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CHAPTER 1 

Introduction 
 

 
The invention of lasers has significantly influenced the human life. Lasers are the key 
enabling components for a diverse range of applications from the high-tech fiber optic 
communication systems, precise surgical instruments and heavy industrial machinery, to 
end-user products such as hand held pointers, barcode scanners and optical data storage 
devices. Interestingly enough, the first working laser in 1960 [1] generated pulses of 
light rather than a continuous wave. Since then, several techniques, such as Q-switching 
and mode-locking have been developed for stable generation of ever shorter optical 
pulses.  
Optical pulse shaping is complementary to the subject of optical pulse generation. Pulse 
compression is probably the most widely credited case of pulse shaping which dates 
back almost 30 years [2], [3]. That is just after the invention of the colliding pulse 
mode-locked (ML) dye lasers [4]. Solid-state laser sources were developed in the 1990s 
[5] and offered several advantages over organic dye lasers, including higher output 
power level and more importantly stability which facilitated a wider use of femtosecond 
(fs) lasers [6]. This led to a rapid progress in the field of ultrafast optics and advanced 
the applications of ultrafast laser systems. In recent years, the fiber-based ultrashort 
pulse laser technology has reached a mature state of development. Bench-top fs fiber 
lasers rely on the fiber-optic technology and are in practice more robust in comparison 
to solid-state lasers which have free-space optical elements.  
The availability of ultrafast pulses has triggered many research areas and applications 
including extremely stable optical frequency comb generation [7], [8], highly accurate 
metrology [9–11] and coherent control of quantum and nonlinear processes [12], [13]. 
However, the cost of current laser systems is relatively high and the related optical 
components are complex and bulky. This has hindered the widespread deployment of fs 
laser systems and limited the applications to well-controlled laboratory environments.  
The work presented in this thesis focuses on development of miniaturized shaped pulse 
laser systems based on photonic integrated circuits. This thesis addresses three 
important issues of an integrated shaped pulse laser system, namely pulse generation, 
laser source stabilization and shaping of optical pulses. Photonic integration is the 
enabling technology to build active and passive optical devices and circuits which 
provide complex functionalities on a photonic chip. This technology has the potential to 
promote the practical and widespread utility of compact, robust and cost-effective 
ultrafast laser systems.  
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1.1. Photonic integrated circuits for shaped pulse laser systems 
Fig.1.1 presents a schematic drawing of a typical ultrafast laser system. Such a system 
consists of a time/frequency stabilized ML laser which generates a repetitive train of 
optical pulses, an optical amplifier to reach sufficient power and a pulse compressor to 
achieve short optical pulses. For several applications, specific pulse shaping is required 
as well. Pulse shaping is generally achieved through manipulation of the phase and/or 
amplitude of the spectral components, i.e. the evenly spaced narrow lines which 
constitute the frequency spectrum of the pulse train. An ultrafast laser system which 
incorporates the pulse shaper capability is referred to as a shaped pulse laser system. 
In order to build a fully integrated ultrafast laser system, the first step is to realize the 
constituent elements of the system. These elements include the pulse source, the 
amplifier and the pulse shaper. This work mainly focuses on the subject of pulse 
generation using semiconductor ML lasers as well as the optical pulse shaping. These 
subjects are very different in essence, but complement for realizing an integrated shaped 
pulse laser system. This thesis therefore consists of two main parts. The first part is 
comprised of chapters 2 and 3 in which investigations on the pulse generation using 
semiconductor ML laser diodes (MLLDs) is reported upon.  
Semiconductor MLLDs have shown promising performance [14], [15]. They are already 
in use as high-speed sources in fiber-optic communication systems [16] and have 
received much attention in different fields of research such as frequency comb 
generation [17–19] and biomedical imaging [20]. However, the overall performance of 
MLLDs is deficient in terms of coherent optical bandwidth and power levels as 
compared to the state of the art of other technologies which are currently employed. We 
have considered the issue of available optical bandwidth by investigating MLLDs based 
on the InAs/InP(100) quantum dot (QD) gain material. This material is compatible with 
the InP/InGaAsP integration technology and provides an optical bandwidth which is 
larger than the bulk or quantum well gain media. The unique pulse properties of Fabry-
Pérot QD MLLDs and their stabilization through the hybrid ML technique are discussed 
in chapter 2 for a number of devices with different repetition rates. 
A strong approach to enhance the performance of MLLDs and to overcome some issues 
that disturb the conventional all-active two-section devices is to implement advanced 
laser cavity designs. For instance, the extended-cavity design is particularly important to 
reduce the self-phase modulation effects from the gain section. Furthermore, intra-
cavity spectral filters may be used to increase the coherent bandwidth [21] or to achieve 
new ML regimes [22]. To realize monolithically integrated short pulse laser systems, 
active-passive integration is a requirement for any photonic fabrication platform to be 
used, since such technology allows the integration of active and passive components on 

 
 

Fig.1.1. Schematic illustration of an ultrafast laser system with pulse shaping capability. 
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a single chip. In chapter 3, we present an extended cavity ML ring laser with an 
asymmetric design which enables directional control of the optical power. It is an 
example of how active-passive integration opens up possibilities for devices.  
The second part of the thesis consists of chapter 4−8 which deal with integrated pulse 
shaper devices. Pulse shaping has a major role in an ultrafast laser system. A brief 
overview of the pulse shaping techniques which are currently in use is given in 
chapter 4. The possibility of a broader utilization of integrated fs laser systems calls for 
further development of the integration technology, which in turn boosts the application 
of such integrated devices. This is generally known as ‘market pull’ and this has so far 
led to the development of application-oriented photonic integration fabrication 
platforms. Such platforms are usually optimized for high performance of a certain range 
of products. This implies that the costs involved in the development of application-
oriented technologies are only justified for products which cover a large market.  
An alternative approach which has recently attracted much attention is the generic 
foundry model [23]. The generic model is based on the development and 
standardization of certain optical elements to serve as the basic building blocks (BBs) of 
the platform. The BBs can be combined to realize complex optical circuits with 
advanced functionalities. Using standardized BBs enables a significant reduction in the 
design effort and allows for sharing the costs of a single fabrication run between 
multiple users/designs. The design for a monolithically integrated pulse shaper, which 
has been fabricated in an InP-based generic foundry platform, is presented in chapter 4. 
Chapter 5 is dedicated to the characterization and the full calibration of the integrated 
device. In this chapter the calibration procedure and experimental methods are 
explained in detail. Chapter 6 presents a model to simulate the effect on an optical pulse 
which passes through the pulse shaper device using the actual calibration data. This 
modeling of the pulse shaper gives insight into the performance of the integrated device 
and demonstrates how the control signals can be calculated to achieve specific output 
pulse properties given an input pulse shape. 
Monolithic integration [23–25] provides the greatest simplicity and reliability benefits 
when consolidating optical components into a single device. In chapter 7, we show the 
functionality of the realized integrated InP-based device by demonstration of chirp 
compensation for the optical pulses generated by a quantum-dash MLLD.   
In recent years, heterogeneous/hybrid integration platforms have attracted attention. 
Heterogeneous integration [26–28] particularly involves integration of III-V 
semiconductors onto silicon-on-insulator substrates or silicon chips. On the other hand, 
hybrid integration [29–31] is generally based on assembling multiple photonic chips and 
components together to form a compound optical module. Assembly of optical devices 
is in itself a technological challenge; however, the hybrid integration has the advantage 
that the capabilities of different optical platforms may be merged. In chapter 8, we 
explore the possibility of realizing a hybrid integrated pulse shaper which combines a 
TriPleX spectral de-/multiplexer and an InP phase modulator array. In this scheme, the 
TriPleX device provides a low-loss platform for fabrication of a spectral de-/multiplexer 
with individually tunable channels. An important advantage of the hybrid integration 
scheme in case of an optical pulse shaper is that light pulses with at least two orders of 
magnitude higher peak power can be transported in the TriPleX waveguides (compared 
to InP/InGaAsP waveguides).   
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1.2. Outline of thesis 
The outline of the chapters in the thesis that follow this brief introductory chapter is 
described in more detail below.  
Chapter 2 presents an investigation of passive and hybrid mode-locking in Fabry-

Pérot type two-section InAs/InP(100) quantum dot lasers. These devices 
show dual wavelength operation. Over the whole current and voltage range 
for mode-locking of these lasers, the optical output spectra show two 
distinct lobes. The two lobes provide a coherent bandwidth and are verified 
to lead to two synchronized optical pulses. The generated optical pulses are 
elongated in time due to a chirp which shows opposite signs over the two 
spectral lobes. Self-induced mode-locking in the single-section laser shows 
that the dual-wavelength spectra correspond to emission from ground state. 
In the hybrid mode-locking regime, a map of the locking range is presented 
by measuring the values of timing jitter for several values of power and 
frequency of the external electrical modulating signal. An overview of the 
behavior of InAs/InP(100) quantum dot mode-locked lasers was obtained 
and a systematic trend in the behavior of the lasers was discovered and 
presented as the conclusion.  
The contents of this chapter have been published separately as:  
M. S. Tahvili, L. Du, M. J. R. Heck, R. Nötzel, M. K. Smit, and E. A. J. M. 
Bente, “Dual-wavelength passive and hybrid mode-locking of 3, 4.5 and 10 
GHz InAs/InP(100) quantum dot lasers,” Optics Express, vol. 20, no. 7, p. 
8117, Mar. 2012. 

Chapter 3 concerns a passively mode-locked InP/InGaAsP multiple quantum well 
semiconductor extended cavity ring laser. The laser operates at 20GHz 
repetition rate and around 1575nm wavelength. The device has been 
realized using the active-passive integration technology in the COBRA 
photonic integration platform (within the framework of JePPIX). We 
demonstrate that the relative positioning of the amplifier and absorber in a 
monolithically integrated ring laser can be used to control the balance of 
power between counter-propagating fields in the mode-locked state. This 
result is a demonstration of the enhancements possible to MLLs using 
active-passive integration technology.  
The contents of this chapter appear partly in:  
M.S. Tahvili, Y. Barbarin, X.J.M. Leijtens, T. de Vries, E. Smalbrugge, J. 
Bolk, H.P.M.M. Ambrosius, M.K. Smit, and E.A.J.M. Bente, “Directional 
control of optical power in integrated InP/InGaAsP extended cavity mode-
locked ring lasers,” Optics Letters, vol. 36, no. 13, p. 2462, Jun. 2011.   

Chapter 4 provides an overview of the most widely employed optical pulse shaper 
systems. We explain the basic principle of the pulse shaping technique 
which has been used in this thesis and give some information on different 
practical aspects of the pulse shaper devices. An overview of integrated 
pulse shapers and relevant applications are given as well. We conclude the 
chapter by presenting the design of an ultracompact InP-based 
monolithically integrated optical pulse shaper which is made according to 
the fabrication technology platform of Oclaro Inc. and with a focus on the 
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application in highly accurate metrology and Coherent Anti-Stokes Raman 
Spectroscopy (CARS) microscopy.   

Chapter 5 is dedicated to the characterization and calibration of the monolithically 
integrated optical pulse shaper. The chip has been realized in an InP-based 
generic photonic foundry process within the framework of EuroPIC and 
integrates a 20-channel arrayed waveguide grating with 20 phase 
modulators and 20 SOAs. We present the theoretical and experimental 
procedure for full calibration of the device. This calibration leads to a 
mathematical description of the pulse shaper. Details of the experiments 
and measurement setups are given.  
The content of this chapter is in preparation for publication in the IEEE 
Photonics Journal with the following title: “Complete calibration of an 
InP-based monolithically integrated optical pulse shaper”. 

Chapter 6 presents a model to simulate the effect on an optical pulse which passes 
through our pulse-shaper device with its 20 channels at 50GHz spacing 
using the actual calibration data. The first goal of this modeling of the pulse 
shaper is to give insight into the performance of the integrated device and 
to simulate the effect of practical issues which disturb the pulse shaping 
performance. The second goal is to use the model to demonstrate how the 
required control signals can be calculated in order to achieve specific 
output pulse properties given an input pulse shape.  

Chapter 7 focuses on the demonstration of dispersion compensation for highly 
chirped optical pulses by employing the integrated optical pulse shaper 
which is presented in chapter 5. The chip is operated at optimized 
conditions to compensate the chirp of a passively mode-locked quantum 
dash laser source. The pulses from the laser source are sent through the 
pulse shaper and then characterized in the time domain using the stepped 
heterodyne technique. The results show a nearly flat chirp profile over the 
duration of the optical pulse, and suppressed trailing features owing to 
chirp compensation which lead to a reduction of a factor of two in pulse 
width.  
The contents of this chapter appear partly in: 
S. Tahvili, S. Latkowski, B. Smalbrugge, X.J.M. Leijtens, P.J. Williams, 
M.J. Wale, J. Parra-Cetina, R. Maldonado-Basilio, P. Landais, M.K. Smit, 
and E.A.J.M. Bente, “InP-Based Integrated Optical Pulse Shaper: 
Demonstration of Chirp Compensation,” IEEE Photonics Technology 
Letters, vol. 25, no. 5, pp. 450–453, Mar. 2013.  

Chapter 8 deals with the investigation into the possibility of realizing a hybrid 
integrated pulse shaper which combines the capabilities of the InP and 
TriPleX technology platforms. This scheme is particularly interesting 
because of the possibility of achieving fast phase/amplitude manipulation 
in InP while realizing a low-loss multi channel TriPleX spectral de-
/multiplexer in which each channel is individually tunable. Our approach is 
to first describe the design criteria for building the hybrid system and 
define the coupling interface between the TriPleX and InP chips. We then 
focus on the design and characterization of the devices independently. The 
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designs are explained in detail and experimental results are given. The 
TriPleX device is an integrated tunable 24 channel demultiplexer. The InP 
device integrates a dense array of spot size converters (SSCs) with phase 
modulators. We explain the detailed design procedure and present 
characterization of SSCs. We then draw conclusions on this technological 
approach. 
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CHAPTER 2 
Dual-wavelength InAs/InP(100) 

Quantum Dot Mode-locked Lasers 
 

 
In this chapter, an investigation of passive and hybrid mode-locking in Fabry-Pérot type 
two-section InAs/InP(100) quantum dot lasers are presented. Devices show dual 
wavelength operation. Over the whole current and voltage range for mode-locking of 
these lasers, the optical output spectra show two distinct lobes. The two lobes provide a 
coherent bandwidth and are verified to lead to two synchronized optical pulses. The 
generated optical pulses are elongated in time due to a chirp which shows opposite signs 
over the two spectral lobes. Self-induced mode-locking in the single-section laser shows 
that the dual-wavelength spectra correspond to emission from ground state. In the 
hybrid mode-locking regime, a map of locking range is presented by measuring the 
values of timing jitter for several values of power and frequency of the external 
electrical modulating signal. An overview of the systematic behavior of InAs/InP(100) 
quantum dot mode-locked lasers is presented as conclusion. 

2.1. Introduction  
More than 15 years of research on semiconductor quantum dots (QDs) has revealed 
distinctive properties of such material for incorporation as active medium in 
semiconductor optical amplifiers (SOAs) and lasers. So far, a major part of the research 
on QDs has been dedicated to InGaAs/GaAs material systems which emit in the 
wavelength range of 1.0-1.3µm. Progress in growth of InAs self assembled QDs [1] and 
quantum dashes [2] on InP substrate has allowed research on features of such quantum 
structures in the 1.5µm telecommunication window. At the COBRA Research Institute, 
optically active materials based on InAs QDs on n-type (100) InP substrate have been 
developed which provide peak gain in the wavelength range of 1.5µm to 1.8µm [3]. 
This brings the interesting properties of QDs to the wavelength region which is 
attractive not only for fiber optic communications but also for novel applications such 
as integrated tunable lasers for gas sensing and optical coherence tomography [4].  
QDs show low spontaneous emission levels and a broad gain spectrum. The wide gain 
bandwidth is in principle an ideal feature for optical pulse generation. In case of 
InGaAs/GaAs QD-based mode-locked (ML) lasers, there has been much progress since 
the first demonstration of a 7.4GHz passively mode-locked QD laser in 2001 [5]. 
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Several research groups in recent years have studied and achieved sub-ps pulse 
generation [6], high peak power and Fourier limited pulse generation (see for 
example [7] and references therein). QDs and Q-dash material offer the widest available 
bandwidth from ML devices in comparison with bulk or quantum well material. 
Recently, we have investigated ML operation in lasers incorporating InAs/InP(100) QD 
gain material.  
We have previously reported on highly chirped ML operation in Fabry-Pérot type 
InAs/InP(100) QD lasers over a wide range of operating parameters. Such devices 
generate elongated pulses with a relatively wide, i.e. 8nm, optical bandwidth [8,9]. Our 
observations have demonstrated operating regimes that have outputs which look similar 
to FM locking [10] and our devices show different ML properties in comparison with 
InGaAs/GaAs QD-based lasers. On the other hand, the ML behavior in our devices has 
similar properties as observed in single-section InAs/InP Q-dash ML lasers [11]. The 
aim of this chapter is to compare the performance of devices with different repetition 
rates and roundtrip losses and point out the relationship between the results. This will 
help with work aimed at understanding the origin of the observed dynamics in the 
lasers.  
In this chapter, we consider an aspect of mode-locking in InAs/InP QD lasers which is 
the occurrence of stable dual-wavelength ML operation. The dual-wavelength short 
pulse operation is in itself interesting for applications such as optical generation of THz 
signals or CARS experiments on rotational states in molecules. We will present detailed 
characterization of a 4mm-long two-section laser which has 10GHz repetition frequency 
and investigate the region of ML in terms of operating parameters in section 2. In 
section 3, we show that over the whole range of ML, the optical spectrum consists of 
two spectral lobes. We confirm the fact that both spectral lobes contribute to pulsed 
operation and are synchronized.  
In section 4, we report on regimes of hybrid ML in the 10GHz QD laser. Under hybrid 
ML, a clean electrical signal from an external source is available and thus application of 
a broader range of measurement equipment is possible. We present the evaluation of 
spectral chirp based on recorded time traces from a fast sampling oscilloscope. In order 
to better understand the physical mechanism behind ML in our QD devices, we have 
fabricated devices with three different repetition rates. In section 5, we investigate a 
3GHz laser and follow similar characterization steps as mentioned in the preceding lines 
to highlight key features of ML in InAs/InP(100) QD lasers. The 3GHz laser is 13mm 
long and has, to the extent of our knowledge, the lowest repetition rate reported for a 
monolithic InAs/InP(100) QD laser. In section 6, we present, for the first time, the 
mode-locked operation of a single-section laser which incorporates our QD material. 
The device is 9mm long and operates at 4.5GHz repetition frequency. Discussions and 
conclusions are summarized in section 7, where an overview of the experimental results 
is given and a comparison is made with our previously reported devices. We will 
discuss the observed spectral splitting which is linked to the ML operation in the 
devices presented. We show that the power balance in the spectral lobes is affected by 
the cavity losses and equivalently the lasing threshold current density. Furthermore, we 
investigate the systematic generation of chirped pulses in our InAs/InP(100) QD ML 
lasers and confirm the fact that even under hybrid ML, duration of generated pulses is 
almost half the roundtrip time, independent of the cavity length.  
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2.2. Passively mode-locked 10GHz laser 
In this section, we present results of characterization measurements which have been 
carried out on two-section Fabry-Pérot type devices. The gain medium incorporates five 
layers of InAs (on ultrathin GaAs interlayers) QDs. QD layers are stacked in the center 
of the 500nm-thick InGaAsP waveguiding layer and separated by 40nm. Details of 
material growth, layer stack and device fabrication are given in [8,12].  
Two-section devices are operated by current injection to the SOA-section (ISOA) to 
create the gain section. A saturable absorber (SA) section is achieved by applying 
reverse bias voltage (VSA) on the shorter section. The two sections are electrically 
isolated by an isolation segment which is a 30um-long 45o-tilted etch section. 
Fabricated devices are mounted on specially designed RF submounts which provide 
contact pads in ground-signal-ground (GSG) configuration for wire-bonding and 
applying RF signals on SA-sections. The RF submount is realized on 280µm-thick AlN 
polished substrate. The chip is first fixed and wire-bonded on the RF submount; the 
submount is then glued on a copper chuck. During measurements, the copper chuck is 
water cooled and the chip is temperature stabilized at 12oC using a thermistor and 
Peltier element. In order to decrease the cavity losses and operate the SOA-section at a 
lower injection current/gain level, we have applied a highly-reflective (HR, 
reflectivity>96%) coating on the absorber side of the devices. A lensed fiber which has 
an anti-reflection coated tip is used at the SOA-section side to collect the output light 
from the devices. We use an optical isolator to prevent possible back-reflection to the 
lasers.  
Fig.2.1 shows top view of an array of 12 realized MLLDs. Their cavity length 
determines the round-trip frequency. The devices have different lengths of absorber 
section and are tested for the best ML performance.  The device on which we focus in 
this section is 4mm long and has a 120µm-long absorber section, equal to 3% of the 
total cavity length. The device has a threshold current of 173mA to 190mA for SA 
reverse bias voltages of VSA=0V to VSA=−1V. A single-section 4mm-long FP laser is 
also on the same chip. Its threshold current is 115mA. The higher threshold currents for 

 
 

 
Fig.2.1. (Above) An image of the measurement setup and (below) top view of an array of 12 
mode-locked lasers with different lengths of absorber section. Devices are mounted and wire-
bonded on an RF submount. The RF cable is not connected. Two single-section FP structures 
are included as reference lasers. 
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the two-section devices are due to the loss introduced by the absorber section. 
Passive mode locking is studied by recording the electrical power spectrum. In the ML 
state, the recorded traces from the electrical spectrum analyzer (ESA) show well-
defined peaks at the cavity round-trip frequency, i.e. 10GHz corresponding to a 4mm-
long cavity, and its higher order harmonics. The height of RF peak is related to the 
pulsed power and hence is an indication of stable mode-locking. Our first step to 
characterize the QD laser is to define an operating range in terms of the values of 
injected current to the SOA-section and bias voltage on the SA-section to indicate 
where stable ML is achieved. To determine the stable ML operating range of the 
MLLD, ISOA is sweep-scanned and the RF spectra traces are recorded with a 50GHz 
ESA which is connected to a 50GHz photo diode (PD). The measurement is repeated 
for a range of values of bias voltage VSA. The height of RF peak at the fundamental 
frequency over the noise floor (and lower frequency components) is then mapped as 
function of operating parameters. A plot is presented in Fig.2.2. The 10GHz laser 
operates in a stable passive ML regime from VSA=−0.1V (for ISOA=240-310mA) to 
VSA=−1.0V (for ISOA=260mA-300mA). Recorded RF peaks are up to more than 45dB in 
height over the noise floor of the electrical spectrum analyzer.  
In the range of stable mode-locking, the 3dB width of fundamental RF peaks is in order 
of 110kHz to 300kHz. The width of peaks at –20dB below top of the peak ranges from 
less than 0.5MHz to around 2.5MHz in the ML region. Contour plots of the width of RF 
peaks are superimposed on the map plot of Fig.2.2. Fig.2.2 shows that the decrease in 
peak height is accompanied by an increase of width of the peak at the fundamental 
frequency. This effect is expected and means that the amount of pulsed power remains 
relatively constant over the optimum range of stable ML.   
The variation of roundtrip frequency over the operating region of stable ML is about 
10MHz. The repetition frequency of a passively ML laser diode is influenced by the 
bias conditions due to the gain/absorption saturation effects [13]. Increasing the 

 
Fig.2.2. Region of mode-locking for the 10GHz laser. Height of the peak (color-coded in dB 
scale) at the fundamental frequency over noise floor (-90dB), recorded with a 50GHz 
electrical spectrum analyzer. The electrical bandwidth used to obtain the spectra is 50kHz. 
Value of full width of peak (MHz) at 20dB lower than the top of peak is superimposed on the 
RF power mapping. 
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injection current to the gain section, as well as reducing the reverse bias on the absorber 
corresponds to an increase in pulse energy and vice versa. Therefore, the repetition 
frequency of a passively ML semiconductor laser varies with pulse energy. Fig.2.3 
shows the changes in the repetition frequency (open squares) of the 10GHz passively 
mode-locked QD laser as the injection current to the SOA-section is increased at 
VSA=−0.5V. The filled black squares in Fig.2.3 show the repetition frequency at 
ISOA=280mA for different values of absorber reverse bias.  

2.3. Dual-wavelength operation at 10GHz 
Dual-wavelength synchronous ML is very attractive for application such as THz 
generation and nonlinear microscopy for bio-imaging, where a two-color pulse train is 
required. In case of Ti:sapphire ML lasers, various techniques are being studied and 
implemented (see for example [14] and references in [15]) to achieve dual-wavelength 
mode-mocking. In QD lasers, simultaneous emission from ground state (GS) and 
excited state (ES) is a well known origin of two color emission [16,17]. In the ML state, 
the GS-ES emission may give rise to synchronously mode-locked dual-wavelength ML. 
GS-ES emission state in two-section InGaAs/GaAs laser diodes is reported in [18,19]. 
Apart from the conventional multi state emission in QD lasers, dual wavelength 
emission from a single energy state, i.e. GS, is also reported for 92.5GHz ML operation 
in a single-section InAs/InP QD structure [20]. Recently, similar performance was 
observed in a multi-section InAs/InGaAs QD laser grown on a GaAs(100) 
substrate [21].  

2.3.1 Optical spectra  
In this section, we report on optical spectra of our MLLDs in the state of passive ML. 
Fig.2.4 shows the evolution of optical spectra of the output light of the 10GHz laser 
while the SOA-section injection current is increased from above threshold over the ML 

 
Fig.2.3. Repetition frequency tuning characteristics of the 10GHz passively mode-locked QD 
laser at VSA=−0.5V as the injection current to the SOA-section is increased (open squares). 
The filled black squares show the repetition frequency at ISOA=280mA for different values of 
absorber reverse bias. 
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region. Above threshold, the laser emits in the wavelength range of 1.49µm to 1.50µm. 
Near the onset of ML, the optical spectrum splits in two parts. The two lobes get 
spectrally separated gradually as the injection current increases. Nevertheless, at a 
certain operating point, the two groups of modes suddenly jump together and form a 
wide spectrum. At this point the laser enters a weak Q-switched ML state.  
As indicated in Fig.2.4, the double-lobe spectrum evolves slowly from a single mode 
group as the injection current increases and then changes suddenly back to a structure 
more similar to the one at lower currents. There are two reasons that the two spectral 
lobes belong to the same transition rather than separate emission from GS and ES. 
Firstly, simultaneous emission from GS and ES at higher current densities is most likely 
to lead to emergence of a separate spectral lobe as the injection current is increased. 
However one also expects then that such a structure would always be separate and stay 
separate. This is similar to the observations in [20,21] and is clearly not the case here. 
Another fact is that the measurement of optical gain of similar QD material [3] indicates 
that separation of GS and ES in our material is around 60nm, which is much more than 
the 10-15nm wavelength distance observed in Fig.2.4.   
Fig.2.5 presents the optical spectra (linear scale) as a function of ISOA and VSA obtained 
with the 10GHz laser. The region of ML is indicated in each plot. The laser is mode-

 
Fig.2.4. Evolution of optical spectrum (linear scale, color-coded in µW/nm) for the 4mm HR-
coated QD MLLD with 120µm-long SA-section at VSA=−0.5V. The plot is obtained as a 
function injection current to the SOA-section. The optical bandwidth used is 1nm.  

 
Fig.2.5. Optical spectra (linear scale, a.u.) obtained with the 10GHz QD laser as the gain 
section injection section is increased at different values of absorber voltage. 
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locked for all current values except those above and below the dash-dotted lines. It is 
clear that over the whole region of ML, the optical spectrum consists of two groups of 
modes. For all the five values of the bias voltage shown in Fig.2.5, the short-λ side of 
the spectrum significantly shifts to blue as the current is increased. However, the long-λ 
side undergoes a minor red-shift. On the other hand, the qualitative shape of optical 
spectra remains similar for different values of bias voltage. Fig.2.5 will be discussed in 
more details in section 7.   

2.3.2 Verification of ML in both mode groups  
An instance of a dual-wavelength optical spectrum recorded at ISOA=280mA (~1.5Ith) 
and VSA=−0.5V is presented in Fig.2.6(a). The two groups of modes are similar in shape 
and are separated by ~12nm; the width of long-wavelength group of modes is around 
5nm and shows higher optical power as compared to the other lobe which has a FWHM 
of 3nm. The output signal in the two groups of modes is studied in more detail in order 
to verify pulsed operation at both spectral lobes. A tunable band-pass filter (BPF) with 
1.2nm FWHM bandwidth that can be tuned over the whole optical spectrum is used to 
filter the MLLD output signal. The filtered signal is then amplified using a booster SOA 
and measured at the characterization setup. If only the SOA is used at the output of the 
laser, the short wavelength group is effectively filtered out due to the gain properties of 
the booster amplifier.   
Fig.2.6(b) shows the RF spectra of the optical signals with the filter tuned at the centre 
of each of the two mode groups, i.e. green and red when the filter is tuned at 1486.5nm 
and 1498.5nm respectively. The RF spectrum from the total long wavelength mode 
group (LWMG) is shown in black. Clear RF peaks at the repetition frequency and 
higher harmonics confirm that both mode groups contribute to the pulsed operation. The 
recorded RF spectra with 50kHz resolution bandwidth show that the optical signals 
generated at the two lobes have within 0.003% similar repetition frequencies.  
Another important conclusion follows by comparison of the pedestal around RF 
components for the three signals. In particular, the pedestal around the DC component is 
of importance because it corresponds to the amplitude noise. In Fig.2.6(b), the low 
frequency components in the RF spectrum corresponding to the total output from the 
LWMG are very low and in the order of the ESA noise level. However, the filtered 
signals, which contain only a fraction of the laser output, show significantly increased 
DC pedestal. This shows that the filtered signals exhibit a higher amplitude noise and 
that the two spectral lobes are coupled. The coupling is attributed to spectral energy 
exchange between optical modes. The observations are consistent with the results 
presented in [9].  
We verify the pulsed operation of both mode groups further in the next section by 
investigation of time traces. For this we had to use a sampling oscilloscope system. In 
order to apply the sampling oscilloscope, the device is operated with the SA under an 
external modulation, i.e. the hybrid ML. The results are presented in following section.  

2.4. Hybrid mode-locking 
In hybrid ML of a two-section MLLD, a stable electrical modulating signal at a 
frequency close to the free spectral range of the laser cavity is applied to the absorber 
section. The RF signal can be applied to slightly tune the repetition rate of the pulsed 
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laser, but more importantly it reduces the timing jitter. We have previously investigated 
hybrid mode-locking in a 4.6GHz QD MLLD and shown that by applying an external 
modulating signal, it is possible to achieve timing jitter as low as 0.6ps, while the 
measured value of timing jitter for the passively mode-locked laser was 35-40ps [22]. 
Furthermore, hybrid ML enables broader range of measurement and characterization 
possibilities, e.g. with high-speed electrical sampling oscilloscopes, due to the 
availability of a clean electrical trigger. The RF source used is an Anritsu MG3691B 
low phase noise synthesized signal generator.  

2.4.1 RF locking range  
In order to define an RF locking range in terms of frequency and power of the 
modulating signal, we use the value of timing jitter. Timing jitter is an important 
parameter for practical applications and is usually referred to when evaluating the 
stability of optical pulses. Jitter values have been calculated by integration of the 
measured single sideband phase noise signal over 10kHz-80MHz offset around the 
fundamental RF peak.  
A good operating point for the passively mode-locked (free running) 4mm-long QD 
MLLD is at ISOA=280mA and VSA=−0.5V with frep=9.904GHz. At this point, we 
measure a timing jitter of 14.5ps. Fig.2.7 shows a map in which the values of timing 
jitter are indicated. Jitter values are measured under hybrid ML for a range of RF power 
levels and frequencies. Over the whole range of operating parameters, the jitter remains 
below 5.5ps. The value of minimum jitter measured in this range is about 1ps. At 
PRF=15dBm, a maximum locking range of ~22MHz is achieved.  
At any power level of the external RF signal, a certain frequency tuning range exists 
where the ML is stable. Detuning the modulating signal from the free-running 
frequency, outside the locking range (shown in Fig.2.7), results in a state of passive ML 
which is perturbed by the RF signal. The tuning range broadens as the modulating 
power is increased; however, the locking range is not symmetric around the free-

 
Fig.2.6. (a) Dual-wavelength optical spectrum (linear scale, µW/nm) of the 10GHz QD laser 
operating at ISOA=280mA, VSA=−0.5V. (b) RF spectra of full bandwidth and filtered optical 
signals when BPF is tuned at the center of short-wavelength (green) and the long-wavelength 
(red) lobes. RF resolution bandwidth is 3MHz. The arrows on show top of RF peaks. 
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running frequency. In slow saturable absorber mode-locking the pulse repetition rate 
and the pulse amplitude are correlated; in other words, the repetition frequency depends 
nonlinearly on the laser pulse energy. In [13], the detuning parameter (difference 
between the repetition frequency of the passively mode-locked laser and the cavity 
roundtrip frequency) is expressed as a function of pulse energy and the repetition 
frequency tuning characteristics of a passively mode-locked laser is discussed.   
The origin of the asymmetry observed in Fig.2.7 becomes clear by considering the 
change in repetition frequency around the operating point ISOA=280mA and VSA=−0.5V 
which is depicted in Fig.2.3. At this point, the repetition frequency increases by either 
increasing the injection current to the gain section or by decreasing the absorber bias 
voltage, i.e. increasing the pulse energy. On the other hand, if the injection current is 
reduced or the bias voltage on the absorber is increased (pulse energy decreased), the 
repetition frequency decreases until a certain bias parameters are reached, and then 
starts to increase. This behavior is in good agreement with the model presented in [13].  
It follows from the observations of Fig.2.3 that, at the operating point ISOA=280mA and 
VSA=−0.5V, the required change in the pulse energy is smaller for tuning the repetition 
frequency of the MLLD towards lower frequencies than towards higher frequencies. At 
this bias condition, the frequency tuning range around the free-running frequency is 
asymmetrical and is skewed towards the lower frequencies. The RF locking range, 
presented in Fig.2.7, accords very well with this statement. This observation is 
consistent with the arguments given in [23] where hybrid ML is theoretically studied 
using a set of delay-differential equations and compared with experiments on GaAs-
based QD lasers.  

