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Summary

Feedback Insensitive Integrated Semiconductor Laser

The high purity of laser light is indispensable for applications ranging from telecommu-
nications and metrology to health care. In these applications, the laser is commonly
connected to complex circuits to obtain the desired functionality. Such circuits can
consist of free-space or fiber-based components. The circuits can also be integrated
with the laser onto a single chip, called a photonic integrated circuit. This potentially
comes with all the benefits that are well known from electronic integrated circuits:
devices become smaller, more stable and mass production is more cost-effective.
Photonic integration therefore has the potential of making complex optical devices
more accessible to the mass market.

The semiconductor lasers that are typically used in photonic integrated circuits
are highly sensitive to external optical feedback, which can be caused by reflections
from discontinuities on the chip itself or in circuits connected to it. Reflections
as low as −60 dB can have a significant impact on the output light of the laser,
thereby making the behavior of the system as a whole unreliable or even unstable.
In free-space and fiber-based systems this is commonly avoided by placing an optical
isolator at the laser output. Isolators with sufficient isolation values are however not
currently available in integration platforms.

This thesis therefore focusses on a new method for a laser that is insensitive
to external optical feedback. The laser consists of a ring cavity with a—relatively
weak—isolator inside the cavity. This isolator forces the laser to lase unidirectionally,
while any feedback light returns to the counter propagating, suppressed direction.
It is predicted using a rate equation analysis that 10 dB of intracavity isolation is
sufficient to obtain immunity to reflection of more than 97 % in terms of output power,
linewidth and relative intensity noise. It is also shown that the effect of sidewall
scattering and back reflections in the ring cavity is similar to that of feedback.
The laser cavity therefore needs to be carefully designed to avoid these intracavity
reflections.

Integrated optical isolators with isolation values over 10 dB have been reported in
literature previously. One such isolator consists of a spectral filter and tandem phase
modulators. These modulators are readily available in our integration technology
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platform of choice and we have therefore chosen to implement such an isolator inside
the cavity of a ring laser. This type of isolator is based on a spatio-temporal modula-
tion of the refractive index, which ideally only affects the backward propagating light.
Due to non-linearity and residual amplitude modulation in the phase modulators,
a small modulation is present on the forward propagating light however. Since the
isolator is placed inside the cavity of the ring laser, this modulation of the forward
propagating wave can critically deteriorate the performance of the laser. The isolator
is therefore modelled and characterized in much more detail than was previously
done. The insight into the performance of the isolator that was obtained with this
study has later proven to be essential in understanding the behavior of two integrated
lasers with such a component inside the ring cavity.

The concept of using an intracavity isolator for reducing the feedback sensitivity
of a laser was demonstrated for the first time using a fiber-based ring laser with an
intracavity Faraday isolator. In this configuration, the laser cavity was several meters
long, did not contain any spectral filter inside the laser cavity and was therefore
multi-mode. Even though the model was set up to describe a single-mode laser, good
agreement between the model and experiment was obtained. With this experiment,
reduced sensitivity to external optical feedback due to an intracavity isolator was
demonstrated.

Next, two integrated lasers containing tunable intracavity isolators were studied.
One of these lasers relied solely on the filtering provided by the laser cavity and was
multi-mode. It was found that the intracavity isolation provided by this configuration
was not sufficient in this case to reduce the feedback sensitivity of the laser.

The other laser contained an intracavity, tunable filter to enforce single-mode
operation and to increase the amount of intracavity isolation. The behavior of this
laser was found to depend on the settings of the tunable filter and the tunable
optical isolator in such a critical way, that a small change in the operating point
resulted in irregular jumps of the laser wavelength and transitions to multi-mode
behavior. For this reason only two operating points for the tunable isolator were
studied. Both these operating points correspond to approximately 5 dB of optical
isolation but the isolation is in opposite directions. With this amount of isolation
a change in the relative output power levels of the laser in the two propagations
directions was demonstrated, but in both operating points the laser favored the same
direction. This indicates the presence of a symmetry-breaking mechanism such as
caused by an unintended intracavity reflection at an asymmetric location in the laser
cavity with respect to the location of the amplifier. As a result the clockwise and
counterclockwise modes are coupled, causing the ring laser to respond to feedback in
a way similar to a Fabry-Pérot laser. This was confirmed by the laser output spectra
and linewidth, which show an only marginally reduced feedback-dependence quite
similar to that of a Fabry-Pérot laser.

The work presented in this thesis provides a promising route to an integrated
feedback insensitive laser. A ring laser with small intracavity isolation was found
to show much reduced sensitivity to external optical feedback, both in theory and
experiment. Finally, the directionality of integrated ring lasers could be changed.
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Due to intracavity reflections, this did not lead to a significant reduction in feedback
sensitivity however.
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CHAPTER 1

Introduction

Semiconductor lasers emit light of high purity, can be pumped electrically and
can be manufactured in large quantities. This has allowed their use in a wide
range of applications. Semiconductor lasers are a fundamental ingredient in today’s
internet, from the access networks to submarine links. They can also be used for
metrology purposes such as strain sensing, accurate positioning and wide range of
other application. Many of these applications are hidden from the consumer however.
More visible uses of semiconductor lasers include laser pointers, bar code scanners
and printers.

It was recognized soon after the first demonstration of the laser that external
optical feedback (EOF) can significantly degrade the purity of the laser light. This is
commonly prevented by shielding the laser using an optical isolator that only allows
light to pass in one direction. Optical systems are becoming increasingly complex.
To increase the stability of such systems and to reduce the cost of fabrication, there
is a strong push towards the integration of the entire optical circuit—including
the laser—onto a single chip. Integration of an optical isolator with satisfactory
performance in such a platform has however proven to be difficult and alternative
methods for obtaining insensitivity to EOF are therefore required. This leads to the
research question that is addressed in this thesis:

Is it possible to create a semiconductor laser that is insensitive to the
effects of external optical feedback, without requiring a strong optical
isolator?

In this chapter we briefly review the important physical principles that play a role in
a semiconductor laser. Then we show why EOF is generally considered undesirable
by stating the effects that have been observed experimentally. We continue by
summarizing the advantages of standardized, generic photonic integration technologies
and by providing an overview of the technology platform that was used to fabricate
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Figure 1.1. The three processes that play a role in the generation of laser light. Filled
circles represent occupied states (electrons) and open circles represent empty states
(holes). Photons are consumed during absorption and emitted during spontaneous
and stimulated emission as indicated.

the devices for this thesis. Next, we mention notable examples of integrated isolators
and we provide examples of lasers that show reduced sensitivity to EOF without
the use of an optical isolator. This chapter thereby motivates the requirement for a
feedback insensitive laser that can be implemented in a generic integration platform.
The chapter is concluded by providing an outline of the remainder of this thesis.

1.1 Semiconductor lasers

Like other types of lasers, semiconductor lasers consist of two main ingredients: the
optical amplifier and the resonator [4]. The function of the amplifier is to increase the
intensity of the light by the stimulated emission of photons. The resonator forms a
frequency selection mechanism, while at the same time making the light pass through
the amplifier multiple times.

To understand the physical principles behind the operation of the amplifier, it
is important to realize that light is emitted in energy quanta called photons. For a
system to emit (or absorb) a photon, it needs to undergo a transition. The difference
in energy associated with the states before and after emission of the photon needs to
be exactly equal to the energy in the photon. In semiconductor optical amplifiers,
these transitions in energy state represent the excitation (or relaxation) of an electron
from a ground state in the valence energy band of states to an excited state in the
conduction band of states.

The transitions that play a critical role in the gain medium are absorption,
spontaneous emission and stimulated emission [5]. These transitions are schematically
shown in figure 1.1 for a very simplified system with only two energy levels. Photons
can be absorbed by the material, thereby exciting an electron. Excited electrons can
contribute to the lasing operation either by spontaneous emission or by stimulated
emission. In a spontaneous emission event an electron relaxes, while a photon is
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Figure 1.2. Schematic representation of the junction in a semiconductor laser. By
applying an electric voltage electrons and holes converge in the intrinsic layer. Here
they can recombine and emit photons.

emitted which randomly adds to the phase of the electric field and propagates in a
random direction. In a stimulated emission event, the electron relaxation is stimulated
by the presence of an electromagnetic field that is resonant with the energy transition
of the electron. The generated photon is indistinguishable from the photons in the
field that stimulated the emission however. The energy in the photon is therefore
added to the stimulating electric field in phase and propagating in the same direction.
This provides a mechanism for generating coherent light.

In the normal situation—called thermal equilibrium—more electrons reside in a
ground state than in an excited state. In this case it is more likely that a photon is
absorbed, than that it induces a stimulated emission event. A stimulated emission
event is more likely to occur when more electrons reside in an excited state than in a
ground state however, a situation that is called population inversion. This cannot
happen in a thermal equilibrium situation. In order to achieve inversion, energy
needs to be added to the system faster than the rate at which the system goes to
a thermal equilibrium. In semiconductor lasers this is usually done by injecting a
current, but it can also be done optically.

Electrically pumped semiconductor lasers contain an electrical diode consisting of
intrinsic semiconductor material sandwiched between a layer of n-doped and p-doped
semiconductor, such as is schematically shown in figure 1.2. In the commonly used
double heterostructure geometry, the band gap of the intrinsic material is close to the
energy of the lasing photons, while the doped layers have a wider bandgap. When
the diode is not pumped, a surplus of excited electrons exist in the n-doped material,
while the p-doped material contains a surplus vacancies in the ground states called
holes.

To generate and amplify light, a current can be injected into the diode by applying
a positive electrical voltage to the p-doped side and a negative voltage to the n-doped
side. Consequently, electrons are injected from the n-doped layer into the conduction
band of the intrinsic middle layer. This leads to a concentration of electrons in the
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conduction band of the intrinsic layer that can be far above thermal equilibrium. In a
similar way, holes are injected at the same rate into the valence band of the intrinsic
layer from the p-doped side. Both the electrons and holes are held in place in the
intrinsic layer due to its smaller bandgap. This allows the concentration of excited
electrons and holes to build up and leads to population inversion in the intrinsic
layer, and the associated net amplification of light.

The energy levels in figure 1.1 are actually bands of allowed energies. Electrons
and holes populate a range of levels within these bands, mostly close to the edge of
these bands. Therefore, emitted photons can have a range of energies and the laser
diode typically can provide gain to a bandwidth of tens of nanometers to over 100 nm,
depending on the amount of current injected. The optical gain thus depends on: the
position and number of energy levels for the electrons and holes (the density of states
distribution); the way the injected electrons and holes distribute themselves over
these levels; and the density of electrons and holes. The electron and hole densities
are typically the same due to an electrical neutrality requirement and therefore it is
common to talk about a carrier density.

The density of states can be manipulated by the physical structure of the gain
material. This is commonly done using so-called quantum wells and strain in the
material. Quantum wells consist of layers of alternating semiconductor materials
with a typical thickness of several nanometers. A built-in strain can be applied to
these layers to optimize the density of states functions for optical gain.

Most specific to semiconductor optical gain materials is that there is a signifi-
cant coupling between the optical gain and the real refractive index that the light
experiences while propagating through the material. This is due to high optical
gain (1000 cm−1) for some wavelengths and even greater losses for other wavelengths.
Since the optical gain depends on the carrier density in the material, this implies a
significant coupling between the carrier density and the optical path length of the
amplifier. This plays an important role in the dynamics of semiconductor lasers.

The second part to a laser is the resonator. In a semiconductor laser, the resonator
can be formed by a waveguide structure that confines the light into a straight channel
and two mirrors at both end of the waveguide. The transverse confinement of the
waveguide is formed in the vertical direction by the refractive index difference caused
by the heterostructure and in the horizontal direction by a physical structure such
as a ridge structure. The mirrors can be formed by the Fresnel reflections at the
interface between the semiconductor material and air (the facet). More complicated
cavities are also possible employing off-chip reflectors, on-chip reflectors or reflector-
less ring cavities. The light is bounced back-and-forth between the reflectors while
making multiple passes through the amplifier. This increases the output power of
the laser and enhances the coherence of the light. Because of interference effects,
the resonator selects several optical frequencies from the gain bandwidth called the
(longitudinal) cavity modes. For these modes an integer number of wavelengths fits in
the resonator over a full round trip. Some type of spectral filter can also be included
in the resonator to further control the frequencies that are allowed to lase. Since the
optical path length in the resonator depends on the carrier density in the amplifier,
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the precise optical mode frequencies depend on the carrier density and thus on the
optical gain value.

A fraction of the light is coupled out of the resonator and provides the output
laser light. In addition, light is absorbed or lost by other means. As long as the
gain in the amplifier does not compensate for these losses, the round trip gain of
the resonator is much less than unity, resulting in a low intensity and low coherence
of the output light. By increasing the pump current, the gain can be increased
until it (almost) compensates for the losses in the cavity. At this point the gain is
clamped. Because of the unit round trip gain, the light on average makes many more
round trips through the cavity and the coherence of the output light is increased
dramatically. The point at which the round trip gain becomes unity is therefore
called the lasing threshold. From this point on, any increase in the pump current
results in a much greater increase in the intensity of the output light.

In summary, the lasing action starts with the spontaneous emission of a photon.
This photon is duplicated by a spontaneous emission event. Both photons can trigger
another stimulated emission event and a snowball effect occurs. Some of the light
is absorbed, but due to population inversion the net result on the light is gain.
The generated light leaves the amplifier but a significant fraction is returned to the
amplifier by the resonator for the resonant frequencies. The light is further amplified
until the number of photons that are generated in the cavity during each round trip
compensates for the number of photons that are lost. Above this threshold lasing
occurs and coherent light couples out of the laser cavity.

1.2 External optical feedback

Lasers and semiconductor laser in particular, are extremely sensitive to EOF, due
to the positive feedback mechanism governing the generation of the light. EOF is
defined as any light that is returned into the laser cavity some time after it originally
left the laser. Significant changes to the output light occur for reflections external to
the laser cavity of as little as −60 dB [6]. This effect was recognized just years after
the first demonstration of the laser [7, 8] and has been extensively studied for a wide
range of lasers. In some situations a very specific amount of EOF is supplied to the
laser intentionally to improve the quality of the laser light [7, 9, 10]. Usually, EOF is
considered undesirable however. This section first discusses the important parameters
of EOF and the various effects that have been observed. Then it explains what
methods have been used to successfully suppress the influence of EOF on the laser.
It will become clear that no laser is currently able to withstand strong reflections
and that the use of an optical isolator is usually required to protect the laser.

An important parameter of the EOF is the reflectivity [6, 11–13]. This parameter
determines the feedback strength which is a measure for the intensity of light fed
back into the laser cavity, relative to the intensity of the lasing light inside the cavity.
The optical distance to an external reflection is however just as important. Firstly,
the distance to the reflector acts as a delay line and introduces a time delay between
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√
Rr is the difference between minimum and

maximum reflection, with R the reflectivity of the output coupling mirror and r
the reflectivity of the external mirror. ∆f = c/2L is the period in optical frequency,
where c is the speed of light and L is the distance between the output coupling
mirror and the external mirror.

the light coupling out of the laser cavity and the time at which it arrives back in the
laser cavity. Through this mechanism the feedback couples the state of the laser to
its state some time in the past. This introduces an extra time scale into the laser
behavior. Depending on its relation to the photon and carrier lifetime, this gives rise
to a range of dynamics in the laser.

The second effect of the propagation distance to the external reflector is the
feedback phase, defined by the remainder of the feedback length divided by the
angular wavenumber. This phase determines whether the fed back light interferes
constructively or destructively with the light already in the laser cavity, and is heavily
dependent on the wavelength of the light. Another way to model the effects of EOF
in this case is by modelling both the mirror at the output of the laser and the external
mirror as a single reflection. The reflectivity and phase of the combined mirror then
become dependent on both the feedback delay length and the wavelength of the
light. Figure 1.3 shows the effective reflectivity of the output mirror combined with
a weaker external mirror, as well as its reflection without the external mirror.

Since the effective reflectivity is increased by the external reflector, the fraction
of light that is coupled out of the laser cavity is reduced. This lowers the mirror
loss and thereby the lasing threshold. Due to the reduced mirror loss, the gain in
the amplifier at and above threshold is reduced, resulting in a change in the lasing
wavelength as explained in section 1.1. It also reduces the slope efficiency of the
laser. These effects are most visible when comparing the light-intensity (LI)-curve of
the solitary laser to that of the laser that is subjected to EOF. This is visualized in
figure 1.4, where the start of the incline indicates the lasing threshold and the slope
of the incline is the slope efficiency.
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EOF also affects the lasing spectrum. For small amounts of feedback and short
feedback delay times, the linewidth of the laser was found to depend on the phase
of the feedback light [9]. Interestingly, the linewidth can either increase or decrease
depending on the feedback phase. This has been used to improve laser performance
with a very carefully tuned external reflection.

For increased feedback strength multiple solutions exist to the phase condition [13].
This results in a splitting of the laser line [14]. Further increases in the feedback
rate result in even more, closely spaced, solutions to the phase condition. At this
point the laser can exhibit a spectrum consisting of several lines, with a spacing of
approximately the inverse of the feedback delay time [13]. These lines are called
external cavity modes.

When the feedback strength is increased further, the coherency of the laser light
is significantly reduced. In this regime coherent effects play a much reduced role, and
the time delay introduced by the external cavity is the main cause for degradation
of the laser spectrum. The first effect that has been observed is coherence collapse,
resulting in a laser linewidth of several GHz [15, 16].

