan range of the laser which can be done by increasing the FSR of the AMZI 
tunable filter. As a drawback, for wider combs the model must account for waveguide 
dispersion since the dispersion has a high contribution over 50 nm on InP waveguides, as 
shown in Chapter 2. Overall, simulation results reveal that the FDML laser operation can be 
achieved on a monolithically InP integrated laser cavity design longer than 1 cm. The 
designed integrated FD-MLL is a promising light source for real time in vivo OCT, but one will 
have to use spectral OCT due to the very high repetition rate.  The design can be scaled and 
transferred to other integration technologies at different wavelengths such as 1300 nm InP 
active/passive integration technology [15]. The use of voltage controlled ERMs as tuning 

a) b) 
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elements has the advantages of high tuning speed and the ability of applying different driving 
waveforms rather than sinusoidal which can lead to a flatter power distribution over the 
frequency comb.  
The attempt to use an integrated tunable AMZI as a bandpass filter in a fiber-based cavity 
design is then discussed. We have demonstrated FDML operation in a 12 MHz fiber ring cavity 
configuration. The output pulses are long and highly chirped with 83.3 ns period. These 
results show the suitability of integrated AMZI as a tunable filter in FD-MLLs. For OCT 
application, this hybrid laser design has the potential to increase the scan rate (in several 
MHz) and scale down the dimensions (down to few meters) of current state-of-art FD-MLLs. 
More importantly, we discovered that a sawtooth electronic driving can be applied to the 
filter, to obtain a flat laser power distribution over wavelength, which is a crucial requirement 
in OCT imaging.  
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8.  CONCLUSIONS AND OUTLOOK 
The results presented in this dissertation represent significant progress towards the 
realization of a monolithically integrated tunable laser system emitting in the 1300 nm 
wavelength range that is to be used as a swept source in an Optical Coherence Tomography 
(OCT) system. The conclusions together with some recommendations for future research are 
divided over two sections following the two main questions that have been addressed in this 
thesis.   