2.4.2 Evaluation of chirp  
To evaluate the value of chirp in devices under test, a similar approach as reported in [9] 
is adopted. A schematic of the measurement setup is shown in Fig.2.8(a). In this method 

 
Fig.2.7. Measured values of timing jitter (color-coded in ps) determine the RF locking range 
vs. RF power and frequency. Jitter values are calculated by integration of single side-band 
phase noise signal (10kHz-80MHz) around the fundamental harmonic. The device is operated 
at ISOA=280mA and VSA=−0.5V. 
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the output of the hybridly mode-locked device is passed through a band-pass filter BPF 
which is tuned over the spectrum and oscilloscope traces are recorded. These traces are 
then analyzed to determine the relative time delay of the different spectral components. 
A 50GHz sampling oscilloscope is used to record time traces. In case of hybrid ML, the 
RF signal can be used as the trigger for the sampling oscilloscope. The results are 
shown in Fig.2.8(b) for the 10GHz QD MLLD operating at PRF=3dB.  
The recorded time traces are presented in Fig.2.8(b). It is clear that as the BPF is tuned 
over the spectrum, the signals in the time traces move in time accordingly. These signals 
also confirm that both mode groups contribute to the pulsed operation. The pulse train 
period for each of the signals is ~100ps (10GHz repetition rate). The value of the linear 
chirp is determined to be –6.7ps/nm over the long-wavelength spectral lobe. On the 
short-wavelength side of the spectrum, we measure a +4.0ps/nm chirp. The overall time 
delay from all different spectral components is around 50ps which is half the roundtrip 
time. The autocorrelator shows approximately 43ps FWHM for the optical pulse which 
is consistent with the data in Fig.2.8(c). It is interesting that the spectral chirp has 
opposite signs over the two groups of modes. The measured chirp profile in Fig.2.8(c) 
indicates that leading edge of pulses in time domain consists of the short-wavelength 
lobe, i.e. from 1480nm to 1487nm. The spectral components to follow are from the long 
wavelength side, from 1502nm to 1495nm.    

2.5. 3GHz mode-locked laser 
2.5.1 Passive mode-locking  
In order to have an overview of ML properties in QD MLLDs with different repetition 
rates, we have also fabricated a series of 13mm-long lasers. In this section, we present 
results obtained with the 3GHz laser To the extent of our knowledge, the 3GHz mode-
locked laser has the lowest repetition rate reported for a monolithic InAs/InP(100) QD 

 
Fig.2.8. (a) Schematic of the setup used to measure relative timing difference of spectrally 
filtered optical pulses. (b) Typical time traces recorded with the 50GHz sampling 
oscilloscope. (c) Measured values of timing differences (ps, left axis) on a plot of optical 
spectrum (right axis, µW/nm) indicate an almost linear spectral chirp over each mode group. 
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laser. The MLLD under test in this section has a 650µm absorber section which is 3% of 
the total cavity length.  
We follow similar measurement steps, as described in section 2, to map the region of 
ML in terms of operating parameters, i.e. ISOA and VSA. To assure a uniform current 
distribution to the relatively long gain section, we used two probe tips for current 
injection. The device operates in stable ML regime for a range of injection current 
ISOA=600-870mA at VSA=−0.2V and ISOA=650-900mA at VSA=−1.2V. In the ML 
operating range, recorded ESA traces show clear RF peaks at 3GHz and higher 
harmonics; fundamental RF peaks are up to 55dB in height over the noise floor. The 
width of RF peaks at –20dB below the top of peak range from less than 200kHz to 
around 2MHz in this region. Variation of roundtrip frequency over the entire stable ML 
operating regime is about 10MHz. Fig.2.9 shows the changes in the repetition frequency 
(open squares) as the injection current to the SOA-section is increased at VSA=−0.8V. 
The filled black in Fig.2.9 show the repetition frequency of the 3GHz passively mode-
locked laser at ISOA=800mA for different values of absorber reverse bias.  
Observations on the optical spectra show that the 3GHz laser generates a dual-
wavelength spectrum, similar to the 10GHz laser. The optical spectrum spreads over 
approximately 20nm optical bandwidth which is larger than widths observed from the 
10GHz MLLD. However, the power balance between the two spectral lobes is different. 
The short-wavelength group of modes contains a relatively large portion of the spectral 
power. The spectral components between the two main lobes are not fully suppressed as 
well.  
To verify the opposite sign of chirp over the optical spectrum in passively mode-locked 
regime, we have used the setup which is schematically shown in Fig.2.10(a). We take a 
similar approach as mentioned in previous sections to filter the spectrum and record 
corresponding time traces. In case of the 3GHz laser, we can apply a 6GHz real-time 
oscilloscope. This allows for a study of the purely passively mode-locked state similar 
to the way presented in  [9]. This will also allow us a comparison with (more accurate) 

 
Fig.2.9. Repetition frequency tuning characteristics of the 3GHz passively mode-locked QD 
laser at VSA=–0.8V as the injection current to the SOA-section is increased (open squares). 
The filled black squares show the repetition frequency at ISOA=800mA for different values of 
absorber reverse bias. 
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results from hybrid mode-locking in the next section 5.2. In the passive ML regime the 
oscilloscope needs to be triggered on the optical pulses themselves. Therefore, the 
output light of the MLLD is first split using a 3dB power splitter. Each branch of the 
power splitter includes a tunable BPF which are connected to input channels of the real-
time oscilloscope through fast PDs. The trigger signal is provided through a BPF with 
2.0nm bandwidth and the central wavelength fixed at ~1494nm. The other BPF (1.2nm 
bandwidth) is tuned and the output is recorded by the oscilloscope. We monitor the 
triggering optical signal during the measurement to make sure trigger signal is stable 
enough and that recorded time traces are not affected by the amplitude noise of the 
trigger signal, as much as possible.  
Fig.2.10(b) shows the relative time delays measured for the QD MLLD operating at 
ISOA=750mA and VSA=−0.6V. A different sign of chirp value over the two spectral 
lobes, i.e. positive chirp over shorter wavelength and negative chirp over longer 
wavelength group is observed. The measurement is repeated for four operating points at 
different values of injection current (ISOA=750mA, 800mA) and bias voltage 
(VSA=−0.6V,–0.8V) and in all cases we observed opposite sign of chirp on the spectral 
lobes, where the short-wavelength spectral lobe shows a positive chirp.  

2.5.2 Hybrid mode-locking  
In case of the 13mm long QD MLLD, a good operating point for the free running laser 
is at ISOA=800mA and VSA=−0.8V with frep=3.105GHz. At this point the value of timing 
jitter for the optical pulses is measured to be 8-16ps. Fig.2.11 shows the timing jitter 
values measured for the hybridly mode-locked laser, over a range of RF power levels 

 
Fig.2.10. (a) Schematic of the setup used to measure relative timing difference of spectrally 
filtered optical pulses in passive ML regime. (b) Measured values of timing differences (ps, 
left axis) on a plot of optical spectrum (µW/nm, right axis). 
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and frequencies. The range is chosen such that the jitter remains below 3ps. The 
minimum jitter value achieved in this range is about 0.7ps.  
At PRF=15dB, the tuning range is around 27MHz and is comparable to the case of 
10GHz laser where we measure approximately 22MHz of locking range (see Fig.2.7). 
At PRF=20dBm a maximum locking range of ~70MHz is achieved, which is a 
significant tuning range around the 3.105GHz repetition frequency of the laser. The 
tolerable detuning to the lower frequencies is Δf=5MHz, while a detuning of 
Δf=65MHz to higher frequencies is allowed. It is clear from Fig.2.11 that the locking 
range is strongly asymmetrical around the free running frequency. However, unlike the 
case of the 10GHz laser, the locking range is skewed towards higher frequencies. This 
difference in shape of the RF locking range is to be expected given the data in Fig.2.9 
and the operating point of the passively ML 3GHz laser in comparison with the data of 
the 10GHz laser in Fig.2.3. In case of the 3GHz laser, a larger tuning range is achieved 
towards the higher frequencies since the (passive ML) operating point lies relatively 
close to, and on the left side of the bias condition where the minimum repetition 
frequency occurs.  
In order to evaluate the effect of the RF signal on the optical spectra, a number of 
optical spectra obtained from the 13mm-long MLLD are recorded in the regime of 
hybrid ML at PRF=15dBm and shown in Fig.2.12. Modulating the absorber voltage at 
frequencies lower than the free-running frequency, i.e. 3.105GHz, mostly affects the 
longer wavelength spectral lobe. As the modulating frequency decreases, the long-
wavelength lobe shifts to the blue side (~1.2nm for 3MHz frequency change) and the 
spectral power in this lobe increases. This results in an overall reduction of the total 
optical bandwidth. However, if the modulating frequency is increased above the free-
running frequency, the short-wavelength group undergoes a blue shift of around 6nm. 
Meanwhile, the long-wavelength group broadens and shifts towards the short-
wavelength group (~3nm for 24MHz). Therefore, the total optical bandwidth is 
increased by approximately 3nm.  

 
Fig.2.11. RF locking range: measured values of timing jitter at several values of RF power 
and frequencies for the 3GHZ QD MLLD. The device is operated at ISOA=800mA and VSA=-
0.8V. Timing jitter in case of passively mode-locked laser is 8-16ps. 
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2.5.3 Chirp evaluation under hybrid mode-locking  
Evaluating the chirp profile for the 3GHz QD MLLD confirms opposite sign of chirp 
over the spectral lobes under hybrid mode-locking. The observation is consistent with 
the results on the dual-wavelength 10GHz MLLD. To determine the chirp, we used the 
same technique. Results are shown in Fig.2.13. Fig.2.13(a) shows time traces of 
spectrally filtered pulses, recorded with a 30GHz sampling oscilloscope. Timing 
difference between different pulses is clear from the figure. The measured timing 
differences are shown in Fig.2.13(b) over a plot of the optical spectrum at ISOA=800mA, 
VSA=−0.8V and PRF=19dBm. Available RF power on the absorber is approximately 
6dBm which is the maximum power available in this setup due to losses introduced by 
the 3dB power splitter and cables.  

 
Fig.2.12. Recorded optical spectra (linear scale) obtained with the 13mm-long MLLD under 
hybrid ML at several RF frequencies. Modulation RF power is PRF=15dBm. Free running 
frequency is frep=3.105GHz.  
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Fig.2.13. (a) Time traces of spectrally filtered optical pulses recorded by a 30GHz sampling 
oscilloscope. (b) Measured values of timing differences (ps, left axis) on a plot of optical 
spectrum at ISOA=800mA, VSA=–0.8V, and PRF=19dBm (6dBm on the SA due to RF losses). 
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2.6. Self mode-locked 4.5GHz QD laser 
Self induced ML is already demonstrated in quantum well [24,25] as well as InP-based 
quantum dash material. Passive mode-locking in FP lasers was first reported in [26] for 
an InGaAsP laser with cavity length of 250µm. The effect was explained through power 
dependent self- and cross gain saturation. The analysis presented in [10,26] shows that 
four-wave mixing accompanied by nonlinear gain saturation would lead to passive 
mode-locking.   
In this section, we present experimental results obtained from a 9mm-long, single-
section FP laser. The laser has cleaved facets and lasing threshold at I=430mA. 
Fig.2.14(a) shows the evolution of the optical spectrum as the injection current is 
increased. The optical spectrum splits in two (almost) separate lobes at approximately 
I=600mA. This coincides with the onset of mode-locking at a repetition frequency of 
frep~4.5GHz. The ESA trace in Fig.2.14(b) is recorded at I=650mA and shows clear RF 
peaks at harmonics of the repetition frequency. This is an indication of mode-locking.  
As the current is increased above I=650mA, a third lobe at around λ=1500nm appears in 
the optical spectrum. The ML is affected by appearance of the third spectral lobe. The 
ESA trace in Fig.2.14(c) is recorded at I=700mA and contains RF peaks at harmonics of 
frep=4.5GHz accompanied by additional frequency components. The extra frequency 
components have relatively low spectral power and indicate increased amplitude 
modulation at 388MHz.   
Following similar measurement steps as mentioned in previous sections, we confirm the 
synchronized pulsed operation of both spectral lobes. A BPF is tuned over the spectrum 
and time traces are recorded using a 6GHz real-time oscilloscope. Results are shown in 
Fig.2.15(a). Relative time delay between traces are then measured and mapped on a plot 
of spectrum in Fig.2.15(b). The measured spectral phase relation indicates different sign 
of chirp over the two spectral lobes, which is consistent with observations presented in 
the preceding sections.  

 
Fig.2.14. (a) Evolution of optical spectrum (mW/nm) obtained with the single-section QD 
laser, as the injection current is increased. Region of ML is indicated. (b) Electrical spectrum 
recorded at I=650mA, and (c) I=700mA. 
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A point to mention is that we have observed the self-induced mode-locking in a single-
section 10GHz (4mm-long cavity) QD laser as well. The 10GHz single-section laser 
operates in a dual-wavelength ML state. However, the electrical bandwidth of our real-
time oscilloscope does not allow us to observe the 10GHz optical signal, thus we have 
not been able to evaluate the spectral chirp.   

2.7. Summary and Discussion 
We have fabricated and characterized InAs/InP QD-based mode-locked lasers with 
different repetition frequencies. The devices under test provide a larger optical 
bandwidth than the bulk and quantum well ML devices that we have fabricated (see for 
instance [27,28]). Wide coherent bandwidth which is desirable for generation of short 
optical pulses, together with the potential for full photonic integration are the main 
motivations to use InAs/InP QD mode-locked lasers as sources of optical pulses in 
combination with optical pulse shapers.  
We have presented stabilization of the timing jitter of optical pulses in the regime of 
hybrid mode-locking. Furthermore, we have mapped regions of RF locking in terms of 
modulating power and frequency. A map of RF locking range is defined by measuring 
the timing jitter and is in itself of importance for practical purposes, such as in 
specifying the RF tuning range.  

2.7.1 Spectral Splitting: dual-wavelength ML   
The main feature of mode-locking in the devices presented in this chapter is the dual-
wavelength pulsed operation. We have confirmed the synchronized pulsed operation of 
both spectral lobes by electrical spectra and recorded time traces of filtered spectral 
components. Furthermore, we have shown that spectral chirp has different sign over the 
two lobes. 
In order to investigate the origin of dual-wavelength ML operation, we have recorded 
optical spectra at different values of operating parameters, i.e. ISOA and VSA. The optical 

 
Fig.2.15. (a) Time traces of spectrally filtered optical pulses recorded with a 6GHz real time 
oscilloscope. (b) Measured values of timing delays on a plot of optical spectrum at I=650mA. 
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spectra obtained with the 10GHz two-section laser and the 4.5GHz single-section FP 
lasers are similar. In case of the 3GHz laser, the power balance between the spectral 
lobes is different; however, dual-wavelength operation is observed and confirmed. From 
the results in the previous sections, a number of conclusions can be made that are 
presented below. 

(a)  In QD lasers, simultaneous emission from GS and ES is a well known origin 
of two color emission. This phenomenon is more likely to give rise to a distinct 
spectral lobe at higher pump levels. In the devices presented here, we observe a 
splitting of the output spectrum from a single lobe as the current density is 
increased. This means that both spectral lobes are generated from a single state.  

(b) In case of the single-section QD laser (Fig.2.14), the emission above threshold 
starts at GS. Optical spectrum then splits into two lobes at the onset of mode-
locking. Regarding the observed similarities in case of two-section devices, we 
believe that our devices operate at GS. 

(c) It is clear from Fig.2.5 that as the reverse bias on the absorber is increased, the 
spectral splitting occurs at a higher value of current injection. While an 
increased absorber voltage causes a relatively higher roundtrip loss, a higher 
current injection brings about a higher optical gain. This suggests that the onset 
of spectral splitting is mostly dependent on the internal optical power.  

(d) Observation of mode-locking in the single-section QD laser reveals that 
processes in the gain section make our QD laser devices go into mode-locked 
operation. While the absorber section affects the laser behavior, it is not 
essential for mode-locking. The advantage of self mode-locked single-section 
MLLDs is that they require a single bias source and hence are operated more 
easily. On the other hand, for practical purposes two-section MLLDs offer 
several benefits such as timing jitter stabilization and tuning the repetition 
frequency which were mentioned in case of hybrid ML.  

2.7.2 Chirped pulse generation  
In [8] we have reported on a unique feature of ML operation in a 9mm-long FP-type QD 
MLLD. The MLLD had a repetition rate of 4.6GHz and generated very elongated pulses 
in spite of a relatively wide optical bandwidth. In passively ML state, the time variation 
of the output power was only approximately ten percent of the total power, meaning that 
the duration of pulses was close to the roundtrip time and pulses overlapped. We 
measured a nearly linear chirp of -20ps/nm over the spectrum. In hybrid ML 
regime [22], time duration of pulses was reduced to less than half the roundtrip time. 
The negative chirp was verified when the chirp was (almost) compensated for by using 
length sections of single mode fibers with normal dispersion.  
The results presented in this chapter complement and extends the previously reported 
results on the 4.6GHz laser [9,22]. Comparing the chirp results of the different devices 
gives some insight into the dynamics when the operating current density and roundtrip 
losses are considered. The injection current density in the ML region for the 10GHz and 
3GHz lasers is in the range of 3.1–3.9kA/cm2 and 2.4–3.6kA/cm2 respectively. The 
value of current density for the 4.6GHz two-section laser, which is reported in [9], is in 
the range of 4.3–5.7kA/cm2. The facets of the 10GHz and the 3GHz lasers which are 
presented in this chapter are HR coated at the absorber side, while the 4.6GHz laser had 
uncoated facets. Thus, the reduction in operating current density in the devices 
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presented in this chapter is attributed to application of HR coating. However, the 
operating range in terms of absorber voltage seems to be less wide as compared with the 
ML region of the 4.6GHz laser. A 9mm-long single section FP laser is also presented in 
this chapter which operates in stable mode-locked regime for current densities in the 
range of 3.4–3.7kA/cm2. The single-section device has non-coated facets. Its operating 
current densities are therefore lower than that of the two-section 4.6GHz laser which 
also has no coating applied but does have an absorber.  
Fig.2.16 shows instances of optical spectra and spectral chirp which are obtained from 
the different QD MLLDs presented at an operating point of strong ML. Fig.2.16(a) and 
(b) correspond to the 13mm-long and 4mm-long two-section lasers respectively. The 
device in Fig.2.16(c) is a 9mm-long single-section laser which has un-coated facets. The 
device in Fig.2.16(d) is the one presented in [8] and is a 9mm-long two-section laser 
with un-coated facets. In Fig.2.16, the devices are arranged in order of the threshold 
current density from left to right. The threshold current density in the 3GHz laser is 
Jth=1.82kA/cm2; this is the lowest value due to the longest gain section among the four 
lasers. The 4mm-long laser with HR-coating comes next with Jth=2.28kA/cm2. The 
single-section 9mm-long laser has a slightly higher threshold current density. The two-
section 9mm-long with the highest cavity losses has Jth=3.78kA/cm2.  
The device with the lowest operating current densities, i.e. the 3GHz laser at 
JSOA=3.27kA/cm2, shows a dual-lobe spectrum. The longer-wavelength side has a 
narrow lobe and the shorter wavelength side has around 80% of the spectral power. It is 
clear that this laser tends to operate on the shorter-wavelength side of the spectrum. In 
terms of the operating current densities, the 10GHz laser with an HR-coated facet and 
the 4.5GHz single-section laser come next in the order with JSOA=3.61kA/cm2. The 
optical spectra in case theses devices consist of two clear spectral lobes with 
comparable amount of power. In case of the next device, i.e. the 9mm-long two-section 

 
Fig.2.16. Optical spectra (linear scale, a.u.) and spectral chirp (ps/nm) obtained with (a) 3GHz 
laser at J=3.27kA/cm2, (b) 10GHz laser at J=3.61kA/cm2, (c) 4.5GHz single-section at 
J=3.61kA/cm2, and (d) 4.6GHz two-section at J=5.15kA/cm2. 
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laser with uncoated facets, the operating current density is JSOA=5.15kA/cm2. This laser 
operates with only a single spectral lobe in the ML region, which we believe is the long-
wavelength side of the spectrum. This is consistent with the observation presented in 
Fig.2.4 which shows that at higher current densities, the two spectral lobes jump 
together to form a single-lobe spectrum.  
The chirp in our devices is high and leads to elongated optical pulses. The total time 
differences between spectral components are 50ps, 70ps and 150ps for the 4mm, 9mm 
and 13mm cavity lengths. From Fig.2.16 one can clearly see that the long wavelength 
spectral lobe is always up-chirped and the short wavelength lobe is always down-
chirped. Our results show that the chirp is driven by a robust mechanism which prevents 
the formation of a short pulse, i.e. locking of the phases of all spectral components to 
the same value. Even under hybrid ML, the pulse duration is almost half the roundtrip 
time, independent of the cavity length.  
The question remains on the exact origin of the dynamics. We have shown that mode-
locked operation in InAs/InP(100) QD MLLDs has similar properties to the state of FM 
locking. Theoretical discussion on details FM locking in these devices is out of scope 
this chapter. However, the generation of highly chirped pulses, the presence of 
correlated amplitude noise in our devices and the observation of self-induced mode-
locking in a single section laser stress the fact that the processes in the gain section play 
a critical role in these devices. The inhomogeneous broadening and size distribution of 
quantum dots provide the wide and smooth gain spectrum in InAs/InP QD-based 
devices. The gain in QD material is localized in the dots which are spatially separated. 
The carriers providing the gain are held at the position of the dots and their mobility is 
significantly reduced compared to the carrier mobility in bulk or quantum well material. 
The low side-wall surface recombination rate observed in deeply-etched ridge 
waveguide QD lasers [29] confirms this effect. Therefore, dynamic gain gratings are 
stronger in QD materials than in quantum well systems and as a result the four-wave 
mixing process is more efficient which is the process that we assume to be at the basis 
of the laser dynamics observed [2]. 
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CHAPTER 3 

Extended Cavity InP/InGaAsP 
Integrated Mode-locked Ring Laser 

 

 
In this chapter, a passively mode-locked InP/InGaAsP multiple quantum well 
semiconductor extended cavity ring laser is presented. The laser operates at 20GHz 
repetition rate and around 1575nm wavelength. The device has been realized using the 
active-passive integration technology in a standardized photonic integration platform. 
We demonstrate experimentally that the relative positioning of the amplifier and 
absorber in a monolithically integrated ring laser can be used to control the balance of 
power between counter-propagating fields in the mode-locked state. The directional 
power balance is verified to be in agreement with a model which is previously reported. 

3.1. Introduction  
Monolithic Indium-phosphide based photonic integrated circuits [1] has become a 
subject of interest, in particular where active-passive integration technology is used 
[2,3].  Such a technology enables the generation, processing and detection of optical 
signals on a single chip where all devices on the chip utilize the same active and passive 
layer stack. In this framework, semiconductor mode-locked lasers (MLLs) are of 
particular importance as sources of stable optical pulses for optical communication and 
novel applications such as optical signal processing and all-optical sampling [4]. 
When a semiconductor optical amplifier (SOA) is integrated with a saturable absorber 
(SA) in a ring cavity, ML operation may be achieved. A ring laser can be located freely 
on a semiconductor chip to be directly integrated with other optical components and 
devices. Since the cavity length of a ring cavity is controlled lithographically, its 
repetition rate can be controlled more accurately than that of a cleaved facet ML Fabry-
Pérot type structure. The use of active-passive integration technology allows for an 
extended cavity structure where the cavity length and relative position of gain and 
absorption sections can be chosen independently. A ML ring laser typically operates in 
a colliding pulse (CP) ML regime and supports two counter-propagating fields in the 
cavity. However, for many applications it is favorable to achieve unidirectional 
operation to have most output power into one waveguide. Previously, a theoretical study 
using a travelling wave model [5] as indicated that the relative position of SOA- and 
SA-sections in the ring cavity can be used to achieve up to 13dB contrast in output 
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power between the two directions. In this chapter we demonstrate this effect in an 
InP/InGaAsP based experimental device, i.e. a monolithic 20GHz integrated extended 
cavity ring laser.    

3.2. Device design and operation 
The 4mm-long laser ring cavity incorporates a 750µm-long optical amplifier section 
(SOA-section), a separate 40µm-long saturable absorber (SA) section, passive 
waveguide sections (shallow and deep etch) and a passive MMI-type 50% output 
coupler. Fabrication has been carried out in the JePPIX platform [6]. A mask layout 
image of the device under test is shown in Fig.3.1.  The SOA- and SA-sections contain 
a layer structure with four quantum wells.  
Parasitic internal reflections destabilize mode-locked operation. In order to minimize 
the unwanted reflections, deeply etched adiabatic bends, shallow-deep tapered 
transitions and tilted active-passive transitions are used to design the device. 
Furthermore, the MMI corners are cut and output waveguides (not shown in Fig.3.1) are 
tilted under an angle of 7° to minimize back reflections into the device. 
The choice of gain material is determined by the available technology platform, in 
which other devices on the same chip and wafer may be realized. The quality of ML is 
strongly affected by the active material properties and better performing monolithic 
passively mode-locked devices e.g. in terms of timing jitter, can be achieved using 
quantum dot or dash material [7]. 
In the CPML regime, the clockwise (CW) and counter clockwise (CCW) propagating 
pulses will meet in the SA-section to saturate the absorber. The relative position of SOA 
and SA sections is designed such that the travel time between the center of SA-section 
to the right side of SOA-section (point M in Fig.3.1) for the CCW pulse is equal to the 
time it takes for the CW pulse to travel from the center of SA to point M. As shown in 
the modeling work of [5] on a similar layout, the CCW-propagating pulse will therefore 
enter the SOA-section just after the amplifier gain is depleted by the CW pulse. In the 
design presented here, the separation is 2.1mm, half the total optical cavity length. Since 
a roundtrip gain difference is expected for the pulses in the two directions, the 
asymmetrical design of the device under test was expected to lead to nearly 
unidirectional performance of the laser in favor of the CW-propagating pulses.  
The devices are mounted on a copper chuck and are temperature stabilized at 12°C. The 
output light from the devices is collected by two lensed fibers with anti-reflection 
coated tips. Optical isolators are used to prevent back reflections into the cavity. The 
ring MLL is operated by current injection to the SOA-section (ISOA) and reverse-biasing 

 
Fig.3.1. Mask layout image of the asymmetric ring laser under test. Passive waveguide 
sections are depicted as thin blue lines and the grey shaded areas are deeply etched regions.  
Active parts are illustrated as red rectangular sections and the contact pads on absorber and 
optical amplifier sections are seen in an orange color. Point M shows the location at the right 
side of the SOA where the counter-propagating pulses meet.  

SA
SOA

2mm

M



Extended Cavity InP/InGaAsP Integrated Mode-locked Ring Laser 

33 

the SA-section (VSA). The operation of the ring laser is presented first in some detail to 
assist with the interpretation of measurements on the balance of power in the two 
directions. Mode-locking of the ring laser is investigated and confirmed in three ways. 
By observation of RF spectra recorded by a 50GHz electrical spectrum analyzer 
connected to a fast photodiode, by observation of the spectrum with a high resolution 
(20MHz≈0.16pm) optical spectrum analyzer and with an autocorrelator.  
Operating regimes of the device is shown in Fig.3.2(a) for a range of SA-section reverse 
bias voltage and SOA-section current. The device operates in stable ML state for 
VSA=−2.2V to −2.6V and ISOA=45mA to 70mA. Fig.3.2(b) shows RF spectra at 
VSA=−2.4V and for a range of injection current values from below threshold and up to 
over the whole range of ML. The lasing threshold is at ISOA~30mA and the device has a 
complex dynamic behavior just above threshold. The electrical spectrum given at the 
inset of Fig.3.2(b) is recorded at ISOA=40mA and shows low frequency spectral 

 

 
Fig.3.2. (a) Operating regimes of the device under test for a range of SA-section reverse bias 
voltage and SOA-section current. (b) Electrical spectra (grey-scale in dB) for a range of 
injection currents and at VSA=−2.4V. The 40GHz-span RF spectra are recorded with 1MHz 
resolution bandwidth. Inset shows the recorded electrical spectrum at ISOA=40mA and 
indicates Q-switching. (c) Fundamental RF peak at 19.58GHz which indicates ML for the 
device operating at VSA=−2.4V and ISOA=60mA. The resolution bandwidth used is 50kHz.  
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components (up to 3GHz) which is an indication of Q-switching. The device enters the 
locked state at approximately ISOA=50mA. The electrical spectra show clear RF peaks at 
frep~19.6GHz (corresponding to the roundtrip time) and the second harmonic. The RF 
spectrum at ISOA=60mA is shown in Fig.3.2(c). The RF peak at the fundamental 
frequency is more than 50dB over the noise floor and all other spectral components at 
lower frequencies with a full width at half maximum (FWHM) of 220kHz. The width at 
20dB below the top of the peak is 1.8MHz.  
The high resolution optical spectra resulting from the same current scan as in Fig.3.2(b) 
are shown in Fig.3.3(a) with the reverse bias on the absorber kept at VSA=−2.4V. Just 
above threshold at ISOA=30mA and up to ISOA=38mA, the device operates in multi-mode 
continuous wave lasing. Increasing the injection current further will initiate Q-switching 
as can be seen in the optical spectrum which is recorded at ISOA=40mA and shown in the 
inset plot of Fig.3.3(a). The optical spectrum at this operating point shows a clear 
increase in the width of the laser modes to approximately half the free spectral range 
which is consistent with Q-switching and the electrical spectrum given in the inset of 
Fig.3.2(b).  
At the onset of ML region (ISOA~50mA) the spectrum shifts to longer wavelengths. The 
increased spectral bandwidth accompanied by the emergence of well-defined modes 
which are spaced at free spectral range of the cavity is an indication of mode-locking. 
The measured full 3dB linewidth of the optical modes around 1577nm is 830±70MHz. 
This indicates significant instability in the spectral comb on a time scale that is longer 
than the round-trip time. Background free autocorrelator traces from the output from the 
CW lasing direction at VSA=−2.4V and ISOA=60mA show a FWHM of 5.9ps which 
corresponds to sech2 pulse duration of 3.8ps. The time-bandwidth product is then 
calculated to be approximately 1.0 which demonstrates that pulses are chirped. 
Optical spectra of the CW (black) and CCW (red) directions are given in Fig.3.3(b) for 
ISOA=60mA. It is clear from Fig.3.3(b) that the total optical power in CW direction is 
higher (~8.9dB) than the CCW direction as expected from the model prediction in [5]. 

 
Fig.3.3. (a) High resolution optical spectra (linear scale, color-coded in µW) at VSA=−2.4V as 
ISOA is increased from below threshold. (b) Optical spectra of CW (black) and CCW (red) 
pulses. Significantly different spectral distribution of power confirms the effect of 
asymmetrical cavity design.  
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The optical spectra for CW and CCW pulses, given in Fig.3.3(b), show that the central 
wavelength of the CCW pulses is approximately 1.5nm shorter than that of the CW 
pulses. This can be a consequence of a faster gain recovery at shorter wavelengths. It 
should be mentioned that the model [5] predicts 0.5nm chirp and no more than 0.1nm 
wavelength difference between the two directions.  