Two other effects that occur for strong feedback are low frequency fluctuations
and rapid pulse packages. These effects occur when the laser operates relatively close
to the threshold current. Rapid pulse packages occur in lasers with short external
cavities (compared to the relaxation oscillation time) [17, 18]. In this regime, the
laser emits pulses at a regular repetition rate. This rate is slower than what would be
expected based on the external cavity length or relaxation oscillation of the solitary
laser. Low frequency fluctuations are a similar effect for lasers with a long external
cavity. In this case the intensity fluctuations are not regular and occur and much
lower frequencies, generally in the order of tens of MHz [19–21].

For very high feedback levels the laser again becomes stable [22, 23]. Values
depend on the type of laser, but are typically higher than 10 % [6]. It is however
questionable if the term feedback is still appropriate in this case as the amount of
power in the external cavity is comparable to the power in the main laser cavity. The
external cavity has therefore become an integral part of the laser.
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As was shown, EOF gives rise to a broad range of dynamics that mostly deteriorate
the performance of the laser. It should be remembered that most external reflections
are unintentional and are ill controlled. This results in constant changes in the laser
light making the laser unsuited for many of today’s demanding applications.

1.3 Photonic integration

Lasers are usually coupled with other optical components such as modulators to
achieve the desired functionality. Initially this was done by placing the components
several centimeters apart, possibly with focusing lenses in between them and separated
by air. Such configurations are highly susceptible to fluctuations in the medium
and in the location of the components. Therefore, they require rigid structures for
mounting the components, accurate temperature control and damping of mechanical
and acoustic vibrations, resulting in bulky systems.

Less than a decade after the invention of the laser it was therefore proposed to
combine the optical components onto photonic integrated circuits (PICs), just as was
being in electronics using electronic integrated circuits (ICs) [24]. Due to the much
lower volume of such circuits it is much easier to accurately control their temperature
and vibrations. Also volume production of chips can be achieved at a much lower
cost per chip than the assembly of bulk systems, as was shown for ICs.

In electronics, most of the platforms used for the fabrication of chips have
converged to similar technologies. In photonics this is not the case and a vast array
of material systems are used [25, 26]. Each material has its own advantages, such
as low propagation losses, high modulation speeds or the ability to amplify light.
Traditionally, material systems have been optimized as much as possible in photonics,
leading to an array of highly specialized platforms.

Such platforms provide good performance for their intended application, but also
require a significant time investment; both in the development of the fabrication
processes and in the characterization of the resulting devices. For this reason generic
integration platforms have started to appear, following the example set by electronics.
These platforms aim to provide a number of standardized building blocks. Users
of the platform can combine these building blocks to create circuits with complex
functionality. Due to the generic nature of the platform the building blocks are
optimized for the average circuit and not for a specific application. This somewhat
limits the freedom of the designer. However, characterization data are available for
each of the building blocks and yield of these building blocks is much higher due to
the higher degree of optimization. More time can therefore be spent on the design of
the circuits, easily compensating for the reduced freedom in selecting the optimum
fabrication process.
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Figure 1.5. A cross-section of the building blocks that are available in the SMART
platform. It shows the different semiconductor layers and the different ridge struc-
tures used. The semiconductor optical amplifier (SOA) contains four quantum wells
and the electro-refractive modulator (ERM) is a deeply etched waveguide with an
electrical contact. Waveguides are provided with two etch depths and finally the
isolation section provides electrical isolation to components. Pink regions indicate
polyimide and the meaning of the other colors is explained in the figure.

1.4 SMART integration platform

In this work we make use of a generic platform [26, 27] which limits us to the use of
its building blocks. In this section, an overview of the capabilities of the platform is
therefore given to provide context for the experimental work in this thesis. First a
very brief overview of the fabrication process is presented and then the characteristics
of relevant building blocks are shown.

Fabrication starts with an InP wafer. This is the bottom layer in figure 1.5. The
wafer is n-doped and metallized at the bottom to provide a common electrical ground
contact. Then a four-quantum well layer stack is grown using metalorganic vapor
phase epitaxy, sandwiched between intrinsic layers of InGaAsP (Q-1.25). This stack
is removed by an etching process, except where SOAs and photo diodes are required.
In a second step Q-1.25 material is deposited and etched to ensure a uniform height
across the wafer. In the last growth step p-doped InP and InGaAs are deposited.
These form the upper cladding of the waveguides and provide electrical contacts to
the active components.

The process then continues by etching the waveguides in several steps. This allows
the use of various etch depths resulting in shallow etched waveguides, deeply etched
waveguides and electrical isolation sections. Deeply etched waveguides provide tighter
confinement of the light as compared to shallowly etched waveguides. This reduces
their minimum bend radius from 400 to 100 µm allowing for more compact circuits.
Because of the tighter confinement, the interaction between the light and the sidewalls
of the waveguides is however also increased, resulting in higher losses: 3 dB cm−1

instead of 2 dB cm−1. PICs often contain long sections of straight waveguides followed
by bends. Both deep and shallow waveguides are therefore desirable. The platform
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provides building blocks to transition from one type of waveguide to the other as
smoothly as possible. In this work, only deeply etched waveguides are used, except
for the SOAs. This minimizes the number of transitions between the two types
of waveguides at the expense of increased propagation loss. This also reduces the
on-chip reflections, which will is important to demonstrate the principle of our laser,
as will become clear in chapters 2 and 3.

The third etch step is used to electrically isolate the active components from each
other. In this step the p-cladding on top of the waveguide is selectively removed,
typically for lengths of 30 µm. This results in a significant reduction of the electrical
conductivity of the waveguide resulting in approximately 1 MΩ of electrical resistance.
This electrically separates the components on both sides of the etch.

Besides waveguides, the passive layer stack can be used for a number of additional
structures by varying the shape of the etched region. One of these structures is the
arrayed waveguide grating [28, 29]. These devices can be used to spatially separate
light of different wavelengths. They are known to show relatively strong reflections
and have therefore not been used in the work presented in this thesis.

Another structure that is fabricated using the passive layer stack is the multi-mode
interference (MMI)-coupler [30]. It consists of a length of broader waveguide, coupled
to several narrow, single-mode waveguides by a set of tapers. Because of the width
of the waveguide, it is multi-mode. By proper design of the dimensions of the multi-
mode section, as well as the relative location of the single-mode waveguides, splitters
can be obtained. The chips that are presented in chapters 6 and 7 use MMI-couplers
with two input- and two output ports. These couplers act as 3 dB-splitters and are
very tolerant to fabrication errors.

By contacting the top of the waveguide, electrical control over the effective
refractive index of the core can be obtained [31]. This is used to fabricate ERMs
which allow to modulate the phase of the light. Modulation can be achieved either by
injecting current into the waveguide core or by applying a negative voltage. The first
method results in a higher modulation per unit of electrical field. It does however
reduce the lifetime of devices considerably. The devices in this thesis are therefore
reverse biased.

The multiple quantum well material is used when gain or absorption is needed.
When forward biasing the material a SOA is obtained, while reverse biasing results in
saturable absorbers and photo diodes. Typical dimensions for each of these devices
differ significantly, resulting in very different behavior. In this thesis only SOAs are
used. For some experiments these devices are reverse biased, making them more
comparable to absorbers. The gain spectra for this material were obtained in [32]
and are reproduced in figure 1.6. As can be seen in the figure, the SOAs in the
platform provide gain to wavelengths around 1550 nm. This determines the operating
wavelength of the devices to a large extent. Not coincidentally this wavelength range
coincides with the C-band that is very commonly used in telecommunications and
for which application this technology was originally developed.



1.5 Integrated isolators 11

1 450 1 500 1 550 1 600 1 650 1 700
0

20

40

60

Wavelength [nm]

G
ai

n
[c

m
−

1
]

J [kA cm−2]
2
3
4
5
6
7
8

Figure 1.6. Gain spectra for the multiple quantum well material used in this thesis
for 7 values of current density.

1.5 Integrated isolators

The building blocks that are available in the platform allow for the integration of a
vast array of functionalities in a single circuit. Each additional on-chip component
does however provide a possible source for reflections to any on-chip laser. A glaring
omission in the list of available components is therefore the optical isolator. Without
this device the integrated lasers cannot be protected from reflections by completely
suppressing the feedback. In this section we therefore discuss the various methods
with which an integrated isolator can be obtained.

All integrated isolators shown to date can be classified into three categories: those
based on non-linear effects; those based on spatiotemporal modulation; and those
based on magneto optic effects. Only a subset of non-linear effects can be used to
obtain isolation, since most effects are non-linear with respect to the total power
propagating in both directions. This can be used to create an optical diode that
blocks backward propagating light only while there is no forward propagating light.
Such devices cannot be used to shield a laser from EOF, as forward and backward
propagating light are inherently present simultaneously in this case. Isolation using
Raman amplification [33], stimulated Brillouin scattering [34] and parametric ampli-
fication [35] have been shown to enable integrated isolators. They are not ideal for
suppressing EOF as they depend on the optical power which is generally unknown
for EOF.

Magneto-optical isolators are based on the interaction between light and a mag-
netic field. Depending on the design of the isolator the interaction causes a direction
dependent rotation of the polarization of the light, a phase shift or loss. Isolators based
on nonreciprocal loss inherently show high losses when strong isolation is required [36,
37], but have been integrated together with a semiconductor laser [38]. This loss
is mainly due to the strong absorption in materials with a strong magneto-optical
coefficient, e.g. 60 dB cm−1 for Ce:YIG.
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Traditional, bulk, isolators are mostly based on polarization rotation. Such
schemes require phase matching between the transverse electric (TE)- and trans-
verse magnetic (TM)-modes however, complicating their design for the, generally
birefringent, integrated waveguides. It was however shown that integrated isolation
can be obtained by spatially modulating the polarization rotation [39]. Also, most
integration platforms are designed for TE polarized light only. An isolator based on
non-reciprocal polarization rotation would therefore require additional (reciprocal)
components for polarization management. These tend to be hard to integrate because
they require non-perpendicular slopes in the waveguide walls.

Finally, isolators based on the nonreciprocal phase shift were studied extensively.
The phase shift is generally converted to loss by using resonant structures. Notable
examples include Mach-Zehnder structures [40, 41], micro ring resonators [42–45]
and MMI-couplers [46]. More than 25 dB of isolation can be achieved using the
nonreciprocal phase shift using a Mach-Zehnder structure [47, 48], but insertion loss
is also high in this case (more than 10 dB).

The last type of isolators, spatiotemporally modulated isolators, derive their
functionality from a modulation of the refractive index that varies along the direction
in which the light propagates. This variation can be engineered such that it is
very different for light propagating in the forward and backward directions and in
this way isolation can be obtained. The modulation can be achieved using acoustic
waves [49] or using micro waves [50–53]. These isolators, especially those based
on phase modulation, can be implemented in many integration platforms with no
modifications to the platform as only an ERM and a spectral filter are required. The
disadvantage of these isolators is that some of the modulation may appear in the
forward propagating light. For a single-frequency laser, this means that side bands
are introduced to the lasing spectrum, effectively reducing the side-mode suppression
ratio (SMSR). Another disadvantage of this type of isolator is the required on-chip
modulation, which can be difficult to apply and which can consume a lot of power.

In this thesis, the integrated isolators are based on the radio frequency (RF)-
modulated ERMs, as presented in [52]. This is by far the least time-consuming route
to on-chip isolation in the platform in the platform that we have used. The theoretical
work is however also valid for magneto-optical isolators. When such isolators are
available in the platform, we expect that they show similar results with improved
spectral performance due to the lack of side bands generated by the isolator.

1.6 Feedback insensitive lasers

To date no integrated isolator has been demonstrated that provides strong isolation
and negligible insertion loss while requiring only minor changes to the integration
platform. Some research, including this work, has therefore focused on alternative
methods to reduce the feedback sensitivity of integrated lasers. This is done either by
changing the gain medium of the laser, or by providing intentional EOF to the laser.
By controlling the strength and phase of an intentional extra-cavity reflection, it is



1.7 Thesis outline 13

possible to dampen the relaxation oscillations that are excited by on-chip, parasitic
reflections [54, 55].

The effect of EOF was also shown to have a much reduced effect on quantum dot
lasers as compared to bulk and quantum well lasers, both for Fabry-Pérot [56] and
distributed feedback lasers [57, 58]. Up to −30 dB external reflection, no effect of
the EOF was observed. Such results were already predicted in [59]. It was shown
that the improved tolerance to EOF can be attributed to the high damping rate of
relaxation oscillations and low linewidth enhancement factor in these lasers. These
are in turn attributed to a relatively long carrier life time and weak coupling between
optical intensity and group velocity in this material. Due to the special gain material,
quantum dot lasers require significant changes to integration platforms and they still
do not tolerate arbitrary amounts of EOF.

1.7 Thesis outline

None of the solutions mentioned in the previous section allow for sufficiently strong
suppression of EOF. In the remainder of this thesis, we will therefore propose and
analyze an alternate method, both theoretically and experimentally. In chapter 2
we will introduce our idea for an integrated, single-mode laser that is insensitive to
EOF. In the chapter a rate equation model is presented for the laser. Using this
model we analyze what levels of EOF would be tolerable in terms of the impact on
the output power of the laser, its linewidth and its relative intensity noise (RIN).
Using this theory, we predict that such a laser is able to withstand 99 % of EOF
using only components that are currently available in the platform.

The model presented in chapter 2 assumes that there are no reflections inside
the laser cavity. Such intracavity reflection will however always exist due to both
side wall scattering and small discontinuities in the optical path between the various
components. Chapter 3 therefore expands the model by including a backscattering
parameter. For this model we have only derived the effect on the intensity of the
light. It is found that the effect of backscattering is comparable to that of EOF.

The cavity of our proposed laser includes a relatively weak optical isolator
that provides 10 dB isolation. An integrated isolator meeting this requirement was
demonstrated before. It was however not previously used in the SMART photonics
integration platform, and it was not yet studied in detail. The isolator will be part of
our laser cavity and any effect on the light propagating in both directions is thus of
crucial importance. In chapter 4 we therefore model and characterize the isolator in
detail. It is found that we are not able to obtain the optimum operating conditions
for the component in our laboratory. However, performance of this experimental
unidirectional phase modulator (UPM) is already sufficient to reach insensitivity to
EOF in terms of power and linewidth of more than 10 % according to our model.

In chapter 5 we present the first experimental verification of the feedback
insensitive laser. This is done using a multi-mode, fiber-based laser and it is the first
time that the feedback sensitivity of such a laser cavity is investigated. Although the
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model explicitly assumes single-mode operation, qualitative agreement between the
behavior of the laser and the model presented in chapter 2 were obtained.

In chapter 6 we continue the study with the experimental demonstration of an
integrated multi-mode laser. No clear evidence of insensitivity to EOF is found for
this laser.

The laser that most closely corresponds to the model is presented in chapter 7.
The cavity of this laser is by far the most complex and requires numerous calibration
steps. These are detailed in the chapter. Some reduction in the sensitivity to EOF
is observed, but far less than the model predicted. We conclude the chapter by
analyzing the most likely causes of this deficiency.

Finally, we conclude the thesis in chapter 8 by summarizing the most important
results. We present the implication of the findings of this thesis and provide an
outlook on the possible methods for improving on the work presented in this thesis.



CHAPTER 2

Laser Model Without Intracavity Coupling

Abstract—External optical feedback can severely deteriorate the per-
formance of semiconductor lasers. This chapter proposes an integrated
laser design that can withstand tens of percent of off-chip feedback,
without requiring the integration of magneto-optic materials. The
proposed laser consists of a ring cavity with a weak intracavity optical
isolator. Sufficient gain difference between clockwise and counterclock-
wise modes leads to unidirectional laser oscillation. Any reflected
light is returned to a mode that is below threshold. This significantly
reduces interactions between the feedback and the lasing mode. A
rate-equation analysis is presented to show that for 10 dB of intracavity
isolation the relative intensity noise changes less than a factor 2 when
less than −10 dB of the light is fed back into the laser and when intra-
cavity isolation is 10 dB. Linewidth and optical output power change
approximately 0.1 % for an external reflectivity up to −0.1 dB.1

Semiconductor lasers can be particularly sensitive to EOF, as was recognized long
ago [6, 60–62]. Five feedback regimes have been identified in a distributed feedback
laser based on the feedback power ratio and the distance to the reflection [6]. The
distance to the reflection only plays a role for ratios below −50 dB. Going from low
to high reflection, feedback can cause external cavity modes, line narrowing, extreme
line broadening and finally stabilization when the laser field is dominated by the
feedback. In many circumstances the strength of the reflection is unpredictable and
can fluctuate over time, resulting in an undesirable change in the output laser light.
To solve this problem, one or often two Faraday isolators are employed to prevent
1 This chapter was published as [1], © 2018 IEEE.
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EOF from returning to the laser cavity altogether [63–66]. From [6] it is found that
feedback power ratios below −60 dB have no observable effect on the lasing mode of
a distributed feedback laser for typical feedback distances.

Attempts to obtain Faraday isolation on chip have been made [40, 41, 43, 44, 48,
67–72]. So far the insertion loss and integration complexity have proven a barrier
to implementation of non-reciprocal elements however. Recently a class of isolators
has been devised which avoids the use of magneto-optic materials altogether. It
was found that isolation can be achieved using non-linearities [73], but this type
of isolator can only be used as when light is either propagating in the forward or
the reverse direction. These devices are therefore not suitable for preventing the
detrimental effects of EOF on continuous wave lasers, but can be used for pulsed
lasers as was proposed in [74]. Isolation can also be obtained using a time varying
refractive index [50, 52, 53, 75], but none of these have achieved the 60 dB required
to fully suppress the effects of EOF.