8.1 1300 NM ACTIVE/PASSIVE INTEGRATION PLATFORM  
It is of paramount importance to realize integrated 1300 nm tunable laser for OCT for medical 
and biological applications, due to the low water absorption present at 1270 nm. The 
integration will lead to smaller and more efficient laser systems, that can perform OCT in a 
minimum invasive way. This thesis explains the challenges addressed to port a 
comprehensive foundry platform at 1550 nm to 1300 nm and to understand whether lasers 
realized on such platform satisfy the needs for OCT. This 1300 nm platform was developed 
following two main paths. Firstly, to minimize reflections at the butt-joint active/passive 
interfaces (<-50 dB), the effective index mismatch between the active and the passive layer 
stacks has been minimized. The trade-off addressed in this thesis, is between a) the 
performance of discrete components that can be used as functional building block inside 
complex photonic circuits and b) their ability of being integrated together in the platform. 
Secondly, a well-established InP processing scheme, deployed in Smart Photonics foundry, 
was used to enable that a generic approach targeting different applications through multi-
project wafer (MPW) runs can be used [31]. The extension to the 1300 nm wavelength is 
done without increasing the fabrication complexity ensuring in this way a robust processing. 
The 1300 nm platform includes a passive waveguide with low propagation loss (<3 dB/cm) 
which can be integrated with semiconductor optical amplifiers (SOAs) with >60 cm-1 
fundamental TE mode gain and wide gain bandwidth (FWHM>80 nm), for current densities 
around 7 kA/cm2. The 1300 nm SOA realized on this platform presents characteristic 
temperature of 𝑇𝑇0 = 75 K and high injection efficiency 𝜂𝜂𝐺𝐺 > 60%  for ridge width SOA, which 
leads to 30 mW output saturation power out of a 600 µm long SOA. This confirms that the 
requirement of being compatible with a low loss passive waveguide does not compromise 
the amplifier performance. In addition, high efficiency (20° V·mm) reverse bias driven 
electro-optic phase modulators (ERMs) have been integrated. These performance numbers 
are crucial to be able to reach single mode, high side mode suppression ratio (SMSR >30 dB), 
and widely tunable (tuning range >20 nm) laser systems. The realization of the platform has 
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been performed in parallel with the development of compact models able to describe in a 
parametrized way the behavior of the different components into steady state spectral 
models and dynamics simulation tools. Using this platform, tunable laser systems can be 
realized with a wide tuning range of up to 80 nm making them suitable for OCT systems with 
10 µm axial resolution. On the other hand, lasers realized on this 1300 nm platform deploy 
the use of quite long cavities, due to the need of 2 mm ERM to achieve 2𝜋𝜋 phase shift. The 
introduction of ERM with higher efficiency (e.g., multi-quantum well phase modulators) can 
lead to lasers with shorter cavity lengths, which is beneficial to achieve high SMSR and faster 
wavelength switching times.  
This monolithic integration platform presents an alternative solution to hybrid and 
heterogeneous approaches grown on Si based substates at 1300 nm [175], [176]. Si based 
devices can present the advantage of leveraging a mature CMOS technology, which is high 
volume and presents a high lithographic quality with small fabrication tolerance [177]. 
However, due to the absence of Si-based light emitters, these hybrid approaches require a 
high precision alignment technique (e.g. flip-chip assembly or transfer printing) [178], to 
couple an InP optical amplifier to Si-based passive components. Alternatively, the growth of 
GaAs quantum dots on Si-substrate, developed at the university of Santa Barbara [179], led 
to the possibility of having monolithically integrated lasers on Si. In this case the high lattice 
mismatch between the different materials can lead to the presence of defects, which reduce 
the reliability of the laser performance on the same wafer. The development of the InP 1300 
nm monolithic platform described in this thesis can ensure a high mode overlap between the 
active and the passive layer stacks (Δ𝑙𝑙 < 5𝑒𝑒 − 3), which leads to the possibility of realizing 
extended long cavity lasers with low parasitic reflections. Moreover, it opens the possibility 
to co-integrate the photonic chips with InP fast electronics in the future, to drive THz electro-
optic modulators, leading to a new class of photonic devices [180]. Compared to the other 
two techniques, the InP monolithically integration technology can obtain on-chip high 
density of lasers and amplifiers [181], through exploiting the energy efficient InP opto-
electronics ( ≈µW) [182].  
To increase the capabilities of such 1300 nm platform, the development and the modelling 
of different functional building blocks, such as distributed Bragg reflectors (DBRs) or arrayed 
waveguide gratings (AWGs),  could enable a different range of performance, to target 
different applications, in optical interconnects [183] and spectroscopy [184]. Moreover, a 
complete analysis of the fabrication tolerance and the performance deviation of the photonic 
components, within different chips and wafers, is important to improve the parametrized 
models and the laser simulators. This can be achieved through a high throughput testing of 
identical device and the creation of a performance metric through statistical analysis [68]. A 
complete analysis of the fabrication tolerance and the performance deviation within 
different chips and wafer is important to improve the parametrized models, which describe 
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the different components, but this goes beyond the scope of this work.  For example, it was 
established that the wavelength dependence of the splitting ratio and the insertion losses of 
an MMI coupler can dramatically influence the steady state and the dynamics of the laser 
operation. A parametrized description of MMI as function of wavelength can improve the 
prediction on the laser tuning mechanism with a steady state spectral model and it allows to 
address some expected challenges during the design phase. Similar considerations can be 
done regarding the crosstalk between different ERMs inside the filters or understanding the 
ERM thermal behavior. The time dependent thermal behavior of the ERM at different 
wavelength can influence the laser wavelength switching time and its wavelength stability.  