3.3. Directional control of power 
To investigate the power balance between counter-propagating fields, the CW and CCW 
optical output power as a function of gain section current was measured for the 
asymmetric device under test. For comparison, a ML ring laser which has a symmetrical 
cavity design with a 750µm-long active section and a 15µm-long SA located in the 
middle of the optical amplifier was also tested. Fig.3.4 shows the LI-curves for the 
asymmetric and symmetric devices at different values of absorber bias. The 
asymmetrical ring laser has a threshold current of ISOA=25mA at VSA=0V. Above 
threshold, the absorber is saturated and the device starts lasing in a bidirectional 
continuous wave mode. When in continuous wave operation mode and close to 
threshold, the optical gain in the ring cavity is the same for the counter propagating 
fields. When the gain saturation in the amplifier becomes stronger the cross-gain 
saturation between counter propagating fields leads to bistable operation with the 
dominance of one direction [8]. Optical spectrum measurements reveal that the laser 
operates in a multi-mode regime; hence, the power switching between CW and CCW 
directions does not lead to a unidirectional operation. Similar continuous wave behavior 
is observed for the symmetrical ring laser at VSA=0V. The symmetrical ring laser has a 
slightly higher threshold current compared to the asymmetrical device due to the fact 
that it has an approximately 60µm shorter amplifier.  
The structural design comes to play an important role when the device enters the mode-
locked state as can be seen by comparing the results in Fig 4(b) and 4(d). The measured 
optical power in the two directions clearly show an increase in the CW output power (as 

 
Fig.3.4. Fiber-coupled optical power (CW in black and CCW in red) as a function of SOA-
section injection current for the asymmetrical (a,b) and the symmetrical (c,d) ring laser and at 
different values of absorber voltage. The grey areas in (b) and (d) indicate the region of ML.  
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expected) at the onset of ML for the asymmetrical device, i.e. ISOA=40mA and 
VSA=−2.0V. At this bias voltage, the difference in CW and CCW power levels outside 
the range of ML is attributed to cross-gain saturation effects which can start close to 
threshold because of the higher peak power levels during Q-switching (Fig.3.2(b)). The 
power ratio between the counter-propagating pulses (CW/CCW) over the whole range 
of mode-locking for the asymmetric ring laser is 5-8dB. The highest contrast observed 
for the device under test is somewhat lower than the predicted value in [5]. The 
difference is attributed to inaccuracies in the modeling of the gain and self phase 
modulation.  
The symmetrical ring laser (Fig.3.4(d)) operates in the mode-locked state at VSA=−2.0V 
and for injection currents above ISOA=52mA. Below this current value the device has 
bidirectional (single- and multi-mode) continuous wave lasing. At the onset of ML, 
more optical modes are locked in phase to saturate the cavity losses and the internal 
optical power increases. However, unlike what is observed for the asymmetrical ring 
and again as expected the optical power of counter-propagating pulses increase at the 
same time. This is depicted by the jump in CW and CCW power level in Fig.3.4(d).  
The control of the directional power was verified by testing a second asymmetrical ring 
laser with similar structural design. The device operates as a bidirectional continuous-
wave single mode laser at VSA=−2.6V and for ISOA=35mA to 41mA. The LI curve is 
shown in Fig.3.5(a) which shows that outside the range of ML, the fiber-coupled output 
power level in the two directions is almost equal. The splitting of the two curves at 
ISOA=45mA corresponds to the onset of ML where the CW direction is favored over the 
CCW. Fig.3.5(b) illustrates spectral evolution of optical power from continuous wave 
lasing to ML operation as ISOA is increased.  
In conclusion, we have for the first time, demonstrated control of the directional 
performance of a mode-locked monolithic semiconductor ring laser by means of relative 
positioning of the amplifier and absorber. Observations presented in this chapter for the 

 
Fig.3.5. (a) LI curves (CW in black and CCW in red) for the asymmetrical ring laser with 
40µm absorber section at VSA=−2.6V. (b) Spectral evolution of optical power (CW direction) 
from continuous wave lasing to mode-locked operation as ISOA is increased. Resolution 
bandwidth is 0.1nm.  
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two asymmetrical lasers are consistent and verify qualitatively the predictions of the 
model in [5].    
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CHAPTER 4 

Optical Pulse Shaping: Overview and 
Design of an InP Integrated Device  

 

 
Over the past decades, several pulse shaping techniques have been developed and 
employed for diverse applications. Optical pulse shaping can be defined as manipulation 
of an (input) optical pulse to synthesize a desired (output) waveform. There are different 
approaches to achieve pulse shaping, the majority of which are targeted towards specific 
application requirements. A variety of pulse shaping techniques which were 
investigated prior to 1983 are reviewed in [1]. Review articles [2–4] present the 
progress of pulse shaping techniques and applications since then.  
In this chapter an overview of technological approaches to optical pulse shaping and the 
design of a monolithic InP-based pulse shaper device are presented. In section 1, we 
begin with presenting the concept of Fourier transform pulse shaping. Special attention 
is given to programmable (spatial) light modulators which are currently widely in use. 
A brief overview of other optical pulse shaping methods is given in section 2. In section 
3, we discuss control strategies for programmable pulse shapers and then briefly review 
the subject of line-by-line and group-of-lines pulse shaping in section 4. An overview of 
integrated pulse shapers is given in section 5 where several types of integrated devices 
and relevant applications are described. Section 6 describes the design that was made 
for a monolithically integrated InP-based pulse shaper. We explain the role of the 
application requirements in the design and discuss the possibilities of the available 
generic InP fabrication platform for the realization of the pulse shaper.  

4.1. Fourier transform pulse shaping 
The most widely adopted approach for shaping optical pulses is the so-called Fourier 
transform (FT) technique. FT pulse shaping relies on manipulation of the pulse in the 
frequency domain and is based on the concept of linear, time-invariant systems. The 
linear system is generally described in the time domain by its impulse response h(t). If 
the input signal to the systems is ein(t), the output response is given by 

( ) ( ) ( ) ( ) ( )out in ine t e t h t e h t dτ τ τ= ⊗ = −∫       (4.1) 

in which⊗  represents the convolution operation. If the input signal is a sufficiently 
short pulse, i.e. an approximate impulse, the output will be h(t). This means that 
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synthesizing a certain pulse shape from a short input pulse is equivalent to creating a 
linear optical filter with the desired impulse response.  
An equivalent description of the linear system in the frequency domain is the frequency 
response. The frequency response which is denoted as H(ω), is the Fourier transform of 
the system impulse response, H(ω)=F{h(t)}, and relates the input and output signals 
according to  

out in(ω) (ω) (ω)E H E= ×       (4.2) 
FT pulse shaping is most commonly described in the frequency domain. A basic pulse 
shaper device is schematically shown in Fig.4.1(a) to clarify the principle of FT pulse 
shaping. The device includes a pair of gratings and lenses, and a spatial light modulator 
(SLM) mask. The first grating spreads the spectral components of the incident pulse 
into different directions. The spread in direction of the spectral components is then 
turned into a well defined spatial separation and focused on the SLM by the first lens. 
The SLM is used to transfer the desired pattern, i.e. phase and/or amplitude, onto the 
signal spectrum. The second lens and grating are used to combine the patterned spectral 
components to form the desired pulse shape.   
The SLM is either a fixed spatially patterned amplitude/phase mask or a programmable 
light modulator. A programmable SLM is generally preferred over a fixed mask and has 
the advantage of being software controlled. In this context, programmability of the SLA 
refers to the fact that the frequency response of the pulse shaper may be modified 
through control signals. A pulse shaper device is commonly combined with a mode-
locked laser source which generates the input pulses and all its spectral components 
have a fixed phase relation. A schematic diagram of a programmable pulse shaper is 
shown in Fig.4.1(b).  
The configuration shown in Fig.4.1(a) is generally referred to as the 4f-setup in 
transmission mode. Depending on the type of SLM and choice of optical elements (for 
instance lens vs mirror or grating vs prism) and according to the design requirements, 
the setup is configured in a variety of arrangements. Fig.4.2 shows some of the more 
commonly employed configurations based on the FT technique. In certain cases, such as 

 
Fig.4.1. (a) Schematic representation of the Fourier transform pulse shaping. (b) Schematic 
diagram of a programmable pulse shaper. SLM: spatial light modulator, E: electric field, 
H(ω): the frequency response of the pulse shaper, s stands for the control signals which are 
used to program the device.  
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the one shown in Fig.4.2(c), it is possible to use reflective elements which effectively 
fold the signal path to make the setup more compact.   

4.1.1. FT pulse shaping using fixed masks 
Before the emergence of programmable SLMs which are software controlled, fixed 
phase and amplitude masks were used for fs waveform synthesis. In early works on 
shaping, fixed masks that were fabricated using lithography were utilized [5]. The 
required phase and amplitude masks were patterned on fused silica substrates. Separate 
amplitude and phase masks were placed back to back at the masking plane of the pulse 
shaper [3]. Phase masks were fabricated by using reactive ion etching to produce a 
pattern on the surface of the fused silica. In this technique, the phase value at each 
pattern point is related to the etch depth. This technique is generally suitable for 
fabricating masks with two phase values (usually 0 and π) but making a mask with 
continuous phase changes (gray-level) is challenging.  
Amplitude masks consisted of a series of fine opaque metal lines deposited onto the 
substrate with width and spacing varied to obtained the desired transmission. Fig.4.3(a) 
shows an example of a patterned amplitude mask which is used to generate a sinc-like 
spectrum, corresponding to a square pulse in time domain. Fig.4.3(b,c) depict the plot of 
the spectrum and resulting intensity profile in time. Other examples are given in [3].  

 
Fig.4.2. Different pulse shaper realizations based on a 4f configuration: (a) liquid crystal 
SLM, (b) acousto-optic SLM, (c) deformable mirror. The setups of (a) and (b) are configured 
in the transmission mode, whereas (c) has a reflective configuration. (Adapted from [6]) 

 
Fig.4.3. (a) Photograph of a lithographically patterned amplitude mask used for generating a 
square pulse. Transparent regions are bright, opaque regions are dark. (b) Power spectra for a 
square pulse: measured spectrum patterned by phase and amplitude masks (solid trace) and an 
actual sinc function (dotted trace). (c) A typical cross-correlation measurements of square 
pulse. The mask image does not correspond to the measured data. (Reproduced from [5]) 

LC SLM

(a)

AOM

RF generator

(b)

Deformable 
mirror

(c)

(a)

(b) (c)



Chapter 4 

42 

4.1.2. FT pulse shaping using programmable spatial light modulators 
An important feature of pulse shaping is programmability which enables generation of a 
variety of waveforms for different applications. Several programmable mask 
technologies are employed in the FT pulse shaping technique [3], [6]. Here we give a 
brief review of the two widely used technologies, namely liquid crystal arrays and 
acousto-optic modulators. There are several experimental examples based on other 
amplitude and phase shaping methods. These approaches include pulse shaping using 
movable and deformable mirrors and are usually developed according to very specific 
needs of some applications and thus are not so common. More details can be found in 
[3], [7] and references therein.    

4.1.2.1. Liquid crystal SLM 
Liquid crystal (LC) based pulse shaper are probably the most versatile systems which 
are currently in use. Arrays of LC cells are fabricated in the form of SLMs which can be 
used in various configurations to build pulse shapers. Fig.4.4 depicts the basic layout of 
a single layer LC SLM. The structure consists of a thin region of a (nematic) liquid 
crystal which is sandwiched between two glass plates. The inside surface of the glass is 
coated with a thin film of a transparent electric conductor, such as indium tin oxide 
(ITO). One of the glass pieces is not patterned and serves as the ground plate. The 
conducting film on the other glass plate is patterned to form an array of separate 
electrodes. Each section of the array is referred to as a device pixel. The electrodes 
provide the required control signals on each pixel. In a pulse shaper setup, the spatially 
dispersed pulse falls on the LC SLM and each pixel is used to control the corresponding 
portion of the spectrum.  
The nematic LC has long, rod-like molecules which may easily flow (as a liquid) but 

 
Fig.4.4. Basic layout of a typical liquid crystal SLM used for pulse shaping. The figure 
illustrates a single-layer, 1-dimensioanal SLM which may be used for phase-only pulse 
shaping. 

 
Fig.4.5. Side view of a liquid crystal pixel with (a) no electric field applied, and (b) electric 
field in the lateral direction. (c) A typical plot of the optical phase change versus the applied 
voltage. 
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maintain orientational order (similar to a crystalline solid). By proper treatment during 
fabrication, the molecules are oriented along the desired direction. In case of LCMs, this 
direction is commonly chosen to be parallel to the glass plate surface. The LC 
molecules are not symmetric in shape, thus an external electric field can induce 
rotational torque on them, leading to a change of their orientation. The asymmetric 
shape of LC molecules has an important consequence for the optical properties as well 
which is the birefringence. Birefringence is a result of the way that light interacts with 
molecules. If the light is polarized parallel to the long axis of the LC molecule, it 
induces a large polarization response. Therefore, the molecules show a relatively large 
refractive index. If the light polarization is parallel to the short axis of the molecule, the 
light-matter interaction is lower due to the fact that electrons are not free to move much 
along the short axis. In other words, the refractive index is lower.  
In practice the average orientation of LC molecules is controlled by an external (DC or 
low frequency) voltage signal on each device pixel. Since the phase is proportional to 
the refractive index, a continuous phase change may be applied by adjusting the driving 
voltage signal. The description given here is graphically presented in Fig.4.5. The 
maximum amount of phase change is determined by the birefringence of the LC and the 
thickness of pixels.     
The single layer LC SLM is commonly used for phase-only pulse shaping. To achieve 
independent amplitude and phase control, a two layer SLM is employed. In this case, 
two layers of LC SLMs, with separate electrical controls, are aligned and attached 
together. The orientations of molecules in the LCM layers are originally treated to be 
different. Control over the relative amplitude of spectral components in such a device is 
achieved by adjusting the transmission through the device. Based on the polarization of 
the incident field, the transmission and phase change can be controlled independently.  
Fig.4.6(a) shows an experimental LC SLM pulse shaper which is mounted on an optical 
bench and is configured in the reflection mode. The reflective configuration is more 
compact and easier to align, particularly when the light in free-space needs to be 
coupled to a fiber. Fig.4.6(b) shows a commercial LC SLM.  
A typical pixel size for LCMs is in the order of 2mm×100μm and the pixel count is 
about 128-640. The number of pixels in LCMs is typically limited due to difficulties in 
providing electrical connections to more than a few hundred pixels in the optically 

 
Fig.4.6. A reflective FT pulse shaping setup based on LC SLM, assembled on an optical table 
(adapted from [76]). The input/output pulses are in fiber. (b) A commercial LC SLM (Boulder 
Nonlinear Systems, series DS0909). 
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active area of the LCM. An increased number of pixels can be achieved using the liquid 
crystal on silicon (LCoS) technology. A LCoS SLM is directly fabricated on a silicon 
chip which has a reflective layer deposition and provides electronic signals in a very 
compact format. Such SLMs are essentially reflective devices.  

4.1.2.2. Acousto-optic SLM  
Acousto-optic (AO) technology has also been used for FT pulse shaping for over 15 
years now [8]. AO modulation is based on driving an appropriate medium, typically 
TeO2 crystal (visible light) or InP (infrared), by a modulated RF signal. The crystal is 
attached to a piezoelectric transducer on one end. The transducer converts electric signal 
into acoustic waves. Propagation of the acoustic wave in the medium is a series of 
contractions and expansion in the medium. When the acoustic wave travels across the 
crystal, it induces a refractive index grating in the medium.   
The schematic setup of an AO pulse shaper is shown in Fig.4.2(b). The incident light 
usually comes on the AOM under the Bragg angle and diffracts in different directions as 
a result of the AO-induced grating. The setup is optimized for a particular diffraction 
order for higher efficiency. However, some part of the light is inevitably lost in other 
diffraction orders. An experimental setup arrangement based on AOM is shown in 
Fig.4.7.  
The RF driving signal is modulated according to the desired optical pulse shape. The 
modulated RF signal propagates at the speed of sound in the AOM crystals. Light 
travels much faster than the speed of acoustic waves in the AOM crystals. Therefore, 
the acoustic wave looks like a static (but modulated) diffraction grating at the moment 
that the optical pulse arrives. The amplitude and phase of the acoustic wave determine 
the diffraction efficiency and phase shift at each position along the AOM [9]. Therefore, 
the pulse passing through the AOM is shaped.  

4.2. Other pulse shaping techniques 
There are several other approaches towards optical pulse shaping which are worth a 
brief introduction for the sake of completeness. 

 
Fig.4.7. (a) Optical layout of mid infrared pulse shaper based on Germanium AOM (adapted 
from [77]). (b) Top down photograph of the pulse shaper setup. WP: λ/2 wave-plate, CM: 
cylindrical mirror, GR: diffraction grating.  
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4.2.1. All-fiber pulse shaper 
The FT pulse shaping technique is in general extremely flexible and powerful. 
However, the experimental complexity of the free-space setup and the required high 
quality of the bulk optical components has motivated research on implementation of 
pulse shapers in using optical fibers and fiber-pigtailed components. Here, we describe a 
programmable all-fiber phase-only pulse shaper which is reported in [10], [11].   
Unlike the FT technique in which the spectral components are spatially separated using 
a grating, the all-fiber system is based on time-domain filtering. The schematic setup is 
shown in Fig.4.8(a). The fs input pulse is first passed though a linear dispersive element 
which stretches the spectral components over time. This is called the frequency-time 
mapping. Then a properly designed temporal phase modulation is applied to the 
dispersed signal. This can be done by an electro-optic phase modulator. The temporal 
phase modulation corresponds to the required spectral phase modulation. Finally, the 
shaped stretched pulse is compressed back with a dispersion compensator which 
provides the conjugated dispersion of the first dispersive element.  
A practical implementation of this system is shown in Fig.4.8(b). In this setup, a single 
linearly chirped fiber-Bragg grating is used as the first and second dispersive elements.  

4.2.2. Acousto-optic programmable dispersive filters 
Acousto-optic programmable dispersive filters (AOPDFs) [12], [13] are mainly useful 
as in-line pulse shaping devices for amplified ultrafast systems. These devices are 
particularly interesting because of their compactness. Although the term AOPDF sounds 
rather similar to the acousto-optic modulator, they should not be mixed with each other. 
Similar to an AOM, operating principle of an AOPDF is based on driving an 
acoustically active medium such as TeO2 or calomel by a modulated RF signal. A 
transducer converts the RF signal to acoustic waves which, unlike the case of AOMs, 
co-propagate with and in the direction of the optical signal. Since the light travels much 

 
Fig.4.8 (a) Schematic diagram of the pulse shaping concept based on time-frequency mapping 
and exploiting a binary phase-only filtering. (b) Schematic diagram of the pulse shaping 
concept based on the time-frequency mapping with a single linearly chirped fiber-Bragg 
grating (LC-FPG) as the pre- and post-dispersive medium. (Adapted from [11]) 
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faster than the acoustic wave, the light pulse sees an effectively static acoustic pattern 
along the crystal. Under certain conditions, called phase matched conditions, the 
acoustic wave induces rotation of the light polarization. Phase matching condition for 
any given optical frequency is satisfied at a certain acoustic wave (and equivalently RF) 
frequency, which is essentially the basic characteristic to build an optical filter.  
If RF driving signal is modulated in frequency, the aforementioned interaction is 
distributed over the length of the crystal and each spectral portion of the incident light 
meets the phase matched condition at a different point as it travels along the medium. 
This effect is schematically shown in Fig.4.9(a). The crucial point for pulse shaping is 
that the crystal is birefringent, i.e. the optical velocity is different for the two 
polarizations. Therefore, the total transit time through the device for each spectral 
portion is related to the amount of time it travels with the fast and slow velocities. It is 
possible to shape the pulse by controlling the modulation on the RF driving signal.  
Commercial AOPDF devices cover a wide optical wavelength range of 250nm-7um but 
their application is limited to low rep rate (tens of kHz) systems. Fig.4.9(b) shows an 
AOPDF module together with the driving electronic box and controlling computer. The 
compactness of the system, as compared with pulse shapers based on LC or AO SLMs 
is certainly of interest.    

4.2.3. Direct space to time pulse shaping 
Direct space to time (DST) technique is another pulse shaping approach which is mostly 
interesting for high speed parallel-to-serial conversion. In the DST pulse shaper, the 
impulse response is a scaled version of the applied mask whereas, in the FT technique, 
the impulse response is related to the inverse Fourier transform of the shaping mask 
[14].  
The interesting feature of the DST configuration is that it could be realized as an 
integrated device in a relatively simple way. Except for the shaping mask, the DST 
setup is essentially an arrayed waveguide grating (AWG) or a modified AWG-type 
device. In [15] femtosecond operation of an AWG-based DST pulse shaper is 
demonstrated. The device is used to generate a data packet of 30 optical pulses. 
Operating principle of the AWG-based device is shown in Fig.4.10 [16]. In the AWG-
based device, the time duration of the input optical pulse is less than the time delay 
increment between the arrayed waveguides, i.e. the inverse of the free spectral range.  
Data packet (series of bits of 0 or 1) generation using the FT technique typically 
requires precise amplitude and phase control whereas in the DST configuration requires 

 
Fig.4.9 (a) Schematic illustration of pulse shaping by an acousto-optic programmable 
dispersive filter (AOPDF). Element P is the polarization filter. (b) The DAZZLER system 
which is commercially available from FASTLITE.  
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only intensity modulation. Intensity-only modulation is less complex to achieve if the 
fabrication platform allows integration of semiconductor optical amplifiers (SOAs) on 
chip. On passive platforms, fabrication of variable optical attenuators (such as those 
based upon Mach-Zehnder interferometers) can be a solution.  

4.3. Control strategies for programmable pulse shaping 
Optical pulse shapers can be operated either under open-loop or in an adaptive 
(feedback) configuration [3]. In the open-loop configuration, which is schematically 
shown in Fig.4.11(a), the desired output pulse shape (spectral amplitude and phase) is 
specified and the input pulse shape is known. Therefore, the required transfer function 
of the pulse shaper is calculated according to Eq.4.2. The design task is then to properly 
set the control signals (in case of a programmable SLM) such that the desired system 
transfer function is realized. Any distortion caused by the optical system (lens 
aberration, additional dispersion, etc.) can be included in calculation of the transfer 
function to be (pre-)compensated.  
The open-loop configuration needs precise calibration of the SLM. In this context, 
calibration means to find the transfer function of the SLM and determine the effect of 
control signals. In general, detailed knowledge of the input pulse shape is also required. 
For instance, in case of pulse compression, the input pulse is initially broad and the 

 
Fig.4.11. Block diagram of (a) open loop and (b) feedback (adaptive) control strategies for 
optical pulse shaping. 
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Fig.4.10. Illustration of the operating principle of a direct space to time pulse shaper based on 
an arrayed waveguide grating. 
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input spectral phase/amplitude profile needs to be characterized as well. However, if the 
input pulse is known to be sufficiently short, i.e. close to transform limited and much 
shorter than the shortest features of the desired output waveform, precise 
characterization of the input pulse is not necessary. In this case the input pulse is 
assumed to be an “approximate” impulse; hence the output signal is essentially the same 
as the transfer function of the pulse shaper.  
The alternative approach for programmable pulse shapers is the adaptive loop. As it’s 
shown in Fig.4.11(b), the adaptive control is based on a feedback loop which involves 
observation of an experimental outcome and iterative optimization of the control signals 
according to the measured observable. The adaptive approach generally relies on a 
learning algorithm (such as Genetic [17] or evolutionary [18] algorithms) which is 
capable of recognizing patterns and guides the sequence of iterations for optimization of 
the control signals.  
The experimental observable could be an attribute of the shaped pulse, for instance the 
average second harmonic signal in case of pulse compression, or the outcome of an 
experiment. Examples of the latter case are the yield of a particular photochemical 
product in the field of ‘coherent control’ where laser waveforms are used to control 
quantum-mechanical motions [6], or the integrated CARS signal in phase-shaped CARS 
microscopy [19] where pulse shaping optimizes the CARS process for specific 
molecules. It is also possible that a pulse characterization tool is used to (fully) 
characterize the shaped pulse at each iteration. In this case, the measured profile is 
compared with the design shape and control signals are set for the next iteration. This 
approach is implemented in the so-called MIIPS (Multiphoton intrapulse interference 
phase scan) pulse shapers (see for example the commercially available product at [20]).  
The adaptive control strategy is appropriate when it is difficult to fully calibrate the 
SLM and/or in a case where the state of the SLM depends in a complicated way on the 
control signals. Moreover, adaptive approach is mainly of use when the optimized 
waveform for a certain experiment is not known and needs to be determined. An 
example of this is the case of CARS experiments on rotational states in molecules.   

4.4. Line-by-line vs. group-of-lines pulse shaping 
Conventional pulse shapers are generally used to manipulate the spectral components of 
the light of a regular train of pulses in groups of several lines. This is mainly dictated by 
properties of the available pulsed lasers and optical components. Most of the stable 
mode-locked (dye, solid-state and more recently fiber) lasers have repetition frequencies 
of usually up to few 100s of MHz. The repetition frequency corresponds to the spacing 
between the spectral lines in the (optical) frequency domain; this implies that the optical 
spectrum of such lasers has spectral components which are close to each other. The 
scheme in which the pulse shaping occurs for a number of lines at a time is called the 
group-of-lines pulse shaping [21]. This is schematically illustrated in Fig.4.12(a). 
Building a pulse shaper capable of resolving and manipulating tightly-spaced lines is 
difficult in practice and requires large gratings (tens of cm wide) to achieve the required 
resolution and a large number of high quality optical elements.  
In a typical LC-SLM based pulse shaper system (0.06nm channel resolution, 80MHz 
repetition frequency pulse source with 10nm 3dB width, around 790nm [22]) the 
incident pulse contains tens of thousands of lines in the spectral bandwidth and the size 
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of the group of lines per channel is in the order of few hundreds. The minimum number 
of lines per channel is determined by the resolution of the LC-SLM, i.e. the number of 
pixels. This pixilation in the group-of-lines pulse shaping leads to the presence of 
replicas of the shaped pulse in the time-domain signal. These replicas are also known as 
satellite pulses. In the following, several simple simulations of group-of-lines pulse 
shaping are presented to help illustrate the effect of the number of lines per channel. In 
these simulations, we assume the spectrum of the input pulse has 1000 equally-spaced 
lines within the 3dB width. The spectral intensity profile has a Gaussian shape and the 
spectral phase is flat. We set the number of lines per group to be N. The groups are fully 
isolated. The first case is to set a linear phase profile over the spectrum to create a time 
delay. For N=4 and N=10 the spectral phase profile of the shaped pulse is a staircase 
approximation of the specified phase profile, i.e. the phase profile in case N=1. N=1 
corresponds to the line-by-line shaping scheme which is illustrated in Fig.4.12(b) and 
will be explained later. The repetition frequency (spacing between adjacent lines) is 
frep=1 (unit of frequency). The temporal intensity of the shaped pulses are shown in 
Fig.4.13(a). The pulses are delayed with respect to t=0 and the period of delayed pulses 
is T=1/frep=1 (unit of time). It is clear that for the cases of N=4 and N=10 weaker 
replicas of the shaped pulse, caused by the pixilation, are present in the time domain.  
For the next case we design the pulse shaper to scramble the spectral phase, i.e. to set a 
single random phase value for each group which consists of N spectral lines. The input 
pulse is an ideal transform limited pulse train. Fig.4.13(b-d) presents the temporal 
intensity (linear scale, a.u.) of the shaped pulses for values of N=10, N=4 and N=1 
respectively. For each value of N, the simulation is repeated 10 times and the results are 
overlaid to give an indication of the maximum pulse duration in the pulse shaper output. 
For N=10 and N=4, shaped pulses repeat at a period of T=1/frep=1 (unit of time) and the 
(maximum) pulse duration is approximately 0.1 and 0.2 (unit of time) respectively. In 
group-of-lines pulse shaping, the maximum pulse duration is inversely proportional to 
N×frep. For N=1, the signal spans over the period resulting in a detailed noise like, but 
periodic signal due to the entirely random spectral phase.   
The possibility of controlling the amplitude and phase of individual spectral lines in a 
coherent frequency comb leads to the line-by-line pulse shaping scheme [21]. This 
scheme has recently attracted much attention for application in optical arbitrary 
waveform generation [23], [24], ultra-high bandwidth optical communication [25] and 
THz and microwave photonics [26].   
A major challenge in the line-by-line pulse shaping scheme is to resolve the spectral 
lines individually. The spectral resolution of the spectral filter has to be higher than the 
repetition frequency of the input pulse since the repetition frequency of the pulse is 
equal to the spacing between adjacent spectral lines in the frequency domain. The 
conventional low repetition frequency mode-locked lasers do not easily scale to 

 
Fig.4.12. Illustration of pulse shaping under (a) group-of-lines and (b) line-by-line schemes. 
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repetition rates much beyond 1GHz. Therefore, such lasers are not convenient for line-
by-line shaping as the pulse shaper would require an ultra high resolution to resolve the 
spectral lines. Alternatively, high repetition frequency sources, such as harmonically 
mode-locked fiber lasers, semiconductor mode-locked lasers, modulated continuous-
wave lasers [27] and frequency combs [28] can be used.  
Semiconductor mode-locked lasers cover a range of repetition frequencies from around 
1GHz [29], [30] and up to 100s of GHz and even THz frequencies [31], [32]. The 
repetition frequency of many of the currently reported monolithic semiconductor 
systems is typically in the range of 5-40GHz. Apart from the repetition frequency, the 
total spectral bandwidth and thus the number of spectral lines generated by the source, 
is important. Several techniques have been investigated to broaden the lasing spectra of 
mode-locked semiconductor sources [33]. Among the semiconductor lasers, the 
quantum-dot and quantum-dash mode-locked lasers [34–40] with their wide material 
gain bandwidth and wide lasing spectra attract much interest.   
The high spectral resolution required for line-by-line shaping is difficult to achieve in 
practice with conventional gratings and lenses. For instance, the free-space experimental 
setup described in [41] has a 10GHz harmonically mode-locked fiber laser which 
operates around ~1542nm. The 3ps optical pulse from the fiber laser is sent through a 
beam collimator and a magnifying telescope to expand the beam size to ~18mm on the 
grating. The setup, which is configured in reflective configuration, includes a 
1200groove/mm grating and a lens with 1000mm focal length. The spectral resolution is 
2.6GHz which is sufficient for the application. These numbers indicate the scale of 
current pulse shaper devices for line-by-line applications. 
Alternative devices which could provide the required high resolution for line-by-line 
shaping include grism (grating-prism) [42], [43], virtually imaged phased array (VIPA) 
[44] and AWGs. VIPA is similar to a Fabry-Perot etalon in structure (with ~100% and 

 
Fig.4.13. (a) Effect of pixilation on the creation of shaped satellite pulses in time domain. The 
size of line groups is N=10 (dotted green), N=4 (dashed blue) and N=1 (solid black). (b-d) 
Effect of group size on the temporal extent of the shaped pulse, in this case with scrambled 
phase with (b) N=10, (c) N=4 and (d) N=1.   
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~96% reflectors) and perhaps provides the highest spectral resolution (750MHz at 
3GHz spacing [45]). AWGs are of particular interest for integrated pulse shapers. Silica-
based AWGs generally have a better performance than their InP-based counterparts. 
However, the possibility of integration with fast electro-optic phase modulators as well 
as active components, make the InP-based devices very interesting.   

4.5. Integrated optical pulse shaper devices 
Photonic integration technology is capable of providing the required functionalities for 
building such a complex optical system as a FT optical pulse shaper. Waveguides, 
AWGs, phase modulators (PMs), PM-based structures such as interferometers, and 
SOAs are the basic components that are needed to build an integrated circuit which 
operates as a pulse shaper device. 
In earlier works, silica-based optical circuits were used to build (partly-) integrated 
pulse shapers. These circuits were essentially an AWG which replaced the grating and 
lens in the FT pulse shaping setup. Configurations with external phase masks are 
reported in [46–48]. More recent attempts include the devices with integrated amplitude 
and phase modulators [49–52] with an AWG channel spacing down to 10GHz. The 
device presented in [53] consists of a pair of 64×20GHz AWGs and thermally tunable 
phase and amplitude modulators. In recent years, considerable effort has been directed 
at development of the InP-based photonic integration platforms for optical pulse 
shaping. In [54] an integrated tunable pulse shaper with phase-only capabilities is 
presented which operates at 1550nm wavelength and consists of a pair of 200GHz 
AWGs and an array of 20 electro-optic phase modulators. The temperature of each 
AWG was individually controlled to maximize their spectral overlap.  
Integrated pulse shapers are of particular interest for the field of optical communication 
in optical code-division multiple-access (O-CDMA) systems [55] and optical arbitrary 
waveform generation [23], [25], [56]. In recent years, application in RF/microwave 
photonics [26], [57–59] has attracted attention as well. In O-CDMA systems, the 
spectral amplitude and phase information encoder/decoder has a similar structure as a 
FT pulse shaper. Furthermore, it is desirable that the pulse source/detector circuit is 
integrated on the transmitter/receiver chip together with the encoder/decoder. InP-based 
technology is currently the best candidate to realize such integrated devices, as it 
provides the possibility to directly integrate active devices with passive circuits.  
The line-by-line pulse shaping scheme is usually referred to as optical arbitrary 
waveform generation (OAWG) in the context of high-speed optical communication and 
microwave photonics. OAWG generally starts with a stable frequency comb generator 
or a stabilized mode-locked laser source to provide the coherent input spectral lines. 
High resolution spectral filters are needed to resolve the lines individually. Each 
individual line is then modulated in phase and amplitude according to the specifications 
of the waveform or requirements of application.  
There are two classes of OAWG: Static OAWG in which the modulation bandwidths of 
the signals on the individual spectral line are much less than the input repetition 
frequency, and dynamic OAWG where the modulation bandwidths are at least equal to 
the spectral lines spacing [25]. A static optical arbitrary waveform generator is 
essentially a programmable line-by-line pulse shaper. In this approach the spectral 
bandwidth of the output waveform cannot exceed that of the source. In dynamic 
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OAWG, the device applies a rapid time-varying modulation, amplitude and phase mask, 
to the individual spectral lines. Different approaches have been investigated for 
generation of arbitrary waveforms including the ‘rapid-update’ and ‘spectral-slice’ 
approaches [25]. In the rapid-update approach, the waveform is synthesized on a pulse-
to-pulse basis by updating the modulating masks for each period of the input, whereas 
in spectral-slice method, the desired spectrum is synthesized by modulating the 
individual spectral lines and then concatenating the corresponding spectral slices.   

4.5.1. Integrated spectral de-/multiplexer 
The spectral de-/multiplexer is a key component in FT pulse shaping which determines 
a number of important attribute of the pulse shaper device. Such attributes include the 
total device bandwidth, number of channels and channel resolution. For monolithically 
integrated devices, a phased-array (arrayed waveguide) [60] or a grating-based [61–63] 
component can be used as the spectral de-/multiplexer. AWGs are currently the most 
widely used spectral filters in integrated optics, including the application of integrated 
pulse shapers. For sake of completeness, we first explain the basic properties of the 
AWG and then give an overview of issues which affect the operation of the AWG. For 
the pulse shaping application, the following AWG specifications are relevant: 

• Central frequency (wavelength), which matches (or is close to) that of the 
pulse source. 

• Number of channels, which is equal to the required number of device channels.  
• Channel spacing, ideally matches the repetition frequency of the pulse source, 

which is the case for a line-by-line pulse shaper. In group-of-lines pulse 
shaping, the channel spacing is higher that the repetition frequency of the 
source.   

• Free spectral range (FSR) determines the bandwidth of the device. Spectral 
components which are separated by the FSR fall within a single device channel 
and cannot be independently controlled.  Therefore, the FSR has to be 
sufficiently large to accommodate the required bandwidth. 