This work takes a different approach to suppressing the effects of EOF on a
continuous wave, single-frequency, tunable laser. The principle is to allow light to get
back into the laser cavity, but into a different, sub-threshold mode. This is achieved
by placing a weak isolator inside the cavity of a ring laser such that one direction is
favored over the other. E.g. the clockwise (CW) mode reaches threshold and is lasing,
while EOF returns to the counterclockwise (CCW) mode. With a gain difference
of only 0.5 dB the CCW mode is suppressed by approximately 40 dB relative to the
CW mode [76]. For large external reflection, EOF contributes significantly to the
power in the CCW mode and larger isolation is required, at most 10 dB as will be
shown later. It will be shown that by using a weak intracavity isolator the effects of
EOF on the lasing mode can be greatly reduced. This is in stark contrast to a ring
laser that is forced to oscillate unidirectionally using an external mirror, which was
studied using a rate equation analysis in [77]. As was shown in [52], it is possible
to achieve the required isolation using InP based waveguides and phase modulators
but the principle holds for any integration platform that is able to create 10 dB of
isolation. A less detailed study of the steady state behavior of this laser was already
performed by us in [78], while [79] studied the dynamic behavior of the laser in some
detail.

In this chapter we will analyze an integrated ring laser with intracavity isolator in
detail to obtain a good insight into the performance of the laser when it is subjected
to EOF and to determine the requirements on the isolator. Section 2.1 first gives an
intuitive explanation why a unidirectional ring laser with weak intracavity isolator
will be less susceptible to EOF. Section 2.2 then goes on to describe the model
that is used to analyze the laser providing the assumptions which have been made.
Section 2.3 details the analysis of the laser for the steady state, resulting in the
average values of the optical intensity and number of charge carriers, and section 2.4
introduces the effects of spontaneous emission noise. As a result of this analysis the
RIN spectrum and linewidth are obtained as a function of the feedback rate and
intracavity isolation. These values are used to quantify the performance of the laser.
Finally, section 2.5 concludes the chapter.
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Figure 2.1. Schematic overview of a feedback insensitive laser subjected to EOF.
The laser consists of a ring cavity and is assumed to be lasing the CW direction.
The coupler couples some of the light to the outside world and the SOA acts as
an amplifier. Lasing in a single longitudinal mode is ensured by the filter and by
the cavity itself, while the isolator ensures unidirectional lasing. EOF is modelled
by a point-reflection that reflects a fraction R of the optical power. τ models the
feedback delay time.

2.1 Concept of laser operation

Ring lasers can have the special property that light that is reflected back into the
output port of the laser couples to a different mode than the emitting mode if the
two modes are not optically coupled inside the cavity. If the laser is for example
lasing in a mode that is propagating in the CW direction, light that is reflected at
the output of the laser will couple into the CCW mode of the laser. It is essential
that intracavity reflections and backscattering are minimized as much as possible. In
this case, there will be no interference between the emitting mode and the light from
the feedback. This means the laser does not exhibit external cavity modes. This
type of laser therefore does not suffer from mode hopping and other destabilizing
effects typically caused by the presence of external cavity modes.

The EOF, coupling into the CCW mode, does still affect the carrier concentration
in the SOA. This may cause a small coupling between the two modes. However,
EOF will have a much smaller effect on the emitting mode and thus on the output
of the laser, if the CCW mode can be kept below the threshold for lasing. This gain
difference can be ensured by integrating an optical isolator into the laser cavity. Such
an isolator only has to provide a small loss difference between the two propagation
directions, which will ensure that the laser prefers one over the other. The required
isolation is much smaller than the isolation that would be required by an external
isolator.

Our proposed laser architecture is schematically shown in figure 2.1. It includes an
SOA to provide amplification, a spectral filter to ensure that only a single longitudinal
mode per direction can have sufficient gain to reach threshold, an isolator to suppress
the light in one of the propagation directions and a coupler to couple light out of the
cavity. The interaction between the CW and CCW modes is expected to occur in the
SOA only, requiring any waveguide transitions to have sufficiently low reflectivity.
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2.2 Model description

To model the laser under study, a set of rate equations is formulated. This allows a
study of the dynamical behavior of the laser, including the response induced by EOF.
Because of the intracavity filter the laser is single-mode in both directions and the
rate equations that need to be considered can be simplified significantly. Since the
CW and CCW modes have equal wavelength, they both interact with charge carriers
of the same energy level in the SOA. Thus, the laser can be described using a set of
three rate equations: two for the complex optical fields in both the CW and CCW
modes and one for the number of charge carriers.

It is assumed that the number of carriers and the intensities and frequencies will
reach a stable average value after some time—the steady state—after which only
minor excursions from these values occur due to spontaneous emission noise. Since
only small excursions are assumed, all effects are linearized around the steady state
to achieve considerable simplification in describing the effect of noise. It is assumed
that all the EOF originates from a single point of reflection outside of the laser cavity,
indicated by R in figure 2.1. For a PIC this can for instance be a reflection of a
fiber-connector. Because only a single point of reflection is assumed, use can be made
of the equations derived in the pioneering paper by Lang and Kobayashi [11].

This study builds further on the ideas of [11], and extends these by including
the loss difference induced by the isolator and obtaining a model for a ring laser.
It is assumed that the only coupling between the CW and CCW modes is through
the EOF and the changes in carrier density. Effects such as backscattering in the
waveguides are assumed to be negligible. The isolator is modelled as a loss difference
between the CW and CCW modes.

2.3 Rate equations

To obtain the steady state intensities and frequencies of both modes as well as
the number of charge carriers at steady state, this section first formulates a fully
deterministic model that does not include EOF. Only after this model is completed,
feedback effects are added to the model. Finally stochastic terms which model the
influence of spontaneous emission are added. This treatment greatly simplifies the
analysis and was done for linear lasers in [76].

The complex electric field strength of the CW and CCW modes and the number of
carriers shall be indicated with Ecw, Eccw and n respectively. Ecw is normalized such
that |Ecw|2 is equal to the number of photons in the CW mode in the cavity, or more
correctly the energy in the CW mode divided by the energy per field quantum, ~ω,
where ω is the optical angular frequency of the mode. A similar scaling is performed
for Eccw to obtain the number of photons in the CCW mode.
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2.3.1 Rate equations for the electric field

First a set of rate equations for the electric field inside the laser cavity is derived. As
a starting point we take a traveling wave propagating in the CW direction, which
can generally be described by

Ecw(z, t) = Ecw,0 exp
(
i(kz − ωt) +

∫ z

0

ĝ(z′) − γ̂(z′)
2 dz′

)
. (2.1)

Here Ecw,0 is the amplitude of the field vector at z = 0, ω is the optical frequency, t is
time, k is the wave number, z indicates the position along the cavity, ĝ is the power
gain per unit length and γ̂ denotes the power loss per unit length. Since the points
z = 0 and z = L represent the same point in the ring and the field in the cavity is
assumed to be slowly varying compared to the round trip time (the slowly varying
envelope approximation), it should hold that Ecw(0, t) = Ecw(L, t), from which it is
found that

Ecw(z, t) = exp
(
ikL+ 1

2(g − γ)L
)

Ecw(z, t), (2.2)

where gL ≡
∫ L

0
ĝ(z)dz is the round trip gain and γL ≡

∫ L

0
γ̂(z)dz is the round trip

loss.
k is dependent on both the number of carriers, n, and optical frequency ω. It is

assumed that both n and ω will be close to their threshold values when the laser is
lasing, which justifies an expansion of k around threshold. This yields

k ≈ kth + ∂k

∂n

∣∣∣∣
th

(n− nth) + ∂k

∂ω

∣∣∣∣
th

(ω − ωth), (2.3)

where the subscript “th” denotes the value at threshold in the solitary laser. The
effective refractive index is defined as µe ≡ kc/ω such that k = µeω/c. µe is
dependent on both n and ω. This definition is substituted into equation (2.3) and
the effective group index is defined as µ̄e ≡ µe + ω∂µe/∂ω to find

k ≈ ωth

c

(
µe,th + ∂µe

∂n

∣∣∣∣
th

(n− nth) + µ̄e

ωth

(ω − ωth)
)
, (2.4)

where nth is the number of carriers at threshold.
The frequency independent round trip gain G1 and the frequency dependent

round trip gain G2 are now defined as

G1 ≡ exp
(
iωthL

c

(
µe,th + ∂µe

∂n
(n− nth)

)
+ 1

2(g − γ)L
)

; (2.5)

G2 ≡ exp
(
i(ω − ωth)τr

)
, (2.6)

such that Ecw(z, t) = G1G2Ecw(z, t). Where τr ≡ µ̄eL/c. Here it is assumed that
the free spectral range of the filter is large compared to the linewidth of the laser,
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such that it can be considered spectrally flat. Since multiplication by exp(iωτr) is
equivalent to a time delay of τr, the field at time t can be expressed in terms of the
electric field at time t− τr as

Ecw(t) = G1 exp(−iωthτr)Ecw(t− τr). (2.7)

It is now possible to define the slowly varying envelope Ecw(t) such that Ecw(t) =
exp(−iωtht)Ecw(t). By substitution into equation (2.7) the envelope at time t can
be expressed in terms of the envelope at time t− τr as

Ecw(t) = G1Ecw(t− τr). (2.8)

The round trip time is assumed to be short compared to the time scales with
which the envelope Ecw(t) varies and the time derivative of Ecw(t) is approximated
by a difference quotient such that the time derivative of the envelope becomes

Ėcw(t) ≈ Ecw(t) − Ecw(t− τr)
τr

≈ G1 − 1
τr

Ecw(t),
(2.9)

where the dot in Ėcw(t) denotes a time derivative.
Subsequently the fraction in equation (2.9) is linearized around threshold. To

this end it is realized that iωthµe,thL/c is an integer multiple of 2π and does not
contribute to G1. When the laser is lasing, the gain compensates for almost all of
the losses of the cavity. Therefore, the net gain, g − γ ≈ ∂g/∂n(n − nth), is small
while the laser is lasing such that the argument of the exponent in equation (2.5)
is small. Carrying out a linearization of G1 around threshold and substituting the
result into equation (2.9) yields

Ėcw(t) = 1
2ξcw(1 + iα)N(t)Ecw(t), (2.10)

where N(t) ≡ n(t) − nth and

ξcw ≡ L

τr

∂g

∂n
, (2.11)

α ≡ 2ωth

c

∂µe

∂g
. (2.12)

A similar argument can be made for the electric field propagating in the CCW
direction where the effect of the isolator is modelled by a gain difference by replacing
γ with γ + ∆γ in equation (2.5). This yields

Ėccw(t) = −1
2∆ΓEccw(t) + 1

2ξccw(1 + iα)N(t)Eccw(t), (2.13)
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where

ξccw ≡ exp
(

−1
2∆γL

)
ξcw; (2.14)

∆Γ ≡
2 − 2 exp

(
− 1

2
∆γL

)
τr

. (2.15)

∆Γ models the gain difference that would be expected from the isolator. ξccw is
different from ξcw, which is explained by the difference in threshold for both modes
caused by the gain difference.

2.3.2 Rate equations for the number of charge carriers

To complete the deterministic model without EOF, a rate equation for the number
of charge carriers is subsequently obtained. This equation is found by considering
the SOA as a big reservoir of carriers where each carrier represents an electron in
the excited state. Again a similar procedure was performed in [76] for a linear laser.
The current analysis modifies this analysis slightly to include the effects of the two
modes inherently present in a ring laser.

Several processes can be identified that add or remove carriers from this reservoir.
First of all, the SOA is supplied with an injection current. This current adds carriers
to the reservoir and is modelled by a rate j(t).

Secondly, stimulated emission affects the number of carriers in addition to its
effect on the number of photons in the cavity. Since each stimulated emission event
consumes a carrier and produces a photon, the rate at which carriers are consumed
is equal to the rate at which photons are generated. The latter can be found from
equations (2.10) and (2.13). At steady state, stimulated emission compensates for
the photons lost during a round trip, yielding a term −ΓI, where I ≡ Icw + Iccw and
Γ ≡ (exp(γL) − 1)/τr represents all the optical losses in the entire cavity except the
SOA, i.e. including the output coupling losses. Small deviations from steady state
result in a slightly modified loss rate for the carriers. Combined, both effects result
in a carrier loss rate of −(Γ + ξcwN(t))Icw(t) − (Γ + ξccwN(t))Iccw(t).

All other processes that have an effect on the number of carriers in the SOA
are grouped together. Their effect on the number of carriers is linearized around
threshold with respect to the number of carriers. This yields an average carrier
lifetime, T , and a resulting loss of carriers n(t)/T . Together, these terms yield

ṅ(t) = j(t) − n(t)
T

− (Γ + ξcwN(t))Icw(t) − (Γ + ξccwN(t))Iccw(t). (2.16)

By substituting n(t) = nth +N(t) and J(t) = j(t) − nth/T , one obtains

Ṅ(t) = J(t) − N(t)
T

− (Γ + ξcwN(t))Icw(t) − (Γ + ξccwN(t))Iccw(t). (2.17)



22 Chapter 2 Model without intracavity coupling

2.3.3 External optical feedback and noise

To the deterministic model, effects of EOF are added according to [11], where it
is realized that light only couples from the CW into the CCW mode and not the
other way around. This is only true if the effect of backscattering can be neglected.
For weakly guiding waveguides, such as those used in modern InP platforms, this is
generally true as the backscattering is approximately −50 dB mm−1 [80].

The intensity of the slowly varying envelope, Ix(t), and the phase, φx(t), are
defined such that Ex(t) =

√
Ix(t) exp

(
iφx(t)

)
where x represents the CW or CCW

mode. By separating the real and imaginary parts of the rate equations a new set of
equations is found for the intensity and phase of the light in both modes. Together
with the rate equation for the carriers, this results in a set of five equations. Noise
terms are added to these equations as was done in [81]. On average, intensity noise
will contribute photons at a rate Rs to each mode. The average contribution to the
phase and the number of carriers equals 0. We define Fy to be the zero-average noise,
where y indicates the quantity to which the noise is added. Finally, this results in
the equations

İcw(t) = ξcwN(t)Icw(t) +Rs + FI,cw(t) (2.18a)
İccw(t) = (ξccwN(t) − ∆Γ)Iccw(t) +Rs + FI,ccw(t)

+ |κ|
√
Icw(t− τ)Iccw(t) cos(ψ0 + ∆φτ (t))

(2.18b)

φ̇cw(t) = 1
2ξcwαN(t) + Fφ,cw(t) (2.18c)

φ̇ccw(t) = 1
2ξccwαN(t) + Fφ,ccw(t)

+ 1
2 |κ|

√
Icw(t− τ)
Iccw(t) sin(ψ0 + ∆φτ (t))

(2.18d)

Ṅ(t) = J − N(t)
T

− (Γ + ξcwN(t))Icw(t)

− (Γ + ξccwN(t))Iccw(t) + FN (t).
(2.18e)

Here Rs is the rate of spontaneous emission into a single mode, |κ| ≡
√
TisoT 2

outR/τr

is the feedback rate, Tiso is defined as the power transmission of the isolator for the
CCW mode relative to the transmission for the CW mode and represents the isolation
provided by the isolator, Tout is the power transmission coupled out of the cavity
by the output coupler, R is the power reflection of the external reflector, arg κ is
the change in phase the light accumulates while propagating outside the laser cavity,
τ is the feedback delay time, ∆φτ (t) ≡ φcw(t− τ) − φccw(t) is the phase difference
between the field in the CW and CCW modes and ψ0 ≡ arg κ− ωthτ is the phase
delay due to propagation outside of the laser cavity.
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2.3.4 Steady state values

Using the model, the steady state values are obtained. It is assumed that the intensity
and frequency of the light eventually reach a steady state, represented by a fixed point
in the three dimensional state space spanned by Icw, Iccw and N . Because of the noise
terms, Fy, the laser will make minor excursions around this point. Assuming these
excursions are small compared to any non-linearities in the laser, it is possible to find
the steady state values from equations (2.18) by neglecting these small excursions,
i.e. by taking Fy(t) = 0. It follows from equation (2.18a) that

N̄ = − Rs

ξcwĪcw

, (2.19)

where the bar denotes that the value is only valid in the steady state.
From equations (2.18c) and (2.18d) it follows that ∆φτ (t) becomes time inde-

pendent in the steady state. Assuming |κ|
√
Īcw/Īccw � (ξcw − ξccw)αN̄ , the time-

independent solution of the resulting differential equation yields sin(ψ0 + ∆φτ ) ≈ 0
and cos(ψ0 + ∆φτ ) ≈ 1. The latter result can be used to simplify equation (2.18b),
removing its dependency on the feedback phase. This can be explained because the
EOF is the dominant effect coupling the two modes directly. This allows the phase
of the CCW mode to lock to the phase of the CW mode. In other words, a change
in feedback phase is accompanied by a change in the phase difference between the
two modes. The resulting simplified, quadratic equation can then be solved for Īccw

yielding

Īccw =

κ
√
Īcw +

√
κ2Īcw + 4

(
ξccwRs

ξcwĪcw
+ ∆Γ

)
Rs

2
(

ξccwRs

ξcwĪcw
+ ∆Γ

)


2

. (2.20)

where it is worthwhile to notice that Īccw = Īcwκ
2/∆Γ2 for Rs ↓ 0 as it provides an

approximation for the ratio of optical power in both modes.
It is possible to express equation (2.18e) in terms of Īcw using these results, and

it is found that

0 =J − Γ
(
Īcw + Īccw

(
Īcw

))
−N

(
Īcw

)( 1
T

+ ξcwĪcw + ξccwĪccw

(
Īcw

))
. (2.21)

Numerically solving this equation yields a value for Īcw which can subsequently be
used to find Īccw and N̄ .