8.2 LASER SOURCES FOR OCT 
The second part of the thesis focuses on the study of the suitability of monolithically 
integrated tunable laser systems based on voltage controlled electro-optically tuned 
wavelength selective filters, as sources in OCT setup schemes. Two different laser systems 
are studied as OCT sources. The laser designs investigated were realized on a 1550 nm 
integration platform for mainly practical reasons, but their analysis can be transferred to 
1300 nm laser with similar cavity designs. A continuous wave (CW) single mode ring laser 
system based on three-stage AMZI [29] has been firstly investigated. Its use in a stepwise 
scan configuration within 50 nm has been tested at 1 kHz scan rates with 1000 different 
wavelengths per scan. The poor stability of the laser emission wavelength with time with 
wavelength drifts of ≈ 12 𝐴𝐴𝜇𝜇/ℎ, is the main bottleneck hampering the performance of such 
laser. Therefore, a possible improvement to compensate imperfections in the chips 
performance and to ensure a complete control of the laser concerns the development of a 
fast calibration technique through the wavelength monitoring during slower laser scans that 
can be applied frequently, even every few seconds. This wavelength monitoring is done using 
a fiber brag grating interrogator as a wavemeter with high resolution (1 pm) and sufficiently 
fast (19 kSa/s) sampling time. The performance of the laser scan has been investigated 
through the analysis of the transmission of a tunable bandpass filter at the output of the 
laser. The organization of the output data from laser scan according to the recorded optical 
wavelengths, enables the measurements of the gaussian filter FWHM in transmission from a 
time dependent signal. The suitability for OCT of such a laser still must be proven. The current 
tuning of the laser shows the presence of several gaps in the laser tuning. This can be due to  
the poor performance of passive components such as splitters over a wide wavelength range 
and to spurious reflections coming from the passive components in the laser circuit. A second 
issue is the imperfect reading of the wavelengths due to multimode laser operation and 
power fluctuations. This can be improved by multiple real-time wavelength readings with 
slower calibrations stepwise scan rates (1 – 5 Hz) and the use of the average reading on the 
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OCT measurement. The use of electronic synchronization between the laser control 
electronics and the wavemeter can further reduce the number of spurious readings. 
Moreover, as a future development, a different wavelength monitoring unit design can be 
implemented to discriminate between multimode configurations with 8 nm or closer lasing 
wavelengths, following an approach as was demonstrated using an Si arrayed waveguide 
grating [185].  The main limitation to the scan speed is set by the wavelength switching time 
inside the laser cavity of approximately 50 ns. This means for a scan with 1000 steps, a 
practical limit of around 10 kHz [162]. The wavelength switching time can in principle be 
reduced through frequent laser resets during its operation. This can be implemented using a 
segmented amplifier inside the laser cavity. Finally, the measurement uncertainty can be 
studied. By the analysis of the way the output lasing wavelengths change over time using the 
fast-monitoring system, it is possible to study the wavelength dependent sensitivity to the 
environmental conditions. Different points of the laser calibration map would have different 
levels of stability, and different actions can be taken.  
As an alternative source, the design and the simulation of a cm-long integrated Fourier 
Domain Mode-Locked laser (FDML) system [132] are presented. The use of photonic 
integration can enhance the performance of such lasers in terms of speed (2.5 GHz repetition 
rates) and can enable the use of electronic waveform driving which are different than the 
sinusoidal one. FDML sources have enabled SS-OCT with ultrahigh A-scan rates (400 MHz) 
[15]. Photonic integration, if properly sustained by a sufficiently fast data acquisition [7], 
[186], can  further increase the SS-OCT speed to the GHz level. In this thesis the use of an 
AMZI as a fast tunable filter, in a fiber based FDML ring laser was characterized. Highly 
chirped output pulses (83 ns) have been observed as a clear indication of FDML operation. 
Hybrid integration approaches can be implemented to exploit the use of low loss (0.1 dB/m)  
photonic platforms [187], inside meters-long FDML laser to obtain 100 MHz repetition rates. 
For OCT application, this hybrid laser design has the potential to increase the scan rate (in 
several MHz) and scale down the dimensions (down to few meters) of current state-of-art 
FD-MLLs. Moreover, wider FDML frequency comb can be generated using different arm 
geometrical mismatch inside AMZI integrated tunable filters. However, for a wide range of 
wavelength, the InP passive waveguides present a significant dispersion. For this purpose, 
some integrated circuits for dispersion slope compensation need to be inserted inside the 
FDML laser cavity [188].   
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APPENDIX A 
RATE EQUATION FOR THE SOA DESCRIPTION   
In this appendix the rate equations for the description of the SOA in the simulator used in 
Chapter 4 and 7 are presented. The SOA rate equations of The SOA rate equations describe 
concentration dependent radiative and non-radiative carrier recombination rates described 
in [133] as well as the photon densities for two directions. The model also includes nonlinear 
effects such as Two Photon Absorption (TPA) and the non-linear refractive index. The SOA 
material gain as a function of wavelength (𝜆𝜆) is modelled with a logarithmic gain 
approximation versus carrier density. This gain approximation is validated experimentally by 
[103]. The gain-carrier relation used is given in (A.1), where gmat is unsaturated material gain, 
aN differential gain cross section and Ntr is transparency carrier density. 

𝑔𝑔𝑚𝑚𝑚𝑚𝑐𝑐(𝜆𝜆) = 𝑎𝑎𝑁𝑁(𝜆𝜆) ⋅ 𝑁𝑁𝑐𝑐𝑟𝑟(𝜆𝜆) ⋅ ln � 𝑁𝑁
𝑁𝑁𝑡𝑡𝑏𝑏(𝜆𝜆)

�                            (A.1) 