• Insertion loss, which is mainly caused by the loss in the coupling at the 
interface between the free propagation region and the arrayed waveguides, and 
loss of optical waveguides.  

• Passband shape and channel resolution. The spectral resolution of the AWG 
channel determines the number of spectral lines in the channel. The passband 
shape of a basic AWG is (close to) a Gaussian which is described by its full 
width at half maximum (FWHM).  

Channel width and channel spacing are generally design parameters which affect the 
layout of the AWG. A high resolution AWG (typically <20GHz channel width on InP) 
requires a large number of arrayed waveguides which makes it relatively large and 
hence more sensitive to fabrication imperfections due to phase errors in the arrayed 
waveguides. In practice, error correction techniques in the waveguide array [64], [65] 
are required to achieve the high-resolution AWG performance.  
To achieve high spectral resolution, AWG channels are designed to be narrow and 
tightly spaced in spectral domain. However, a narrow Gaussian passband is not tolerant 
to possible misalignments between the frequency (wavelength) of the spectral line and 
the channel. The desired shape of AWG channel depends on the requirements of the 
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application, but is typically preferred to be flat within the passband with steep cut-off at 
either side to avoid channel overlap. A method to flatten the passband is to use parabolic 
tapers or multi mode interference couplers at the input waveguides [54], [66]. An 
alternative approach is to actively control the phase (and amplitude) of the arrayed 
waveguides. This method is in principle more complicated and is equivalent to building 
an AWG-based finite impulse response filter [24], [65]. 
The choice of AWG layout (box-shape, horse shoe, etc.), material layer stack, 
uniformity of the wafer and birefringence of the array waveguides also affect the AWG 
performance. The effect of birefringence, the difference in propagation constants for TE 
and TM, results in polarization dispersion. This means that a polarization dependent 
AWG shows a different spectral response to different incident polarizations; 
furthermore, the spectral response is affected by polarization rotation in curved sections 
of arrayed waveguides. Dispersion compensated AWGs do not suffer from a 
polarization-induced spectral sidelobes [67].  

4.6. Design of an InP-based monolithically integrated pulse shaper 
The design is a compromise between the requirements of the application and 
possibilities of the fabrication technology. Therefore, we first introduce the applications 
of our interest, and then describe the general design considerations of an integrated 
optical pulse shaper with a focus on the available generic fabrication platform. That 
provides a set of boundary conditions for the design framework and justifies the final 
design. A design in the generic platform is based on a number of defined and 
standardized building blocks. The wafer material layer stack and fabrication procedure 
are optimized for best overall performance and compatibility of its basic components.  
We are interested in the development of a miniaturized laser system which can benefit 
two specific applications, namely metrology and CARS microscopy. Widespread use of 
these applications is currently hindered by the cost, complexity and vulnerability of the 
(bulk) laser systems involved. One issue is that typically not just a mode-locked laser 
source is required. Rather than that, electronic and optical systems are needed to 
stabilize the laser operation and to control the spectral phase/amplitude of optical 
pulses. In chapter 2, we have considered (partial) stabilization of mode-locked lasers 
through application of RF modulating signals. Manipulation of the spectral 
phase/amplitude was extensively addressed in this chapter and is the subject of focus for 
the integrated pulse shaper device.   
The integrated pulse shaper device is mainly intended to be combined with our quantum 
dot (QD) mode-locked lasers. For both of the applications which are mentioned in the 
previous paragraph, the available optical bandwidth is important. The optical bandwidth 
is in principle a feature of the pulse source, i.e. the mode-locked laser. The QD mode-
locked laser diodes have a spectral bandwidth of up to 8nm [35], [68]. The QD lasers 
are interesting because they provide larger gain bandwidth as compared with bulk or 
quantum well lasers [35], [69]. The large gain bandwidth is ideal for short pulse 
generation. However, our QD lasers generate chirped pulses which are elongated in 
time. Detailed discussions are presented in chapter 2. This means that generation of 
short optical pulses (ideally ~300fs in case of transform limited pulses) is only possible 
after compensation of the spectral chirp, i.e. pulse compression. Pulse compression is a 
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specific case of pulse shaping where the output waveform is desired to be as short as 
possible and ideally a transform-limited pulse.  
CARS microscopy is a non-linear detection method that generates a signal depending 
on the presence of certain molecules (using vibrational resonances). For short pulse 
excitation, many vibrational frequencies are excited at once resulting in a nonspecific 
response. Pulse shaping (particularly phase) has an added advantage for CARS since it 
allows for creation of interferences such that the integrated response is large for 
molecules with specific resonances but low for all others. This greatly improves the 
ability to detect specific molecules. In this application, an interesting feature of 
integrated devices is the possibility of achieving high switching speeds, i.e. up to 
100kHz versus few 100Hz in conventional shapers, to achieve video rate imaging.  
In [19], a case study of shaped CARS microscopy is presented in which the central 
wavelength of the pulse source is ~806nm and the FWHM is 26nm. In the experiments, 
the spectral phase profile is characterized by 40 parameters over 66nm, which is 
currently within the reach of available commercial pulse shapers. The results show that 
for 40 parameters, the (calculated) optimal phase is defined accurately. A higher number 
does not significantly affect the quality of imaging, i.e. contrast ratio. The minimum 
number of parameters is around 20-25, which determines the minimum number of pulse 
shaper channels. A higher number of pulse shaper channels/elements ensures a more 
smooth phase profile.      

4.6.1. AWG: spectral de-/multiplexer 
AWGs are standard (composite) components in the available foundry technology 
libraries which are used as the spectral de-/multiplexer. The AWG is the core of an 
integrated pulse shaper. An optimized pulse shaper should cover the bandwidth of the 
input pulse. The FSR of the AWG must match the required pulse shaper device 
bandwidth. The optical spectral bandwidth of the device is determined by the number of 
AWG channels and the spacing between the channels.  
To cover the available optical bandwidth of the QD lasers, the FSR is set to be 8nm. 
The minimum channel spacing which can be achieved in the current generic foundry 
platform is 40-50GHz. This means that the number of independent channels in one FSR 
is in the order of 20-25. Ideally the channel passband is flattened such that the total 
AWG response efficiently covers the FSR. However, this is not provided in the current 
fabrication run. Highly isolated, narrowband channels are not desired either, because 
they are not tolerant to variations in the repetition frequency of the input pulse for the 
line-by-line pulse shaping scheme. Furthermore, a narrow channel passband causes 
significant loss of spectral power in the group-of-lines scheme. Therefore, we have 
chosen to increase the channel width by reducing the gap between the input/output 
waveguides of the free propagation region. In this case, the coupling between the 
waveguides is higher which makes for a higher overlap between the channels as well.  

4.6.2. Modulation speed of phase and amplitude 
The type of application determines the required modulation speed. For instance, a 
programmable pulse shaper device for compressing (sufficiently stable) chirped pulses 
does not typically require high modulation speeds. On the other hand a dynamic OAWG 
device has to provide sufficient modulation bandwidth for waveform synthesis. In 
silica-based platform thermo-optic modulators are commonly employed whereas in InP-
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based platforms, usually electro-optic phase modulators are used. Achieving high 
modulation speeds is not possible through thermo-optic modulators and getting to 
speeds beyond 10GHz through electro-optic effect is a practical challenge which 
involves careful device design to avoid cross-talk, material layer-stack and doping-
profile optimization to reduce high frequency losses and eventually extra fabrication 
steps [70], [71]. An alternative approach adopted in [71] is to incorporate optically 
driven modulators, in which an external light signal is used to modulate the phase of the 
spectral line. In case of our applications of interest, a modulation speed up to a few 
hundred MHz is required to enable pixel-by-pixel phase-shaped CARS imaging at video 
rates [72].   

4.6.3. Phase-only or amplitude-and-phase pulse shaping  
Phase-only pulse shapers cannot be used for arbitrary pulse shaping purposes where 
control over the spectral amplitude is required. Generally in silica-based devices, 
variable optical attenuators based on Mach-Zehnder modulators (MZMs) which are 
controlled through resistive heaters are used to adjust the optical loss in device channels 
and thus to control the relative amplitude of spectral components. A similar approach 
based on EO modulators is applicable to InP-based devices. Achieving extinction ratios 
above 20dB with simple MZM stages is challenging. If the fabrication technology 
allows integration of active components on chip, SOAs can be used to control spectral 
amplitude. An SOA provides optical gain if it is forward-biased. The optical gain 
depends on the amount of bias, i.e. injection current. If the SOA is biased below 
transparency, extra losses are induced due to absorption. Therefore, frequency 
components of the pulse may be effectively eliminated by reverse-biasing SOAs. 
Including SOAs on chip has the added advantage that the device losses may be 
(partially) compensated by the gain of SOAs.   

4.6.4. Layout 
An integrated pulse shaper could be designed in transmission mode by employing two 
separate AWGs for demultiplexing and multiplexing the light signal [53], [54]. Such 
design does not require an optical circulator; however, proper operation of devices with 
a pair of AWGs requires perfectly matched transmission spectra of the two AWGs. On 
the other hand, the reflective design requires a single AWG and the signal in each AWG 
channel passes through the optical elements twice. Therefore, it is more efficient, 
compact and tolerant to the fabrication process. A drawback of a reflective pulse shaper 
is the need for an optical circulator. This currently hinders the integration of the 
reflective pulse shaper with a pulse source on the available fabrication platforms. This is 
due to the fact that monolithic integration of non-reciprocal optical components, such as 
isolators and circulators [73], [74], on semiconductor photonic integration platforms is a 
technological challenge.  

4.6.5. Final design  
As it was mentioned in section 4.5, an integrated pulse shaper is most duly realized in 
the FT configuration. A schematic illustration of the functional diagram of the final 
device design is shown in Fig.4.14. We have chosen to configure the device in the 
reflection mode. In this mode, the input optical pulse passes through the AWG which 
decomposes it into constituent components. The spectral components pass through 
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electro-optic (EO) PMs and SOAs and are then reflected back from a facet with a high-
reflection coating. The PMs and SOAs provide the required phase/amplitude mask and 
are used to manipulate the spectral phase and amplitude of the components in order to 
achieve the desired pulse shape. The spectral components are then recombined in the 
AWG and return through the input/output (I/O) waveguide. The two directions are 
separated by a circulator outside the chip.  
In the reflective design, only a single AWG is required to demultiplex and multiplex the 
spectral components. This eliminates the need for the realization of two perfectly 
similar AWGs on the chip (such as the case of transmission mode devices) and saves 
the complication of tuning and aligning the two AWGs’ transmission spectra. 
Furthermore, the optical elements, i.e. PMs and SOAs, are effectively more efficient in 
the reflection mode since the spectral components pass through them twice. Both of 
these arguments lead to a more compact device design which occupies a smaller chip 
area. In practice, this means that a device with a higher number of channels could fit on 
a certain available area on the wafer. This is particularly important in multi-user wafer 
runs, where the size of available cells is predefined and costs are shared per wafer area.     
The design is made according to the generic integration technology which is available in 
the framework of European FP7 project EuroPIC [75]. The chip is designed on a 
6×6mm2 cell, which is currently the largest available cell size. The designed AWG has 
20 channels. Each channel has a PM and an SOA. This means that the pulse shaper has 
40 optical elements to be controlled in total. According to the specifications of the 
current platform, the SOAs must be oriented perpendicular to the wafer major flat and 
the PMs must be aligned parallel to the wafer major flat for higher efficiency. 
Therefore, 20 is the maximum number of device channels that fit on the defined cell 
size. An image of the mask layout is given in Fig.4.15. To compensate for path length 
differences on the chip and to equalize the channel lengths, extra sections of passive 
waveguides are included in each channel near the high-reflection coated facet. The 
effect of variations of the path length in different channels is discussed in chapter 6.   
The FSR of the AWG is designed to be 8nm to cover the spectral bandwidth of the QD 
lasers, such as those presented in chapter 2. The AWG has a cyclic design which means 
that there is a continuous cover of the spectrum. This makes that the device can be 
combined with pulse sources that have different central frequencies.  

 
Fig.4.14. Functional diagram of ASPIC9 design, showing the working principal of the pulse 
compressor/shaper chip. The light will pass the SOA and the phase modulators twice making 
the system more compact. 
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Since the number of channels is set to 20, the channel spacing is designed to be 50GHz 
(~0.4nm) to cover the 8nm. The integrated device is planned to be used in the two pulse 
shaping schemes, i.e. line-by-line and group-of-lines. In the line-by-line scheme, the 
repetition frequency of the pulse source (closely) matches the AWG channel spacing. In 
the group-of-lines pulse shaping, the 5 and 10GHz QD lasers in particular are of interest 
as the pulse source. Since the channel spacing needs to be maintained at 50GHz to keep 
the required device bandwidth, having a high channel resolution leads to an increasing 
loss of the signal power due to rejection of the spectral lines in between the channels. 
This causes a (super-) modulation of the pulse spectrum and will cause severe pulse 
ringing. The 3dB width of the AWG channel is chosen to be 50GHz. In other words, the 
AWG channels are designed to overlap at the 3dB width. This value is a trade-off 
between channel cross-talk and modulation of the pulse spectrum. 
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CHAPTER 5 

Full Calibration and Characterization of 
the InP-based Optical Pulse Shaper 

 

 
For producing predictable pulse shapes with a shaping device, an accurate calibration of 
the effect of the device’s control signals is required. In this chapter, we present the full 
calibration and characterization of the monolithically integrated optical pulse shaper that 
was presented at the end of the previous chapter. This chapter is organized as follows. 
In section 1, we briefly present the realization of the InP-based integrated optical pulse 
shaper. In section 2, we present the general mathematical description of the Fourier 
transform pulse shaping technique. The general description is formulated in terms of 
mathematical expressions which can be experimentally quantified. This serves as the 
basis of the calibration method. We describe how the calibration method is implemented 
in practice in section 3, where the measurement setups are presented in detail and the 
measured results are discussed. The full calibration of the device provides a complete 
mathematical description of the pulse shaper. This model is required for operating the 
device. In section 4, we round off the work on the calibration of the pulse shaper with 
two demonstrations. The first is a test of the interferometric method used to measure the 
reference states. The second demonstration shows that the pulse shaper indeed behaves 
as a linear system and that the system response is correctly predicted using the reference 
state and mask function.   

5.1. Device realization 
The device is fabricated in a generic integration technology platform [1] in which the 
design is based on certain standardized building blocks. In the generic integration 
platform, the wafer layer stack and fabrication process are optimized for best overall 
performance and are not tailored towards a specific application. This enables the 
possibility of multi-user fabrication runs which allow for an earlier (commercial) 
exploitation of the results. A key advantage of the present platform is the active-passive 
integration scheme which allows direct integration of active components, such as 
semiconductor optical amplifiers (SOAs) with passive elements on a single chip.  
A microscope image of the realized chip is shown in Fig.5.1. Details of the device 
design were given in section 6 of chapter 4. The device includes an arrayed waveguide 
grating (AWG) which has 20 channels. Each channel has a phase modulator (PM) and 
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an SOA. In this design, the AWG is the spectral de-/multiplexer and PMs and SOAs are 
used to control the phase and amplitude of the spectral components. The chip size is 
6×6mm2 and the substrate is thinned and has a thickness of 135μm.  
The light from the optical pulse source, i.e. a mode-locked (ML) laser, is injected into 
the pulse shaper chip via an anti-reflection (AR) coated facet (the left hand side facet in 
Fig.5.1). The pulsed signal passes through the AWG which decomposes the light into its 
spectral components. Each component passes through electro-optic (EO) PMs and 
SOAs and is then reflected back from a facet with a high-reflection (~95%) coating (the 
right hand side facet in Fig.5.1). The spectral components are then recombined in the 
AWG and return through the input/output (I/O) waveguide. The two directions are 
separated by an optical circulator outside the chip.  
The PMs on the pulse shaper chip are deeply-etched structures which are 1mm-long and 
1.2μm-wide. The core of the waveguide is a multi-quantum well (MQW) structure to 
provide efficient electro-optic phase tuning through the quantum-confined Stark effect 
(QCSE). The EO efficiency is significantly increased when oriented parallel to the 
major flat due to the fact that the linear EO effect adds to the QSCE shift whereas it 
subtracts in the orthogonal direction. The QCSE is generally regarded as quadratic in 
nature resulting in the more nonlinear characteristic. In the current device, all the 20 
PMs are parallel to the major flat. There is some wavelength dependence to both phase 
and loss due to the effect of proximity to the bandgap wavelength of the MQW core. 
This will be investigated in detail later in this chapter. PMs are operated by applying a 
reverse bias voltage. The SOAs are shallowly etched waveguide structures oriented 
orthogonal to the wafer major flat. The width of SOA waveguides is fixed at 1.9μm. 
The total contact resistance of SOAs is measured to be 8.5±1.2Ω. The SOAs are 750µm 
long and provide around 7dB total optical gain at ISOA=40mA.  

5.1.1. Device mounting and cooling 
The realized integrated pulse shaper requires 2×20 electrical control signals for PMs 
and SOAs. The fabrication platform in which the device has been realized did not 
provide on-chip metal routing as a standard option. As a result, the probe pads are 
distributed over the chip area and were not located at the edge of the chip. Therefore, 

 
Fig.5.1. A microscope image of the realized pulse shaper chip. 
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using multi-probes to provide simultaneous connection to such number of elements is 
not convenient and reliable.  
In order to facilitate the measurements, the chip is first mounted on a subcarrier which is 
a 280μm-thick polished AlN substrate. The subcarrier was lithographically patterned 
with thick (>1μm) gold plating to provide a common ground plane and wire-bond pads. 
The back side of the chip was first glued on the ground plane. A set of bonding pads on 
the subcarrier, which are arranged around the ground plane, were then wire bonded to 
metal contacts on PMs and SOAs. Metal tracks on the AlN substrate route the 
connections to the edge of the subcarrier, where a second set of bonding pads are 
patterned. These pads were wire-bonded to a printed circuit board (PCB).  
The PCB has a 50-way IDC connector which is suitable for compact wiring via a flat 
cable. The flat cable provides connection to the controlling electronic instruments, i.e. 
multi channel voltage sources and current supplies. The voltage sources are the 
AWG100 eight-channel analog waveform generator units [2] which are used for 
controlling the PMs. The current supplies are Thorlabs MLC8100 modules which are 
used to bias the SOAs.  
The subcarrier and the PCB are mounted on an aluminum mechanical block, as depicted 
in Fig.5.2. The aluminum block is then mounted on a water-cooled block which acts as 
a heat sink. The water temperature is controlled using a water cooler that stabilizes the 
water temperature within 0.1°C and therefore the temperature of the setup. Due to the 
fact that there is a thermal resistance between the device and the cooling water, the 
temperature of the device will depend on the amount of heat dissipated in it by the 
biased SOAs. The total dissipated power exceeds 1W when the SOAs are biased above 
40mA. To monitor the device temperature a thermistor is located just below the device 
as indicated in Fig.5.2. The actual device temperature will still be somewhat higher than 
what the monitor will indicate, and will vary on the distance to the SOAs. 
Temperature variations affect the operation of the device in two ways. The effective 
index of the waveguides and the current gain relationship of the amplifiers both depend 
on the device temperature. To have an indication of the sensitivity of the device 
operation and the thermal dependence of the effective index we can investigate the 
wavelength shift of the AWG channels versus the temperature. In order to do so, we 

 
Fig.5.2. The chip is mounted and wire-bonded on an AlN subcarrier. The subcarrier is wire-
bonded to a PCB which provides electrical connections to the control instruments via a 50-
way IDC connector. The device temperature is stabilized by the water-cooled block.  
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change the set point of the water cooler which controls the device temperature. We use a 
temperature sensor to monitor the device temperature and then measure the transmission 
spectrum of the AWG channels. The result is a ~0.128nm/°C shift of the central AWG 
wavelength. This is a typical value for AWGs in InP [3] and corresponds to 
approximately 2.5×10-4 /°C temperature dependence of the effective index.  
Next, we observe the effect of SOA bias on the device temperature. We fix the water 
cooler temperature and bias the SOAs to the operating current one by one. When the 
SOAs are biased, the monitor temperature starts to increase. The recorded temperature 
results are given in Fig.5.3. The measurements are done at ISOA=30mA and ISOA=40mA 
for each SOA. Fig.5.3 shows that when all the 20 SOAs on chip are biased at ISOA=30-
40mA, the device temperature increases by about 0.5-0.7°C. This corresponds to an 
overall temperature change of less than 0.01°C/10mA per SOA.  
The device temperature is not automatically stabilized but we operate the pulse shaper 
at the same constant monitor temperature; we set the water temperature such that the 
temperature sensor indicates 12±0.03°C after the SOA bias values are set and the 
temperature is stabilized. Thus given the results in Fig.5.3, the effect of small changes 
of SOA current on the overall device temperature are negligible if no further correction 
on the water temperature is applied. 
The optical path length differences between the device channels have been minimized 
and will in practice be limited to a few μm. Given the thermal dependence of the 
effective index, we estimate that the effect of temperature variations on the relative 
phases of the optical signal passing through the device is less than ±10-5 rad. This means 
that this temperature effect can be neglected. 

5.2. Description of the calibration method  
The Fourier Transform (FT) pulse shaping technique is based on the concept of linear, 
time-invariant (LTI) systems. Linear systems are generally described in the time domain 

 
Fig.5.3. The temperature which is indicated by the thermistor versus the number of SOAs 
which are simultaneously biased at ISOA=30mA (squares) and ISOA=40mA (circles). The 
setpoint of the water cooler is at T=10.5°C. 
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by an impulse response h(t), and in the frequency domain by H(ω) which is known as 
the frequency response. H(ω) may also be referred to as the system transfer function.  
H(ω) is the key to understanding the principle of the FT pulse shaping technique. In a 
FT pulse shaper, the shape of the output pulse, i.e. the amplitude and phase, is related to 
the shape of input pulse through the system response of the pulse shaper device as 

out in(ω) (ω) (ω)E H E= ×       (5.1) 
where E denotes the pulse shape in the frequency domain which is in general complex 
valued. Eq.5.1 implies that the shape of the output pulse can be controlled by 
manipulating the frequency response of the pulse shaper device.  
In a programmable pulse shaper, the frequency response of the device can be (re-) 
configured by applying the control signals. This implies that in order to generate 
predictable pulse shapes, the system requires to be calibrated. Calibration of the pulse 
shaper in this context is equivalent to finding the frequency response of the pulse shaper 
device for any condition of the control signals.  
In practice, it is not convenient (even possible) to measure the transfer function of a 
pulse shaper for all the possible combinations of the control signals. Our approach to 
calibrate the pulse shaper is to identify the system in a ‘reference’ state and consider the 
effect of control signals separately. The reference state can be defined as any particular 
set of control signals. This approach is described in more details as follows. 
The pulse shaper device consists of several channels. The total response of the pulse 
shaper is a linear summation of the frequency responses of the operating channels. If the 
total response of the system is Htot, we have  

1
( , ) ( , )

N

tot i i
i

H s H sω ω
=

= ∑       (5.2) 

in which N is the number of channels, Hi is the individual channel response of the 
channel number i, and si stands for the control signals in the corresponding channel. It is 
convenient to define 

( , ) ( ) ( )i i i i iH s HR M sω ω= ×      (5.3) 
in which HRi(ω) is the channel response at the reference state of the control signals. We 
let the function Mi(si) account for the effect of applied control signals on the phase and 
amplitude of the optical signal in each channel. This means that changes of the phase 
and amplitude with respect to the reference state are taken into account by the mask 
function Mi. The advantage of this method is that the functions HRi and Mi can be 
measured separately.  
HRi and Mi are in general complex valued functions of the optical frequency, i.e. they 
affect the amplitude and phase of the optical signal. Therefore, evaluating these 
functions in practice requires measurement of the optical amplitude and phase. In the 
following subsections, we first explain a practical method to characterize the frequency 
response (amplitude and phase) of a given device. This represents the basis for 
measuring the frequency response of individual pulse shaper channels, i.e. HRi. We then 
express the mask function, i.e. Mi, in terms of the effect of control signals on the 
amplitude and phase of the optical signal. The mathematical expression is formulated 
such that the measured data on the amplitude and phase modulators can be directly 
implemented in the expressions to determine the mask function.  
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5.2.1. Measurement of a complex transfer function: the channel response 
In the following we describe an interferometric measurement method that can be 
employed to determine the complex transfer function of an optical device. The 
schematic illustration of the measurement method is presented in Fig.5.4. The setup is 
configured in the form of a Mach-Zehnder interferometer (MZI). In this setup, the light 
from an optical single frequency laser source is divided between the reference arm and 
the device. The device arm includes the device under test (DUT) and a time-delay 
element. The delay element is an additional path length difference between the 
reference arm and the device arm. The signals of the two arms are then combined and 
the optical power is recorded.  
In this method, the frequency of the optical source is tuned and the optical power at the 
output of the MZI is measured at each frequency. The key point about the 
interferometric setup is that it enables measurement of the optical phase with a setup 
that is easy to build in practice. Measuring the phase generally requires complicated and 
advanced tools such as a network analyzer. In the interferometric setup, any phase 
change between the two MZI arms is translated into changes of the optical power, 
which is easily measured.  
We define the electric field of the signal generated by the optical source to be 

0( ) j tt E e ω=E        (5.4) 
where E0 is the field amplitude, j is the imaginary number, ω is the angular frequency 
and t is the time. Therefore, the signal in the reference arm is represented as E1=E0 in 
frequency domain. For convenience and without loss of generality, we have assumed a 
splitting ratio of unity and a zero delay in the reference arm. The electric field which has 
passed through the device arm is then 

ω
2 0 (ω)jE e Hτ−= × ×E       (5.5) 

where τ is the time delay in the device arm and H(ω) is frequency response of the DUT. 
If we define H(ω) in terms of the magnitude and the phase as 

( )( ) ( ) jH e ϕ ωω ρ ω=       (5.6) 
with the  
 ( ) ( )Hρ ω ω=        (5.7) 
and 
 ( ) ( )Hϕ ω ω=         (5.8) 
The measured optical power Pdet, can be stated as  

( )22 2 ( ) 2
det 1 0( ) 1 ( ) 1 ( ) 2 ( )cos ( )j jP E e ϕ ω ωτω ρ ω ρ ω ρ ω ϕ ω ωτ−= + + + −+ 2E E

         (5.9) 
Now we examine the measured signal in time domain.   

 
Fig.5.4. Schematic drawing of the interferometric setup in the Mach-Zehnder configuration. 
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where δ(t) is the Dirac delta and 
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in which the symbol * is the complex conjugate and ⊗  is the convolution operation. 
Therefore,  

* *
det ( ) ( ) ( ) ( ) ( ) ( ( ))p t t h t h t h t h tδ τ τ+ ⊗ − + − + − +    (5.14) 

If h(t) corresponds to a causal system and has a finite duration in time, the term A in 
Eq.5.12 is limited in time, and goes to zero for values of t larger than the duration of 
h(t). This means that if a proper value of τ (larger than the duration of the impulse 
response) is chosen, the effect of the system impulse response, i.e. h(t-τ), does not 
temporally overlap with other terms. Therefore it is possible to filter out the part of the 
signal which corresponds to h(t) in the time domain. This is equivalent to achieving the 
system frequency response through a Fourier transform H(ω)=F{h(t)}.  
The method which was described in this subsection, is a general technique which can be 
applied to different systems [4–6]. In case of the integrated pulse shaper which is 
presented in this chapter, we employ the method to characterize the complex, i.e. 
amplitude and phase, transfer function of the device channels. Device channels are 
formed by the AWG channels. We note that in this case, h(t) corresponds to a physical 
system which is causal. Furthermore, since the AWG is essentially an FIR (finite 
impulse response) filter, the duration of h(t) in time is limited. Therefore, the method 
can be conveniently applied. 

5.2.2. Mathematical description the mask function: the effect of control signals 
The control signals are used to tune the optical elements and hence manipulate the total 
system response. The complex-valued mask function M (which appears in Eq.5.3) can 
be written as 

( , ) jM G Ge ΦΦ =        (5.15) 
to account for the gain G of the amplifiers and the phase shift Φ of the phase modulator. 
In an ideal pulse shaper, the amplitude and phase of the spectral components can be 
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modulated independently. In this case, the optical amplifiers only affect the spectral 
amplitude and the phase modulators only affect the phase. Therefore, G and Φ are real-
valued functions of the control signals in each device channel.  
In case of the integrated pulse shaper, the optical gain is provided by the SOAs and the 
phase modulation is achieved through PMs. In practice the PMs and SOAs do not 
perform independently and the G and Φ functions are complex. This is due to the fact 
that applying a reverse bias signal on a PM for tuning the phase, induces some 
absorption and affects the signal amplitude. On the other hand, changing the biasing 
current of the SOA affects the phase of the signal. To consider the mutual effect of the 
PMs and SOAs in case of the integrated device, we define 
 SOA

SOA
jG g e ϕ= ×        (5.16) 

 PM PMjϕ αΦ = +        (5.17) 
In Eq.5.16, gSOA is the optical gain and φSOA is the phase effect of the SOA section. In 
Eq.5.17, φPM is the phase tuning and αPM is the induced loss due to the reverse bias. It is 
very important for the full calibration to get the information over the performance of 
individual optical elements as well as the mutual effect of control signals.  

5.3. Experimental implementation of the calibration method  
In this section we present the details on the measurement of the calibration of the pulse 
shaper. First the measurement of the reference state is discussed, followed by the 
measurement of the effect of the control signals on the phase modulators and amplifiers.  

5.3.1. Measurement of the channel response in reference state 
The integrated pulse shaper has a reflective geometry in which the input light signal 
passes through the chip and returns to the I/O port. Therefore, the interferometric setup 
which was explained in section 5.2.1 is easier to realize in the Michelson configuration. 
This configuration can be realized relatively easily in practice. We have used a cleaved 
fiber tip to inject light from a single frequency tunable laser to the chip. The reflection 
of the tip of the fiber could then be used as the reference signal; this makes the length of 
the reference arm zero. The loss in the optical coupling from the fiber to the chip and 
back is approximately 10dB higher compared to a lensed fiber coupling, but the signal 
strength of the return signal is sufficiently strong to obtain a clear interferogram. 
Furthermore, the required time delay of the device arm corresponds to the total path 
length (double pass) of the chip.  
As it was described in the previous section, our calibration procedure requires that 
characterization of the device channels is done separately. The key point which enables 
individual channel characterization in the current device is that an SOA is included in 
each channel. If the SOA in the channel is not biased, it effectively absorbs the light in 
the corresponding channel and hence, there is no return signal to the I/O port. On the 
other hand, if the SOA is biased to provide enough gain, the signal which goes through 
the channel and returns to the I/O port where it interferes with the reflected signal from 
the tip of the cleaved fiber. This forms the required interference pattern which is used to 
analyze the channel response.  
Measuring the complex channel response involves the measurement of the amplitude 
and phase of the frequency response according to the basic method and corresponding 
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calculations which were described in section 5.2.1. The schematic illustration of the 
measurement setup is given in Fig.5.5. We have used a continuously tunable laser 
source to sweep the input signal wavelength and recorded the optical power in steps of 
1pm over a length of several nm to clearly cover the full channel width. The optical 
power of the source is kept below 3dBm to make sure nonlinear effects in SOAs, such 
as self-phase modulation, does not disturb the measurement by violating the LTI system 
assumption. We measure the interference signal in order to determine the frequency 
response of each channel. The reference state of control signals is chosen as VPM=0V 
and ISOA=40mA.  
A typical measurement result which shows the interference pattern is given in 
Fig.5.6(a). In this figure, the laser source is scanned over the wavelength range λ=1544-
1548nm and the SOA in channel 10 is biased at ISOA=40mA. The inset is a focus on the 
interference fringes and shows that the wavelength step of 1pm provides sufficient 
sample points to resolve the fringes properly.  
The magnitude of the inverse Fourier transform of the measured optical power is given 
in Fig.5.6(b). The signal which passes through the chip is delayed by approximately 
400ps. This corresponds to the total travel time through the device length (double pass) 
which was denoted as the term τ in Eq.5.5-Eq.5.14. In Fig.5.6(b), the peak that appears 
at t~400ps corresponds to the retarded impulse response of the channel, i.e. h(t-τ) in 
Eq.5.14. The temporal peak is well separated from the other signals and well above the 
noise floor. The isolated peak in the time domain is then filtered out, as indicated in the 
inset of Fig.5.6(b). The complex frequency response of the channel is then calculated by 
a Fourier transform, i.e H(ω)=F{h(t)}.  
The measured transfer function, i.e. peak amplitude normalized to 1 and the spectral 
phase, of the device channel number 10 at VPM=0V and ISOA=40mA is given in Fig.5.7. 
The wavelength dependence of the channel response is caused by the filtering effect of 
the AWG channel. Therefore, the magnitude of the channel response is a measurement 
of the transmission of the AWG channels. In order to confirm this, we have measured 
the power transmission through the AWG channel directly. The AWG channel was 
characterized by biasing the SOA in channel 10. When the SOA is turned on, it 
generates amplified spontaneous emission (ASE). The SOA is then used as an on-chip 
broad-band light source. We have then measured the optical signal at the I/O waveguide 
using an optical spectrum analyzer. This gives the transmission spectrum of the AWG 
channel. The measured power transmission spectrum of the AWG channel is presented 
in Fig.5.7 (squares) and it compares very well with the magnitude of the channel 
response.  
Following the same technique, we have measured the complex response of all the 
individual device channels at the reference state. An overview of all results is given in 

 
Fig.5.5. Schematic illustration of the measurement setup for characterizing the complex 
transfer function of the individual device channels in the reference state. A cleaved fiber tip is 
connected to port 2 of the circulator to inject the light to the chip. TLS: tunable laser source, 
PD: photo detector (optical power meter), HR: high-reflection.  
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Fig.5.8. The total system response of the shaper in the reference state can be calculated 
by a complex summation of these measured frequency responses. It is seen from Fig.5.8 
that the frequency response for the channels 4 and 5 appear to be different from the 
other channels. This is caused by a short circuit problem between the contacts on the 
SOAs in those two channels which made that these SOAs could not be biased 
individually. Furthermore increasing the bias current on these two SOAs did not 
increase the gain in the channels. We were not able to resolve this issue.  