The output power is studied numerically, using the parameter values indicated in
table 2.1. Most of these values are typical for semiconductor lasers. To give a feeling
for the magnitude of these numbers, the following equalities might prove insightful.
The injection rate, J , is equivalent to an injection current of approximately 16 mA over
the threshold current. The photon lifetime, 1/Γ, is equivalent to a loss of 6.5 dB cm−1.
The feedback delay time, τ , is equivalent to a reflection at approximately 10 m from
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Table 2.1. Values Used for Physical Quantities

Description Parameter Value Unit
Differential gain ξ 103 s−1

Injection current over threshold J 1017 s−1

Loss rate Γ 1011 s−1

Carrier life time T 10−9 s−1

Spontaneous emission rate Rs 1011 s−1

Feedback delay time τ 10−7 s
Cavity length L 2 cm
Relative transmission of isolator Tiso −3 dB
Output coupler transmission Tout −3 dB
External reflectivity R −20 dB
Group index µe 3.7
Linewidth enhancement parameter α 3

the laser. To improve process tolerances, coupling of the ring cavity to the output
waveguide is done using multi-mode interferometers. These components usually act
as 3 dB-splitters, which explains the number for Tout.

The cavity length, L, is taken rather long, and is usually on the order of 100 µm.
Inclusion of an isolator such as presented in [52] does however require the addition
of several components to the laser cavity. These are two phase modulators and a
spectral filter. The phase modulators each need to sinusoidally modulate the optical
phase with an amplitude of approximately 1.2 rad at a frequency of several GHz
requiring a length of several mm each. The spectral filter requires a free spectral
range of several GHz and can be implemented using serial Mach-Zehnder filters. This
requires about 1 cm of waveguides. Finally the SOA needs to supply more gain to
compensate for the extra losses that are introduced by the phase modulators and the
spectral filter increasing its length. 2 cm is therefore taken as a more appropriate
cavity length.

The simulation results for Icw are found in figure 2.2. This figure shows trends
that are expected. Icw decreases for increasing amounts of EOF, while an increase
in isolation counteracts this change. As EOF increases, Iccw will start to grow,
consuming a number of carriers while doing so. Since both the CW and CCW modes
interact with the same carrier population, this results in a reduction of Icw. When
the laser receives strong EOF compared to the gain difference inside the cavity, the
CCW mode will become the lasing mode. In this regime the CW mode provides
very little output power and it is therefore not interesting to operate the laser in this
regime. If the amount of isolation is adequate, this effect becomes negligible however.
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Figure 2.2. The steady state output power as a function of feedback strength as
indicated in figure 2.1. For stronger EOF, the CCW mode experiences a higher
effective gain and is therefore stronger. Since the carriers are shared between both
modes, this results in a slightly weaker CW mode. It can also be seen that for
stronger isolation, i.e. small Tiso, this effect is reduced. When 100 % of the light is
returned to the cavity as EOF, the effect on Icw is limited to 2 % for an isolation of
10 dB.

2.4 Small signal analysis

To predict the dynamic behavior of the laser, the changes in field and carriers are
linearized around steady state. Assuming the fluctuations in field strength and carrier
number are small compared to their steady state values, the laser is best modelled
by a system of linear equations that is driven by the noise forces. The problem is
subsequently converted to the frequency domain by making use of a Fourier transform,
2πx(t) =

∫
exp(iωt)x(ω)dω. Finally it is realized that the deterministic phases of

both modes lock to each other owing to equation (2.18d), meaning that İcw, İccw

and Ṅ are all independent of φ̇cw and φ̇ccw. This allows for a study of the behavior
of the intensities and carrier number independent of the phases and results inFI,cw(ω)

FI,ccw(ω)
FN (ω)

 = Z

 dIcw(ω)
dIccw(ω)
dN(ω)

, (2.22)

where

Z =

iω − ξcwN̄ 0 −ξcwĪcw

ζccw, cw ζccw, ccw −ξccwĪccw

Γ + ξcwN̄ Γ + ξccwN̄ ζN,N

, (2.23)

ζccw, cw = − 1
2

|κ|2

∆Γ
exp(−iωτ), ζccw, ccw = iω − ξccwN̄ + 1

2
∆Γ and ζN, N = iω + 1

T +
ξcwĪcw + ξccwĪccw. Let the first vector be called F, the matrix Z and the last vector
dX. Z is the linearized coupling between the various deviations from steady state
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and is found from equations (2.18). It is now possible to express dX in terms of F
and Z by matrix inversion, e.g. through Cramer’s rule, which yields dX = ΥF. The
components of Υ that are used in this chapter can be found in section 2.6.

2.4.1 Relative Intensity Noise

From dX it is possible to find the RIN spectrum which is defined as

RIN(ω) ≡ |dIcw(ω)|2

Ī2
cw

(2.24)

and where

dIcw(ω) =υcw,cw(ω)FI,cw(ω) + υcw,ccw(ω)FI,ccw(ω) + υcw,N (ω)FN (ω) (2.25)

following from the matrix inversion. It is apparent that terms of the form F ∗
I,cw(ω)FI,ccw(ω)

will appear when calculating the RIN. These are found using the procedure outlined
in [81], and result in 〈

|FI,cw(ω)|2
〉

= Rs(2Īcw + 1) (2.26a)〈
|FI,ccw(ω)|2

〉
= Rs(2Īccw + 1) (2.26b)〈

|Fφ,cw(ω)|2
〉

= Rs

2Īcw

(2.26c)

〈
|Fφ,ccw(ω)|2

〉
= Rs

2Īccw

(2.26d)〈
|FN (ω)|2

〉
= 2Rs (2.26e)

〈FI,cw(ω)∗FN (ω)〉 = −Rs (2.26f)
〈FI,ccw(ω)∗FN (ω)〉 = −Rs. (2.26g)

Note that Rs is the rate of spontaneous emission into one mode, and consequently a
factor 2 is found in equation (2.26e).

The components of Υ together with equations (2.26) now provide a means for
calculating the RIN spectrum. The equations for the gain difference ∆Γ and feedback
rate κ are expressed in terms of the reflectivity of the external reflection causing
the feedback, R, and the relative transmission of the isolator, Tiso. It is realized
that this number can be related to the gain difference induced by the isolator as
Tiso = exp(−∆γL) and it is found from the definition of ∆Γ that ∆Γ = 2(1−

√
Tiso)/τr.

The feedback rate signifies the number of photons that return to the laser cavity
each second, relative to the number of photons present in the cavity. During each
round trip of the light, a fraction Tout will couple out of the cavity. A fraction R of
this light will be reflected back towards the laser and finally a fraction Tout of the
reflected light will couple back into the cavity. In the cavity the light first passes
through the isolator before it enters the SOA. Since most of the interactions between



2.4 Small signal analysis 27

106 107 108 109 1010 1011 1012 1013

−170

−160

−150

−140

ω [rad s−1]

R
IN

[d
B

cH
z−

1
]

R [dB]
−∞
−20
−10
0

Figure 2.3. RIN spectrum for various values of R, using the values specified in
table 2.1 for the intracavity isolation and other parameters. The relaxation oscillation
frequency is clearly visible as the peak. Especially for higher amounts of feedback,
there is a clear ripple in the spectrum. This ripple is caused by a resonance via the
external reflection, the CCW mode and the carriers. The frequencies at which these
ripples occur are directly related to the feedback delay time τ . For lower and higher
frequencies the RIN changes in a similar way as for the frequencies shown. Increasing
amounts of EOF mainly result in an increase in the RIN at low frequencies.

the modes and carriers occur in the SOA, only the fraction of photons that passes
the isolator is considered as EOF. It then follows that κ =

√
TisoT 2

outR/τr.

The previous results are studied numerically to find effects of EOF on the RIN and
linewidth of the laser. To this end equation (2.25) is substituted into equation (2.24)
which can then be solved using Īcw, Īccw and N̄ obtained from the steady state
analysis. As with the steady state analysis, the parameter values indicated in
table 2.1 were used unless indicated otherwise.

The RIN spectrum is found as shown in figure 2.3. From this figure it is apparent
that the amount of EOF only significantly influences the RIN at low frequencies.
To highlight this dependency, figure 2.4 shows the RIN in the limit for ω ↓ 0 as a
function of R and Tiso.This figure shows that the low frequency RIN is fairly constant
for small values of R. After some maximum feedback strength, the low frequency
RIN starts to increase rapidly however. This point is dependent on Tiso and from this
we can derive the maximum amount of EOF that is adequately suppressed by the
isolator. For an isolation of 10 dB and feedback of −10 dB, the RIN only increases by
a factor of 2. When compared to the 60 dB isolation traditionally required to fully
suppress the effects of EOF, this is a substantial improvement.
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Figure 2.4. Low frequency RIN as a function of R and Tiso. The yellow curve
corresponds to the values in figure 2.3 for ω ↓ 0. It is clear that higher amounts of
isolation provide a higher immunity to EOF.

2.4.2 Linewidth

The linewidth of the laser is obtained by considering the deviations from the steady
state in equation (2.18c). It is found that

d∆ν(ω) = 1
2π

(
1
2ξcwαdN(ω) + Fφ,cw(ω)

)
. (2.27)

The first term of this equation can be expanded using dX = ΥF. The power spectral
density of the instantaneous frequency deviation is then equal to |d∆ν(ω)|2 and the
linewidth is its limit for ω → 0. The noise correlations in the resulting equation are
found according to equations (2.26). The power spectral density of the frequency
noise is then found as in figure 2.5.

The linewidth is equal to the frequency noise for ω ↓ 0. Figure 2.6 shows its
value as a function of both R and Tiso. It is clear from this picture that even for
very small isolation, the changes in linewidth remain small. Furthermore, the change
in linewidth can almost completely be attributed to the reduction of the power in
the mode, Īcw, due to cross-gain saturation. It follows approximately a 1/Īcw trend,
similar to what would be expected for a Fabry-Pérot laser. Even for R = 1, 3 dB
of isolation is sufficient to reduce the change in linewidth to approximately 18 %.
10 dB of isolation even reduces this number to 1 ‰. As with the RIN this is in stark
contrast to the 60 dB that is traditionally required.

2.5 Conclusion

In this chapter a novel type of integrated laser was theoretically analyzed. The cavity
of this laser includes a weak optical isolator to provide a gain difference between the



2.5 Conclusion 29

108 109 1010 1011103

104

105

ω [rad s−1]

P
SD

[H
z]

Figure 2.5. Power spectral density of the frequency deviations. The relaxation
oscillation frequency is clearly recognizable as the peak. The linewidth is obtained
from the limit to low frequency.
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Figure 2.6. Linewidth of the laser as function of the amount of feedback and isolation.
It is clear that the linewidth increases for increasing EOF. This figure also shows
that this effect is mitigated by an increase in intracavity isolation.
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two propagation directions. This forces the laser to lase unidirectionally. Because the
EOF returns to another, sub-threshold mode, external cavity modes are non-existent
in this type of laser and the influence of EOF on the laser output is very small.

Since the required isolation is less than 10 dB, the isolator can be implemented
on-chip. The output coupler can be implemented using a multi-mode interferometer
and the spectral filter can be fabricated using a series of asymmetric Mach-Zehnder
interferometers as was done in [82]. As all components of the laser have already been
demonstrated, this type of laser is a viable candidate for realization.

The RIN spectrum and linewidth were calculated as indicators of the stability of
the laser output. Both of these properties were obtained as a function of both the
feedback rate and the intracavity isolation by utilizing a rate equation analysis. From
this analysis it follows that only 3 dB of intracavity isolation is sufficient to make
the laser immune to −30 dB of EOF. For 10 dB of isolation it is found that EOF as
strong as −0.1 dB does not affect the laser to a great extent in terms of output power
and linewidth. These values are affected by approximately 0.1 %. The low-frequency
RIN is unaffected for an external reflection up to −10 dB. In that case the changes
in RIN are limited to a factor 2 and are calculated to be 6.4 × 10−17 rad−1.

The main advantage of integrating the isolator inside the laser cavity as opposed
to outside the cavity is the greatly reduced amount of isolation required, making
it much easier to realize. Such a weak isolator also shows less insertion loss. This
can potentially be leveraged to increase the wall plug efficiency of the laser, while
maintaining feedback insensitivity.

2.6 Appendix: small signal components

The small signal coefficients used in this chapter can be found by inverting matrix Z
from equation (2.22). They yield

Z−1 = Υ (2.28)

=

 υcw,cw(ω) υcw,ccw(ω) υcw,N (ω)
υccw,cw(ω) υccw,ccw(ω) υccw,N (ω)
υN,cw(ω) υN,ccw(ω) υN,N (ω)

, (2.29)

where

υcw,cw(ω) = 1
∆

(
Īccwξccw

(
Γ + ξccwN̄

)
+
(
iω − ξccwN̄ + ∆Γ

2

)
(
iω + 1

T
+ ξcwĪcw + ξccwĪccw

)) (2.30a)

υcw,ccw(ω) = − 1
∆

(
Īcwξcw

(
Γ + ξccwN̄

))
(2.30b)
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υcw,N (ω) = 1
∆

(
Īcwξcw

(
iω − ξccwN̄ + ∆Γ

2

))
(2.30c)

υN,cw(ω) =− 1
∆

(
Γ
(
iω − ξccwN̄ + ∆Γ

2

+ |κ|2

2∆Γ exp(−iωτ)
)

+ N̄

(
ξccw|κ|2

2∆Γ exp(−iωτ)

+ ξcw

(
iω − ξccwN̄ + ∆Γ

2

)))
(2.30d)

υN,ccw(ω) = − 1
∆
(
iω − ξcwN̄

)(
Γ + ξccwN̄

)
(2.30e)

υN,N (ω) = 1
∆

(
1
2 iω∆Γ − ω2 − iωN̄(ξcw + ξccw) +

+ ξcwξccwN̄
2 − 1

2ξcwN̄∆Γ
) (2.30f)

are the components of this matrix that are used in this chapter to calculate the RIN
and linewidth of the CW mode. ∆ is the determinant of Z.
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CHAPTER 3

Laser Model With Intracavity Coupling

Abstract—For the continuous-wave and single-frequency ring laser
with intracavity isolator presented in the previous chapter, we have
formulated a rate-equation theory which accounts for two sources of mu-
tual back-scattering between the clockwise and counterclockwise modes,
i.e. induced by side-wall irregularities and by inversion-grating induced
by spatial hole burning. With this theory we first confirm that for a
ring laser without intracavity isolation, from sufficiently large pumping
strength on, the inversion-grating-induced bistable operation (i.e. either
clockwise or counterclockwise) will overrule the back-reflection-induced
coupled-mode operation (i.e. both clockwise and counterclockwise).
We then analyze the robustness of unidirectional operation against
the mode-coupling mechanisms due to back reflection and due to the
induced grating for the case with intracavity isolation. For this case an
explicit expression is derived for the directionality in the presence of
external optical feedback, valid for sufficiently strong isolation. The
predictions posed in the previous chapter remain unaltered in the
presence of the mode coupling mechanisms here considered.1

In state-of-the-art PICs it is desirable to integrate one or more lasers on a single
chip together with components such as modulators, splitters and filters. Such a
device needs only electrical inputs and one or more optical outputs that allow direct
coupling to optical fibers. Compared to fiber-optical or free-space configurations,
the stability of the complete system can be increased and the cost greatly reduced.
However, a fundamental problem is the sensitivity of a semiconductor laser to EOF,
1 This chapter was published as [2], © 2018 Optical Society of America.
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Figure 3.1. Sketch of a feedback insensitive ring laser subjected to EOF. Lasing in a
single longitudinal mode is ensured by the filter and by the cavity itself, while the
isolator ensures unidirectional laser operation. EOF is modelled by a point-reflection
that reflects a fraction R of the optical power. τ is the feedback delay time.

which can easily lead to unstable dynamics. The EOF could easily originate from
an on-chip reflection. In order to protect the laser from EOF inside the PIC, it is
not possible to use the conventional solution in fiber- or free-space optics, based on
magnetic materials, since a suitable integrated optical isolator is not available [83].

Recently we proposed an integrated unidirectional ring laser for which reduced
sensitivity to EOF up to −1 dB was predicted [1]. In general, monolithic semicon-
ductor bulk and quantum-well ring lasers can already exhibit reduced sensitivity to
EOF up to −30 dB even in the absence of any special precautions, due to intrinsic
bistability with respect to CW and CCW operation [84]. However, the actual mode
of operation is not predetermined and external optical perturbations could induce
switching to the other mode, even for EOF as small as −40 dB [85]. This kind of
sensitivity can be reduced considerably by applying a one-sided strong reflector [77],
but EOF exceeding 30 dB can still lead to unstable behavior. In this respect, we
mention [86], who developed a “snail” laser consisting of a ring laser with the CW
output blocked by a reflector. This laser operates unidirectionally, but the EOF
sensitivity is not discussed. It is our aim to almost completely eliminate the effect of
EOF by including an intracavity isolator in the ring.

In our design [1], the isolator is inspired by the phase-modulator cascade proposed
by Doerr et al. [52], an integrated version of which was analyzed and characterized [87].
The RF-driven modulators cause side peaks at (multiples of) the RF-modulation
frequency in the light propagating in the backward direction. The side peaks are
suppressed by the filter included in the ring laser. The isolator thereby introduces a
loss difference between the CW and CCW modes of the laser, increasing the lasing
threshold for one mode with respect to the other and forcing the laser to operate in
the mode with lowest loss. As illustrated in the example of figure 3.1, the lasing mode
with lowest loss is the CW mode and the EOF light will return to the non-lasing
CCW mode.