Each SOA segment is described by the rate equations for the carrier and photon density and 
the phase propagations. 
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The evolution of the photon densities is described in (A.2) where P+ and P- refer to the photon 
densities for positive and negative propagation direction respectively. Equation (A.4) 
describes the phase evolution.  Where 𝑣𝑣𝑔𝑔  is group velocity, 𝑎𝑎𝑁𝑁  is gain cross-section,  𝐴𝐴 is 
surface of the active region,  𝜀𝜀1 is non-linear gain compression factor due to carrier heating 
and spectral hole burning, 𝜀𝜀2 is gain compression factor due to two photon absorption, Γ is 
linear confinement factor, Γ2 is confinement factor for (TPA), Γ2′ is confinement factor for 
Ultrafast Nonlinear Refraction (UNR),  𝛼𝛼loss is passive propagation loss, 𝛼𝛼𝐹𝐹𝐹𝐹  is loss per carrier 
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per unit volume due to free carrier absorption in active region , 𝛼𝛼𝐹𝐹𝐹𝐹2 loss per carrier per unit 
volume due to free carrier absorption in active region (quadratic term), 𝛽𝛽2 is the coefficient 
for two photon absorption, 𝛼𝛼𝑁𝑁 is the carrier density linewidth enhancement factor, 𝛼𝛼𝑇𝑇  is the 
temperature linewidth enhancement factor and 𝑙𝑙2 is the nonlinear gain refractive index. The 
carrier recombination mechanism is described in (A.4), where 𝜏𝜏  is non-radiative carrier 
lifetime, 𝐼𝐼 is the bimolecular recombination rate, 𝐶𝐶 is the Auger recombination coefficient, 
𝐷𝐷 is carrier loss term due to leakage current and 𝑊𝑊𝑝𝑝 is pumping rate. The above SOA rate 
equations are explained in more details in [174], [189]. 
All the rate equations parameters values used in the simulation are listed in Table. A.1. These 
parameters are calculated for InP-based integrated devices operating at 1550 nm. The 
parameters are used to model an active region that consists of a 4 MQW amplifier structure. 
Note that those parameters can vary for different layer structures of the SOA and passive 
components. It is important to mention that the effect of the gain bandwidth limitation of 
the SOA is not included in the rate equations of the SOA (Flat gain approximation). To include 
this effect an optical bandwidth limiting filter is added as a separate element in the laser 
design. Passive waveguides are modelled as lossy elements. The waveguide dispersion of the 
effective refractive index 𝑙𝑙(𝜆𝜆) is not included in the model. Phase Modulators (PM) are 
modelled as passive waveguides where the required phase change is directly applied in 
radians within absolute range [−𝜋𝜋,𝜋𝜋] which is also an approximation of the index modulation 
in real PMs   
The simulation of the laser design is performed using PHIsim software tool. The complex field 
propagation for single transverse mode TE polarized light at any point in the circuit is 
described as: 

𝐸𝐸(𝑡𝑡) = �𝑃𝑃+(𝑡𝑡)e𝐺𝐺𝜑𝜑+(𝑐𝑐)𝑒𝑒𝐺𝐺𝜔𝜔0𝑐𝑐 + �𝑃𝑃−(𝑡𝑡)𝑒𝑒𝐺𝐺𝜑𝜑−(𝑐𝑐)e𝐺𝐺𝜔𝜔0𝑐𝑐    (2.5) 
Where 𝑃𝑃 represents the absolute power,  𝜑𝜑 the instantaneous phase and 𝜔𝜔0 is the central 
frequency of the simulation. To achieve a reasonable computational time in the simulations 
presented here, the length of each optical segment LSeg is chosen to be 8.6 𝜇𝜇𝜇𝜇 which is 20 
time the central wavelength 𝜆𝜆0 = 1552 𝑙𝑙𝜇𝜇. This value corresponds to a discretization time 
𝑇𝑇𝐺𝐺𝑒𝑒𝑔𝑔 = 103.4𝛥𝛥𝑠𝑠 at group index 𝑙𝑙𝑔𝑔 = 3.6.  
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Table. A.1 Used parameter values in the model. 

Symbol Description Value 
𝑎𝑎𝑁𝑁 Linear gain coefficient 1.694×10-19 m2 
Ntr Transparency carrier density 0.6577×1024 m-3          
Γ Linear confinement factor 0.053 
Γ2 Confinement factor for TPA 0.1 
Γ2′ Confinement factor for UNR 0.08 
𝜀𝜀1 Nonlinear gain compression factor 0.2 W-1 

𝜀𝜀2 Nonlinear gain compression factor of TPA 200 W-2m−1 
𝜆𝜆0 Centre wavelength 1552 nm 
A Active region surface 0.0265×2 μm2 
𝑙𝑙2 Nonlinear gain refractive index -3.5×10-16 m2W-1 

𝛽𝛽 Spontaneous emission coupling factor 10-5 

𝛽𝛽2 Coefficient for TPA 3.7×10-10 m/W 
𝜏𝜏 Carrier lifetime 0.598 ns 
B Bimolecular recombination rate 2.602×10−16 m3/s 

C Auger recombination coefficient 5.269 ×10−41 m6/s 
D Carrier loss term due to current leakage 5.07×10−102 m16.5/s 

𝛼𝛼loss  Passive waveguide loss 34.5 m−1 
𝛼𝛼𝐹𝐹𝐹𝐹  Free carrier loss in active region 2.264×10-21 m2 

𝛼𝛼𝐹𝐹𝐹𝐹2 Free carrier loss (quadratic term) -2.502×10-46 m5 

𝛼𝛼𝑁𝑁 Carrier density linewidth enhancement factor 4 
𝛼𝛼𝑇𝑇 Temperature linewidth enhancement factor 2 
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