 
Fig.5.6. (a) A typical interferogram which is recorded for channel characterization. The inset 
is a zoon-in over 0.2nm range to show the number of points per fringe and the spectral 
resolution. (b) The magnitude of the time-domain representation of the recorded signal. The 
peak at t~400ps corresponds to the device channel. The temporal filter which is used to 
numerically isolate the retarded channel response h(t) is ~100ps wide.   

 
Fig.5.7. Frequency response (magnitude normalized to 1 and phase) of channel 10 at the 
reference state (ISOA=40mA, VPM=0V). Blue squares show the transmission spectrum of the 
AWG channel 10 which is measured separately. 
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The spectral phase response curves of the channels are quite similar. The shape can be 
approximated by a quadratic relation over the width of the channel. The spectral phase 
response determines the channel dispersion which is an important issue for pulse shaper 
devices. The effect of channel dispersion on the pulse shaper performance is discussed 
in section 6.5 of the next chapter. The phase offset values vary randomly over the 
channels. It reflects the fact that the optical path length of each channel is not controlled 
down to the sub-wavelength level in the manufacturing.  

5.3.2. Effect of control signals 
Knowledge of the performance of tuning elements, i.e. the effect of control signals on 
the phase and amplitude of the optical signal, is required for proper operation of the 
pulse shaper. For open-loop operation of the pulse shaper, it is particularly important 
that the device components are characterized on-chip. In section 5.2.2, we have 
presented the mathematical description of the mask function which includes the effect 
of control signals on the PMs and SOAs. The method that has been used to characterize 
the effect of PMs and SOAs is described in this section. 
As already mentioned in the last section of the previous chapter, the width of the AWG 
channels in our device has been designed to be equal to the channel spacing, i.e. 50GHz. 
Therefore, the AWG channels overlap at the 3dB width. If a laser light signal is injected 
into the device, such that its wavelength is spectrally located in between two 
neighboring channels, the signal is effectively split between the two adjacent channels. 
The signal then travels in the waveguides, through corresponding PMs and SOAs. If 
both SOAs are switched on at the same time, the optical signals of the two neighboring 
channels pass through to return to the I/O waveguide. This structure forms a Michelson 
interferometer where the two adjacent channels form the two arms of the interferometer. 
This Michelson interferometer structure is formed on the chip and therefore it provides 
a very stable interferometer structure to measure the effect of control signals on an 
optical signal which is passing through the structure. The on-chip Michelson 
interferometer is schematically illustrated in Fig.5.9. This is the basis for characterizing 
the relative phase effect of PMS and SOAs.  

 
Fig.5.8. Individual channel response for the 20 device channels. Channel numbers are 
indicated on the plot. 
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5.3.2.1. PM: Phase tuning and induced excess loss 
The contribution of the effect of PMs to the mask function is mathematically described 
as in Eq.5.17. This includes a phase shift as a function of the applied voltage, as well as 
possible excess loss which occurs due to absorption of the light in presence of the 
external electric field. In order to characterize the PMs, we have followed the 
measurement technique which was described above and illustrated in Fig.5.9. The 
SOAs in two neighboring channels are forward biased at the reference state, i.e. 
ISOA=40mA. The voltage bias on one of the PMs is kept constant at VPM=0V, whereas 
the bias voltage on the other PM is scanned. The output power is measured for each 
value of the voltage. Single frequency laser light is injected to the chip using an AR-
coated lensed fiber tip to minimize back reflections from the tip of the fiber. A 
circulator is used to separate the input/output directions outside the chip. The result is an 
interferogram which we have used to extract the PM parameters.  
A typical measurement result is given in Fig.5.10. The interference pattern is fitted to an 
analytical expression which is given by 
  [ ] ( )22

int 0 1 2 1 2(V) 2 (V)cos (V)P f f f l f f l ϕ= + + +     (5.18) 

 
Fig.5.9. Schematic illustration of the measurement technique which is used to evaluate the 
effect of control signals. Two neighboring device arms form an on-chip Michelson 
interferometer structure. An AR-coated lensed fiber tip is connected to port 2 of the circulator 
to inject the light to the chip. 

 
Fig.5.10. A typical interferogram which is used to measure the parameters of the PMs. In this 
measurement, device channels 10 (red circles) and 11 (blue squares) are biased together. The 
effect of additional loss of the PM at higher bias voltage is seen as the reduced modulation 
depth of the interference pattern. 
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in which Pint is the measured interferogram (power),  f0 is the background signal and f1 
is the electric field amplitude in the interferometer arm with the PM that is not scanned. 
The signal electric field amplitude in the arm in which the PM bias is scanned is given 
by its maximum value f2 and a function l(V), which describes the induced voltage 
dependent loss in the field. The voltage dependent loss in one arm of the Michelson 
interferometer causes an imbalance between the signal amplitudes in the arms and 
reduces the modulation depth of the interferogram with increasing voltage. This effect is 
clearly seen in Fig.5.8 for voltage values near 5V. We have used an empirical relation to 
express the excess loss as a function of the bias voltage as 
 3

3(V) 1 Vl f= −          (5.19) 
The phase tuning function, φ(V), is phenomenologically expressed by a second order 
polynomial as 
 2

4 5 6(V) V Vf f fϕ = + +          (5.20) 
in which f4 is the phase offset between the two neighboring arms, f5 and f6 are the linear 
and quadratic phase shift terms. The quadratic phase term is mainly due to the QCSE 
shift.  
Eq.5.18-Eq.5.20 include seven fitting parameters (f0 to f6) in total. The nonlinear curve 
fitting problem is solved in the least-squares sense which is implemented in MATLAB 
using the ‘lsqcurvefit’ routine. We first present the results obtained for the phase tuning 
curves φ(V). These phase tuning data have been measured for the PMs in the different 
channels of the pulse shaper. The data are recorded at wavelengths over one FSR of the 
AWG in the device around 1529nm.  
The linear and quadratic terms of the fitted curves are given in Fig.5.11. As mentioned 
before the SOA sections in channel 4 and 5 are short circuited and cannot be controlled 
independently. The transmitted power through these channels at the reference state is 
10dB lower than the neighboring channels. Therefore, we were not able to measure the 
PM performance in these two channels. The PMs in channels 1, 19 and 20 have not 
been measured. The data points corresponding to these channels are missing in Fig.5.11. 
The tuning curves for the PMs are fairly consistent below 4V. The required voltage for a 
2π phase shift is ~3.7V on average. At this value of the bias voltage, the amount of 
phase shift for all the PMs is 2π±0.25π. This is shown in Fig.5.12.  
The values of the parameter f3 give the voltage dependent loss of the PMs as in Eq.5.19. 
From the fit values, the voltage dependent power losses for the PMs were calculated. 
These results are presented in Fig.5.13. The excess loss of the PM in channel 9 was also 
measured in an independent way. This result is given in Fig.5.13 (red squares) as well 
for comparison. This loss curve is obtained by measuring the ASE power of the SOA in 
channel 9. The SOA is biased at ISOA=40mA and the fiber-coupled output ASE power is 
measured. When the reverse bias on the PM in channel 9 is increased, the measured 
ASE power reduces due to the absorption in the PM. The difference in the measured 
power level is interpreted as the excess loss of the PM section in presence of the reverse 
bias. This result shows that for operation of the PMs below 4V, the voltage dependent 
loss is described sufficiently accurate using Eq.5.19.  
The measured parameters define the PM performance that is described Eq.5.17 in terms 
of the control voltage on the PM. The PM loss factor, αPM in Eq.5.17, can then be 
calculated as  
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Fig.5.11. (a) Liner and (b) quadratic phase shift parameters with the 95% prediction 
confidence intervals. The red and blue colors indicate separate measurements. Measurement 
data for PMs in channels 1,4,5,19,20 are not available.  

 
Fig.5.12. Measured phase tuning curves of the PMs. The required voltage for a 2π phase shift 
(double pass) is ~3.7V on average. At this value of the bias voltage, the amount of phase shift 
for all the PMs is 2π±0.25π 

 
Fig.5.13. Voltage dependent loss of the PMs calculated based on the fitted parameters (solid 
blue). The calculated curve for channel 9 is indicated as a thick red line. The excess power 
loss of the same PM which is measured independently (red squares) is given for comparison. 
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 ( ) ( )3
PM 3 PMln (V) ln 1 Vl fα = = −      (5.21) 

where ln is the natural logarithm function.  The phase shift, φPM in Eq.5.17, is directly 
linked to the fitted parameters (f5 and f6) through  
 2

PM 5 PM 6 PMV Vf fϕ = +       (5.22) 
We note that the measured data for the PMs are obtained at different wavelengths within 
one FSR of the device. The fitted parameters for different PMs do not show a clear 
wavelength dependence over the limited range ~1526-1532nm. The PM parameters are 
in principle wavelength dependent for two reasons. The PM voltage changes the phase 
of the light by changing the optical path length through a change in refractive index. 
This gives a λ-1 dependency. The refractive index also changes with wavelength due to 
material dispersion and the effect of proximity to the band-gap wavelength of the MQW 
core.  However the differences between the properties of the PMs appear larger than the 
wavelength dependence over the limited wavelength range.  
To have an indication of the wavelength dependence of the phase tuning parameters, we 
present measurement results obtained with scanning the PM in channel 9 for three 
different wavelengths. These are three different orders of the AWG transmission 
spectrum that connect to channel 9. In these measurements the SOAs in the channels 8 
and 9 are both biased. The PM voltage in channel 8 is kept at VPM=0V. The same 
measurement and fitting method as described in the preceding paragraphs was used to 
find the PM parameters at different wavelengths. In this case, we have repeated the 
measurements at different values of SOA bias, i.e. ISOA=30mA, 35mA and 40mA. This 
gives a set of 9 different measurements. The measured data are presented in Fig.5.14. 
The recorded data for each wavelength are indicated by a different color and the SOA 
bias values are given in the figure. The nine interference patterns for each wavelength 
presented in Fig.5.14 were fitted simultaneously to determine the PM parameters, at that 
wavelength, to the expressions given in Eq.5.18-Eq.5.20.  
The PM parameters which govern the voltage dependent phase shift were measured at 
the three wavelengths. The voltage dependent phase shift can be expressed in terms of 
the voltage dependent change of the refractive index of the PM section according to 

PM

PM

λ
2 2

n
L

ϕ
π

∆ =        (5.23) 

in which 2LPM is the double-pass length of the PM section. The calculated Δn versus the 
voltage is given in Fig.5.15. This information is used to model the phase modulators in 
the pulse shaper device as is discussed in chapter 6.  
The term f4 which appears in the relation between phase and voltage in Eq.5.20 is a 
constant phase term that is not included in the voltage dependent phase shift in Eq.5.22 
which goes back in the mask function M. In our measurements, this term represents the 
phase difference between the arms of the Michelson interferometer when both PMs are 
biased at VPM=0. 
There are three main conclusions regarding the phase offset between the channels which 
follow from the plots of Fig.5.14. First, if a single plot with the interferograms at the 
three wavelengths is considered, we see that the phase offsets (at VPM=0) are different 
for the different wavelengths. This means that the phase offset is wavelength dependent. 
Second, the phase offset also depends on the relative bias level of the SOAs. This can be 
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seen by considering the off-diagonal plots (Fig.5.14(b,c,d,f,g,h)) at each wavelength. 
This is a measure of the effect of the SOA on the phase of the signal in the channel.  
The third conclusion is drawn by considering the diagonal plots, i.e. Fig.5.14(a,e,i). In 
this case, we observe that the phase offset remains the same when the SOA bias levels 
in the two arms are the same. This shows that the amount of induced phase change by 
an SOA bias change is, within our measurement accuracy, the same for both SOAs. The 
effect of SOA bias on the phase of the optical signal will be discussed in detail in the 
following subsection. In our calibration scheme, the phase offset between the channels 
appears as the difference in the phase of the frequency response of the channels. This is 
taken into account in the reference state, as described in section 3.1.  

5.3.2.2. SOA: Optical gain and induced phase change 
For the SOAs, the change from the reference point in optical gain and the change in 
phase as a function of injection current need to be determined. We define the relative 
gain, gr, as 

 
Fig.5.14. Measured interferograms (dots) with the device channels 8 and 9. Bias voltage value 
in channel 8 is kept constant at VPM8=0V and VPM9 is scanned. The fitted curves are shown as 
solid black lines. λ=1551.7nm (red), λ=1543.8nm (green) and λ=1536.0nm (blue). 

 
Fig.5.15. voltage dependent change of the refractive index calculated based on the 
measurement results given in Fig.5.14 at λ=1551.7nm (red), λ=1543.8nm (green) and 
λ=1536.0nm (blue). 
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r
ref

gg
g

=        (5.24) 

where g is the optical gain at any bias condition, i.e. any value of ISOA, and gref is the 
optical gain at the reference bias level. The change in optical gain can be measured in a 
straightforward way. The light from a single frequency continuous wave laser source is 
tuned to a particular device channel, is kept at a constant power level and is injected into 
the device via a circulator. The returning output power from the shaper is then measured 
as a function of the current in the SOA of the addressed channel. The ratio of the 
measured output power to the measured output power at the reference bias current is the 
value of gr. The reference state is defined at ISOA=40mA. The measured values for gr as 
a function of current are given in Fig.5.16 for channels 8, 9 and 10. As can be seen, the 
gain cannot be increased much above the reference state. This is limited by reflections 
in the chip. The limits in gain due to unwanted reflections in a pulse shaper with 
reflective geometry are discussed in detail in section 2 of chapter 8. The minimum 
measurable relative gain is determined by the ASE from the amplifier and the total 
device losses. In Eq.5.16, the term gSOA is equal to the square root of the relative gain. 
It appeared that the amplifier behavior with respect to the relative gain was sufficiently 
uniform (better than 5% of the average above 35mA and within 20% overall) to have 
the same parameters for all amplifiers in the masking function. It can be concluded that 
useful range for the SOA bias current is 25 to 45mA.   
As well as causing a change in optical gain, a change in injection current of the SOA 
affects the phase of the light in the channel. This effect is due to the change in carrier 
density with the changing injection current and the change of the temperature in the 
SOA. Since our pulse shaper is operated electrically in DC mode, we cannot separate 
between the two origins. It is possible to measure the overall effect of the SOA bias on 
the phase of the optical signal. This effect was evaluated by using the on-chip 
Michelson interferometer structure that was used to characterize the phase tuning 
performance of the PMs (see subsection 5.3.2.1). However, in this case the PM voltage 
is kept constant at VPM=0 and the SOA current is scanned. The measured optical power 
then provides interference patterns according to phase changes induced by ISOA. The 
interference patterns are then analyzed to obtain the phase difference between the arms 
versus the SOA bias current. For the 30-50mA range of applied current in Fig.5.17, the 
induced phase change is linear with the current and can be expressed as 

SOA 7 SOA= Ifϕ ×∆        (5.25) 
in which f7 is the fit parameter which is determined to be 0.2704±0.004, ΔISOA is the 

 
Fig.5.16. Relative gain measured with SOAs in the device channels 8 (green squares), 9 (blue 
circles) and 10 (red triangles).  
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difference between the operating current of the SOA and ISOA at the reference state, i.e. 
ISOA=40mA. The term φSOA directly links to the function G that is given defined as 
Eq.5.16. This value was used for all the channels in the calibration.  

5.4. Verification of the channel characterization method 
In this section we round off the work on the calibration of the pulse shaper with two 
demonstrations. The first is a test of the interferometric method used to measure the 
reference states. The second demonstration shows that the pulse shaper indeed behaves 
as a linear system and that the system response is correctly predicted using the reference 
state and mask function.  

5.4.1. Verification of the channel characterization method - SIMBA technique  
We first verify the interferometric method which is used to measure the frequency 
response of the device. In this section, we show how the SIMBA (Spectral 
Interferometry using Minimum-phase Based Algorithm) method can be used to 
characterize a device channel. We then compare the result obtained with the SIMBA 
method and the one which is achieved by interferometric technique and show that the 
results, i.e. spectral amplitude and phase of the frequency response, match very well. 
The SIMBA method [7] is a measurement technique which can be used for the complete 
characterization of optical pulses. The SIMBA method involves measuring the power 
spectrum of a sequence of optical pulses which consists of a dummy pulse and the target 
pulse, i.e. the optical pulse which is to be characterized. According to the theory behind 
the SIMBA method, if the dummy pulse is (close to) a minimum phase signal, the 
spectral amplitude and phase of the target pulse can be retrieved by merely measuring 
the power spectrum.  
SIMBA is a powerful option to verify our calibration method since it is able to 
characterize the optical pulse which passes through the pulse shaper. Furthermore, it 
does not require a high optical power level and is able to operate the wavelengths of our 
interest. In our SIMBA setup, the optical pulse source is an FSL1010 fiber laser source 
which generates 150fs optical pulses at 80MHz repetition frequency. The central 
wavelength is around 1560nm. The optical pulse is sent through an optical circulator 
and a cleaved fiber tip is used to inject the pulses to the pulse shaper. A part of the 
signal is reflected at the tip of the fiber. This signal which is a replica of the short input 
pulse is the dummy (reference) pulse for SIMBA measurements. A part of the signal 
which is coupled to the chip passes through the operating channels and returns to the 

 
Fig.5.17. A typical interferogram which is used to measure the phase effect of the SOAs. In 
this measurement, device channels 8 (blue squares) and 9 (red circles) are biased together.  
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I/O waveguide. This signal is the target pulse which characterizes the channel response. 
The sequence of the dummy and target pulses is then measured by an APEX high 
resolution (20MHz) optical spectrum analyzer to resolve spectral features, the 
interference between the pulses. The recorded spectrum is then analyzed by an iterative 
mathematical algorithm to retrieve spectral amplitude and phase of the target pulse.  
The key point here lies in the fact that, if the input pulse has sufficiently short time 
duration such that it could be approximated by an impulse signal δ(t), the output pulse 
will, by definition, be the system impulse response h(t). Therefore, by retrieving the 
amplitude and phase of the output signal we achieve the system frequency response. In 
our setup the input pulse is close to an impulse signal; hence, the target pulse 
approximates the frequency response of the channel.  
We set the control signals in channel 10 at the reference state, i.e. ISOA=40mA and 
VPM=0V. The measurement result obtained with the SIMBA method is given in 
Fig.5.18(a). The frequency response of the channel as measured with the interferometric 
method is given in Fig.5.18(b) for comparison. The spectral magnitude and the spectral 
phase of the channel match for both methods very well. This demonstrates that the 
measurement method that is presented in part 5.2.1 is reliable.  

5.4.2. Demonstration of the control signal calibration  
As a demonstration of our approach on how to control the pulse shaper we follow the 
steps below. For convenience, we have considered only channels 9, 10 and 11.    

1- First we bias the SOA in the channels, one at a time, and measure the 
individual channel response at ISOA=40mA and VPM=0V using the interferometric 
method. This is defined as the channel response at the reference state. 

2- Next, we bias the three channels together and measure the total response using 
the same method. The result is shown in Fig.5.19(a). Now we calculate the complex 
summation of the three channels at the reference state and compare it with the measured 
result of the three channels together. As indicated in Fig.5.19(a), we observe that the 

 
Fig.5.18. Complex frequency response (spectral amplitude and phase) of the device channel 
number 10, measured with (a) the SIMBA method, and (b) the interferometric method. The 
results are obtained at the reference state ISOA=40mA, VPM=0V. 
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measured total response matches very well with the summation of individual channel 
responses. This verifies the assumption that the total channel response is a linear 
summation of individual channel responses.  

3- Then we consider the effect of a control signal. For instance, we apply a 
reverse bias on the PM in channel 10 of VPM10=2.3V. This corresponds to a π phase 
change in channel 10. We then put this phase change in the mask function and multiply 
it with the reference state response of channel 10 to calculate the response of channel 10 
at this operating point (Eq.5.3). The total system response is again calculated by a 
summation of the channel responses (Eq.5.2). The calculated result is shown in 
Fig.5.19(b). The total system response with the channels 9 and 11 at the reference state 
and VPM10=2.3V is measured separately and given for comparison. The agreement 
between the measured and calculated results is clear and confirms the proposed 
calibration method.  
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measured (calculated) spectral phase is shown with the red dot (green square) markers.  
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CHAPTER 6 

Modeling Performance of the 
Integrated Pulse Shaper Device 

 

 
We have devised a model to simulate the effect on an optical pulse which passes 
through our pulse-shaper device with its 20 channels at 50GHz spacing using the actual 
calibration data. The first goal of this modeling of the pulse shaper is to give insight into 
the performance of the integrated device and to simulate the effect of practical issues 
which disturb the pulse shaping performance. The second goal is to use the model to 
demonstrate how the required control signals can be calculated in order to achieve 
specific output pulse properties given an input pulse shape.  
In this model we first focus on the group-of-line pulse shaping scheme. For this 
purpose, we consider only the phase control capabilities of the pulse shaper. Thus we do 
not consider amplitude control per channel and ignore any spectrally independent 
device loss. In particular, we investigate the effect of device dispersion. The group-of-
lines scheme is relevant since the repetition frequency of our quantum dot mode-locked 
(ML) lasers is typically in the range of 5-20GHz which is lower than the resolution of 
the pulse shaper channels which is designed to be 50GHz. We show that dispersion 
within the channels is the actual limiting effect for pulse shaping. In case of our device, 
the channel dispersion is dominated by the dispersion of the AWG channel. 
We then focus on the device operation in the line-by-line shaping scheme. In this case, 
we extend our model to incorporate amplitude shaping capability for each channel as 
well. We give some practical examples and show that the device dispersion is not an 
issue for operation of the device in the line-by-line shaping scheme. 

6.1. Description of the pulse shaper model 
Since we are dealing with a Fourier transform (FT) pulse shaper, calculations are most 
conveniently carried out in the frequency domain. In this case, the effect of device 
components on the input optical pulse is to multiply the frequency domain electric field 
by the transfer function of each component. In the model, we first define the spectral 
amplitudes and phases of the input signal. We also bring in the device parameters such 
as waveguide length, channel width, PM tuning characteristics, etc. We then specify a 
desired output pulse shape according to which the control signals (voltage values) on 
the PMs have to be calculated for a “best” match. 
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6.1.1. Input and output pulse shapes 
The model assumes an ideal ML laser as an input source. In the frequency domain, the 
input spectrum to the shaper thus consists of a number of lines, i.e. frequency 
components that are equally spaced in frequency and with a fixed phase relationship 
between them. The input signal described by its electric field envelope in time domain 
is expressed as 

 ( ) ( )

1

c k
K

j k k t
in k

k
e t a e ω ϕ ∆ − ⋅ + 

=

= ⋅∑      (6.1) 

where t is the time, ein represents the electric field in the time domain, ak is the spectral 
amplitude, k is the corresponding line number (k=0...K) and K is the total number of 
lines. Δω=2πfrep with frep being the frequency spacing between the spectral lines which 
equals the repetition frequency of the source, kc is the line number at the center of the 
spectrum and φk is the phase of the line number k. So the input field is described in 
terms of the (real valued) amplitudes ak and the phases φk. For convenience and without 
loss of generality, we set the amplitudes of the spectral lines to follow a Gaussian 
profile with the central line located at wavelength λ=1550nm. Furthermore, the spectral 
phase of the lines can be defined arbitrarily, e.g. to express a chirped input. 
Since the input pulses are typically generated by a ML laser of some sort, the spectral 
phase values of the spectral lines will not be random, but the closely spaced spectral 
lines will typically have only a small slowly varying difference in the spectral phase. It 
is practical to describe the spectral input phases in a polynomial using only a few terms. 
The phase φk of each spectral component in the input can be described as 

 ( ) ( ) ( )2 32 331 2
0 1! 2! 3!k c c ck k k k k k

θθ θ
ϕ θ ω ω ω= + ⋅ − ⋅∆ + ⋅ − ⋅∆ + ⋅ − ⋅∆ +  (6.2) 

In Eq.6.2, the given terms θ0, θ1, θ2, etc. are constant values which describe the spectral 
phase in terms that are in practice convenient to link to the optical properties of phase 
offset, group delay, group velocity dispersion, etc. respectively.  
The effect of the pulse shaper on the input pulse can be described by the effect it has on 
the amplitudes and phases of the input spectral lines. This will define the output pulse as 

 ( ) ( )
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=

= ⋅ ⋅∑      (6.3) 

in which Hk is a complex number that is given by 
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i

H HR M
=

= ⋅∑       (6.4) 

In Eq.6.4, i the device channel number, N is the total number of the channels, HR is the 
effect of the device in the reference state of the control signals, and Mi,k is the mask 
function which includes the effect of control signals. The term HRi,k∙Mi,k gives the effect 
of the device on line k which passes through channel i. The summation in Eq.6.4 then 
accounts for the total effect of all device channels. The output pulse, as given in Eq.6.3, 
can be expressed as 

 ( ) ( )
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=

= ⋅∑      (6.5) 

where bk=ak∙|Hk| and ψk=φk+arg(Hk).  
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Since our model involves a linear pulse shaper, the spectral position of the lines (line 
numbers) in the output pulse is given by the input pulse. The effect of the device on the 
spectral lines is discussed in the next part. 

6.1.2. Device model components 
The pulse shaper device is modeled as a set of 20 parallel spectral filters which are 
connected to waveguide sections and phase modulators. The spectral filters have a 
Gaussian shape and represent the device channel spectral response. The filters are 
arranged with a spacing of 50GHz and are used as a simple model for the 20 channel 
arrayed waveguide grating (AWG) on the chip.  
Each device channel is modeled by a ~15mm-long passive waveguide. The phase 
change due to optical path length of a waveguide is calculated by 

 effn
L

c
ω

ϕ∆ =        (6.6) 

where neff is the effective index, c is speed of the light in vacuum and L is the length of 
the waveguide section. 
Device dispersion is an important issue which distinguishes the integrated pulse shaper 
from its free-space bulk counterparts. In general, the integrated device, unlike the FT-
configuration pulse shaper, is not dispersion free. The two main contributions to the 
device dispersion are the effect of passive waveguide sections and that of the AWG 
filter. Waveguide dispersion arises from the material dispersion (wavelength-dependent 
refractive index) and the effect of waveguide geometry. Waveguide dispersion is 
inherent to integrated devices, whereas the AWG is theoretically a linear phase filter 
which is dispersion-less in the passband. In practice however, design inaccuracies (such 
as the paraxial approximation) and/or fabrication variations lead to imaging errors in the 
AWG [1], [2]. These affect the actual passband shape and cause dispersion within a 
channel of the AWG.  
Device dispersion is not desirable, particularly for the group-of-lines pulse shaping 
scheme. In this scheme, the constituent spectral lines of the laser source are not resolved 
individually by the AWG and each filtered portion of the spectrum undergoes a single 
phase change after passing through the device channel. Therefore, the spectral phase 
profile within a single group of lines cannot be fully controlled. This also means that the 
device channel dispersion cannot be compensated.  
The waveguide dispersion is taken into account in the model through the wavelength 
dependence of the group index. The InP pulse shaper device incorporates deeply etched 
passive waveguides. To have a value for the dispersion we have simulated the 
waveguide structure using the PhoeniX FieldDesigner mode solver. The waveguide 
geometry and material indices used are taken from [3]. The group index, ng, is then 
calculated according to 

 
( )λ

(λ) (λ) λ
λ

eff
g eff

d n
n n

d
= −      (6.7) 

in which λ is the wavelength. The result is given in Fig.6.1 for the wavelength range of 
λ=1530-1560nm. Over this range the group index of the passive waveguide at each line 
number, k, is approximated as a linear function given by  
 0 1( )g cn n n k k ω= + − ∆       (6.8) 
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in which n0=3.777, n1=6×10-7 in units of per Grad/s and following Eq.6.1, kc is the line 
number at the center of the spectrum. 
Our experimental results (given in chapter 5) show that the AWG gives the main 
contribution to the device dispersion due to imaging errors in the AWG. In case of our 
device, the AWG channel dispersion is dominated by defocusing of the star coupler [2]. 
We include the effect of AWG channel dispersion in our model by defining a spectral 
phase profile over the passband of individual Gaussian filters.  
Each device channel includes a 1mm-long phase modulator (PM). The phase shift in 
each PM is controlled by a voltage signal that changes the effective index of the PM 
section. The voltage dependent group index of the PM sections is given by 
 2

PM 1 PM 2 PMV Vgn n η η= + +       (6.9) 
in which ng is the waveguide group index that is given in Eq.6.7 and VPM is the control 
signal on the PM. The values η1=1.16×10-4 V-1 and η2=3.59×10-5 V-2 are used to describe 
the voltage dependence of all PMs. The linear and quadratic terms (η1 and η2) are the 
same for the effective and group indices. The index change terms are calculated based 
on the measurement results for the wavelength around 1550nm which was presented in 
section 3 of chapter 5.   
In the model the effect of optical amplifiers in the channels for amplitude control can be 
included by a simple multiplication of Mi,k for a single channel by a (real valued) gain 
factor for all values of k. This is used only in the last example on line-by-line shaping. 
The passive losses and backscattering in the waveguides are not included in the model. 

6.1.3. Calculation of control signals 
Our approach to describe the calibration of the pulse shaper device is to express the total 
transfer function of the device as a linear summation of the frequency response of the 
individual channels. The frequency response of each channel is expressed in terms of a 
transfer function at the reference state of the control signals, and mask function which 
consider the effect of control signals. In this approach, the mask function was defined to 
account for the effect of the control signals. The experimental implementation of this 
approach was explained in detail in chapter 5.   
In our model, the desired output pulse is specified, and is described in terms of the 
amplitude and phase of the spectral lines. The desired output pulse in time domain can 
be expressed as 

 ( ) ( )

1

c k
K

j k k t
des k

k
e t B e ω ∆ − ⋅ +Ψ 

=

= ⋅∑      (6.10) 

 
Fig.6.1. Effective index (blue triangles, left axis) and group index (red squares, right axis) of 
the waveguide structures, calculated with the PhoeniX FieldDesigner. 
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where Bk and Ψk are the amplitude and phase of each line. Mathematically, the problem 
of determining optimal control settings is to calculate the required control signals such 
that the output pulse, as given by Eq.6.5, approximates the particular desired pulse 
shape, as given by Eq.6.10. Not every output pulse shape can be constructed with a 
given input and the capabilities of our pulse shaper. Finding the optimal control signals 
is therefore essentially a fitting problem. In general, the complexity of such a fitting 
problem depends on the number of spectral lines, the number of device channels, the 
mathematical complexity of the relationship which describes the connection between the 
amplitude/phase change and the control signals, etc. Furthermore, the fit criterion 
depends on the application requirements.  
In case of a phase-only pulse shaper, we have minimized the difference between the 
calculated output phase values and the specified output phase profile. The voltage 
signals on the PMs are then the fit parameters in the minimization. We have used the 
‘lsqcurvefit’ non-linear minimization routine of MATLAB to find the required signals. 

6.2. Group-of-lines shaping: 10GHz input  
To demonstrate the effect of the waveguide and AWG dispersion in the group-of-lines 
pulse shaping scheme we are presenting a number of simulations. We assume the 
repetition frequency of the input source is frep~10GHz. We set the total number of lines 
to be K=201 and a FWHM spectral bandwidth of 83 lines. For modeling purposes, the 
bandwidth is chosen such that 16 device channels cover the FWHM of the input 
spectrum. In the following simulations, the cyclic nature of the AWG is not taken into 
account. In this section we consider a phase-only system. In the group-of-lines scheme, 
it is not possible to manipulate the phase of spectral lines individually. We define a 
relatively simple and straight forward pulse shaping design task as a start. It should be 
noted that the total phase of spectral lines in each channel is affected by neighboring 
channels as well due to the overlap between the channels. 
In the group-of-lines scheme, the signal within each device channel is time variant. This 
is due to the presence of several spectral lines in each channel. In our model, we assume 
the possible nonlinear effects from e.g. an SOA which change the spectral content in the 
channel are negligible. This assumption is justified in practice by keeping the optical 
power levels below the onset of nonlinear effects. This is not a particularly demanding 
requirement because the power into a single channel is a fraction of the optical input 
power to the device. Also the bandwidth of the time dependent optical signal in a 
channel is limited by the width of the channel which in turn limits any relevant non-
linear response. 
In the following, we start with the simplest model and develop it in three steps. We first 
consider the effect of waveguide dispersion. Then, we consider the effect of channel 
length variation, and at last include the effect of AWG channel dispersion. In each step, 
we assume the input signal is a transform limited Gaussian pulse which is given in 
Fig.6.2(a). The input pulse has a Gaussian spectrum with equal phase for each line. 