A set of coupled differential equations describe the evolutions of optical intensities
and phases for both modes as well as the inversion in the SOA. It is assumed that
the spectral filter width allows for only one longitudinal mode to be considered for
both propagation directions. The slowly-varying-envelope approximation is used and
the effects of EOF are accounted for in the usual way [11]. The on-chip isolation is
modelled by a roundtrip-loss difference between CW and CCW modes, derived from
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Table 3.1. Parameter Listing

Symbol Name Typical value Unit
α Linewidth enhancement factor 2.5
ξ Differential gain 104 s−1

Γ Cavity loss 1011 s−1

∆Γ Isolator-induced loss difference 1010 s−1

K Back-scatter coupling rate CW↔CCW 106 s−1

φbs Back-scatter phase CW↔CCW Arbitrary
γ Feedback rate 108 s−1

τ Feedback delay time 3 × 10−10 s
ω0 Optical frequency at threshold 2π × 1014 s−1

φfb Feedback phase (excluding −ω0τ) Arbitrary
∆J Injection current w.r.t. threshold 1017 s−1

T0 Inversion lifetime 10−9 s
T1 Inversion grating lifetime 10−14 s

the corresponding transmission roundtrip differences.

3.1 Formulation of the rate equations

We have extended our previous theory [1] so as to account for the effects of backscatter-
ing due to spurious reflections [77] and side-wall irregularities [80] and the inversion-
grating induced by spatial hole burning [88]. The system is fully described by the
coupled rate equations:

Ėcw = 1
2ξ(1 + iα)

(
N0Ecw +N∗

1Eccw

)
+K exp(jφbs)Eccw (3.1)

Ėccw(t) = −1
2∆ΓEccw(t) + 1

2ξ(1 + iα)
(
N0Eccw +N1Ecw

)
+K exp(iφbs)Ecw + 1

2γ exp(iφfb)Ecw(t− τ)
(3.2)

Ṅ0 = ∆J − N0

T0

− (Γ + ξN0)I − ξ
(
N1EcwE

∗
ccw + c.c.

)
(3.3)

Ṅ1 = −N1

T1

− (Γ + ξN0)E∗
cwEccw − ξN1I. (3.4)

All parameters are listed in table 3.1. The variables Ecw, Eccw, N0, N1 and I
are taken at time t unless explicitly indicated, where Ecw and Eccw are the weakly
time-dependent complex mode amplitudes; N0 is the inversion with respect to its
value at laser threshold; N1 the (complex) amplitude of the inversion-grating and
I the total intensity, I ≡ |Ecw|2 + |Eccw|2. All variables are listed in table 3.2. In
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Table 3.2. Variables Listing

Symbol Name
Ecw Weakly time-dependent CW complex mode amplitude;

Ecw =
√
Icw exp(iφcw)

Eccw Weakly time-dependent CCW complex mode amplitude;
Eccw =

√
Iccw exp(iφcw)

N0 Inversion w.r.t. threshold; real (number of electron-hole pairs)
N1, M Inversion w.r.t. threshold; complex (number of electron-hole pairs)
Icw CW mode intensity; number of CW photons
Iccw CCW mode intensity; number of CCW photons
ε Directionality; ε ≡

√
Iccw/Icw

I Total intensity; I ≡ Icw + Iccw; total number of photons
φcw CW mode phase
φccw CCW mode phase
A Phase difference; A ≡ φccw − φcw

equation (3.2) the parameter ∆Γ represents the additional intensity loss rate for the
CCW mode with respect to the CW loss rate (Γ), induced by the isolator.

It is convenient to introduce the phase difference between the CCW and CW
modes:

A ≡ φccw − φcw, (3.5)

and the phase-shifted inversion grating amplitude M as

M ≡ N1 exp(−iA). (3.6)

With equations (3.5) and (3.6), the inversion rate equations can be expressed as

Ṅ0 = ∆J − N0

T0

− (Γ + ξN0)I − 2ξ
√
IcwIccw Re M (3.7)

Ṁ = −iȦM − M
T1

− (Γ + ξN0)
√
IcwIccw − ξMI. (3.8)

From equations (3.1) and (3.2), rate equations for the mode intensities Icw ≡ |Ecw|2,
Iccw ≡ |Eccw|2 and the phase difference can be derived:

İcw = ξN0Icw + 2K
√
IcwIccw cos

(
φbs + A

)
+ ξ
√
IcwIccw

(
Re M + α Im M

)
(3.9)

İccw = −∆ΓIccw + 2K
√
IcwIccw cos

(
φbs − A

)
+ ξ
√
IcwIccw

(
Re M − α Im M

)
+ γ
√
Icw(t− τ)Iccw cos

(
φfb + φcw(t− τ) − φccw

)
(3.10)
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Ȧ = 1
2ξ
(
Icw

Iccw

(
αRe M + Im M

)
− Iccw

Icw

(
αRe M − Im M

))
+K

(
Icw

Iccw

sin
(
φbs − A

)
− Iccw

Icw

sin
(
φbs + A

))

+ γ

2

√
Icw(t− τ)
Iccw

sin
(
φfb − A + φcw(t− τ) − φcw

)
.

(3.11)

Equations (3.7) to (3.11) form an independent set of coupled equations, which
describe the dynamical evolution of the ring laser with inversion grating, back-
scattering and EOF from the CW mode. We introduce as a measure for the degree
of directionality of the light in the ring laser the variable ε as

ε(t) ≡
√
Iccw

Icw

. (3.12)

From this definition it is straightforward to derive from equations (3.9) and (3.10)
the differential equation,

ε̇+ 1
2∆Γε = 1

2ξ
(

1
ε

(
Re M − α Im M

)
− ε
(

Re M + α Im M
))

+K

(
1
ε

cos(φbs − A) − ε cos(φbs + A)
)
ε

+ 1
2γ

√
Iccw(t− τ)

Icw

cos(φfb − A + φcw(t− τ) − φcw).

(3.13)

The first terms in equations (3.11) and (3.13) are inversion-grating induced terms;
in the absence of the other terms this term in equation (3.11) describes a frequency
splitting between the CW and CCW mode. The second terms describe coupling of
the modes due to sidewall-induced back-scattering; these terms by themselves lead
to frequency locking of the two modes. The third terms are induced by the EOF.

Our model described by equations (3.7) to (3.13) is different in several aspects
from models studied by others. We mention in chronological order M. Sorel et
al [89], Pérez et al [90], Ermakov et al [91] and Morthier and Mechet [77] who do
include back-scattering, but not the hole-burning-induced inversion grating amplitude.
Instead, they introduce self and cross saturation parameters phenomenologically. The
theory by Dontsov [85] does not consider back-scattering, but includes the spatial
hole-burning effect on the inversion grating from first principles in a traveling wave
approach. We will show that the intrinsic bistable behavior with respect to CW and
CCW operation is a direct consequence of the hole-burning-induced inversion grating
for which additional introduction of cross and self-saturation is not required.
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3.2 Analysis close to steady state

We assume that the system evolves towards a steady state with constant intensities,
i.e. İcw = İccw = 0, and a constant small value for Ȧ. This assumption implies that
the CW and CCW frequencies are close together. We then find from equation (3.8),
using

√
IcwIccw = Iε/(1 + ε2), T−1

1 � |iȦ + ξI| and ξN0 � Γ in good approximation,

M ≈ −T1ΓI ε

1 + ε2
. (3.14)

For the inversion-grating induced frequency shift ∆ω given by the first term in
equation (3.11), we obtain

∆ω = 1
2ξαM

(
1
ε

− ε

)
(3.15)

≈ −1
2αξT1ΓI 1 − ε2

1 + ε2
. (3.16)

The second term in equation (3.11) is the back-scattering contribution and can be
rewritten as

K

(
1
ε

sin(φbs − A) − ε sin(φbs + A)
)

= WBS sin(ΨBS − A), (3.17)

where

ΨBS = arctan
(
(1 + ε2) cosφbs, (1 − ε2) sinφbs

)
; (3.18)

WBS = K
√
ε−2 + ε2 + 2 cos(2φbs) (3.19)

and arctan(x, y) denotes the arc tangent of y/x taking account which quadrant the
point (x, y) is in.

With equation (3.17), we can write the phase evolution equation (3.11) in very
good approximation as (ignore the time delay in Icw, i.e. valid close to steady state)

Ȧ = ∆ω +WBS sin(ΨBS − A) +Wfb sin(Ψfb − A), (3.20)

where
Wfb ≡ γ

2ε , (3.21)

and the effective feedback phase Ψfb is defined as

Ψfb ≡ φfb − ∆ωopτ. (3.22)

With ∆ωop the steady-state operation frequency shift with respect to ω0.

∆ωop ≡ φ̇cw = φ̇ccw, (3.23)
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where the last equality follows from Ȧ = 0 in the steady state. Equation (3.20) can
be written in a form equivalent to the Adler’s equation:

Ȧ = ∆ω + Ceff sin(Ψeff − A), (3.24)

where

Ceff ≡
√
W 2

BS +W 2
fb + 2WBSWfb cos(ΨBS − Ψfb); (3.25)

Ψeff ≡ arctan
(
WBS cos ΨBS +Wfb cos Ψfb,WBS sin ΨBS +Wfb sin Ψfb

)
. (3.26)

Equation (3.24) is in a suitable form to analyze the behavior of the phase difference
near steady state in terms of the quantities Ceff and Ψeff, where it should be realized
that they are functions of the directionality ε, explicitly via ΨBS, WBS and Wfb (see
the definitions equations (3.18), (3.19) and (3.21)) and implicitly via Ψfb and ∆ωop

(equations (3.22) and (3.23)). According to equation (3.24) the phase difference A
will lock to a time-independent value whenever

Ceff > |∆ω|, (3.27)

with the stable solution

A = Ψeff + arcsin
(

∆ω
Ceff

)
. (3.28)

It is convenient to rewrite equation (3.13) in the form (ignore the time delay in Icw,
i.e. close to steady state)

ε̇ = −
(

∆Γ
2 − ∆ω

α

)
ε+K

(
cos(φbs −A)− ε2 cos(φbs +α)

)
+ 1

2γ cos(Ψfb −A), (3.29)

with ∆ω and Ψfb given by equations (3.15) and (3.22) and (21), respectively.
The general structure of the theory can now be summarized as the Adler equa-

tion (3.24) with solution equation (3.28) in terms of “parameters” that depend on
that solution. This implies that the solution process requires a self-consistent method,
which can be achieved, for instance, by iteration. Substitution of equation (3.28) into
the right hand side of equation (3.29) and equating ε̇ to zero yields an equation for ε
that can be solved numerically. The stable solutions for ε are the zero crossings of the
right-hand side as function of ε with negative slope. Before analyzing in section 3.4
the case of CW-dominant operation, we will investigate in the next section the case in
which the spatial hole burning effect ∆ω dominates all other terms in equation (3.29).
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3.3 Bistable operation without intracavity isolation

and EOF

Throughout this section we put ∆Γ = γ = 0. First, assume no back-scattering, i.e.
K = 0. In this case, equation (3.29) reduces to (N0 = 0, I = (1 + ε2)Icw)

ε̇ = ∆ω
α
ε

≈ −ξT1ΓI
2

1 − ε2

1 + ε2
ε,

(3.30)

with the stable steady-state (t → ∞) solutions

ε = 0,∞, (3.31)

and the unstable solution
ε = 1. (3.32)

According to equation (3.31) an ideal ring laser will exhibit bistability with respect
to CW and CCW operation. Here we have shown explicitly how this intrinsic
bistable behavior is related to the spatial hole burning of the inversion. Note that no
additional assumptions of self and cross saturation were made in the differential gain
ξ as was made in [77, 89–91].

The stability eigenvalues for each stable solution equation (3.31) is ξT1ΓI/2, and
the eigenvalue for the unstable solution is ξT1ΓI/4. Note that these eigenvalues are
proportional to the lifetime of the inversion grating T1 and the pump strength (through
the intensity I). Hence we predict that for lasers with slower carrier diffusion and
thus longer grating life time, the respective stability eigenvalues will be accordingly
larger.

We will now investigate the effect of coherent back-scattering. It can be seen
from equation (3.27) that the feedback term has the same structure as one of the
back-scatter terms. This property was used in [77] to treat the feedback as an effective
back-scatter term, absorbing γ in the corresponding K.

By substituting the stable solution equation (3.28) in equation (3.29) with
∆Γ = γ = 0 and realizing that equation (3.28) gives A in terms of ε, the zero
crossings of the right-hand side of equation (3.27) with negative slope correspond to
stable steady-state solutions. This was analyzed in a recent conference paper [92]
where for all values of the pump strength above threshold the locked symmetric
state with ε = 1 was found to be a steady-state solution, always stable except for
some back-scatter phase values. From a certain pump strength onward, the basin of
attraction was seen to shrinks rapidly, while at the same time, the system has two
stable symmetry-broken phase-locked solutions, corresponding to CW/CCW net flux
operation. Likely, in an experimental situation the symmetric state may then no
longer be observable. Numerical time integration of equations (3.7) to (3.11) revealed
also a region of intermediate pump strengths with coexisting oscillating behavior of
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the coupled CW and CCW modes, in agreement with experimental findings in [84]
and [89].

3.4 Unidirectional operation with strong isolation

The steady-state of the laser is characterized by equating the right hand side of
equation (3.29) to zero. In case of sufficiently large isolation, i.e. for ∆Γ � |∆ω|,
this yields a quadratic equation for ε with two solutions given by

ε± = ∆Γ
2

1 ±
√

1 + 1
∆Γ2 16K cos(φbs + A)

(
K cos(φbs − A) + 1

2
γ cos(Ψfb − A)

)
−2K cos(φbs + A) .

(3.33)
Since |∆ω| ∼ 106 s−1 and ∆Γ ∼ 109–1010 s−1, the approximation leading to equa-
tion (3.33) is well satisfied. Only the root in equation (3.33) with negative sign has
physical significance, since that one behaves well for K → 0. The other root yields
either a negative value for ε or a large value ε � 1, in both cases an unphysical
situation with the CCW mode below threshold.

If in addition the isolation ∆Γ is much larger than 4
√
K(K + γ/2), we can

approximate the physically acceptable solution as

ε = 2K cos(φbs − A) + γ cos(Ψfb − A)
∆Γ , (3.34)

i.e. yielding a small value for ε � 1 and valid for

∆Γ � max
(

|∆ω|, 4

√
K

(
K + γ

2

))
. (3.35)

The value for should follow from equation (3.28), which in case of ε ↓ 0 reduces to
A = Ψeff. Using equation (3.26) and some trigonometric relations, equation (3.34)
can be cast in the following appealing form:

ε = 2K + γ

∆Γ

√
1 − Kγ(

K + γ
2

)2

(
1 − cos(φbs − Ψfb)

)
, (3.36)

which combines all relevant quantities in one single analytic expression. The isolation
strength ∆Γ is order 1010 s−1, the side-wall back-scatter rate K is order 106 s−1

and the feedback rate γ order 108 s−1. It then follows from equation (3.36) that
ε ≤ (2K+γ)/∆Γ ≈ 10−2, meaning that the condition equation (3.35) for the validity
under which equation (3.36) was derived is well met. It is shown in [1] that with the
above-derived directionality ε ≤ 10−2 full insensitivity to external feedback in terms
of RIN and linewidth. This concludes our analysis of a unidirectional ring laser with
built-in isolator and subject to back-scattering and external optical feedback.
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3.5 Conclusion

We have theoretically analyzed the dynamical behavior of a unidirectional ring
laser with built-in optical isolator to prevent one direction from lasing. Especially,
we investigated the robustness of unidirectional operation against coherent back-
scattering and hole-burning-induced gain saturation.

Our theory applied to the case of a laser without isolator revealed how the intrinsic
tendency for bistable behavior with respect to CW/CCW operation is a natural
consequence of the spatial hole-burning-induced inversion grating. On the other hand,
in case of back-scattering such as due to side wall irregularities, the device tends
towards symmetric coupled-mode operation ε = 1 (i.e. both CW and CCW). Since
the tendency for bistability scales with the pump strength whereas the tendency for
symmetric ε = 1 operation is pump-strength independent, the competition of the
two tendencies leads to symmetry-broken bistable operation for high enough pump
strength. Such scenario has indeed been observed by references [84] and [89].

Next, an analytic expression for the directionality in the presence of external
optical feedback is derived, valid for sufficiently strong isolation. This expression
shows that the effects of EOF as well as back-scattering are similar in structure, and
lead to correspondingly similar effects on the directionality of operation. Our findings
for a unidirectional, or rather quasi-unidirectional, ring laser with built-in isolator
to suppress one of the circular modes, corroborate the predictions in [1] concerning
the external feedback sensitivity of the laser. The theory in [1] did not take into
account intrinsic back-scattering such as due to the inversion grating or side-wall
irregularities.



CHAPTER 4

The Unidirectional Phase Modulator

Abstract—A unidirectional phase modulator consisting of tandem
phase modulators is studied in detail for use as an integral part of an
integrated optical isolator. The effects of non-linearity and residual
amplitude modulation in the modulators, as well as the effect of the
RF driving signals are captured in a phenomenological model for the
first time. The model has been verified experimentally using a device
realized in a generic InP based photonic integration platform and the
validation results are used to study the operating range of the device.
Design parameters for the modulator are derived such that modulation
side bands in the forward propagating light are less than 40 dB, while
isolation is maximized.1

Semiconductor lasers are very sensitive to EOF [6, 11, 76, 81, 93]. Effects include
broadening of the laser linewidth, increased relative intensity noise and even pulsations
of the laser output power on time scales of tens of MHz under special conditions [6,
94]. In many applications, EOF is considered undesirable and is suppressed by placing
a strong optical isolator between the laser and the optical system it is connected to.
In this way the laser light can propagate into the system but any reflections back
into the laser are suppressed. The maximum amount of EOF that can be tolerated
by a laser is dependent on its cavity design. In general, 60 dB isolation is considered
sufficient as was experimentally found for DFB lasers in [6].