6.2.1. Waveguide dispersion  
We assume the device channels are equal in length and that only waveguide dispersion 
is present. The AWG is assumed to be dispersion-less. This case represents an ideal 
integrated pulse shaper. We then specify the output pulse to have a flat phase as well. 
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This means that the control signals are calculated and the pulse shaper is configured to 
compensate its own dispersion. Fig.6.2(b) depicts the corresponding simulation result.  
The input spectrum is chosen to be wider than the bandwidth of the pulse shaper. 
Because of this the spectrum of the light at the output of the pulse shaper has a smaller 
bandwidth as compared with the input pulse. Consequently the output pulse has lower 
power and is longer. The output spectrum has a small (<0.2dB) modulation due to 
filtering effect of the pulse shaper channels. The spectral phase of the output is 
relatively flat around 0. These phase variations translate to a higher pulse pedestal in 
time domain. Fig.6.2 shows that the waveguide dispersion in our device can be 
effectively compensated. The deviations in the phase of the spectral lines from the 
targeted value are less than 0.002rad. The device operation in this case is comparable to 
conventional pulse shapers which are dispersionless.  
In our design, we have included passive waveguide sections to compensate for 
(physical) path length differences as much as possible. In practice, differences in optical 
channel length are unavoidable due to design inaccuracies (straight vs curved 
waveguides, etc.) or processing and epitaxial layer growth variations. For a properly 
designed device, optical path length differences are mostly a result of waveguide bends 
with different radii, etch depth variations and wafer uniformities. Such variations are 
essentially random. Using our model we studied these effects by including random 
deviations in the lengths of the 20 device channels. We run simulations on devices with 
channel length variations that are randomly distributed between +ΔL and –ΔL. The 
average channel length is thus kept constant at ~3cm (in double-pass). A series of 
simulations was done in which the value of ΔL was increased from 0 to 200μm. In each 
simulation there is an optimization to a flat output phase profile, similar to what was 
described above. Then for each of the simulation results we record the peak power of the 
output pulse and the total energy in the output of the pulse shaper which falls in between 
the pulses and outside the -10dB width of the peaks. The results are given in Fig.6.3.   

 
Fig.6.2. (a) Spectral amplitude (blue, left axis) and phase (red dots, right axis) of the input 
pulse. (b) The input electric field in time domain. (c) Spectral amplitude (blue, left axis) and 
phase (red dots, right axis) of the pulse at the output of the pulse shaper device. The control 
signals are optimized to achieve the target phase profile (green). (d) The output electric field 
in time domain.  
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The peak power is normalized to the peak power level of the output pulse when there is 
no length variation ΔL=0. The From Fig.6.3 we can see that ±50μm maximum length 
variation reduces the achievable peak power by less than 2%. The pedestal energy in 
this case is ~3%. We have defined the pedestal energy as the ratio of the energy which 
is not bound within the -10dB width of the pulse to the total energy of the pulse. For 
such a length variation, the variation of the optimized spectral phases of the output 
signal (using the PMs) is within 0.03π. It is not difficult to realize a ±50μm path length 
equalization on chip.  

6.2.2. AWG channel dispersion  
As mentioned before, in the group-of-lines scheme, the actual limiting factor for pulse 
shaping is that of the phase profile within a group of lines. In this respect, the device 
channel dispersion is the most perturbing parameter. In our integrated device, the AWG 
is responsible for a major part of the channel dispersion. This is due to AWG imaging 
errors (mainly related to defocus of the star coupler) and amplitude/phase errors in the 
arrayed waveguides. Here we consider the effect of the AWG channel dispersion by 
including a phase profile over the passband of the spectral filters in our model. The 
parameters used for modeling the device are based on our measurements of the pulse 
shaper. We express the phase profile (Φ) over each device channel as 

 ( )2
, 0 2

2
i k i ik kπ

Φ = Φ − −
∆

      (6.11) 

in which k is the spectral line number, i is the number of the channel, ki is the line 
number at the center of the of the device channel, Φ0i is the phase at the central line of 
the current channel, and Δ defines the phase profile. The phase offset was implemented 
in the model set for the different channels at a random value between 0 and 2π since in 
real devices it is in practice also random. We assume the device channels have a similar 
dispersion and set Δ=100 according to the measurement results presented in chapter 5. 
We have included a ΔL=±10μm random variation of the (physical) length of the 
channels as a realistic estimate. 
We first take an input that is transform limited. For pulse shaping, it is essential that the 
device is able to compensate its dispersion. Therefore, we specify the output pulse to 
have a flat phase profile as well. The optimized output pulse achieved is given in 
Fig.6.4. 
Fig.6.4 shows that the phase offsets (Φ0) between the centre lines in the channels are 
indeed compensated. But the full spectral phase does not follow the desired profile 
entirely due to the channel dispersion. The spectral amplitude is also modulated due to 

 
Fig.6.3. Relative peak power (open circles, left axis) and relative pedestal energy (squares, 
right axis) versus the maximum value of random channel length variations.  
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interference between the lines passing through the neighboring channels. The amplitude 
modulation of the spectrum gives rise to the appearance of satellite pulses in the time 
domain. Satellite pulses appear at t=20ps which corresponds to the channel spacing of 
the device, i.e. 50GHz. The results show that the channel dispersion is dominated by the 
dispersion in the AWG.  
We conclude this section by giving an indication of the capability of the integrated 
device for pulse compression when it is used with our quantum dot lasers. The QD 
lasers, presented in chapter 2, generate highly chirped pulses with dispersion values in 
the order of D=4-20ps/nm [4], [5]. For reference, the dispersion of a 1km-long single 
mode fiber SMF-28 is ~17ps/nm at λ=1550nm. The dispersion in the QD laser output is 
modeled by using the quadratic spectral phase term in Eq.6.2, in our model. In order to 
compress the input pulses, we calculate the control signals such that the phase profile of 
the pulses is as flat as possible at the output. The simulation results for three typical 
values of chirped input and a repetition frequency of 10GHz are given in Fig.6.5-7.  
In Fig.6.5 the input pulse has a θ2=4ps2 quadratic phase profile (corresponding to a 
~3ps/nm dispersion). The input pulse is broad, it has a time duration of 20.7ps FWHM. 

 
Fig.6.4. (a) Spectral amplitude (blue, left axis) and phase (red dots, right axis) of the output 
pulse. The control signals are optimized to achieve the target phase profile (green). The input 
pulse is a transform limited Gaussian pulse as given in Fig.6.2(a). (b) The output electric field 
in time domain.  

 
Fig.6.5. (a) Spectral amplitude and phase of the input pulse which has a θ2=4ps2 quadratic 
phase profile. (b) The input electric field in time domain. (c) Spectral amplitude and phase of 
the pulse at the output of the pulse shaper device. The control signals are optimized to achieve 
the target phase profile (green). (d) The output electric field in time domain.  
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After passing through the device, the output pulse is compressed to ~1.7ps FWHM. 
However, the spectrum is modulated and satellite pulses appear in the time domain. The 
duration of output pulse is comparable to that of the result given in Fig.6.3 which is 
obtained with a transform limited input pulse.  
In Fig.6.6, the input pulse is assumed to have a θ2=10ps2 quadratic phase profile, i.e. 
~7.8ps/nm dispersion. In the time domain, the pulse is very broad and extends over 
almost the whole period of the pulse train. In this case, the output pulse train includes 
multiple peaks within one 100ps period. In Fig.6.7, the input has a θ2=20ps2 quadratic 

 
Fig.6.6. (a) Spectral amplitude and phase of the input pulse which has a θ2=10ps2 quadratic 
phase profile. (b) The input electric field in time domain. (c) Spectral amplitude and phase of 
the pulse at the output of the pulse shaper device. The control signals are optimized to achieve 
the target phase profile (green). (d) The output electric field in time domain.  

 
Fig.6.7. (a) Spectral amplitude and phase of the input pulse which has a θ2=20ps2 quadratic 
phase profile. (b) The input electric field in time domain. (c) Spectral amplitude and phase of 
the pulse at the output of the pulse shaper device. The control signals are optimized to achieve 
the target phase profile (green). (d) The output electric field in time domain.  
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phase profile, i.e. ~15.6ps/nm dispersion. In this case, the input pulse is so highly 
chirped that no pulse structure is visible in time domain. The device is clearly not able 
to compensate for the spectral chirp. The residual chirp on the spectrum is a result of the 
channel dispersion which is the fundamental limit of the group-of-lines pulse shaping.  

6.3. Line-by-line shaping: 50GHz input  
So far we developed a phase-only device model to consider the practical effects which 
influence the performance of the integrated device in the group-of-lines pulse shaping 
scheme. We have shown that the most perturbing effect for the pulse shaper device is 
the channel dispersion. In this section we investigate the performance of the device in 
the line-by-line shaping scheme.   
When the repetition frequency of the input laser signal matches the channel spacing of 
the pulse shaper, it is possible to manipulate all the spectral lines individually. In the 
line-by-line pulse shaping scheme, the fitting problem to calculate the required control 
signals (as described in section 6.1.3) reduces to a set of independent and consistent 
linear equations.  
In the line-by-line scheme, if the resolution of the spectral filters is sufficiently high to 
select a single line per channel and reject the neighboring lines, the spectral lines can be 
controlled independently. Otherwise, the effect of overlap between the channels will 
influence the control signals for any specified pulse shape. In such a system, the device 
dispersion can be fully compensated. The practical limit of a phase-only system, such as 
the one which was used in the previous section, is the overlap between the channels. 
This leads to self interference of spectral lines which pass through multiple channels and 
hence causes a modulation over the spectral amplitude, which is not desirable.  
The channel width in our device is designed to be 50GHz. In practice, due to phase 
errors in the waveguide array a measured FWHM of ~60-65GHz is achieved. In order to 
show the effect of channel width and overlap between the channels, we give the 
following example. This is a practical situation of pulse compression, where the input 
pulse is highly chirped. We assume the input pulse has a θ2=25ps2 quadratic phase 
profile. This corresponds to more than 20ps/nm group velocity dispersion which is the 
highest dispersion we have measured from our quantum dot ML lasers. The parameters 
used for modeling the device are as described in section 6.2.2. We now assume the laser 
source has a repetition frequency frep=50GHz which matches the channel spacing of the 
integrated device. 
The input pulse is presented in Fig.6.8(a,b). In the time domain, no clear pulse structure 
is visible due to the high chirp. To illustrate the effect of overlapping channels we first 
study the compression with a pulse shaper that has a channel width of 40GHz FWHM. 
This means the channels are effectively decoupled and the overlap between the channels 
is negligible. In this case, it is possible to fully compensate the chirp, flatten the phase 
profile and compress the signal to a transform limited pulse. The result is given in 
Fig.6.8(c,d). The amplitude spectrum over the device bandwidth (λ=1546-1554nm) is 
similar to that of the input spectrum. The amplitude spectrum of the output pulse has 
truncated tails due to the device bandwidth. This leads to relatively high signal 
oscillations in between the pulses in the time domain. This can be seen in Fig.6.8(d).  
Next we set the channel width to 65GHz, the measured width of AWG channels. Again 
we calculate the required bias values of PMs such that the spectral chirp of the input 
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pulse is compensated and the pulse is compressed. It is seen from Fig.6.8(e) that the 
spectral phase of the output pulse is flat, as expected. However, phase shaping affects 
the spectral amplitude as well due to the channel overlap. The amplitude modulation 
over the spectrum is observed in Fig.6.8(e). In the time domain, the pulse is clearly 
compressed, but has somewhat lower power and shows an increased background energy 
level as compared to the result given in Fig.6.8(d).  

6.3.1. Phase and amplitude shaping 
As shown above, the overlap between the device channels disturbs the amplitude 
spectrum in a phase-only pulse shaper. In order to overcome this effect, the device 
should provide the ability to manipulate the spectral amplitude besides the phase 
shaping capability. In the following simulations, we extended our device model to 
incorporate the amplitude control capability. A controllable optical gain is included in 
each device channel. Therefore, for any specified pulse shape, a set of 40 (phase and 
amplitude) equations are solved to find the required control signals on the 20 channels.  
To demonstrate the added advantage of the phase/amplitude pulse shaper, we repeat the 
case of pulse compression with the highly chirped input pulse which was given in 
Fig.6.8(a,b). Again, we specify the output pulse to have a flat phase profile. The 
amplitude spectrum can be shaped at will. In Fig.6.9 two examples of possible spectrum 

 
Fig.6.8. (a) Spectral amplitude and phase of the input pulse which has a θ2=25ps2 quadratic 
phase profile. (b) The input electric field in time domain. Spectral amplitude and phase of the 
pulse at the output of the pulse shaper device with a channel width of (c) 40GHz and (e) 
65GHz are given. The target phase profile (green) is given as well. (d,f) The output electric 
field in time domain.  
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shapes that can be achieved using amplitude control are presented. The first spectral 
shape has near equal spectral amplitudes for all the lines at the output. This gives rise to 
sinc-like pulses in the time domain. The second spectral shape is a Gaussian shaped 
spectrum which leads to Gaussian shaped pulses in the time domain. In both cases a 
perfectly flat spectral phase is achieved.  
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Fig.6.9. Spectral amplitude (blue) and phase (red) of the pulse at the output of the pulse 
shaper device with amplitude and phase shaping capability. The target shape is (a) flat 
spectral amplitude (dashed green) and flat phase profile (solid green) and (b) Gaussian 
spectral amplitude and flat phase profile. The input pulse has a θ2=25ps2 quadratic phase 
profile as given in Fig.6.8(a). The channel width is 65GHz.  
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CHAPTER 7 

Demonstration of Chirp Compensation 
for Optical Pulse Compression 

 
 
We demonstrate dispersion compensation for highly chirped optical pulses with an 
ultracompact optical pulse shaper. The device integrates a 20-channel arrayed 
waveguide grating with 20 phase modulators and 20 SOAs on a single chip of 6×6 mm2. 
The chip has been realized in an InP-based generic photonic foundry process which 
enables a significant reduction in design effort using standardized building blocks. 

7.1. Introduction  
The concept of optical pulse shaping is an active subject of research which has 
significant applications in ultrafast optics [1], high speed optical communications [2] 
and coherent anti-stokes Raman scattering (CARS) microscopy [3]. In recent years, 
several pulse shaping techniques are adopted and different technologies are exploited to 
build laser systems which enable generation of arbitrarily yet specifically shaped optical 
pulses. A commonly used method is the so-called Fourier transform optical pulse 
shaping technique. In this approach, a spectrally dispersive element is used to 
decompose the incident optical pulse into its constituent spectral components. The 
phase and amplitude of the spectral components are then controlled by a spatial mask 
which is patterned according to the desired synthesized pulse shape. An optical grating 
is then used to combine the spectral components to form the shaped pulse.  
Photonic integration technology is capable of providing the required functionalities for 
building such complex systems on an optical chip. This offers the benefits of 
compactness, cost effectiveness and possibility of further integration with 
semiconductor laser sources. In this letter, we present fabrication and characterization of 
a monolithically integrated optical pulse shaper. Chip fabrication has been carried out in 
a standardized generic photonic integration platform. A key capability of this platform 
is the active-passive integration scheme which allows direct integration of active 
components such as semiconductor optical amplifiers (SOAs) and photo detectors, with 
passive elements such as waveguides, arrayed waveguide gratings (AWGs) and phase 
modulators on a single photonic chip. 
In order to demonstrate the functionality of the pulse shaper chip, the device is tested 
using a mode-locked (ML) quantum dash laser diode which generates heavily chirped 
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optical pulses. By optimizing the control signals on the integrated pulse shaper, we were 
able to compress the optical pulses and obtain a nearly flat chirp profile.  

7.2. Design and fabrication 
7.2.1 Generic integration technology  
In the generic photonic integration approach [4], a set of components are defined as 
building blocks. The building blocks provide basic optical functions such as light 
transmission, phase modulation and amplitude manipulation. A wide range of 
functionalities may then be realized by combining the standardized building blocks to 
make complex photonic circuits. The integrated pulse shaper presented in this paper is 
fabricated in a multi-project foundry run in which multiple designs, aimed for different 
applications, are combined together and processed in a single fabrication procedure. 
This will significantly reduce the fabrication costs and design efforts involved. Some 
specifications of basic building blocks which are used to design the current photonic 
chip are summarized in Table I.  

7.2.2 Device design and characterization  
The pulse shaper device is designed with a reflective geometry. The light from the 
optical pulse source, i.e. a ML laser, is injected into the pulse shaper chip via an anti-
reflection (AR) coated facet. The pulsed signal passes through an AWG which 
decomposes the light into its spectral components. Each component passes through 
electro-optic (EO) phase modulators (PMs) and SOAs and is then reflected back from a 
facet with a high-reflection (~95%) coating. The PMs and SOAs are used to manipulate 
the spectral phase and amplitude of the components in order to achieve the desired pulse 
shape. The spectral components are then recombined in the AWG and return through 
the input/output (I/O) waveguide. The two directions are separated by a circulator 
outside the chip. Fig.7.1 shows a microscope image of the realized chip.  
An integrated pulse shaper in transmission mode, in which two separate AWGs are used 
for demultiplexing and multiplexing the light signal, does not require an optical 
circulator; however, proper operation of a device with a pair of AWGs, requires 
perfectly matched transmission spectra of the two AWGs. This is in practice 
challenging, considering the surface area of the device, wafer nonuniformities and 
fabrication imperfections. AWG-pair devices demand a tolerant design and require a 

TABLE I 
BUILDING BLOCKS AND BASIC COMPONENTS 

Element  Specification 
Passive 
waveguide 

width=1.5µm, minimum bending radius=150µm, total length~ 9.2mm, 
deeply etched (5-6dB/cm loss) 

AWG size=1×3.5 mm2, FSR=8nm (~1THz), 20 channels, 50GHz spacing 
EO PM width=1.2µm, length=1mm, Vπ=3.6-4V, orientation parallel to the wafer 

major flat 
SOA width=1.9µm, length=750µm, shallowly etched, orientation perpendicular 

to the wafer major flat 
Transition 
elements 

shallow-deep taper, active passive transition 
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dedicated fabrication process and tailored wafer layer stack [2]. Such devices are 
operated by some means of individual control on each AWG, such as temperature 
tuning, to match the transmission spectra of the AWGs [5]. On the other hand, the 
reflective design requires a single AWG and the signal in each AWG channel passes 
through the optical elements twice. Therefore, it is more efficient, compact and tolerant 
to the fabrication process, and hence, attractive for realization in a generic integration 
platform. The total size of the device under test is 6×6 mm2. 
An important issue in the performance of a pulse shaper in reflective mode is the effect 
of unwanted reflections from on-chip components and the facet, leading to detailed 
spectral features that will affect the shaped pulse. To minimize the back reflections in 
the current device, the I/O waveguides are angled, the I/O facet is AR-coated and 
tapered elements at the shallow-deep waveguide junctions are used. Roughness-induced 
backscattering, which is largely incoherent feedback, for similar (deep-etched) 
waveguides is measured to be in the order of -40dB/mm. In case of the device under 
test, the total unwanted reflection level is measured to be at least 21dB lower than the 
signal. Furthermore, the lensed fiber tip which is used to inject the pulsed signal to the 
chip and collect the return signal is AR-coated. A drawback of a reflective pulse shaper 
is the need for an optical circulator. Although different approaches for integration of 
non-reciprocal optical components on semiconductor platforms are proposed, 
fabrication of such elements remains a technological challenge [6,7]. This hinders the 
integration of the (reflective) pulse shaper with a pulse source on the current fabrication 
platform.  
The current design includes a total number of 20 SOAs as well as 20 PMs. Extra 
sections of waveguides are included in each AWG channel to compensate for the path 
length differences. Total on-chip loss (double-pass, excluding gain of SOAs) is ~20dB. 
The fiber-chip coupling loss is below 4dB. The SOAs are 750µm long and are biased up 
to 40mA to provide around 7dB double-pass optical gain and low amplified 
spontaneous emission (ASE) power levels. If an SOA is biased below transparency, 
extra losses are induced due to absorption. A frequency component of the pulse may be 

 
Fig.7.1. Microscope image of the realized pulse shaper. The chip is mounted on a subcarrier 
which is connected to a printed circuit board and provides the control signals. AR: anti-
reflection, HR: high-reflection.  
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effectively eliminated by reverse-biasing the SOA. The threshold voltage is 
approximately 0.8V and the total contact resistance of SOAs is measured to be 
8.5±1.2Ω on average. 
The AWG has a cyclic design with 20 channels at 50GHz spacing. The free spectral 
range is 8nm. The AWG transmission spectrum is flat within 3dB and the insertion loss 
is approximately 5dB. In order to characterize the spectral transmission through the 
AWG, the SOA in channel 9 was biased at ISOA=30mA and the generated ASE power is 
measured at the I/O waveguides. Fig.7.2 shows the spectra of the fiber-coupled optical 
power and indicates the shape of AWG channels. The full width at half maximum 
(FWHM) spectral width of AWG channels is designed to be 50GHz whereas 
measurements show a FWHM of ~65GHz which is attributed to phase errors in the 
AWG arms. The increased overlap between channels is disturbing for some applications 
such as optical arbitrary waveform generation based on the line-by-line shaping scheme 
and can be compensated by phase error correction techniques. 
The chip is mounted on a subcarrier which provides wire-bond pads for connection to 
the control instruments via a printed circuit board. The subcarrier is then mounted on a 
water-cooled copper block which is used to stabilize the operating temperature. A 
thermistor is used to monitor the temperature. The actual device temperature depends on 
power dissipation in SOA sections as well. When all the SOAs on chip are biased at 
ISOA=30-40mA, the sensor indicates about 0.5-0.7°C increase in temperature. This 
corresponds to a temperature change of less than 0.01°C/10mA. A 0.5°C increase in the 
temperature shifts the AWG spectrum to longer wavelengths by approximately 8GHz. 
Therefore, the effect of small changes in ISOA on operating conditions of the device is 
negligible. The results presented here are obtained at T=12°C.  
The PMs on the pulse shaper chip are 1mm long. They are operated by reverse bias 
voltage and are used to apply certain phase masks on the spectral components of the 
input pulse. To increase the phase shifting efficiency, the PMs are oriented parallel to 
the wafer major flat. In this direction the linear EO effect adds to the quantum-confined 
Stark effect. The dark current is measured to be 2.5nA to 4nA for reverse bias VPM=0 to 
VPM=−5V. When the corresponding SOA in the channel is biased at ISOA=30mA, the 
current through the PM is IPM=2µA at VPM=0V and increases to IPM=21µA at VPM=−5V. 

 
Fig.7.2. Fiber-coupled optical spectral power. SOA 9 is biased at ISOA=30mA and the ASE 
power is recorded at I/O waveguides. AWG has a cyclic design and the free spectral range is 
FSR=8nm.  
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The increased reverse current is caused by higher light absorption in presence of the 
external electric field. The amount of excess loss induced by the reverse-biased PMs is 
lower than 1dB for |VPM|<4V. The required voltage for a 2π phase change (double-pass) 
is about 3.6-4V for a range of λ~1530-1550nm. 

7.3. Demonstration of chirp compensation  
Spectral phase control of optical pulses is often required to generate short pulses, and an 
important application of the pulse shaper chip is spectral chirp/dispersion (pre-) 
compensation. To demonstrate the functionality of the device under test, we have used a 
40GHz passively ML quantum dash laser which generates highly chirped optical pulses. 
The measurement setup is schematically shown in Fig.7.3. Optical pulses are 
characterized in time-domain using the stepped heterodyne technique [8]. This 
technique is a linear measurement method which is particularly useful in spectral and 
temporal phase characterization of passively ML lasers, where no external electronic 
clock is available. In this technique, the optical pulse is combined with the light from a 
continuous-wave tunable laser source (TLS) using a power combiner and then put on a 
photodiode. The TLS is tuned over the spectrum of the optical pulse. A real-time 
oscilloscope (with sufficient bandwidth) is used to record beat frequencies between the 
TLS light and two neighboring optical modes as well as the beat tone at the repetition 
frequency of the ML laser. We have used a 45GHz real-time oscilloscope (LeCroy 
LabMaster 9 Zi) to directly record the time traces (single shot, no signal 
averaging/integration). Recorded data are then post processed to retrieve the temporal 
amplitude and phase (and equivalently chirp) of the optical pulses.  
The ML laser is a single-section, 1mm-long, quantum dash Fabry-Pérot device [9]. It is 
operated at 375mA (with no external modulating signal applied) and at T=18°C. The 
total power at the output of the laser is 3dBm. We have first excluded the pulse shaper 
chip from the setup to characterize the optical pulse which is generated by the ML laser 

 
Fig.7.3. (a) Schematic drawing of the measurement setup. DUT: device under test, QD ML: 
quantum dash mode-locked laser diode, BPF: 6nm band-pass filter, TLS: tunable laser source, 
PD: 50GHz fast photo-diode, RT scope: 45GHz real-time oscilloscope, AC: autocorrelator. 
(b) Pulse shaper, signals control box and the quantum dash mode-locked laser source on the 
optical table.  
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and passed through our measurement setup. In order to reliably measure the signal with 
the real-time oscilloscope, Erbium-doped fiber amplifiers (EDFAs) are used to boost the 
signal level. Oscilloscope traces are then analyzed to characterize the pulse shape. The 
result is shown in Fig.7.4(a) and it is clear that the pulse has a chirp profile that is not 
linear. The pulse has FWHM of 3ps with an asymmetric temporal shape which spans 
over 6.6ps at 6dB below the top of peak. It must be mentioned that the laser operates 
around λ=1529nm and hence a part of the optical spectrum which falls outside the 
EDFA gain bandwidth is suppressed. Therefore, the results are effectively obtained for 
4nm spectral bandwidth.  
Next, the optical pulse is characterized after passing through the pulse shaper. In 
principle, the required control signals, i.e. values of bias voltage on PMs and current of 
SOAs, can be calculated by considering the spectral phase and amplitude of the incident 
pulse and the shape of the desired pulse to synthesize, which is in this case an ideal 
transform-limited optical pulse. Tuning the control signals on PMs affects the spectral 
phase profile and changes the pulse shape. We have found and optimized the phase 
settings by monitoring the autocorrelation signal to maximize the peak power and 
reduce the time duration. The SOA sections in all the operating channels are biased at 
ISOA=40mA. Fig.7.4(b) shows the temporal signal and chirp of the output pulse. It is 
clear that the chirp profile over the duration of the optical pulse is nearly flat and the 
trailing edge is significantly suppressed. The FWHM of the pulse is 2.17ps and the 
width at 6dB below the top of the peak has reduced to 2.9ps.  

 
Fig.7.4. Normalized temporal amplitude (left axis) and chirp (right axis) of the optical pulse 
(a) generated by the quantum dash laser, and (b) passed through the pulse shaper chip for 
chirp compensation.  
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The pulsed intensity contrast ratio (ICR), i.e. the ratio of the peak of the temporal signal 
to the background level, gives an indication of the quality of the pulsed signal. The ICR 
for the optical pulse before compression is 22.9dB. In case of the compressed pulse, 
ICR is measured to be 24.6dB which is only slightly improved due to the mismatch 
between the repetition frequency of the ML laser and the channel spacing of the pulse 
shaper. The limited contrast is attributed to the limited number of optical modes.  
Functionality of the device is further verified by investigating the optical pulses in the 
frequency domain. This provides a clear insight on the Fourier transform shaping 
capability of the device. The spectral phase is measured using the stepped heterodyne 
technique. In order to clearly visualize the spectral lines, i.e. the frequency components, 
a high resolution (20MHz) optical spectrum analyzer is used to record the power 
spectrum as reference. 
Fig.7.5(a) shows the measured spectral power (open circles, normalized and offset by -
10dB for better visibility) and phase (filled squares) of the optical pulse generated by 
the ML source and passed through the measurement setup, excluding the pulse shaper. 
The high resolution power spectrum (solid line) is given and indicates the optical lines 
which are separated by 40GHz, i.e. the ML repetition frequency.  
Fig.7.5(b) corresponds to the optical pulse when the pulse shaper chip is included in the 
measurement setup. The spectral phase profile is nearly flat for 11 optical lines at the 

 
Fig.7.5. Spectral power (left axis, dBm) and phase (right axis, radians) of the optical pulse (a) 
generated by the quantum dash laser and passed through the measurement setup only, and (b) 
with the pulse shaper chip included. High resolution spectra (solid line) show the laser modes. 
Open circles represent the normalized power spectrum retrieved from the stepped heterodyne 
technique. In (a) the circles are offset by -10dB for better visibility.  
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higher frequency side of the spectrum. However, it is clear that the chirp is not fully 
compensated and the power spectrum is not flat due to the mismatch between the 
repetition frequency of the source and the channel spacing of the device. In Fig.7.5, the 
spectral power measured with the stepped heterodyne technique (open circles) shows a 
good agreement with the recorded power spectrum measured with the high resolution 
optical spectrum analyzer (solid line). This verifies the reliability of the measurement 
method and indicates that the pulse train from the laser is sufficiently stable. 

7.4. Conclusions  
We have designed and fabricated an integrated pulse shaper chip in an InP-based 
generic integration platform. The chip is characterized and operated at optimized 
conditions to compensate the chirp of a passively mode-locked quantum dash laser. 
Optical pulses are characterized in the time domain using the stepped heterodyne 
technique. The results show a nearly flat chirp profile over the duration of the optical 
pulse, and suppressed trailing features owing to chirp compensation which lead to a 
factor of two reduction in pulse width. Demonstration of functionality of such an 
integrated optical chip reveals the advance of generic photonic foundry technology. 
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CHAPTER 8 

Design and Components of a 
Hybrid Integrated Optical Pulse Shaper 

 

 
In this chapter, we explore the possibility of realizing a hybrid integrated pulse shaper 
which combines the capabilities of the TriPleX1 and InP integrated photonics 
technology platforms. This scheme is particularly interesting for opening up the 
possibility of achieving phase/amplitude manipulation in InP in combination with a 
multi channel TriPleX spectral de-/multiplexer. In this scheme the TriPleX device is 
used to decompose the incident pulse into its spectral components. The spectral 
components are then coupled to the InP device which includes an array of 
phase/amplitude modulators. The motivation for using the TriPleX technology in this 
context is the possibility of cascading several ring filters with low loss to create a 
spectral de-/multiplexer which has individually tunable channels. This is very 
interesting for the pulse shaping application since such a spectral filter makes the pulse 
shaper device to some extent flexible with respect to the repetition rate of the pulse 
source, i.e. a mode-locked (ML) laser diode. In practice, this is important since it is 
difficult to fabricate ML laser diodes with accurately determined repetition rates, e.g. 
20MHz accuracy on 10GHz. 
TriPleX waveguide technology is based on alternating layers of silicon oxide (SiO2) and 
silicon nitride (Si3N4). The basic idea in this technology is to arrange layers of these two 
dielectric media with different thickness and refractive index to achieve the desired 
waveguide properties which suit the requirements of different applications. This is 
enabled by material growth by low pressure chemical vapor deposition and is typically 
done by designing the waveguide geometry [1]. An important aspect of the TriPleX 
technology is the possibility to design high index contrast waveguides which in turn 
leads to the possibility of integrating tight bends and compact optical ring waveguide 
structures. The optical ring waveguide structure is a main building block in the TriPleX 
technology and is used to build different components such as ring resonators and 
tunable filters. Such components are interesting for wavelength conversion [2], beam-
forming [3] and in particular the lab-on-a-chip systems [4].  
However, TriPleX material is inherently passive and does not provide optical 
amplification and efficient electro-optic phase modulation. Building an entire 

                                                           
1 TriPleX is the trademark of the waveguide technology developed at LioniX B.V. 
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monolithic pulse shaper in the TriPleX platform is only possible through integration of 
thermally tunable phase/amplitude control elements, i.e. phase shifters and variable 
optical attenuator, with the ring filters. The switching speed of such elements is 
typically limited to a few kHz. An important advantage of the hybrid integration scheme 
incorporating a TriPleX de-/multiplexer is that light pulses with at least two orders of 
magnitude higher peak power can be transported in the TriPleX waveguides (compared 
to InP/InGaAsP waveguides). This is owing to the fact that the (nonlinear) losses in the 
TriPleX technology are considerably lower than those in the semiconductor material. In 
this scheme, the InP amplifiers and phase modulator advantages are still available and 
the optical power in the InP waveguides is much lower than the peak power of the 
pulse.  
The rest of this chapter is organized as follows. In section 8.1 we present the hybrid 
integration scheme to combine the InP and TriPleX chips. We consider the practical 
challenge of efficient coupling between the chips and tackle the problem by the optical 
coupling interface, i.e. setting a common waveguide pitch, angle and spot size at the 
interface of the InP and TriPleX chips. We then focus on the design and characterization 
of the two devices independently. In section 8.2, a description of the TriPleX de/-
multiplexer device as designed by XioPhotonics and the related design criteria are 
presented. Experimental results on the performance of the TriPleX spectral de-
/multiplexer are then given in section 8.3. We present the design of the InP chip in 
section 8.4. The InP chip includes a dense array of spot size converters (SSCs) which 
expand the standard waveguide mode size to ~3μm. Detailed design procedure and 
characterization of the SSCs are presented as well.  

8.1. Hybrid integration scheme 
InP technology platforms enable the fabrication of complex photonic integrated circuits 
(PICs) since both active and passive components can be integrated. Monolithic 
integration provides the greatest reliability and cost benefits when the largest possible 
number of components is integrated into a single device. In recent years, heterogeneous 
and hybrid integration platforms have attracted attention as well. Heterogeneous 
integration [5–7] particularly involves integration of III-V semiconductors onto silicon-
on-insulator substrates or silicon chips. Hybrid integration [8–10] is generally based on 
assembling multiple photonic chips and components together to form a compound 
optical module. The hybrid integration has the advantage that the functionality of 
different optical platforms may be merged.  
A technological challenge in the hybrid integration scheme is the assembly of the 
optical devices. This mainly involves a stable and reliable mounting of the devices and 
low loss coupling between the chips. In this chapter, we explore the possibility of 
realizing a hybrid integrated pulse shaper which combines the functionality of a TriPleX 
spectral de-/multiplexer and an InP phase modulator array. The approach we are taking 
is to position the two chips opposite each other and directly couple the TriPleX and InP 
waveguides. In this case, efficient coupling between the devices requires that at least 
one of the devices is mounted on a 6-axis stage. This is schematically illustrated in 
Fig.8.1. Once the interface between the two chips is defined, the chips can be designed 
independently. The interface is defined on three main points which are discussed in 
detail in the following subsections. 
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8.1.1. Waveguide pitch   
The first issue to be discussed concerns the spacing between the waveguides at the 
interface. This needs to be minimized for a number of reasons. The main reason is 
related to the alignment between the two chips. The wafer stack of both chips involved 
incorporates multiple epitaxial layers of different materials. The stress between the film 
layers causes the chip to become slightly bent. If the waveguides are located over a 
large length at the edge of the chip, the bow on the chip surface causes the waveguides 
to get misaligned in the vertical direction. To minimize the effect of surface unevenness, 
it is required to set the waveguide pitch as small as possible.   
The minimum distance between the waveguides is determined by the amount of 
directional coupling. The minimum pitch for the TriPleX waveguides is 20μm. The 
smallest distance between two (shallow) waveguides on the InP is ~10μm. The 
minimum pitch between contacted phase modulators in InP is 25μm. We have decided 
to set the waveguide pitch at the interface to be 25μm so that the simplest useable InP 
chip is a series of parallel waveguides.  
There is a significant difference in the thermal expansion coefficient of the TriPleX (e.g. 
for Si, αL,Si=2.60×10-6 /°C) and InP (αL,InP=4.60×10-6 /°C). For an extreme case of 50 
waveguides at 25μm pitch, a 10°C temperature difference results in a relative 
(horizontal) shift of 25nm. The required alignment accuracy is determined by the 
tolerable (coupling) loss and the mode size, which is investigated in the following 
subsection.  