In PICs it is possible and desirable to integrate one or more lasers onto a chip
with additional components such as modulators, splitters and filters. This extent of
integration allows for a complex circuit with only electrical inputs and a single optical
1 This chapter, except section 4.5, was published as [3], © 2018 Optical Society of America.
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output that can be directly coupled to a fiber, such as a high speed transmitter for
telecom applications [95]. The complexity of assembling the full system can thereby
be greatly reduced and circuit functionality can be increased. Other advantages
of PICs include reduced size, weight and power consumption of systems as well as
increased yield and reliability [96, 97]. The stability of many systems is however
critically dependent on the stability of the light source and thus on the presence of
EOF.

To make the integrated laser immune to EOF it is currently not possible to place
an optical isolator in series with the laser as is commonly done in fiber- and free-space
optics since a suitable integrated optical isolator is not available [83]. Isolation has
been demonstrated, but it requires either significant extra steps in the processing of
the wafer [67, 72], provides limited isolation [52, 75], or presents a high insertion
loss [50]. Many of these isolators are narrow-band [45, 50, 52, 75] requiring some
tuning mechanism to align them to the lasing wavelength.

Recently, we predicted that 10 dB optical isolation is sufficient to stabilize the
relative intensity noise of an integrated laser to within 3 dB and the linewidth and
optical output power to 0.1 % for EOF up to −0.1 dB [1]. This finding indicates that it
is possible to obtain a laser that is insensitive to EOF using e.g. the isolator presented
in [52]. We proposed to achieve this insensitivity by placing an optical isolator in the
cavity of a ring laser. The isolator forces the ring laser into unidirectional operation,
allowing only one propagating direction to reach threshold. Since EOF propagates in
the backward direction it will return to the counter-propagating mode in the laser.
This mode is below threshold and EOF therefore has a greatly reduced impact on the
characteristics of the lasing mode. Additionally the narrow-band isolator is inherently
aligned to the lasing wavelength, facilitating the tuning of the operating wavelength.

In this chapter we study the properties of the UPM, that is an essential part
of the isolator presented in [52]. The impact of non-linearity, residual amplitude
modulation (RAM) and imperfect driving signals on the quality of the complete
optical isolator are obtained. The UPM and its ideal parameters are described in
section 4.1. In section 4.2 a detailed, phenomenological model is presented that
includes non-linearity and RAM in the ERMs. The experimental verification of the
model is reported in section 4.3 for ERMs manufactured in a generic integration
platform [27]. Section 4.4 presents a detailed, theoretical analysis of the impact of
the operating conditions on the performance of the UPM on the basis of the validated
model. This section also highlights a number of trade-offs that need to be made in
the design of such a device. The chapter is concluded by a set of requirements on
the UPM that yield a side-mode suppression ratio of 40 dB when the component is
placed in the laser cavity.

4.1 UPM concept

The isolator presented in [52] consists of two tandem ERMs and a spectral filter and
is schematically shown in figure 4.1. Ideally the tandem ERMs act as a single phase
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ERML

VL sin(ωt)

ERMR

VR sin(ωt + φ)

←
backward

→
forward

D

UPM

Figure 4.1. Schematic representation of a UPM consisting of two tandem ERMs
combined with a spectral filter ( ). Both modulators are driven by a single-frequency
RF signal with potentially different amplitude and with phase difference φ. The
distance between the centers of the modulators is D.

modulator in the backward propagating direction, while not affecting the light in
the forward direction, hence the name unidirectional phase modulator. The phase
modulated, backward propagating light is passed through the filter and the generated
side bands are attenuated, reducing the total power in this propagation direction.
Because light in the other direction is not modulated, this light passes the filter
without attenuation. Combined, the UPM and the spectral filter therefore provide
optical isolation.

This simplified model is only valid when the voltage response of the ERMs is
strictly linear, the ERMs do not exhibit RAM and when the RF modulation of the
ERMs is perfectly sinusoidal with a very specific amplitude and phase. When this is
not the case, the performance of the UPM is suboptimal. In this case the forward
propagating light will be modulated, resulting in the generation of side bands. This
effect is especially important when the UPM is integrated into the cavity of a laser as
these side bands can build up over several round trips of the light. The side bands can
also interact with the charge carriers in the amplifier of the laser reducing the spectral
quality of the laser output. In the reverse direction, suboptimal operating conditions
result in a reduced suppression of light the central frequency, limiting the amount of
isolation that can be achieved. A laser containing such a UPM will therefore show
increased sensitivity to EOF. Because of their impact on laser performance, this
chapter focusses on ways to reduce the modulation of the forward propagating light
and on ways to increase the suppression of the backward propagating light.

4.2 Model description

The construction of the phenomenological model of the UPM starts from a single
ERM. This component is commonly used in InP based PICs as a voltage-driven
phase modulator [95, 98]. Each of the two ERMs is modelled as a lumped element,
which is justified because their lengths are shorter than one tenth of the wavelength
of the RF driving signals. A change in refractive index inevitably changes the
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absorption of the material. Therefore, it can be expected that the modulators
introduce unwanted amplitude modulation as was experimentally found in [99, 100].
For that reason, RAM is included in the model. The ERMs have a non-linear
phase-voltage relationship, which we approximate by a second order polynomial.
Throughout the model we assume that the non-linearity is instantaneous.

The transmission of each single ERM is then modelled as

T±
p (t) =A(V ) exp

(
iΦ(V )

)
=
(
Ap0 +Ap1 sin(ωt+ ψ±

p ) +Ap2 sin2(ωt+ ψ±
p )
)

exp
(
i
(
Φp0 + Φp1 sin(ωt+ ψ±

p ) + Φp2 sin2(ωt+ ψ±
p )
))
,

(4.1)

where the superscripts + and − refer to propagation in the forward and backward
directions, respectively, Φ denotes the phase modulation amplitude, A denotes the
modulation amplitude of the optical field amplitude as caused by RAM, the index
p = L,R denotes the left or right ERM respectively, the subscripts 0, 1 and 2 indicate
the order of the modulation, ω is the angular frequency of the electrical driving signal
and t is time.

Both modulators are operated at a different effective phase as indicated by
ψ±

p . The difference between the effective phases of the two ERMs determines the
modulation amplitude of the ensemble. For forward propagating light, the light first
passes through ERML and only later through ERMR, resulting in an effective phase
difference ψ+ = φ+ωD/vg, where the superscript denotes the propagation direction,
D is the path length difference between the centers of the two ERMs as indicated in
figure 4.1 and vg is the group velocity. For backward propagating light, the light goes
through the ERMs in the opposite order, resulting in an effective phase difference
ψ− = φ − ωD/vg. The direction dependence of the effective phase difference ψ±

ultimately provides the basis for the optical isolator.
The model for the complete UPM is obtained by multiplying the transmission

of the two individual ERMs. This model can be simplified by grouping terms of
similar modulation order. In this way an effective ERM is obtained that shows the
same behavior as the UPM. Because of the direction dependence of the effective
phase difference, this effective ERM is different for both directions. The respective
transmissions in forward (+) and backward (−) direction can be expressed as

T±(t) = T±
L (t)T±

R (t)
=
(
A0 +A±

1 sin(ωt+ Ψ±
1 ) +A±

2 sin(2ωt+ Ψ±
2 )
)

exp
(
i
(
Φ0 + Φ±

1 sin(ωt+ Ψ±
1 ) + Φ±

2 sin(2ωt+ Ψ±
2 )
))
,

(4.2)

where

Φ0 ≡ ΦL0 + ΦR0 + 1
2ΦL2 + 1

2ΦR2; (4.3)

Φ±
1 ≡

√
ΦL1

2 + ΦR1
2 + 2ΦL1ΦR1 cosψ±; (4.4)
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Φ±
2 ≡ −1

2

√
ΦL2

2 + ΦR2
2 + 2ΦL2ΦR2 cos 2ψ±; (4.5)

A0 ≡ (AL0 + 1
2AL2)(AR0 + 1

2AR2); (4.6)

A±
1 ≡

√
AL1

2 +AR1
2 + 2AL1AR1 cosψ±; (4.7)

A±
2 ≡ −1

2

√
AL2

2 +AR2
2 + 2AL2AR2 cos 2ψ±; (4.8)

tan Ψ±
m ≡ (1 − Φ̂m) sinmψ±

(1 + Φ̂m) + (1 − Φ̂m) cosmψ±
(4.9)

and Φ̂m ≡ (ΦLm − ΦRm)/(ΦLm + ΦRm) is a measure for the imbalance between the
modulation amplitudes imposed on the light by both modulators.

To gain more insight into the effect of the UPM, the spectral profile of equa-
tion (4.2) can be calculated. To this end, the exponent in equation (4.2) is ex-
panded using exp(ix sinφ) =

∑∞
n=−∞ Jn(x) exp(inφ) [101, page 22], where Jn is the

Bessel function of the first kind nth order. The sine functions are expanded using
sin(x) = (i/2) exp(−ix) − (i/2) exp(ix) and the resulting expressions are grouped by
their frequency components, yielding

T±(t) =
∞∑

n=−∞
exp(inωt)( ∞∑

m=−∞

2∑
k=−2

Jn−2m−k(Φ±
1 )Jm(Φ±

2 )Ak × exp
(
i
(
(n− 2m− k)Ψ±

1 +mΨ±
2

)))
.

(4.10)

From this equation it follows that single-frequency input light becomes a spectral
comb that is centered at the optical frequency of the input light and with lines spaced
by the electrical modulation frequency ω after it has propagated through the UPM
once. If the comb lines are numbered from the center (index 0), the relative power in
each of the comb lines is found as

P±
n =

∣∣∣∣ ∞∑
m=−∞

2∑
k=−2

Jn−2m−k(Φ±
1 )Jm(Φ±

2 )Ak × exp
(
i
(
(n− 2m− k)Ψ±

1 +mΨ±
2

))∣∣∣∣2.
(4.11)

This solution will be referred to as the full solution in the remainder of this chapter.
When the modulators are linear (Φ±

2 = 0) and do not introduce RAM (A±1 =
A±2 = 0) equation (4.11) can be studied analytically as only the term with m = k = 0
contributes to the sum. In that case it follows that the transmission of the UPM is
identical to that of a single ERM that is modulated with amplitude Φ±

1 , and reads

P±
n,simple =

∣∣Jn(Φ±
1 )
∣∣2. (4.12)
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Table 4.1. Overview of the Model Parameters

Description Symbol

Total phase modulation amplitude Φ̄
Modulation imbalance Φ̂1

Non-linearity Φ̃
RAM Ã

Non-linear RAM Â
Forward effective phase difference ψ+

Backward effective phase difference ψ−

RF phase difference φ
Additional phase difference ωD/vg

Note that the effective phase difference ψ± is dependent on the propagation direction
of the light. Equation (4.12) is referred to as the simple model in the remainder
of this chapter. When the modulators are balanced and have equal modulation
amplitude, this equation simplifies further to

P±
n ≈

∣∣∣∣Jn

( Φ̄2

2
√

2 + cos(ψ±)
)∣∣∣∣2. (4.13)

Finally, it will prove convenient later to define the total phase modulation ampli-
tude, phase non-linearity, RAM and non-linear RAM for the case of identical ERMs
as

Φ̄ ≡ ΦL1 + ΦR1; (4.14)
Φ̃ ≡ ΦL2/ΦL1 = ΦR2/ΦR1; (4.15)
Ã ≡ AL1/ΦL1 = AR1/ΦR1; (4.16)
Â ≡ AL2/ΦL2 = AR2/ΦR2. (4.17)

Table 4.1 provides an overview of the names and symbols of the most important
parameters in the model.

4.3 Experimental characterization and validation

of the model

In this section, the characterization results of a fabricated UPM are used to verify the
phenomenological model and to derive relevant parameter values. The PIC containing
the UPM was fabricated in the SMART photonic integration platform that is based
on InP technology [27]. The layout of the components on the PIC is presented in
figure 4.2 and a photograph of the fabricated PIC is shown in figure 4.3. The total
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to angled input

output
contacted ERMs

Figure 4.2. Layout of the UPM that was fabricated by SMART Photonics [27].
ERMs are indicated in red, contact pads in yellow, electrical isolation sections in
black and deeply etched waveguides in blue.

on chip loss is estimated to be 8 dB. Each ERM in the UPM is implemented in three
sections. In the figure this can be recognized as the two groups of three ERMs. The
two center sections are 1 mm long, while the four outer sections are 1.08 mm long.
Due to electrical limitations, only the two center ERMs were contacted in this work
and the other four are left unbiased. The only difference between these unbiased
ERMs and regular waveguides is a metal contact pad that is located far from the
optical mode. It is therefore assumed that the unconnected ERMs behave the same
as passive waveguides.

The ERMs are connected using a bond wire, printed circuit board (PCB) and
coaxial cable. Figure 4.4 shows a photograph of these electrical connections as well
as the aligned lensed fibers that are used for the optical in- and outputs. Both ERMs
are direct current (DC)-biased at −6 V and each modulator is individually connected
to an RF signal generator (Anritsu MG3691B and Rohde&Schwarz SGS100A). The
maximum modulation amplitude of the RF sources is 3.2 Vpp. Together with the
modulation efficiency of the ERMs, Vπ = 9 Vmm, the maximum suppression of the
central line that can be expected is 99 %. Electrical losses, mainly those in the PCB,
were too high to obtain meaningful results, limiting us to operation at 3.5 GHz. This
frequency was used for the experiments, as opposed to 5 GHz for which the UPM was
designed. As will be shown later, this limits the maximum isolation that is obtained
experimentally, but does not impact the validity of the conclusions. The signal
generators are both phase locked to the 10 MHz clock of the Anritsu signal generator
such that they operate at the same frequency. The modulation amplitude and phase
difference between the two signal generators is varied between measurements.

For characterization, lensed fibers are aligned to the angled and anti-reflection
coated input and output facets of the PIC using high precision stages (Thorlabs

Figure 4.3. Photograph of the fabricated UPM. Relevant structures are indicated in
figure 4.2, other structures belong to separate devices that are not discussed in this
thesis.
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Figure 4.4. Picture of the die connected to a PCB using bond wires. Light is coupled
to and from the PIC using lensed fibers as shown.

MAX300). This results in an estimated coupling loss of 5 dB and facet reflections
of less than −40 dB. The input fiber is connected to a laser that is lasing at a
wavelength of 1550 nm with a power of 10 mW (HP 81940A). The output spectrum
is determined using an optical spectrum analyzer (OSA) with a resolution of 20 MHz
(APEX 2641-B), yielding spectra such as the one presented in figure 4.5a. The total
optical power in the five central peaks in this spectrum is then extracted, essentially
using the OSA as five parallel, high resolution, spectral filters.

First, the signal generator connected to ERML is set to its maximum signal
strength of 20 dBm or 3.2 Vp while the power supplied by the second signal generator
is increased from 65 % (2.1 Vp) until 100 % (3.2 Vp) of this value in steps of 5 %
(0.16 Vp). Then a similar experiment is done using a fixed RF power of 20 dBm
for ERMR while sweeping the signal on ERML. When both modulators and RF
signal paths are identical, which is not the case in the experiment, this corresponds
to sweeping the imbalance in modulation depth Φ̂1 from −0.21 to 0.21. For each
amplitude setting the RF phase difference φ is varied from 0 to 2π rad in steps of
π/18 rad or 10° resulting in a sweep of the effective phase difference ψ±. This whole
sequence is then repeated four times to obtain an estimate for the measurement error.
Finally, the model is fitted to all the data simultaneously. This yields the parameters
shown in table 4.2.

Table 4.2. Parameter Values Obtained by Fitting to the Measured Data

Description Fit value Unit
Total phase modulation amplitude 0.96 rad
Modulation imbalance 0.005 1
Non-linearity 5.5 %
RAM 8.4 %
Non-linear RAM 0.15 %
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(b) Φ̂1 = −0.093.
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Effective phase difference [π rad]

(c) Φ̂1 = 0.005.

0 0.5 1 1.5 2

(d) Φ̂1 = 0.034.

Figure 4.5. Measured spectra for various RF imbalances and RF phase differences.
Subfigure (a) presents a single measured spectrum, where the relative frequency,
F , is the optical frequency relative to the frequency of the incoming light wave.
Subfigures (b)-(d) show the power in the central five peaks in these spectra as a
function of effective phase difference ψ± for three values of modulation imbalance
Φ̂1. The colors used for the data in subfigures (b)-(d) correspond to colors of the
peaks in subfigure (a). The solid lines represent the result of the model fitted to all
data simultaneously (parameters as in table 4.2) for various modulation imbalances
(ΦL1/ΦR1) as specified in the captions. Note that the fitted curve falls inside most
of the indicated error intervals, indicating that our model includes all relevant
parameters.
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Figures 4.5b to 4.5d present the power in each of the five colored peaks of
figure 4.5a as a function of ψ± and for three distinct modulation imbalances: stronger
modulation in the second modulator (Φ̂1 = −0.093), approximately equal modulation
amplitude (Φ̂1 = 0.005) and stronger modulation in the first modulator (Φ̂1 = 0.034)
respectively. Each color in the subplots corresponds to the spectral line of the same
color in figure 4.5a. It should be noted that phase modulation depth ratio Φ±

1 /Φ
±
2

was not equal to VL/VR in these measurements. This is attributed to a difference in
electrical losses in the paths between the signal generators and ERMs and to different
phase modulation efficiencies of the individual ERMs. In the fitting procedure this is
taken into account by scaling the modulation imbalances by a single fitting parameter.

In figures 4.5b to 4.5d the experimental data are presented as error bars that
span two standard deviations of the measurement error. In these figures the fit to
the full model is presented as a solid line of the same color. Very good agreement is
obtained indicating the model captures all relevant effects.

A number of features of these figures can be understood from equation (4.13).
First of all, the effective modulation amplitude is greatest for an effective phase
difference of ψ± = 0 and smallest for ψ± = π. This translates to strongest and
weakest phase modulation, respectively. In figures 4.5b to 4.5d this is represented by
the reduction of the central peak (green line) and the increase of the other peaks
for ψ± = 0. From the green line it can also be seen that the central peak was
suppressed by maximally 2.2 dB, corresponding to the maximum isolation that can
be achieved using the available operating conditions. This is caused by the limited
phase modulation amplitude mentioned before.