8.1.2. Optical mode size 
The coupling loss between two waveguides is determined by the relative alignment and 
the optical mode mismatch. Mode mismatch is the difference between the optical mode 
profiles (in the lateral and vertical directions) of the waveguides. The power coupling 
efficiency between an incident electric field (Einc) and (the fundamental mode of) an 
optical waveguide (Ewg) is given by the overlap integral as [11]  

2
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inc wg
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    (8.1) 

 
Fig.8.1. Schematic illustration of the hybrid integrated pulse shaper. The six degrees of 
freedom for alignment of the two optical chips are shown. I/O: input/output, PM: phase 
modulator, SOA: semiconductor optical amplifier. 
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where Einc is the incident electric field (possibly coming out of another waveguide), Ewg 
is the fundamental mode of the optical waveguide, x and y represent the lateral and 
vertical directions, and the waveguide facet is chosen to be at z=0 along the propagation 
axis.  
The mode profile of waveguides depends on the waveguide structure and the constituent 
material stack. The mode profile can be simulated using mode solver tools and the 
coupling efficiency is calculated numerically. However, the mode profile can be in 
general reasonably well approximated by a Gaussian spot which is described as 

  
2 2

2 24
MFD MFD

wg 0( , ) x y

x y

E x y E e
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 =      (8.2) 

where E0 is a constant which is related to the optical power, and MFD is the mode field 
diameter. MFD is defined as the distance over which the intensity of the optical mode is 
higher than 1/e2 of the peak intensity. In general, the Gaussian “spot size” refers to the 
MFD. For Gaussian spots, the mode mismatch loss (dB) of the butt-coupled waveguides 
is given by 
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The 1dB alignment accuracy, i.e. the required displacement to induce 1dB excess 
coupling loss, in the lateral and vertical direction is expressed as 

 ( )2 2
1dB ,InP ,TriPleX

ln(10) MFD MFD
80 x xx∆ = +     (8.4) 

 ( )2 2
1dB ,InP ,TriPleX

ln(10) MFD MFD
80 y yy∆ = +     (8.5) 

The fundamental mode of the standard (COBRA) shallowly etched InP waveguide is 
elliptical with MFD of 1.84×0.97μm2 (x×y). The mode profile for the TriPleX 
waveguides has not been standardized and depends very much on the waveguide 
geometry and the thickness of the layers. In practice, the waveguide geometry is 
determined according to the requirements of the application, i.e. polarization 
dependence, propagation loss, minimum bend radius, etc. [1], and then the thickness of 
the layers near the chip edge is designed to get the required spot size.  
In order to relax the alignment tolerances, we have decided to have a 3μm spot at the 
edge of the TriPleX chip. The mode-mismatch loss and alignment tolerance for 
coupling between a 3μm spot and an arbitrary Gaussian field is plotted in Fig.8.2.     
For a 3μm spot size on the TriPleX chip and the standard InP waveguide mode size, the 
butt-coupling loss between the waveguides is ~2.8dB. The alignment accuracy for 1dB 
tolerance is Δx~597nm and Δy~534nm. To reduce the coupling loss between the two 
chips, we have decided to integrate SSCs on the InP chip to expand the mode to a 3μm 
circular spot. In the ideal case of perfect 3μm circular spots, the butt-coupling is lossless 
and the 1dB alignment tolerance is Δx,y~720nm.       
In practice it is possible that the two chips are not perfectly butt-coupled hence, there is 
a gap between the waveguides. When the light travels in the free space gap, the spot size 
expands. This causes a mismatch between the waveguide mode and the field which 
induces extra coupling loss. If we assume the waveguides have similar MFD and they 
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are perfectly aligned, the amount of loss due to the gap between the waveguides is given 
by 
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∆ =
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+  
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where z0 is the Rayleigh length given by 
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In Eq.8.6, Δz is the gap along the propagation direction, and λ is the wavelength. This 
indicates that achieving a low coupling loss requires that the separation between the two 
waveguides (with similar mode size) is much smaller than the Rayleigh length. For 
reference, the Rayleigh length for a 3μm spot at λ=1550nm is 4.56μm. 

8.1.3. Tilted waveguides  
Back reflections from the interface into the waveguide limit the maximum allowable 
gain of optical amplifiers on the InP chip. Since one facet of the InP chip has to be 
highly reflective (HR) to return the signal to the input, the back reflection of the 
interface facet has to be as low as possible. Otherwise, the signal transmission through 
the chip is strongly wavelength dependent. To have an indication of the required facet 
reflectivity, we consider a 5mm-long structure in InP which includes an optical gain 
section. The effect of facet reflection and amplifier gain on modulation depth in the 
optical spectrum of the transmitted signal is presented in Fig.8.3. The modulation depth 
is defined as the ratio of the difference to the sum of maximum and minimum 
transmitted powers.   
In order to minimize the unwanted back reflections the waveguides are angled at the 
interface facet. The reflection coefficient at the facet is dependent on the waveguide 
structure, width and angle. The typical optimized angle for the standard (COBRA) 

 
Fig.8.2. Mode-mismatch coupling loss (left axis, solid line) and 1dB alignment tolerance 
(right axis, dot-dashed line) between a 3μm Gaussian spot and a (circular) spot with mode 
field diameter as a parameter (horizontal axis).   
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shallow InP waveguide is 7° from the facet normal. In this case, the angle in air is ~23°. 
The SSC waveguide has a different structure; therefore, the propagation angle in air is 
slightly different. For angles larger than 7°, the back reflected power is lower; however, 
collecting or launching light with a lensed fiber (or microscope objective) becomes 
increasingly difficult due to the large angle of refraction in air.  
In order to have efficient coupling between the chips, the angular misalignment must be 
minimized. In order to do so, we have set the propagation angle at 23°. This means the 
waveguides tilt at the facet for InP and TriPleX is 7° and 15° respectively. With this 
value the back reflection for the InP chip can be kept below -40dB. This means for an 
optical gain up to 10dB (single pass) of the amplifier on the InP chip, the spectral 
dependence of the transmitted power, i.e. modulation depth, is below 10%. A 10dB 
optical gain on the standard COBRA platform is easily obtained by a 2mm-long 
amplifier operated at ~11.5/cm gain. Typical maximum values of the small signal gain 
are at 50-60/cm. The reflectivity of the facet can be further reduced by application of an 
anti-reflection coating. 
Now we assume that the waveguides have circular mode profiles with similar MFD, but 
there is an axial offset and angular misalignment. In this case, the coupling loss is given 
by 
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where Δθ is the angular misalignment and θ0 (numerical aperture) is defined as 

 
Fig.8.3. The relation between the facet reflection and the wavelength-dependent power 
transmission through an InP device channel. The device channels include passive waveguide 
sections as well as a gain section. We assume the passive loss is 4dB/cm and the reflectivity 
of the HR-coated facet is 0.95. The single pass optical gain of the amplifier section is shown 
on the curves.    
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2λ

MFD
θ

π
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Eq.8.9 indicates that the numerical aperture (θ0) is inversely proportional to the MFD. 
The coupling loss due to angular misalignment is minimized when Δθ is much smaller 
than θ0. This means that the angular alignment is more critical for a bigger mode size, 
which can be interpreted as the cost of relaxing the vertical and lateral positioning 
tolerances. The effect of angular misalignment and axial offset is shown in Fig.8.4.  
The numerical aperture for a 3μm spot at λ=1550nm is 18.8°. In this case, the maximum 
misalignment of the azimuth angle to achieve better than 0.1dB coupling loss is 1.3°. In 
practice, the angular misalignment in the plane of chips is restricted due to the restricted 
deviation of the chip facets from the parallel interface. A 1% obliqueness of chip facets 
with respect to each other, i.e. 10μm deviation of the separation gap over 1mm length, is 
equal to 0.5° misalignment which has a negligible effect. This also means that deviation 
from the propagation angle in air (which is set to 23°) due to uncertainty of the 
waveguides effective index (<2%) is not critical.  

8.2. TriPleX device: spectral de-/multiplexer 
In this section, we present a brief description of the functional design of the TriPleX 
device. The device is a planar light wave circuit which is designed at XiO Photonics BV 
and operates as a multi-channel tunable filter. In principle, the filter chip functions as 
the spectral dispersive element in a Fourier transform pulse shaping setup.  
The chip is designed according to the following application requirements and practical 
considerations. 

• The filter should be able to spatially separate the multiple spectral components 
of an incident laser pulse and cover the spectral bandwidth of the laser. The 
spectral range of the filter is chosen to be 8nm, since this is the maximum 
available bandwidth of our semiconductor mode-locked laser.  

 
Fig.8.4. Coupling loss between two similar waveguides due to axial offset (Δz) and angular 
misalignment (Δθ). The waveguides are assumed to have circular Gaussian modes of 
MFD=3μm at λ=1.55μm.    
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• The filter channels are individually tunable. Hence, it is possible to vary the 
channel spacing over a certain range. This is particularly beneficial to match 
the channel spacing to (a multiple of) the repetition frequency of the laser 
source. In the current platform, resistive heaters are used to locally change the 
temperature and hence control the channel characteristics. The heaters are 
driven by electrical control signals.  

• The number of channels is desired to be as high as possible. This provides 
control over a higher number of spectral lines which is ideal for (arbitrary) 
pulse shaping. In practice, the number of channels is determined by the 
resolution achievable for a single channel, the available chip area, fabrication 
uniformity and practical considerations regarding the control of 
electrical/optical elements. The number of channels is chosen to be 24. This 
keeps the number of control signals practically manageable and is about the 
minimum number of channels which is of use for CARS experiments (details 
on the application requirement are given in chapter 4). 

• In the current platform, thermally-tunable ring structures are available. 
Therefore, the filter operation is based on micro ring resonators (MRs). 
Channel characteristics, such as width and crosstalk, are determined by the 
type of MRs. In the current design, first-order MRs are used to create the 
channels. The minimum inter-channel crosstalk in this case is chosen to be 
−10dB to provide sufficient isolation between the channels. This value is a 
compromise between the limit of the technology and the complexity of the 
circuit. A lower crosstalk value can be achieved by using multiple-ring 
structures in series. However this will significantly increase the complexity of 
the circuit and nearly double the number of required control signals per 
channel.  

8.2.1. Ring resonator 
A micro ring resonator consists of a ring structure which is coupled to a waveguide. A 
four-port MR configuration, which is schematically shown in Fig.8.5, is a wavelength-
selective element and serves as the basic constituent part of the filter chip. The electric 
field transmission through the “DROP” port of the ring filter is described by [12]  
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in which κ1 is the field coupling coefficients from the input waveguide to the ring, κ2 is 
the field coupling coefficients from the ring to the output waveguide. The fraction of the 
field which is not coupled is given by  

 21µ κ= −           (8.11) 
In Eq.8.10, χr is the roundtrip loss factor of the ring which is defined as 
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with αr being the roundtrip power loss of the resonator in dB. φr is the roundtrip phase 
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in which λ is the wavelength, neff is the effective index and R is the ring radius. The free 
spectral range (FSR) of the resonator is defined as the spectral distance between two 
consecutive resonance peaks and is given by Eq.8.14 in which λ0 is the central 
wavelength and ng is the group index.  
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The “THROUGH” port response of the MR is expressed as 
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The drop- and through-port response of a typical ring resonator with 800μm 
circumference, αr=1dB/cm and ng=1.5 are presented in Fig.8.6. The FSR in this case is 
2nm.  
The resonant wavelength of the MR can be shifted (tuned) by changing the optical 
roundtrip path length of the resonator. The optical path length is changed by changing 
the index of (a part of) the resonator waveguide. This will change the effective index 
which, in turn, will alter the roundtrip phase of the light in the resonator and therefore 
the wavelength for which it achieves maximum resonance.  
In principle, an array of MRs which are coupled to a single (input) waveguide makes a 
multi-channel filter device in which, the drop port of each MR makes a single device 
channel. The total bandwidth of the device in this construction is limited to the 

 
Fig.8.5. Schematic drawing of a four-port ring resonator which shows the drop and through 
ports. The ring-waveguide coupler is indicated by the dashed lines. κ is the electric field 
coupling coefficient and R is radius of the ring resonator.     

 
Fig.8.6. Drop port response of a micro ring resonator showing the transmitted power (left 
axis) and (a) spectral phase (units of π, right axis), (b) group velocity dispersion (GVD, 
ps/nm). The ring has a circumference of 800μm, αr=1dB/cm, ng=1.5 and coupling coefficient 
κ2=0.1. 
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(minimum) FSR of the rings. The refractive index contrast of the available TriPleX 
waveguide technology, limits the FSR of the ring resonators to a maximum of 4nm. 
This is due to the minimum bending radius of curved waveguides which does not allow 
fabrication of sufficiently small rings. Since the required bandwidth for the pulse shaper 
device is 8nm, a single MR cannot be directly used to create an independent channel 
over full bandwidth. Therefore, a multi-stage approach is employed to first divide the 
8nm bandwidth into smaller subbands. The spectral subbands are generated by 
frequency slicer stages which include interleaver filters.  

8.2.2. Interleaver filter  
In the current design, the 8nm bandwidth is first split in two equal subbands of about 
4nm. Therefore, the first stage of the spectral filter circuit is a frequency slicer. The 
slicer stage is based on a ring loaded Mach-Zehnder interferometer (MZI) of which the 
transmission spectrum is characterized by a flattened passband with a sharp transition. 
Fig.8.7 illustrates a schematic drawing of a ring loaded MZI. The ring loaded MZI was 
first proposed in [13] and consists of an asymmetric (unbalanced) MZI which has a ring 
resonator coupled to its shorter arm. This structure can operate as an optical filter with a 
flat response or as an interleaver [14] depending on the length of the ring and path 
length difference at the upper and lower MZI branches.  
As a frequency slicer, the ring resonator length is chosen to be twice the path length 
difference (ΔL). The FSR of the filter is then given by 
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       (8.16) 

The flatness of the passband depends on the coupling coefficient between the ring and 
the waveguide. This is shown in Fig.8.8. A higher coupling value results in a flatter 
passband whereas the band edge transmission becomes less sharp. When the ring-
waveguide coupling coefficient approaches 1, the transmission spectrum become similar 
to an asymmetric MZI. The sharpness of the band edge is generally indicated by the 
width of the passband at 1dB below the maximum, i.e. at 90% transmission. The ring-
waveguide coupling coefficient, κr, is a design parameter which is chosen for a 
compromise between the flatness of the bassband and the sharpness of the transition 
edge, i.e. 1dB band width.  
Submicron length variations in the MZI arms and the ring resonator, accompanied by 
fabrication imperfections which affect the phase of the signal, disturb the proper 
operation of the interleaver filter. This effect is represented in Fig.8.9, where an 
unwanted phase difference is included between the MZI arms. It is seen from Fig.8.9 
that an extra π phase difference shifts the transmission spectrum by half the FSR, i.e. 
shifts the passband over to the wavelength range where the stopband is designed to be. 
In practice, a phase shifter section is included in the (longer) MZI arm to compensate 
for unwanted phase contributions. Furthermore, the ring resonator is made to be a 
tunable ring which includes a phase section for fine tuning purposes. This has the added 
advantage that by adjusting the two phase sections in the MZI and the ring, the 
passband of the interleaver can be tuned over the FSR. This is important for full 
tunability of the device.  
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Fig.8.7. Schematic illustration of a ring loaded Mach-Zehnder interferometer with possible 
phase tuning elements.      

 
Fig.8.8. Bar-port (solid) and cross-port (dotted) response of a ring-loaded MZI interleaver for 
several values of ring-waveguide power coupling coefficient, and MZI power coupling 
coefficient ΚMZI=0.5. Kr=1 corresponds to an asymmetric MZI. (φ1= π/2 and φ2=0)     

 
Fig.8.9. Bar-port response of a ring-loaded MZI interleaver for several values of (possibly 
unwanted) phase difference between the MZI arms. The phase differences are expressed in 
terms of φ1 (and φ2=0). The ring-waveguide power coupling coefficient is Kr=0.6, MZI power 
coupling coefficient ΚMZI=0.5. 
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8.2.3. Tunable coupler 
The extinction ratio is an important parameter of the interleaver filter which is 
determined by the coupling coefficient of the MZI couplers. For any value of the ring-
waveguide coupling coefficient, the highest extinction ratio is achieved at a power 
coupling coefficient ΚMZI=0.5. This is shown in Fig.8.10.  
In practice, the MZI coupling coefficient may deviate from the designed value due to 
fabrication variations. Therefore tunable couplers are used instead of fixed directional 
couplers. The structure chosen for the tunable coupler is a symmetric MZI with phase 
tuning elements in one arm. In this structure, which is schematically shown in Fig.8.11, 
the effective electric field coupling coefficient κeff, i.e. from the input- to the output-
port, can be controlled by changing the phase difference (Δφ) between the two arms of 
the MZI according to  
 2 2 2 2

eff MZI MZI4 (1 )cos ( 2)κ κ κ ϕ= − ∆       (8.17) 
In Eq.8.17, κMZI is the (electric field) coupling coefficient of the directional coupler of 
the MZI.  

8.2.4. Device design 
As mentioned earlier, the TriPleX device is a multi-channel spectral de-/multiplexer. 
The application requires that the device has 8nm bandwidth. However, a single MR in 
the current technology platform cannot be directly used to create an independent 
channel over the required bandwidth. This is due to the limited FSR of a single ring 
resonator. Therefore, a multi-stage approach is employed to first divide the 8nm 
bandwidth into smaller subbands. The ring resonators are then used within these 

 
Fig.8.10. Bar-port (solid) and cross-port (dotted) response of a ring-loaded MZI interleaver 
for several values of MZI power coupling coefficient. The ring-waveguide power coupling 
coefficient is Kr=1.     

 
Fig.8.11. Schematic illustration of a MZ-based tunable coupler with two phase tuning 
elements. 
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subbands to filter out the channels.  
The subbands are generated by flattened interleaver filters. Therefore, the first stage is a 
“slicer stage”. When the slicer is set to have a passband ripple less than 0.5dB and 
stopband suppression larger than 15dB, the band gap between the two subbands is 
28.5GHz. This means that the frequency spacing between two neighboring channels 
must be larger than 28.5GHz. Therefore we set a minimum channel spacing of 30GHz. 
According to the chosen channel spacing, the FWHM of the MRs should be smaller 
than 25GHz to be able to achieve inter-channel crosstalk levels lower than −10 dB. This 
means that the power coupling coefficients of the MRs must be much lower than 0.1. 
However, such values are difficult to realize reliably due to fabrication variations. 
Therefore, the desired crosstalk level between the channels is achieved through 
reduction in the FSR of the MRs to below the 4nm maximum value, instead of lowering 
the coupling coefficients.  
Since, the FSR of the MRs is required to be smaller than 4nm, a second stage of slicer is 
needed such that each MR can create an independent channel within the 8nm spectral 
bandwidth. By using two slicer stages, the spectral bandwidth is divided in four 
subbands. Therefore, MRs with an FSR of 2nm can be used to create the channels in the 
subbands. The power coupling coefficient of MRs is chosen to be 0.1 to achieve an 
inter-channel crosstalk lower than −10dB.  
Fig.8.12 shows the functional diagram of the device. The positions of the band gaps can 
be adjusted by tuning the slicers to match different channel spacings. When the 
maximum channel spacing of 40GHz is used, up to 24 independent channels can be 
created over an 8nm wavelength range. A simulated transmission spectrum of the 
TriPleX device with the filters tuned for covering the 8nm spectrum is illustrated in 
Fig.8.13. The dispersion of the two slicer stages in series is given in Fig.8.13(a) for one 
of the subbands (black line). This dispersion is to be compared to that of the ring 
resonators given in Fig.8.6(b). It shows that the total single device channel dispersion is 
dominated by the ring resonator in the third stage.  
 

 
Fig.8.12. A Schematic illustration  of TriPleX de-/multiplexer device. 
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The path length difference of the asymmetric MZI for the first and second slicer stages 
is set to 200μm and 400μm respectively. The ring-waveguide power coupling 
coefficient is designed to be 0.6 to achieve 0.5dB passband ripple and −15dB stopband 
suppression. To be able to shift the power transfer of the slicer along the frequency axis, 
two tuning elements are required to change the phases of the ring resonator and the 
longer branch of the MZI, respectively. Including the tunable couplers, each slicer 
requires a total number of four tuning elements as is illustrated in Fig.8.14.  
The rings and phase shifters are tuned through resistive heaters. When the heaters are 
driven, the dissipated electric power generates heat which causes a local change of 
temperature on the waveguide structure and modifies its effective index. This affects the 
phase of the optical signal in a phase shifter and shifts the resonance peak of a ring 

 

 
Fig.8.13. (a) Power transmission (left axis) through the first and second slicer stages when 
both stages are properly tuned to generate four subbands. The group velocity dispersion 
(GVD) over one of the subbands is given (right axis). (b) 24 device channels when the all the 
tuning elements are adjusted to generate 40GHz channel spacing. The results are simulated in 
PhoeniX Aurora.  
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structure. The generated heat travels from the top of the waveguide structures to the 
substrate which is mounted on a water-cooled block and acts as a heat sink. The circuit 
contains two slicer stages, i.e. three ring loaded MZIs structures with tunable couplers, 
and 4×6 ring resonators. Therefore, the total number of tuning elements is 36.  

8.3. Experimental characterization of the TriPleX device 
The TriPleX device is fabricated by LioniX BV with the double stripe (“=” shaped) 
waveguide technology. The double strip layout is an optimized structure to minimize 
the radius of curvature and has a strong polarization birefringence [4]. The device is 
designed for TE polarization. Fig.8.15 shows a microscope image of the realized device. 
The device has five main waveguides on the left side which are separated by a pitch of 
250µm. The center waveguide (labeled as IN) is the actual input of the device and is 
connected to the first slicer stage. The two waveguides (AUX1,2) directly above and 
below the input waveguide are inputs to the slicers at the second stage. These 
waveguides can be used as auxiliary inputs to bypass the first slicer stage and tune the 
second slicer stages and MRs for test purposes. The two outermost waveguides (T1,2) 
do not pass through the ring structures and can be used for alignment purposes when 
coupling the TriPleX device to the InP chip. At the right hand side of the device there 
are 28 waveguides. 24 waveguides in the middle (OUT) are the device channels. These 
waveguides are the drop ports of the MR filters at the third stage. The output 
waveguides are 15° tilted and are placed at a pitch of 25µm (to match the waveguide 

 
Fig.8.14. Schematic illustration of the frequency slicer stage based on a ring-loaded MZI 
interleaver filter with tunable couplers. The frequency slicer has 4 tuning elements. 
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Fig.8.15. Microscope image of the realized TriPleX de-/multiplexer device. 
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pitch at the InP side). The two alignment waveguides are placed close to the output 
waveguides at a pitch of 50µm. Moreover, there are two straight output waveguides 
(S1,2) which are connected to the through ports of two of the MR arrays (the upper and 
lower in the Fig.8.15). These waveguides can be used for test and tuning purposes.  
The device has a fiber pigtail at the input side and is mounted on a copper block which 
is temperature stabilized (T=16°C) by a water cooler. The metal pads on each side of 
the chip are wire-bonded to printed circuit boards (PCBs) which provide connections 
via SubD25 connectors. A pair of multi-core cables are connected to the SubD25 
connectors. The cable wires are then redistributed to five SubD9 connectors. The SubD9 
connectors are connected to current supply modules. The first slicer stage is controlled 
by two 2-channel Keithley source-meters; for the rest of the device, we have used four 
8-channel laser driver (Thorlabs MLC8100) current supply modules. Images of the 
mounted device and the measurement setup are given in Fig.8.16.      
In the following parts, we present the experimental characterization of the TriPleX de-
/multiplexer. In the current design, the bandwidth of the input signal is first divided into 
four subbands of 2nm when it passes through the slicer stages. Each subband is then fed 
to a series of six tunable ring resonators which create the device channels. The 
procedure for tuning the slicer stages which is described in the following subsection, is 
an important step in operating the TriPleX spectral de-/multiplexer which assures 
generation of independent channels over the entire bandwidth of the device, i.e. 8nm. 
Experimental data on the device loss are presented in 8.3.2 and wavelength tuning 
properties of the heater elements are characterized in 8.3.3. In 8.3.4 the investigations 
on the operation of the multiple device channels is presented.   

8.3.1. Slicer stages 
As was discussed in section 8.2, the first two stages of the current device are frequency 
slicers which have an FSR of 8nm and 4nm in total. The third stage includes the MRs 
with 2nm FSR. Each frequency slicer has four tuning elements. These elements include 
two phase shifters in the tunable couplers, a phase shifter in the longer arm of the 
asymmetric MZI, and a phase tuning section in the ring resonator. Proper operation of 
the slicer stage requires correct combination of the four control elements.  
To operate the slicer stage, the phase shifter in the asymmetric MZI arm is first tuned to 
adjust the bandpass shape of the interleaver filter, i.e. clear passband and stopband. The 
tunable couplers are then tuned to adjust the 3dB splitting/coupling ratio such that the 
highest extinction ratio between the passband and the stopband are achieved. The MZI 

 
Fig.8.16. A snapshot of the TriPleX device mounted on the copper block and wire bonded to 
the PCBs (left) with the input fiber pigtail and A picture of the measurement setup (right). 
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ring (together with the longer arm) is then tuned to shift the passband over the required 
wavelength range. Since the output of the slicer stages is not directly accessible, 
adjusting the bandpass shape is done by measuring the transmission through a series of 
neighboring channels, i.e. the MRs of the third device stage.      
In order to demonstrate the functionality of the slicer stages, we measure the 
transmission spectrum of a single device channel. The fiber pigtailed optical input of the 
chip is connected to an Erbium-doped fiber amplifier (EDFA) broadband light source. 
The output light is collected at the output waveguide with an AR-coated lensed fiber tip. 
Fig.8.17 shows the (normalized) optical power measured by an optical spectrum 
analyzer over the 8nm FSR of the whole device. In Fig.8.17(a) the slicer stages are not 
properly tuned. The spectral peaks are separated by 2nm and correspond to the FSR of 
the MRs in the third stage. The variation in relative height of the peaks is caused by the 
transmission shape slicer stages which are not tuned well.  
The FSR of the second slicer stage is 4nm, i.e. a 2nm passband and a 2nm stopband. 
Therefore, when this stage is tuned, every other spectral peak of the MRs (which falls 
within the stopband) is suppressed. This is shown in Fig.8.17(b) where the spectral 
spacing between the peaks is increased to 4nm. To achieve independent channels over 
8nm which is the desired device FSR, the first stage should be properly tuned as well. 
The results is shown Fig.8.17(c) where a single spectral peak exists over 8nm range.  
In order to confirm the functionality of the slicer stages, the extinction ratio between the 
pass- and stopband was measured. The output ports of the slicer stages are connected in 
the device circuit and so we always observe the combined effect of a single slicer and 
ring filter. It is possible to get an impression of the band shape and extinction ratio 
though. Fig.8.18 shows a measured spectrum in dB scale. In this is figure, the first slicer 
stage was bypassed, the input signal is directly connected to the second stage. Hence 
transmission peaks appear at 4nm spacing. The spectral peak represents a device 
channel near λ~1556nm with a FWHM of ~15GHz, which is in agreement with the 
design and simulation results. The pedestal around the sharp peak is formed by the 
bandpass of the second slicer stage. The top of the peak is 15dB higher than the 
pedestal. The spectral features near 1554nm and 1558nm are the adjacent resonance 
peaks (2nm spacing) of the MR which are suppressed at the stopband of the slicer stage.  

8.3.2. Loss measurement 
The passive waveguide loss in the current TriPleX technology is specified at ~1dB/cm. 
To have an estimate of the device loss, we first measure the spectrum of the input 

 
Fig.8.17. Spectral power (normalized, linear scale) measurement of a single device channel 
which shows the functionality of slicer stages. (a) Slicer stages are intentionally detuned. (b) 
Only the second stage is tuned. (c) Both slicer stages are properly tuned. The effective device 
FSR is indicated in each case. 
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source over the wavelength range of our interest. Next, we connect the light source to 
the auxiliary input waveguide which is merely a ~11.7mm-long passive waveguide 
running from the input- to the output-facet. The passive loss, including the loss of 
connectors and fiber-chip coupling, is measured to be in the order of 12dB. This is 
presented in Fig.8.18. The input waveguide is fiber pigtailed and the output is measured 
using a lensed fiber tip.  
Then, we consider the spectrum of the device channel which is shown in Fig.8.18. The 
total transmission loss through a device channel at the central wavelength (including 
connectors and fiber-chip coupling loss) is approximately 17dB. This means that the 
excess loss of the optical de/-mulitplexer circuit (the second slicer and a single ring) is 
~5dB. We assume the coupling loss between the lensed fiber and the chip is 
approximately 4-5dB. Therefore, we estimate the total device loss to be in the order of 
6-9dB at a peak of the transmission spectrum (assuming a coupling loss between the 
chip and the pigtail fiber of 1-3dB). The simulation presented in Fig.8.13 suggests that 
the device loss (per channel) is around 5dB. The higher measured loss is probably due 
to a higher (than the specified 1dB/cm) waveguide loss, or additional loss induced by 
the metallic thin film heaters.  
For the pulse shaping application with the hybrid scheme that was presented in section 
8.1, the optical signal passes through the de-/multiplexer channels twice. The maximum 
tolerable loss is determined by the total available gain of amplifiers on the InP chip and 
unwanted back reflections at the interface facet. As was discussed in section 8.1, a 10dB 
total gain (single pass) is acceptable for the amplifiers on the standard COBRA 
platform. This means that 10dB of single pass loss for the de-/multiplexer device 
including the coupling loss between the chips is acceptable since a lossless pulse shaper 
can then be achieved. The measured TriPleX device loss (6-9dB) complies well with the 
requirements. It is noteworthy that the loss of an AWG in InP with a comparable 
number of channels and performance comparable to a MR with 15GHz minimum 
resolution and is in the order of 20dB, i.e. 10 times higher [15]. This shows the 
advantage of the low loss platform for the hybrid integrated pulse shaper. 

 
Fig.8.18. Spectral power measurement of the input signal (dashed), the signal transmitted 
through a passive waveguide (dotted), and the signal through a device channel (solid). 
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8.3.3. Wavelength tuning 
The wavelength tuning method is via phase modulators in interferometric structures that 
are tuned thermally. The phase sections are tuned via a control signal which drives a 
thin film resistive heater on top of the waveguide structure. The dissipated power in the 
heater changes the local temperature and in turn the effective index to change. The 
change in the effective index changes the phase of the light signal. In the ring 
resonators, tuning the phase section causes the resonance peak to shift over the FSR. An 
important advantage of the device under test as a spectral de-/multiplexer, is that the 
channels are individually tunable. Each tunable MR in the third stage (in total 24) 
corresponds to a single device channel.  
In Fig.8.19 a series of spectra are presented which were obtained by driving the ring 
filter at Iring=0−40mA and observing the ASE from an EDFA at the input. At Iring=0mA, 
the spectral peak is located near λ=1558.5nm. Increasing the driving current leads to a 
higher local temperature; this shifts the resonance peak towards longer wavelengths. For 
the results shown in Fig.8.19, the peak reaches the edge of the passband (of the second 
stage slicer filter) at Iring~20mA. The height of the peak at the longer wavelength side 
decreases due to the suppression of the stopband. However, a spectral peak at the 
shorter-wavelength side around λ~1556.5nm appears. This corresponds to the 2nm FSR 
of the ring filter. The peak continues the red-shift and covers a 2nm range at Iring~40mA. 
Tuning the ring filters in a range of 2nm corresponds to a full FSR tuning of the MR for 
the current device.  
It is clear from Fig.8.19 that the wavelength shift is not linear with respect to the driving 
current. We observe a shift of Δλ=0.5nm for current values up to Iring~20mA, whereas a 
wavelength shift of Δλ=1.5nm is recorded for the range Iring=20−40mA. Fig.8.20(a) 
shows the measured wavelength shift versus the driver current. The measured data 
points are fitted by a quadratic curve which is expected, since we assume the 
wavelength shift is linear with the dissipated power/heat. Fig.8.20(b) shows the voltage 

 
Fig.8.19. Demonstration of wavelength tuning of a single device channel. The driving current 
of the resistive heater is increased from Iring=0mA to Iring=40mA to achieve a full 2nm 
wavelength shift. The triangles indicate the top of the channel transmission at each current 
value. 
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across the heater versus the current. The resistance appears to be constant R=310Ω for 
current values up to I=30mA. Above this value, the voltage increases nonlinearly due to 
the temperature-induced increase of the heaters resistance. In principle this can lead to 
thermal runaway and burning the heater if it is current driven.  
In Fig.8.20(c), the wavelength tuning versus the dissipated power (Pdisp=I×V) is 
presented. The measured data points fit nicely to a line and indicate that for a 
wavelength shift of Δλ=2nm, over 500mW power is required. This corresponds to 
~4.1pm/mW wavelength shift which is equivalent to a phase change of 4.1π/W. The 
thermal efficiency of the phase modulators appears to be lower than specified and the 
measured heater resistance (310Ω for the MRs) is higher than the expected (100-200Ω) 
value. With such values, operating the third stage, i.e. tuning the 24 rings, requires ~5W 
of electrical power. The actual power consumption of the slicer stages depends on the 
amount of tuning which is required to compensate for unwanted phase variations (this is 
discussed in section 8.3 of this chapter) but is expected to be in the order of 1W. For the 
current device, the total dissipated power in the first and second stages is around 
900mW.  