The figures show only a small impact of RAM due to the limited modulation
amplitude. The experiment did not provide us with an accurate measure for the
RAM parameters A. Our theory does however predict that RAM becomes much
more visible when the ideal modulation amplitudes are applied. For this reason we
do not neglect it. In order to obtain quantitative results, the value found in [100] for
an ERM fabricated in the same platform, but obtained using DC signals is used. It
is equal to Ã ≡ AL1/ΦL1 = AR1/ΦR1 = 0.05.

Finally, figure 4.5 shows features of residual phase modulation that are caused by
imbalanced modulation and residual modulation due to non-linearity. To understand
the impact of these effects, a more detailed understanding of the model is required
however. They will be explained in sections 4.4.2 and 4.4.3.

4.4 Analysis of the performance of a UPM

The verified model will now be used to study the effect of the non-linearity and the
RAM of the ERMs and the effect of the RF signals on the maximum isolation that
can be achieved using the UPM, as well as the intensity of the side bands generated
on the forward propagating light. As indicated before, the modulation amplitude
that was achieved during the experiment was insufficiently to fully deplete the central
peak, and is was therefore not possible to obtain complete isolation. During this
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analysis we use our model to extrapolate the experimental data to higher phase
modulation amplitudes. In practice this could be achieved by elongating the ERMs
or by increasing the amplitude of the RF voltage supplied to the ERMs. Also, the
efficiency of the modulators could be increased, e.g. by using quantum well ERMs
instead of the bulk ERMs used in this work. However, this last option would however
have an impact on the linearity and RAM of the modulators as well, invalidating the
parameters obtained in the previous section. Even for this case, the general model
would still apply.

Various interesting properties of the model will be studied in the following
subsections. For each property it is assumed that the UPM is otherwise ideal to
allow for more clear results. Since the imperfections in the modulator parameters
are small, the separate study of the properties is justified.

The remainder of this section first derives the set of operating parameters that
allow for complete suppression of the backward propagating light. These values
agree with the values presented in [52], indicating that our model matches the model
presented in [52] for the cases studied in that paper. Then the effect of any deviation
from the operating points is studied. From the results of this study an understanding
of the maximum allowed deviation from the optimal operating parameters of the
UPM is developed. Values of this maximum allowed deviation are derived for a
specific requirement on the spectral quality of the forward transmitted light: the
intensity of all side bands is at least 40 dB below that of the central wavelength.

4.4.1 Trade-off: amplitude, phase, frequency, length

Ideally an isolator does not affect the forward propagating light. This is only true
when the transmission spectrum of the UPM is a single peak centered at 0. In other
words, P+

n = 1 for n = 0 and 0 otherwise. The contrast, this peak is ideally completely
suppressed for backward propagating light, ensuring that all power is converted to side
bands which can subsequently be filtered to achieve isolation. This requires P−

0 = 0.
As was already presented in [52] this is achieved when there is no non-linearity in
the phase-response (Φ±

2 = 0), when there is no RAM (A±1 = A±2 = 0), when the
modulators are perfectly balanced (ΦL1 = ΦL2) and when the phase relations obey
φ = ωD/vg = π/2. As will be shown from equation (4.11), these are however not the
only solutions that allow for perfect isolation.

From this equation it is found that a trade-off can be made between the RF
modulation amplitude, phase difference and the modulation frequency, and the
spacing of the ERMs. It is most insightful to study this trade-off assuming the
modulators do not show a non-linear phase response or RAM and the modulation
amplitudes are balanced as this yields the most easily interpreted equations, without
introducing significant errors in the trade-offs. In this special case equation (4.4) can
be simplified to

Φ±
1,ideal = Φ̄

√
1
2 + 1

2 cosψ±, (4.18)

where Φ̄ ≡ ΦL1 + ΦR1 is the summed phase modulation amplitude. To prevent
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Figure 4.6. Total power in the generated side bands at F = ω (for P1) and F = 2ω
(for P2) from the carrier in the transmission spectrum of the UPM as a function of
the effective phase difference ψ+. The simplified model does not include non-linear
phase modulation and RAM. The influence of the non-linear phase response and the
RAM in the ERMs on the power in the first order side bands is minimal as can be
seen by the almost overlapping curves. The power in the second order side bands
(P2) is heavily influenced by the RAM and non-linear phase response. As a result
their intensity does not depend strongly on the RF phase detuning.

modulation of the forward propagating light it follows that the effective modulation
amplitude for the forward propagating light equals 0, or

√
1
2

+ 1
2

cosψ+ = 0. This
implies that effective phase difference for the forward propagating light equals π. In
section 4.2, it was shown that this phase difference equals ψ± = φ±Dω/vg. Minimal
influence on the forward propagating light can therefore be obtained by tuning one
of the three parameters: the phase difference between the RF signal generators (φ);
the modulation frequency (ω); or the optical path length between the centers of
the two ERMs (cD/vg). To further illustrate the influence of the effective phase
difference for the forward propagating light as well as the validity of the simple model,
figure 4.6 shows the calculated power in the side bands in the forward propagating
light generated by the UPM when the effective phase difference is varied. The results
are presented for both calculations using the simplified model and calculations using
the full model which uses the non-linearity parameters obtained from a fit to our
experimental data and the RAM parameters obtained from [100]. Both effects have
a negligible effect on the first order side band of the modulation of the forward wave
as can be observed from the overlap between the two curves in the figure. As can be
expected, the power levels in the second order side bands are however determined by
the non-linear phase response and the RAM. Taking 40 dB as the maximum intensity
of the side bands, the forward effective phase difference ψ+ needs to be accurate up
to 0.017 rad.

From equation (4.18) it also follows that maximum isolation requires an effective
modulation amplitude of J̄ , where J0(J̄) ≡ 0 is the first zero of the Bessel function.
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Figure 4.7. The total required phase modulation amplitude, Φ̄, that is required to
obtain maximum suppression of the central wavelength (optimum isolation) in the
backward direction as a function of effective RF phase difference in the backward
direction, ψ−. The ideal value is reached for ψ− = 0. It can be seen that deviations as
large as π/2 from this ideal value do not impact the modulation depth requirements
greatly, but larger deviations from the optimum value should be avoided.

This requirement can be expressed as Φ̄
√

1/2 + 1/2 cosψ− = J̄ , which shows that
there is a trade-off between the RF modulation amplitude Φ̄ and the effective phase
difference ψ−. Usually it is desirable to reduce the modulation amplitude as much as
possible to lower power consumption for the RF sources and to reduce non-linearity in
the modulators. Figure 4.7 shows the modulation amplitude Φ̄ that yield maximum
isolation as a function of the effective phase difference in the backward direction
ψ−. The figure shows a minimum required modulation amplitude at ψ− = 0. The
UPM will commonly be designed to operate at this point as power consumption of
the RF sources and linearity of the modulators usually deteriorates with increased
modulation amplitude. The required modulation amplitude for maximum isolation
only slightly increases for small deviations from the optimum effective phase difference.
Small error in effective phase difference can therefore be compensated by driving
the ERMs harder without incurring a big penalty. In practice this could mean
that the effective phase difference is optimized for optimum performance in the
forward direction by tuning the phase difference between the RF sources, while
simultaneously optimizing performance in the backward direction by tuning the
modulation amplitude. Finally the figure shows an asymptote at the least optimal
effective phase difference, ψ− = ±π. This is expected as the two ERMs completely
cancel each other’s effects in this case. No matter how hard they are driven, no phase
modulation will occur for this setting and no isolation will be possible.

Again allowing side bands of maximum 40 dB as an example, this yields an upper
limit on the modulation of the forward propagating light of |J0(Φ+

1 )|2 < 1 × 10−4, or
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Φ+
1 < 0.02. Assuming the minimum value for the RF modulation amplitude Φ̄ = J̄

this yields a maximum allowable error of 0.017 rad in the effective phase difference
in the reverse direction, ψ−.

4.4.2 Amplitude imbalance

Both modulators in the UPM do not necessarily impose the same modulation
amplitude on the light. In practice this can result from a different electrical path for
both RF signals, or from a different response of both modulators. Any imbalance
results in an increase of the side bands imposed on the forward propagating wave and
in a reduction of the suppression of the central peak in the backward propagating
wave.

To study this effect equation (4.4) is rewritten as

Φ±
1 = Φ̄

√
1 + Φ̂2

1

2 + 1 − Φ̂2
1

2 cosψ±, (4.19)

where Φ̂1 ≡ (ΦL1 − ΦR1)/(ΦL1 + ΦR1) is the modulation imbalance as defined before.
The relative effective modulation amplitude Φ±

1 /Φ̄ is plotted in figure 4.8 as a function
of the modulation imbalance Φ̂1 for various effective phase differences ψ±.

The suppression of any residual modulation of the forward propagating light can
only be achieved when the modulation amplitudes are balanced and the effective phase
difference for the forward propagating light is ideal. For 40 dB SMSR, a maximum
imbalance of Φ̂1 = 0.02/Φ̄ is found. For the minimum modulation amplitude Φ̄ = J̄
this yields Φ̂1 < 0.008. It should be noted that tolerances on the modulation
imbalance become more tight if the modulation amplitude is increased to compensate
for sub-optimal phase settings as discussed in the previous subsection.

In figures 4.5b to 4.5d the effect of imbalance is most apparent in the first order
side bands. For well-balanced modulation (figure 4.5c) it can be seen that the power
in these bands tends to 0 for an effective phase difference of ψ± = π. For unbalanced
modulation (figures 4.5b and 4.5d), the residual modulation results in an increase in
the side bands at ψ± = π.

For the backward propagating light the requirement is Φ−
1 = J̄ such that the

central spectral peak is fully suppressed. It is possible to achieve this condition for
any value of modulation imbalance Φ̂1 by increasing the total modulation amplitude.
For effective phase difference values ψ− that are relatively close to the ideal 0 and
reasonably balanced modulation, the effect of the imbalance in the modulation can
readily be compensated by a minor increase in the total modulation amplitude.
Therefore, the effect of the UPM on the backward propagating light is not affected by
a modulation imbalance and requirements on the modulation imbalance are derived
fully from its effects on forward propagating light.
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Figure 4.8. The effective phase modulation amplitude of the UPM relative to the
sum of the modulation amplitudes of the two ERMs, Φ±

1 /Φ̄, for a number of values
of effective phase differences ψ± and as a function of the imbalance in the effective
modulation depth of the refractive index, Φ̂1. As shown, no modulation on the
forward propagating wave requires equal modulation amplitude and an effective
phase difference of π/2 (Φ̂1 = 0 and ψ+ = π respectively). In the backward direction,
ideally ψ− = 0. Any deviations from this value can be compensated by increasing
the modulation amplitude of the two ERMs, Φ̄.
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Figure 4.9. Optical power in the second order side band (P2) of the transmission of
the UPM induced by the phase non-linearity Φ̃ and the RAM Ã. It is assumed both
modulators behave identically. When neglecting RAM, the modulation amplitude
can be simplified as in equation (4.18).

4.4.3 Non-linearity and RAM

Due to phase non-linearity in the ERMs, the light effectively experiences a modulation
at 2ω. It is not possible to suppress both the linear and the quadratic modulation
at the same time, as this would require φ + ωD/vg = π and φ + 2ωD/vg = π
simultaneously. As a result, side bands will be generated at 2ω. Figure 4.5c shows
this most clearly in our experimental data. The first order side bands are strongly
suppressed in this case, while the second order side bands remain clearly visible.
Furthermore, non-linearity combined with unbalanced modulation results in an
asymmetric transmission as show in figures 4.5b and 4.5d and is most clear for an
effective phase difference slightly above and below ψ± = π.

For further analysis of the impact of non-linearity and RAM, it is assumed that
both modulators show identical non-linearity in the phase and amplitude response
such that Φ̃ ≡ ΦL2/ΦL1 = ΦR2/ΦR1. The intensity of each of the peaks at 2ω is
found as |J1(Φ+

2 )|2, which is graphically shown for otherwise ideal parameters in
figure 4.9. It is shown that RAM only has a significant effect for a phase non-linearity
Φ̃ < 0.01.

Tolerable values are again obtained using SMSR > 40 dB as a guideline for the
required laser light quality, and it is found that the requirement on phase non-linearity
equals Φ+

2 < 0.02. When the minimal modulation amplitude Φ+
1 = J̄ is assumed, this

implies non-linearity should be less than Φ+
2 /Φ

+
1 = 0.8 %, which in turn is satisfied

if ΦL2/ΦL1 and ΦR2/ΦR1 are both smaller than 1.7 %.
In the backward direction non-linearity in the phase and amplitude modulation

has a more complicated impact and influences the maximum achievable isolation
which can be calculated using equation (4.11). This expression does not lend itself
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to simplification. Figure 4.10 shows the maximum isolation that can be obtained
using the UPM as a function of RAM (Ã) for optimized modulation amplitude Φ̄,
effective phase difference ψ− and modulation imbalance Φ̂1. A maximum isolation of
approximately −22 dB is found for the parameters obtained in the experiment. This
demonstrates that RAM and non-linearity limit the performance of the UPM and
the importance of optimizing the design to minimize these effects. Both the phase
non-linearity and RAM depend on the bias voltage and RF amplitude. Optimum
performance can therefore be achieved by tuning these parameters. It should be noted
that a reduction in RF amplitude will result in increased length for the modulators
to ensure that the phase modulation amplitude remains unchanged.

4.4.4 Quality of the RF source

Finally, we analyze the impact of the spurious signals and harmonics in the RF signals
supplied to the ERMs. The performance of the UPM is simulated with modulators
that have a perfectly linear response which does not change over time (linear and
time-invariant). This allows the driving signals to be treated as a superposition of
their frequency components. As long as the power in the spurious signals is much
smaller than the signal power, this approximation is accurate.

In section 4.4.1 it was explained that a driving frequency ω that differs from
ωD ≡ πvg/2D results in residual phase modulation on the forward propagating light.
The amplitude of this modulation is dependent on the frequency. Therefore the
tolerable amount of power in harmonics and spurious signals from the RF signal
generator is dependent on the frequency of those signals. Again taking a maximum
allowable side band power ratio of −40 dB, Figure 4.11 shows the maximum allowed
level of harmonics and spurious signals as a function of the frequency in units of the
electrical frequency ωD for which the UPM was designed.

At ω = (1 + 4q)ωD, with q an integer, modulation has no effect on the forward
propagating light as both modulators will cancel each other’s effects at these fre-
quencies. This explains the unlimited maximum permissible modulation strength
at these frequencies. In these cases, the linear approximation of the ERMs does
not hold anymore and in practice non-linearities an RAM determine the limit for
spurious signals at these frequencies. For ω = (3 + 4q)ωD the modulators amplify
each other’s effects and the amplitude requirement on the spurious signals is most
strict, −20.8 dBc. The backward propagating wave is also affected by any impurities
in the RF driving signals, resulting in reduced suppression of the central peak and
thus reduced isolation.

4.5 Travelling wave UPM

Since the performance of the UPM was limited by the modulation speed of the
lumped ERMs, a second PIC was designed with traveling wave type modulators.
These modulators were recently added to the integration platform. A layout and
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Figure 4.10. Maximum achievable isolation as function of phase non-linearity Φ̃ and
RAM Ã without (top, Â = 0 %) and with second order RAM (bottom, Â = 2.5 %).
The cross indicates the operating point for the ERMs used in the experiment. Both
the phase non-linearity and RAM reduce the maximum achievable attenuation
that can be achieved for the backward propagating light. As such, both limit the
maximum isolation that can be achieved. For isolation above 37 dB the non-linear
RAM limits performance.
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Figure 4.11. Maximum allowed amplitude Φ̄max of an additional electrical signal at
frequency ω in units of the design frequency ωD. All frequency components in the
RF driving signals modulate the light in both the ERMs. Because of the nature of
the UPM, certain frequencies completely cancel out, while others do not. Therefore,
the tolerable amount of harmonics and spurious signals is frequency dependent and
is shown here for a desired SMSR of 40 dB.

photograph of the device are presented in figure 4.12 and figure 4.13, respectively.
Light is coupled into and out of the chip by two lensed fibers, as was described

for the UPM with lumped ERMs in section 4.3. A short section of electrical coplanar
waveguide connects the modulator to a set of ground-signal-ground (GSG)-contact
pads. The RF pads are probed using beryllium-copper GSG-probes rated up to
40 GHz. Electrical connections to the probes are similar to those used to connect
the lumped ERMs, including a bias-tee. The modulators were both biased at −5 V
and supplied with 20 dBm at 5 GHz. This frequency is also used when the UPM is
integrated into the cavity of a ring laser in chapters 6 and 7.

Then light from an external laser set at 1550 nm was input and the output
spectrum of the UPM was measured as a function of the RF phase difference. Spectra
similar to figure 4.5a were obtained. For the five central peaks the total power was
determined. The resulting powers are presented in figure 4.14, relative to the total

Figure 4.12. Layout of the UPM containing travelling wave ERMs for improved
modulation amplitude at RF frequencies. The travelling wave ERMs are indicated
in blue, metal tracks are indicated in yellow and waveguides are colored black.
Electrical isolation sections are indicated in grey and are placed at both sides of the
ERMs to minimize potential crosstalk between the two driving signals.
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Figure 4.13. Photograph of the fabricated UPM containing travelling wave ERMs.
At the bottom parts of another structure is visible. This structure is studied in
chapter 6.

transmitted power. This figure can be compared to figure 4.5c, which was obtained
for the UPM with lumped ERMs. The power in each of the side bands is tabulated for
the backward direction in table 4.3. It can be seen by the suppression of the central
peak that 6 dB isolation can be obtained using this UPM. This is significantly more
than the 2.2 dB suppression that was obtained using the lumped UPM. Furthermore,
the plateau for the second order side bands is increased due to the higher modulation
amplitude. Otherwise the performance of this UPM is similar to the one with lumped
ERMs. The model for the lumped UPM is therefore also valid for the UPM with
travelling wave ERMs and the travelling wave UPM can be used for an improved
modulation amplitude and thus isolation.