8.3.4. Operating multiple channels 
In the preceding parts, we described the tuning procedure of the slicer stages and 
presented the experimental data which are required for being able to tune the device 
channels. Adjusting the passband shape and extinction ratio of each frequency slicer 
requires tuning of the interleaver filter and tunable couplers. The phase shifter in the 
longer arm of the MZI in the interleaver filter is used to compensate unwanted phase 
difference between the MZI. The directional couplers are all similar and are designed to 

 
Fig.8.20. (a) Measured (circles) and fitted (line) wavelength shift versus the driving current. 
(b) Measured voltage across the resistive heater which shows a nonlinear behavior above 
30mA. (c) Measured (circles) and fitted (line) wavelength shift versus the dissipated power. 
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have a 50% power coupling/splitting ratio. In practice, the coupling ratio can vary due 
to the fabrication variations. The phase shifters in the tunable couplers are used to 
achieve 3dB splitting/coupling ratio at the input/output of the interleaver filters. Once 
the slicer stages have been properly tuned, the MRs in the third stage can be tuned to 
create the de-/multiplexer device channels.  
To demonstrate this, we have operated a single slicer from the second stage and all 12 
channels coupled to that stage. The use of half the demultiplexer channels was related to 
two issues. The first issue is that the heater that controlled the passband shape in the 
first slicer stage failed at 30mA. This is probably due to a overheating at a weak point in 
the heater. Because of this we had to use the inputs to the second slicer stage. The 
second issue is also related to the heater elements. The phase tuning elements on the 
MRs were planned to be 200Ω heaters controlled via multi-channel current supplies 
(Thorlabs MLC8100). These modules have a compliance voltage of Vcomp~6V. In 
practice, this means we can only drive the heaters (R=310Ω) up to a maximum current 
of Imax~20mA. This corresponds to Δλ=0.5nm wavelength shift which is not sufficient 
to achieve the full wavelength tuning over the FSR of the MRs, i.e. 2nm.  
In order to demonstrate the functionality of the device, we replaced a number of current 
supply modules by alternative supplies and managed to drive 12 channels to cover a 
wavelength range of 4nm, i.e. half the total device bandwidth. The measured 
transmission spectrum of the device is presented in Fig.8.21. The transmission spectrum 
contains 12 spectral peaks which correspond to the device channels. There are two 
groups of 6 peaks which correspond to a series of six ring resonators.  
The first group is located around λ=1560nm and they are indicated by dashed lines in 
Fig.8.21. The ring resonators which correspond to this group are controlled by the 
MLC8100 current supply module (6V limit). We have chosen to spectrally distribute 
these 6 channels over a 0.5nm range, i.e. 12.5GHz channel spacing. The second group 
of channels, indicated by solid lines in Fig.8.21, are tuned around λ=1558nm over a 2 
nm range with a channel spacing of 37GHz. This demonstrates it is possible that to fully 
and freely tune each single ring.   

 
Fig.8.21. Spectral transmission of 12 channels of the TriPleX device. Six MRs are tuned to 
create six channels at 37GHz spacing (solid) and the other six are tuned at 12.5GHz channel 
spacing (dashed). The two subbands of 2nm width are indicated by the dotted lines. 
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The measured spectra which are given in Fig.8.21 also confirm that a slicer stage can be 
properly tuned such that the ring filters create independent channels over the required 
wavelength range. For the group of channels which are located around λ=1558nm 
(37GHz channel spacing), the crosstalk is below 10dB.  
With the results given in this section, we have shown that simultaneous operation of 
multiple device channels is possible. We have explained the procedure for tuning the 
two slicer stages and verified that the passband shape of the interleaver filters can be 
adjusted to achieve an entire 8nm bandwidth. Furthermore, we have derived the phase 
tuning characteristics of the heater elements. This is particularly used to individually 
tune the ring resonators which create the device channels. We have measured the optical 
loss of the device to be ~6-9dB. This is higher than expected, i.e. 5dB; nevertheless, it is 
acceptable in the hybrid integration scheme for combination with an InP chip. Operating 
the current TriPleX de-multiplexer requires ~6W of electrical power.      

8.4. InP device: phase modulator array 
In the hybrid integrated optical pulse shaper, the InP device incorporates the phase and 
amplitude manipulation functions. The technical challenge in the hybrid integration 
scheme is the coupling between the two chips. In order to focus on this issue, we have 
designed an InP device which does not include optical amplifiers. In this case, the 
simplest design is an array of 24 parallel phase modulators (PMs) and spot size 
converters (SSCs). The mask layout of the device is given in Fig.8.22. The PMs are 
3mm long and are connected to wire-bond pads near the edge of the chip. The total 
length of the device is ~5mm of which ~1.5mm is dedicated to the SSC array.  
The key point in fabrication of the InP device is the integration of a dense, i.e. 25μm 
pitch, array of SSCs with PMS. For incorporation of SSCs on the chip, the standard 
COBRA layer stack is modified. Although the current device design does not include 
optical amplifiers, the modified wafer layer stack is compatible with active-passive 
integration. This is important to ensure the possibility of integration of SSCs with active 
components in future. In this section we focus on design and characterization of SSCs 
on InP. 
A spot size converter is an optical element which is used to modify the spot size, i.e. the 
size of the optical mode, in the waveguide. Including SSCs on integrated III-V devices 
was first introduced for reduction of coupling losses between the chip and optical fibers. 

 
Fig.8.22. Mask layout of the designed InP chip. The device integrates an array of 24 phase 
modulators and spot size converters. For better visibility, the actual mask layers are simplified 
and/or not shown. 
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Later, the concept was implemented for chip to chip coupling as well. Another 
important reason to incorporate SSCs is to expand the optical mode at the input/output 
edge of the integrated device to relax alignment tolerances while coupling the light 
in/from the chip.  
SSCs are generally fabricated by incorporating lateral and vertical waveguide tapers 
[16]. A schematic drawing of a possible structure is shown in Fig.8.23. In this structure, 
two types of waveguide are present, namely the high-confinement (HC) and mode-
expanded (ME) waveguides. The HC waveguide supports a relatively small optical 
mode that is typical for the ‘standard’ ridge waveguide on chip. The ME waveguide is 
specifically designed to have a larger mode size and is employed at the chip edge to 
facilitate the coupling between the chip and a fiber or other chip.  
Near the facet of the chip, the light is adiabatically transferred between the HC and ME 
waveguides. The taper structure has independent lateral and vertical sections to expand 
the mode size in both lateral and vertical directions. Lateral waveguide tapering is easily 
achieved by lithography. However, fabrication of vertical tapers is challenging and 
requires a so-called grey-mask lithography step which is usually accomplished by using 
a “grey” mask, i.e. a sliding raster mask.  

8.4.1. Layer stack modification 
For our application, the InP chip includes phase modulators which are shallow 
waveguide structures. The HC waveguide is a standard COBRA shallowly-etched 
structure. To be able to incorporate the ME waveguide on the same chip, the standard 
COBRA wafer layer stack needs to be modified. The layer stack modification involves 
adaptation of the bottom cladding (BC) layer. 
The ME waveguide is essentially a ridge waveguide structure in the BC layer (Fig.8.23) 
which is formed by etching the BC layer. In such a structure, the optical confinement in 
the lateral direction is achieved by the index contrast between the ridge, i.e. the BC 
material, and the surrounding medium, i.e. typically air or the planarization polymer. 
The size of the optical mode in the lateral direction is mainly influenced by the ME 
waveguide width and the etch depth. The waveguide width is a design parameter which 
is lithographically defined in the fabrication. The etch depth is determined by the 
fabrication process flow.  
The vertical spot size is determined by the thickness of the BC layer and the index 
contrast between the BC and the substrate. The thickness of the BC layer in the standard 
COBRA stack is 1.5μm, which is not sufficient for incorporation of SSCs. Therefore, 

 
Fig.8.23. Schematic drawing of a spot size converter structure. 
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the thickness of the BC layers needs to be increased. A possible approach to control the 
index contrast between the substrate and the BC layer is to design the doping levels. 
The substrate doping (n-type) is usually predefined by the manufacturer and is given 
within a certain tolerance range. For the COBRA platform we assume variations 
between 1−4×1018cm−3. Since we require that the wafer layer stack is compatible with 
fabrication of active components and in order to maintain the electrical conductivity of 
the structure, the doping level of the BC layer should be at least 5×1017cm−3, which 
corresponds to a refractive index of n~3.1654 [17]. At such doping levels, the refractive 
index of the substrate is greatly affected by the variations of the doping level. This 
approach is investigated in [18] where it is shown to be practically very limited and 
sensitive to fabrication process. A more robust approach to confine the mode in the ME 
waveguide is to implement the so-called diluted waveguide structure by including few 
thin layers with higher refractive index in the BC layer [19], [20].  
The layer stack is modified by an increase in thickness of the BC layer to 3µm. In 
practice, a layer thickness above 3μm is not desirable due to costs of the material 
growth and increased defect density. The n-doping level in the BC is designed to be 
5×1017cm−3. This is the minimum value determined by the resistivity requirement of the 
stack. In this case, the contact resistance of a 1mm-long amplifier with a 2μm ridge 
waveguide structure is less than 2.5Ω. Using this doping value keeps the optical loss at a 
minimum. To achieve vertical mode confinement, we have chosen to incorporate thin 
film layers with the same composition as the HC core layer (Q1.25) in the BC. This 
increases the effective index contrast in the vertical direction and leads to a higher 
tolerance against doping level variations in the substrate. We have used three 30nm-
thick Q layers. Schematic cross section of the ME waveguide is shown in Fig.8.24.  

8.4.2. Waveguide geometry 
Two main considerations are taken into account in determining the waveguide 
geometry. The first consideration is the mode profile of the ME waveguide. The mode 
profile should be close to a 3μm Gaussian spot such that the InP-TriPleX chip coupling 
loss due to mode mismatch is minimized. This is discussed in section 8.2. The second 
criterion is the length of the taper sections which transfer the optical mode between the 
HC and ME waveguides. The geometrical parameters which need to be designed are the 
position of the thin Q layers, the spacing between them, the width of the waveguide and 

 
Fig.8.24. A schematic illustration of the cross section of the diluted waveguide. 
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the etch depth into the BC layer. The resulting mode profile is affected by the 
combination of these parameters; hence finding an optimum solution is a design task 
based on a series of simulations.  
In the fabrication process, the ME ridge is (lithographically) defined together with the 
shallow waveguides. This eliminates the need for an extra lithography step and a highly 
accurate alignment of HC waveguides to the ME ridge. Therefore, the etch depth into 
the BC layer is determined by the standard passive shallow waveguide, i.e. 1.5μm.  
The next parameter is the waveguide width which mainly controls the mode size in the 
lateral direction. The waveguide width can be accurately defined in a standard 
lithography step. The most important parameter to control the mode size in the vertical 
direction is the separation between the Q layers. The index contrast on the diluted 
waveguide structure in the vertical direction is mainly provided by these Q layers. 
Simulations of the ME waveguide optical mode profile in PhoeniX FieldDesigner mode 
solver show that it is possible to achieve a loss due to mode mismatch below 0.5dB 
between the ME waveguide with a width of wME=3-5μm and a Q-layer spacing dQ=0.2-
0.4μm and a circular 3μm spot. The position of the central Q-layer above the substrate 
was varied in the range HQ=1.5-1.8μm. These values indicate the acceptable tolerance in 
thickness of the layers. The lowest coupling loss value of ~0.2dB is achieved at 
waveguide width 4μm.  
The final consideration is the length of the taper section. The length of (the vertical) 
taper is essentially determined by the thickness of the HC core layer and the vertical 
position of the optical mode of the ME waveguide relative to the HC waveguide mode. 
If the center of the ME waveguide mode is chosen to be close to the HC mode, the taper 
can be short without inducing additional loss due to a non-adiabatic transfer of the 
mode. Based on 2D BPM (beam propagation method) simulations, we have chosen the 
vertical taper length to be as short as 400μm. The spacing between Q layers and the 
position of the central Q-layer is dQ=0.3μm and HQ=1.7μm respectively.  
Fig.8.25 shows the simulated optical mode profile of the ME waveguide with 
wME=4μm, dQ=0.3μm, HQ=1.7μm and an etch depth of de=1.5μm. The Gaussian 
approximation of the calculated mode profile is given for comparison. The MFD of the 
fitted (95% overlap) Gaussian mode is 3.2μm×2.7μm. The loss due to mode mismatch 
between the simulated waveguide mode and a 3μm circular spot is calculated 
numerically and is ~0.2dB. It is seen from Fig.8.25 that the optical mode is mostly 
confined by the Q layers near the center of the BC layer. In the vertical direction, the 
tail of the mode which extends to the substrate contains less than 5% of the total power. 
If the mode is not well confined in the BC layer, propagation of the tail of the mode in 
the substrate induces extra SSC loss.  

8.4.3. Characterization of SSCs 
Fabrication of the InP chip which includes SSCs has been carried out in the framework 
of EU FP7 PARADIGM project. The layer stack for the chip was designed on the basis 
of the calculations and considerations presented above. Details of the fabrication are 
given in [21]. Prior to the device fabrication, we have measured the layer stack of the 
wafer. The measured stack shows deviations in thickness of the layers with respect to 
the design values. The deviations are tolerable. The design values and the measured 
stack are given in Table 8.1.  
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Fig.8.26 shows scanning electron microscope (SEM) images of the standard shallow 
HC and the ME SSC waveguides. The three Q-layers in the BC layer are clearly visible. 
The ME waveguide shown in Fig.8.26 appear to have a cleave defect on the facet, but 
the Q-layers are well positioned according to the measured wafer material stack.  

 
Fig.8.25. The mode (intensity) profile of the diluted ME waveguide calculated with PhoeniX 
FieldDesigner (a-c) and the fitted Gaussian approximation (d-f). In (a) the cross section of the 
waveguide is shown. The arrows in (c) indicate the effect of mode confinement in the thin Q 
layers. x is the lateral direction, y is the vertical direction, and z is direction of propagation. 

 
Table 8.1. The modified layer stack for integration of spot size converters with phase 
modulators and the measured thickness of layers. 
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The spot size at the facet of a ME waveguide is characterized using a camera-based 
beam profiling technique. The light from a laser source is coupled into the waveguide 
using an objective lens. The spot at the facet of the ME waveguide is projected on an 
infrared camera. The two dimensional array of pixels in the infrared camera record the 
optical pattern which impinges the camera surface. The intensity distribution of the 
beam is recorded pixel by pixel; therefore, the resolution of this method is limited by 
the size of a camera pixel. We use a magnifying lens to increase the beam size and 
overcome the resolution limit. In order to calibrate the measurements, we use the same 
setup to measure the spot size of a lensed fiber which has a 2.5µm MFD. The results are 
demonstrated in Fig.8.27. The 4µm- and 5µm-wide ME waveguides have MFDs 
(lateral×vertical) of 3.0×2.6µm and 3.7×2.7µm respectively. The measured spots are not 
perfectly circular and the resulting coupling loss (due to mode mismatch) to a 3μm 
Gaussian spot is 0.2dB and 0.3dB for the 4µm- and 5µm-wide ME waveguides 
respectively.  
We have used a conventional Fabry-Pérot setup to determine the optical losses of the 
realized structure. The optical loss of the HC waveguides is measured to be as low as 
1dB/cm. This is somewhat lower than the typical propagation loss specified for the 
COBRA platform. A possible reason for this is that the measured thickness of the core 

 
Fig.8.26. Scanning electron microscope image of the (a) standard shallowly etched, i.e. HC 
waveguide, and (b) the diluted, i.e. the ME, waveguide structure. In (a) the core layer is 
indicated by the dotted lines. The arrows in (a) and (b) point to the thin Q layers. 

 
Fig.8.27. Measured optical spot of a lensed fiber tip (black, cross), the 4μm-wide SSC 
waveguide (red, circle) and 5μm-wide SSC waveguide (blue, square) in the (a) lateral and (b) 
vertical directions. 
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layer (545nm) is larger than the standard core thickness, i.e. 500nm. Furthermore, the 
top cladding layer is thicker (1495nm instead of 1300nm). The propagation loss of the 
ME waveguide is measured to be 4.3dB/cm and 3.9dB/cm for a waveguide width of 
4µm and 5µm respectively. We have also measured the excess optical loss which is 
induced by the taper sections. This is done by measuring the total loss of the structures 
which include SSCs and compare the results with the results obtained with the ME 
waveguide. Measurements show that the excess loss of 850µm-long tapers is 
approximately 0.45dB whereas the excess loss for 700µm and 600µm tapers is 
0.45±0.2dB and 0.65±0.2dB respectively. In case of 400µm-long tapers, the excess loss 
increases to 1.2±1dB.  
Based on the measurements and calculation which are given above, the optimal SSC 
structure with the current layer stack is ~1mm-long (700-800µm vertical taper) and 
includes a ME waveguide with a width of 5μm. In this case, the propagation loss in the 
structure is ~1dB and the coupling loss due to mode mismatch to an ideal 3μm Gaussian 
spot is 0.2dB. The 1dB alignment tolerance (details are given in section 8.1.2) for such 
structure is ~700nm.  

8.5. Summary and conclusions 
We have described a hybrid integrated optical pulse shaper in which a TriPleX spectral 
de/-multiplexer device is combined with an InP chip with phase/amplitude manipulation 
capability. In this scheme the chips are coupled at a common interface. The interface is 
defined and the required tolerances for efficient coupling between the devices are 
specified. The design, characterization results and tuning procedure of the TriPleX 
device are presented in detail. The fabrication and characterization of spot size 
converters (SSCs) on InP are given as well.  
The current TriPleX device includes SSCs which are designed to transform the 
waveguide mode to a 3μm circular spot (93.5% Gaussian fit overlap) at the interface 
facet. This has been done by reducing the thickness of the Nitride layer near the chip 
facet. With such a mode size at the TriPleX side, the coupling loss to the InP angled 
waveguide (including only a lateral taper) on the standard COBRA platform is 
calculated to be around 2.5dB. In this case, the total (butt-)coupling loss between the 
chips is below 3dB and the 1dB alignment tolerance in the vertical direction is ~500nm. 
Including SSCs on the InP device reduces the coupling loss by ~1.8dB and increases the 
required alignment accuracy by ~200nm. From the technological point of view, it is a 
reasonable choice to include SSCs only on the TriPleX chip.  
The single pass gain of amplifiers on the InP chip has to be kept below 10dB due to the 
back reflections at the interface facet. The single pass loss of the hybrid system includes 
6dB for the TriPleX device, 1.2dB (3dB) coupling with (without) SSCs on InP and 2dB 
passive loss of the InP device. Therefore, the gain of amplifiers on the InP chip is nearly 
sufficient to compensate the total losses.   
The channel dispersion in the TriPleX device is strongly wavelength dependent and is 
dominated by the dispersion of the ring filters. With the current design a change in the 
frequency of an incident spectral line is of 10GHz leads to 0.5π phase change. 
Instabilities in the laser mode frequencies thus translate into instabilities in the output 
pulse shape. Specific requirements on the pulse shape properties in the application can 
therefore lead to stringent frequency stability requirements.      
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The current TriPleX design has the possibility to be adopted such that it includes 
additional (thermo-optic) phase shifters in each channel. In this way, the device turns 
into a fully integrated phase-only pulse shaper. This is interesting for conventional 
CARS experiments where <1kHz phase modulation speed is sufficient. The important 
issue is then to increase the bandwidth of the device. For certain applications where a 
high phase switching bandwidth is necessary, an alternative approach is the 
heterogeneous integration scheme where the InP phase modulators (and possibly SOAs) 
are bonded on the TriPleX de-/multiplexer. A potential application that demands a high 
switching speed of the shaper is the broadband phase shaped CARS [22]. This 
technique is particularly interesting for highly selective imaging of multiple complex 
substances. As an indication, we consider an experiment with a mixture of four different 
substances to be selectively imaged in 1s at 512×512 pixels. In this case, the required 
modulation speed for pixel by pixel phase shaped imaging is in the order of 1-10MHz. 
The required speed is obviously higher for video rate imaging in which case the use of 
semiconductor material for phase and amplitude control becomes a necessity. 
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APPENDIX A1 

Stepped Heterodyne Technique for 
Complex Spectrum Analysis 

 

 
In this appendix, the stepped heterodyne technique is described. This method has been 
used to measure the complex spectra of optical pulses, as presented in chapter 7. The 
description given here is mainly adopted from [1]. 
The stepped heterodyne technique is designed to measure the complex field of periodic 
signals. The spectrum of a periodic signal consists of a series of discrete spectral modes 
spaced at multiples of the repetition frequency. The stepped heterodyne technique works 
by measuring the amplitude of each mode and the phase difference between adjacent 
modes. Once the amplitude and phase of spectral components is measured, it is 
straightforward to reconstruct the signal in time or frequency domain.  
The electric field of the signal which is to be measured can be written as  

 ( ) ( ) ( )exp exp ( )
K

sig k k s s
k K

e t a jk t j j t j tϕ ω ϕ
=−

= ⋅ Ω + ⋅ +∑   (A1.1) 

in which 2π/Ω is the period of the signal, ak is the amplitude of the kth spectral mode, φk 
is the spectral phase of the kth mode, ωs is the optical frequency of the signal and φs(t) is 
the phase noise of the optical carrier.  
The signal is combined with the light from a continuous-wave tunable laser source 
(TLS) which is expressed as 
 ( ) ( )exp ( )TLS TLS TLS TLSe t a j t j tω ϕ= ⋅ +     (A1.2) 
In Eq.A1.2 aTLS, ωTLS and φTLS(t) are the amplitude, optical frequency and phase noise of 
the laser source. The frequency of the TLS light is tuned such that the spacing between 
the kth mode of the signal and the laser light is δ. The measurement requires that the 
detuning δ is less than Ω/2. 
The combined signal is then mixed and detected on a photodiode and recorded with a 
real-time oscilloscope. The detected signal can be written as  
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provided that the bandwidth of the detection system (photodiode and oscilloscope) is 
larger than Ω. The first and second terms in Eq.A1.3 represents the beating between the 
TLS light and the kth and (k+1)th modes of the optical signal. These terms appear as 
cosine waves at frequency δ and Ω–δ respectively. The third term is the sum of all the 
beat signals between the adjacent modes of the signal and can be expressed as a single 
cosine wave A ∙ cos(Ωt+ψ) which appears at frequency Ω.  
The recorded signal V(t) is then digitally analyzed to obtain the complex spectrum of 
the signal, ak and φk. V(t) is first transformed to the frequency domain. The components 
at δ and Ω–δ are filtered separately. The filtered components are transferred back to the 
time domain and then multiplied to generate a signal which contains the sum s(t) and 
difference d(t) terms as  
 ( ) ( )1 1cos cos ( 2δ) 2 ( ) 2 ( )

( ) ( )
k k TLS s k kt t t t

s t d t

ϕ ϕ ϕ ϕ ϕ ϕ+ +Ω + − + Ω− − + + +
 

 (A1.4) 

The term s(t) appears at frequency Ω and can be again filtered out. s(t) is then multiplied 
by A ∙ cos(Ωt+ψ), i.e. the third term in Eq.A1.3 and is obtained by filtering V(t) at 
frequency Ω. This allows for extraction of the phase difference  
 1k kdϕ ϕ ϕ ψ+= − −       (A1.5) 
with complete cancellation of the phase noise of both the periodic signal and the TLS. 
Eq.A1.5 implies that the absolute value of the spectral phase is not determined by the 
stepped heterodyne technique. Yet, the phase values are measured to a constant phase 
offset ψ.  
To measure the complete complex spectrum of the signal, the TLS is tuned across all 
the spectral modes of the signal. The measurement steps, as described above, are 
repeated for each spectral mode. The relative amplitude of each spectral mode is 
directly determined by calculating the amplitude of the filtered signal at δ. The phase 
difference at each point is calculated from the mean of dφ. The effect of the constant 
phase offset, i.e. ψ in Eq.A1.5, is not a significant issue for reconstruction of the pulse 
shape and appears as a temporal shift of the pulse in the time domain.  
For the measurement results given in chapter 7, the optical pulse train had a repetition 
frequency of Ω~40GHz. The single shot real time traces were recorded using a 50GHz 
u2t photodiode and a 45GHz oscilloscope LeCroy LabMaster 9 Zi at sampling rate 
120GS/s, i.e. 1.2 million data points for 10μs span. The 45GHz detection bandwidth 
allows for direct measurement of all the required components given in Eq.A1.3. The 
tunable laser source was an Agilent 81600B module.  
RF spectrum of a typical recorded time trace is presented in Fig.A1.1. In this figure, the 
components of interest at δ, Ω–δ and Ω are indicated. The additional peaks in the 
spectrum appear due to the artifact of the digital bandwidth interleaving [2] in the real-
time oscilloscope. Appearance of the unwanted peaks in the RF spectrum shows 
unwanted frequency components are present in the time trace. This is in principle not a 
significant issue, since the signals which are of interest for the analysis are spectrally 
filtered. In practice, care must be taken in choosing the frequency detuning between the 
TLS light and the spectral mode of the optical pulse such that the beating signals at 
frequency δ and Ω–δ do not overlap with the spurious peaks.  
The other important point for proper analysis is the bandwidth of the digital filters 
which are used to extract the required signals from V(t). The spectral width of the 
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signals at δ, Ω–δ and Ω are set by the phase noise of both the signal under test and the 
TLS. In order to obtain an optimum reconstruction of the complex spectrum, the filter 
width must be chosen such that the spectral information of interest is not clipped. For 
this reason, we have used a flattop raised-cosine bandpass filter with a width of 50MHz, 
which is sufficient to extract the required spectral information while rejecting the 
unwanted spectral content.   
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Fig.A1.1. RF spectrum of a typical real-time trace. The beat signals required by the stepped 
heterodyne technique are indicated by the arrows. Ω~40GHz is the repetition frequency of the 
pulse train and δ is the detuning between the TLS light and the spectral mode in this particular 
measurement.  
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List of Abbreviations 
 

 
AO Acousto-optic 
AOPDF Acousto-optic programmable dispersive filter 
AR Anti-reflection 
ASE Amplified spontaneous emission 
AWG Arrayed waveguide grating 
BB Building block 
BC Bottom cladding 
BPF Band-pass filter 
BPM Beam propagation method 
CARS Coherent Anti-Stokes Raman Spectroscopy 
CCW Counter clockwise 
CP Colliding pulse 
CW Clockwise 
DST Direct space to time 
DUT Device under test 
EDFA Erbium-doped fiber amplifier 
EO Electro-optic 
ES Excited state 
ESA Electrical spectrum analyzer 
FIR Finite impulse response 
fs Femtosecond 
FSR Free spectral range 
FT Fourier transform 
FWHM Full width at half maximum 
GaAs Gallium arsenide 
GS Ground state 
GSG Ground-signal-ground 
HC High-confinement 
HR Highly-reflective 
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I/O Input/output 
ICR Intensity contrast ratio 
InAs Indium arsenide 
InP Indium phosphide 
ITO indium tin oxide 
LC Liquid crystal 
LCoS Liquid crystal on silicon 
LTI Linear time-invariant 
LWMG Long wavelength mode group 
ME Mode-expanded 
MIIPS Multiphoton intrapulse interference phase scan 
ML Mode-ocked 
MLLD Mode-locked laser diode 
MQW Multi-quantum well 
MR Micro-ring resonator 
MZI Mach-Zehnder interferometer 
MZM Mach-Zehnder modulator 
OAWG Optical arbitrary waveform generation 
O-CDMA Optical code-division multiple-access 
PCB printed circuit board 
PD Photo diode 
PIC Photonic integrated circuit 
PM Phase modulator 
QCSE Quantum-confined Stark effect 
QD Quantum dot 
SA Saturable absorber 
SEM Scanning electron microscope 
SIMBA Spectral Interferometry using Minimum-phase Based Algorithm 
SLM spatial light modulator 
SOA Semiconductor optical amplifier 
SSC Spot size converter 
TLS Tunable laser source 
VIPA Virtually imaged phased array 
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SUMMARY 

Photonic Integrated Circuits for  
Shaped Pulse Laser Systems 

 

 
The research presented in this thesis concerns the development and demonstration of an 
integrated semiconductor shaped pulse laser system. Such a system typically includes a 
mode-locked (ML) laser light source for generation of optical pulses and a “pulse 
shaper” which is used to manipulate the shape of the optical pulses. The pulse shaper 
unit consists of spectral filters and a series of optical elements to control the phase and 
amplitude of the different optical frequencies in the light pulses. These systems are 
commonly used for bio-photonic imaging and microscopy applications. The goal of this 
research was to show that the photonic integration technology is capable of providing 
the required functionalities for building such complex laser systems.  
The research has been divided in two major parts. In the first part, the focus was on 
development of an integrated optical pulse source. In this respect, two types of 
semiconductor ML laser diodes were investigated. The first type of lasers were based on 
InAs/InP(100) quantum dot (QD) gain material. This material has a peak gain in the 
wavelength range of 1500-1600nm and provides a wide coherent bandwidth for ML 
laser operation. Furthermore, it is compatible with the InP-based generic photonic 
integration technology at the COBRA Research Institute.  
The dynamical behavior of QD ML lasers was studied in detail. A regime of dual-
wavelength ML operation, in which the optical spectrum shows two distinct lobes, was 
investigated. It was confirmed that the two lobes provide a coherent bandwidth and lead 
to two synchronized optical pulses. Measurements on several InAs/InP(100) QD ML 
lasers with different geometrical parameters show a systematic behavior. Indications are 
that a single mechanism in the gain material leads to the generation of highly chirped 
pulses, the presence of correlated amplitude noise and self-induced mode-locking in a 
single section laser. The pulse duration is almost half the roundtrip time, independent of 
the cavity length. Stabilization of the repetition frequency of the QD lasers has been 
achieved by application of radio frequency modulation on a section of the laser. The 
locking range for this process was studied and presented in terms of the timing jitter 
which is of particular interest in practice.  
Passively ML InP/InGaAsP multiple quantum well ring lasers were investigated as well. 
A number of devices with varying relative positions of the saturable absorbers and 
amplifiers have been realized using the active-passive integration technology in a 
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standardized optical integration platform. The operating regimes of an asymmetrical 
ring laser were investigated to demonstrate the control of power between counter-
propagating light pulses. Pulse width below 4ps was achieved and a directional power 
contrast up to 9dB was measured. The power balance was verified to be in agreement 
with predictions of a theoretical model that was used to design the devices.  
In the second part, integrated optical pulse shaper devices were investigated and two 
technologies were exploited. The first option was an InP-based monolithically 
integrated circuit. The device has been realized in a standardized photonic integration 
platform which provides shared-user foundry fabrication runs. The photonic circuit 
includes an arrayed waveguide grating (AWG), electro-optic phase modulators and 
optical amplifiers. The AWG which is the spectral filter in this circuit has 20 channels 
in total and covers 8nm of bandwidth. The phase modulators and amplifiers are 
controlled to tailor the shape of the optical pulse which passes through the device. 
Special attention was given to the calibration of the phase modulator and amplifier 
settings. A mathematical description of the integrated device was first developed and a 
set of experiments was then carried out to characterize the components on the chip. 
Total on-chip loss is around 20dB and the available gain of amplifiers is up to 7dB.  
The pulse shaper has been used to compress the optical pulses generated by a quantum 
dash ML laser. This has been achieved by operating the device at the optimum 
conditions to compensate the nonlinear spectral chirp of the quantum dash laser.  
Using the actual calibration data, a model has been devised to simulate the effects on the 
shape of an optical pulse which passes through the pulse shaper device. The modeling 
gives insight into the performance of the integrated device and was used to demonstrate 
how the required control signals can be calculated in order to achieve specific output 
pulse properties given an input pulse shape. It was shown that the total device 
dispersion is dominated by the dispersion in the AWG channels. 
The second option for the pulse shaper was the hybrid integration of a TriPleX spectral 
filter chip and an InP-based chip for phase and amplitude control. The hybrid integrated 
pulse shaper was designed and the required components were characterized. In order to 
achieve efficient coupling between the chips, design, fabrication and the use of optical 
spot size converters (SSCs) on the InP chip and TriPleX chips was investigated. It was 
concluded that a good solution is to include SSCs only on the TriPleX chip.  
The TriPleX device includes 24 channels and incorporates ring wavelength filters which 
are individually tunable via heater elements. The total bandwidth of the TriPleX device 
is 8nm. The phase tuning characteristics of the heater elements were derived. The 
procedure for proper tuning of the device was explored and verified. The design of the 
TriPleX device can be readily modified to turn it into a phase-only pulse shaper. 
Pulse shaper devices with 40-50 channels are well suitable for applications such as 
CARS imaging. The monolithic semiconductor ML lasers that were investigated do not 
provide the coherent bandwidth and output power which is required for such 
applications. In this case a fiber ML laser can be employed as the pulse source. The 
knowledge which is obtained within the framework of this research shows that there is 
no fundamental limitation to proceed to a prototype/commercial development of 
integrated optical pulse shaper devices. 
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