4.6 Conclusion

In conclusion, a UPM was characterized for use as part of an integrated optical
isolator. A phenomenological model was used to describe the performance of the
UPM. The model includes the non-linear response of the ERMs and RAM and was
able to accurately describe our experimental data. It was found that RAM had little
effect at the modulation amplitude used, but it is predicted to play an important
role for the modulation amplitude that is required to achieve maximum isolation.
Subsequently the maximum achievable isolation and the residual phase modulation on
forward propagating light were derived as a function of the characteristics of the RF
source and the ERMs. For the RF source, the effect of the RF modulation amplitude,
imbalance, frequency and phase difference as well as harmonics and spurious signals

Table 4.3. Relative Power in the Side Bands

Side band order Relative power [%]
-2 6
-1 31
0 25
1 31
2 6

higher 1
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Figure 4.14. Measured power in the first two side band generated by the travelling
wave UPM. The different colors indicate the various side band orders and correspond
to those shown in figure 4.5a. A similar figure for a lumped UPM is presented in
figure 4.5c. The isolation that can be provided by the UPM is represented by the
difference between the minimum and maximum value of the 0th order.

was studied. The effect of non-linearity and RAM in the transfer function of the
ERMs was also studied in detail.

Taking −40 dB as the maximum permissible power in the side bands of the laser,
a maximum allowable phase error of 0.017 rad in the control of the RF signals, a
maximum imbalance in the RF signal amplitudes of 1.66 % and a maximum non-linear
term of 0.017 was found. The amount of harmonics and spurious signals that can be
tolerated in the RF driving signals was found to be frequency dependent. When these
signals are below −20.8 dBc the generated side bands are below −40 dB, but this
requirement is relaxed for most frequencies. These requirements on the RF source
can be met using current electronics. The effect on light propagating through the
UPM in the forward direction can therefore be limited to acceptable levels. Based on
these results it is predicted that the performance of a UPM-based isolator is sufficient
for the inclusion in an EOF-insensitive laser.
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CHAPTER 5

Reduced Feedback Sensitivity in a Fiber-based

Ring Laser

Abstract—The feedback sensitivity of a ring laser with intracavity
isolator is presented for the first time. The laser cavity is implemented
using mainly optical fiber with multiple quantum well semiconductor
optical amplifier as gain medium. It is shown that the directionality
of the laser can be changed from −15 to +15 dB for isolation values
ranging between −40 and +40 dB. 5 dB intracavity isolation was found
to reduce the sensitivity to external optical feedback by 16 dB, an
improvement of 11 dB over placing the isolator outside the laser cavity.1

In chapters 2 and 3 we have developed a theory that models the feedback sensitivity
of a ring laser with intracavity isolator. In the next three chapters this model is tested
using three different lasers: one fiber-based, multi-mode laser; one integrated multi-
mode laser; and one integrated single-mode laser. The fiber-based laser consists of
discrete components and it is therefore relatively easy to characterize the performance
of the various elements that comprise the laser cavity. In addition it contains a
Faraday isolator as opposed to the UPM-based isolators in the integrated lasers.
These Faraday isolators do not impose a modulation on the laser light, contrary to
the UPM-based isolators that were studied in chapter 4. For this reason, Faraday
isolators impose less side effects on the laser performance and therefore a laser with
intracavity Faraday isolator is characterized first.

The laser is multi-mode. Due to the long laser cavity, the mode spacing of the
laser is very narrow and single-mode operation would require very sharp filtering.

1 This chapter contains results published in [102].
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Figure 5.1. Schematic representation of the free-space section. It contains an optical
isolator consisting of four linear polarizers and a Faraday rotator and it is coupled to
optical fiber using its two collimation lenses. Three polarizers are kept fixed (blue),
while one is used to set the amount of isolation (green). The forward and backward
propagation directions are indicated by the arrows.

Ideally, the fiber-based laser would be compared to the model of chapters 2 and 3
in terms of output power, linewidth and RIN. However we limit our experiments to
output power only, as we do not have a setup to accurately measure the RIN of the
laser nor the linewidth of a multi-mode laser.

The model explicitly assumes single-mode operation, but it will be shown that
qualitative agreement between the theory and our experiments was obtained regardless.
The fiber-based laser therefore provides an indication that the model is correct and
that a ring laser with intracavity isolator can show reduced sensitivity to EOF.

Previous studies on unidirectional ring lasers focused on the lack of spatial hole
burning in such lasers [103–111]. Many of these works use an isolator based on
Faraday rotation, just as is done in this work. However, none of these works study
the sensitivity of such lasers to EOF and none of the works that use Faraday rotation
study the effect of isolation on the directionality of the laser. This chapter therefore
presents the first study into the feedback sensitivity of such a laser.

The chapter is structured as follows: First the tunable optical isolator is char-
acterized. Then the effect of intracavity isolation on the solitary laser is studied.
Subsequently the feedback sensitivity of the laser is studied for various amounts of
intracavity isolation and finally conclusions are drawn based on the findings.

5.1 Model and experimental verification of the op-

tical isolator

In this section the optical isolator inside the laser cavity is described. The amount of
isolation it provides is tunable and can be set to values similar to those obtained using
a UPM-based isolator. The isolator consists of free-space optics and is schematically
shown in figure 5.1. The Faraday rotator introduces a rotation of the direction of
polarization of the light. The direction of the rotation is different for both propagation
directions. The polarizers convert this difference into an isolation, which we define
as the ratio between the forward transmission and the backward transmission. Pol 1,
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Pol 2 and Pol 4 have the same orientation and are aligned to the polarization
maintaining fiber (PMF) to ensure that only light of the correct polarization can
enter the free-space section. Finally, it is possible to change the amount of isolation
by manually rotating Pol 3. It should be noted that either Pol 1 or Pol 2 could
in principle be removed without significantly changing the properties of the laser
since both polarizers are aligned. However, the current configuration facilitates the
alignment of the polarizers.

Since the isolator is an essential part of the laser cavity, it is important to
understand its behavior. This section therefore explains a simple, yet effective, model
for the isolator that allows to correlate the settings of the isolator to its isolation
value. It also allows to calculate the error in the obtained isolation value as a function
of the error in the setting. After the model is presented, the isolator is characterized
and it is shown that its behavior is described well by the model.

In the model it is assumed that the polarizers are ideal, which means that their
transmission is equal to

TPol = cos2(θ). (5.1)
Here, θ is the angle between the direction of polarization of the linearly polarized
incoming light and the axis of the linear polarizer. Assuming the light in the PMF is
linearly polarized, the transmission of Pol 3 and 4 combined equals cos2(θp) for both
propagation directions, where θp is the angle between the axes of the two polarizers.
The Faraday rotator is also assumed ideal, resulting in exactly 45° polarization
rotation for the forward and backward directions. The difference in the direction
of the rotation for the forward and backward propagating waves is modeled as a
minus sign. Since Pol 2 and Pol 4 are both aligned to the axis of the PMF they are
parallel and the angle between Pol 2 and Pol 3 is therefore also θp. The transmission
of Pol 2, the Faraday rotator and Pol 3 is equal to cos2(θp ± 45°), where the +
and − indicate forward and backward transmission respectively. Using this simple
model, the transmission of the entire free-space section—from fiber tip to fiber tip—is
predicted to be

TFSS = T0 cos2 θp cos2(θp ± 45°), (5.2)
where T0 models the losses that are independent of the polarizer orientation, such as
the coupling loss. This results in an isolation of

Isolation = cos2(θp − 45°)
cos2(θp + 45°) . (5.3)

The transmission of the free-space section containing the isolator was measured
in both directions to experimentally verify the model. First, a laser was connected
to the left (side of Pol 1) of the free-space section, a power meter was connected
to the right and the polarizers and Faraday rotator were removed. This allows to
measure the transmission of the free-space section. This set-up was also used to
optimize the alignment of the lenses to ensure that the light was collimated and that
maximum transmission was achieved. Then the external laser was replaced by the
SOA that will also be part of the laser cavity. This SOA consists of a multi quantum
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Figure 5.2. Transmission of the free-space isolator relative to its maximum trans-
mission as a function of the orientation of Pol 3 for the forward and backward
propagation directions. The experimental data are presented as squares and cir-
cles. The solid line shows the values that are predicted by model presented in
equation (5.2).

well layer stack and is therefore similar to the SOAs used in the multi-mode laser
(MML) and single-mode laser (SML) that will be discussed in the next chapters. This
type of layer stack shows a significantly higher gain for the TE polarization than for
the TM polarization. The amplified spontaneous emission (ASE) light that enters
the free-space section is therefore predominantly polarized along the direction of
polarization with maximum gain. Then Pol 1 was inserted into the free-space section.
Rotating Pol 1 until maximum power is detected allowed us to align the polarizer to
the direction of polarization with maximum gain in the SOA. Subsequently, Pol 2
and Pol 4 were inserted and a similar alignment was performed. Finally, the Faraday
rotator and Pol 3 were inserted and the SOA was replaced by the external laser again
to characterize the tunable isolator.

At this point, the free-space section is properly aligned and the transmission of
the free-space section can be measured. This was done for various orientations of
Pol 3 and for both forward and backward propagation. The results are presented
by the markers in figure 5.2. The relative transmission that is predicted by the
simple model is shown by the solid lines in the same figure. It should be noted that
ideal values were assumed for all parameters in the model and no parameters have
therefore been fitted. Good agreement between model and experiment is observed.
The model therefore describes the tunable isolator with sufficient accuracy.

To verify the model for feedback sensitivity, isolation values between 0 and 10 dB
are required. The values that can be achieved by changing the orientation of Pol 3
are shown in figure 5.3. Ideally, the forward transmission of the isolator should be
the same for all of these orientations. This yields identical threshold currents for
the forward direction and is therefore the most suitable for comparing the results to
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Figure 5.3. Isolation of the free-space section as experimentally obtained (markers)
and resulting from the model (solid line). Isolation values greater than 1 (green
areas) represent greater forward transmission, while isolation smaller than 1 (red
areas) represents greater backward transmission.

the model developed in chapters 2 and 3. The orientations that provide a range of
isolation values while having a relatively equal forward transmission can be found
between 0 and 45° as is shown by figure 5.2. Due to the periodicity of the transmission
of Pol 3 of 180°, orientations between 180 and 225° yield similar results.

5.2 Impact of isolator on the directionality of the

laser

The free-space section containing the tunable isolator is then include in the cavity
of a ring laser, which is schematically shown in figure 5.4. This allows to study the
impact of the isolator on the directionality of the laser and its sensitivity to EOF.
The directionality of the laser is defined as in the previous chapters by the square
root of the power ratio between the CW and CCW modes and can be measured
by connecting power meters to OL1 and OR1 as indicated in figure 5.4. The cavity
consists of mainly PMF, including two output couplers and is approximately 4.5 m
long. Symmetrically between the output couplers is the pigtailed SOA (Thorlabs
BOA1004P) on one side, and the isolator on the other. Since the cavity losses in
both directions are dependent on the orientation of Pol 3, it is expected that the laser
power in both the forward and backward directions is dependent on this orientation.
We verified this experimentally by obtaining the LI-curves for a range of orientations.
The resulting data are presented in figure 5.5. The presented power is distributed
over many modes, spanning approximately 10 nm.

Figure 5.5 shows that the lasing threshold and slope efficiency depend on the
orientation of Pol 3 as is expected. It is also shown that the greatest slope efficiency
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Figure 5.4. Schematic representation of laser cavity. The majority of the laser
cavity consists of PMF, including the pigtails of the SOA and the output couplers.
The optical isolator is implemented by the free-space section consisting of two
collimation lenses, four polarizers and a Faraday rotator. Together, this ensemble
acts as a tunable, optical isolator. CW indicates the clockwise propagation direction,
corresponding to forward propagation through the isolator. The laser is shown
connected to the two power meters (PM) that are used to characterize it.
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Figure 5.5. LI-curves of the laser for four orientations of Pol 3. CW and CCW
power are represented by the solid and dashed lines, respectively. The vertical line at
400 mA represents the operating point that is used in the remainder of this chapter.
Note that almost no power is detected for the CCW mode at an orientation of
45° due to the very low transmission of the isolator in this case. Its line therefore
coincides with the horizontal axis.
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Figure 5.6. Measured directionality of the laser as a function of the orientation of
Pol 3 at 400 mA SOA-current. Grey regions indicate subthreshold operation of the
laser.

and lowest threshold for the forward direction is achieved for orientations of 15°
and 30°. For the reverse direction the slope efficiency decreases and the threshold
increases for increasing angle. Thus, the lasing threshold decreases and the slope
efficiency increases for increased transmission of the isolator.

These data can also be used to study the effect of isolation on the directionality of
the laser. To this end the ratio of CW to CCW power is plotted versus the orientation
of Pol 3 for an SOA-current of 400 mA in figure 5.6. In the grey regions around
90 and 270° the transmission for both the forward and backward directions is very
low and the laser is therefore operating below threshold. As a result the powers for
these orientations are not meaningful. It is seen that the directionality of the laser is
greatest for high values of isolation. Strong isolation corresponds to a large difference
in the round trip gain in the laser cavity. This behavior can be explained using
a simple model assuming only two modes and no coupling between the two lasing
directions (i.e. no spectral hole burning, intracavity reflections or backscattering).
In this case the directionality can be obtained using the method presented in [5] to
calculate the SMSR of a laser.

Finally, the orientation of the polarizers can be converted into an isolation value.
As is apparent in figure 5.3, several orientations correspond to the same isolation value.
The directionality of each orientation is presented for its corresponding isolation value
in figure 5.7. This figure shows that the amount and direction of isolation influence
the directionality of the laser as is expected. Both directions would be expected to
have equal power for an isolation of 1. This is not the case and this indicates that the
cavity is not completely symmetric. One possible explanation could be a difference
in the coupling ratios of the output couplers.

Finally, the directionality of the laser is shown to be strongly related to the
amount of intracavity isolation as would be expected. Applying the model for SMSR
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Figure 5.7. Relative field amplitude in both lasing directions as function of the
intracavity isolation at an SOA-current of 400 mA. Isolation values have been
obtained using the orientation setting of the polarizer and the data in figure 5.2.
The solid line represents the average value at each isolation value.

explained in [5] and assuming that the gain margin is approximately the same for
all polarizer orientations, it would be expected that the directionality scales linearly
with the isolation. This is not the case, especially not for strong isolation. When
isolation is strong, the suppressed direction is far below threshold. In this case a big
part of the detected power detected by the power meters originates from the ASE in
the SOA. This significantly lowers the detected directionality.

5.3 The effect of feedback on the laser

In this section the behavior of the laser is studied when it is subjected to EOF. The
laser is connected to a 90/10 fiber fused power splitter, a variable attenuator and
a silver coated cleaved fiber which acts as a strong reflector. The circuit is shown
in figure 5.8. This circuit allows for output laser light to be reflected back into the
laser cavity, while monitoring the output of the laser. Due to the splitter and due
to the insertion loss of the variable attenuator and the mirror, the maximum power
reflected back into the laser cavity is approximately 20 %. PMF is used to connect
the components in the EOF-circuit resulting in a total (round trip) feedback-length
of approximately 9.2 m. Note that the circuit does not include a phase shifter and
therefore it does not allow control of the feedback phase. Furthermore, the feedback
phase would be different for each of the cavity modes because of the dense mode
spacing of approximately 44 MHz.

Since the laser is multi-mode, we do not study the linewidth of the laser and
instead focus on changes in the output power and directionality of the laser. The
output power is obtained for a range of feedback strengths and for four orientations
of the variable polarizer. The resulting data are presented for the CW and CCW
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Figure 5.8. Schematic representation of the circuit that provides the laser with EOF
connected to the laser itself. The 2×2 splitter in the EOF-circuit couples 10 % of
the light to the output. The remainder of the light is passed through a variable
attenuator (VATT) and is then reflected by a silver coated cleaved fiber (MIR). The
reflected light will then reenter the laser and constitutes the EOF.

directions at the top and bottom of figure 5.9, respectively. When feedback is
increased, a larger fraction of the CW light is coupled into the CCW modes. The
light in the latter modes will therefore have a slightly increased effective gain as
compared to the situation without any feedback. Since more carriers in the SOA
are now consumed by the CCW modes, a smaller number of carriers is available for
the CW modes. This results in a decrease in the CW power, which is clearly seen
in figure 5.9. It should be noted that a significant fraction of the CCW power as
presented in figure 5.9 is directly coupled from the feedback circuit, through the SOA
and into the power meter. This light does not encounter the optical isolator.

The model developed in chapters 2 and 3 can now be used to explain the
experimental findings. The results of the calculation of the output power as a
function of the feedback strength are shown in figure 5.10. It should again be noted
that the laser in the experimental setup is multi-mode, while the model explicitly
assumes single-mode operation. Despite this, it can be seen that good qualitative
agreement is achieved.

The parameters for the model were taken as in table 2.1. Some of these parameters
were modified, because the geometry of the current laser is very different from the
integrated laser that was modeled using those parameter values. The cavity length L
was taken as 4.5 m and the refractive index was set to 1.5 as most of the cavity consists
of fiber. In the model both the cavity loss Γ and the isolation ∆Γ depend on the
orientation of Pol 3. The change in isolation value was taken into account according
to equation (5.3). Finally, the carrier injection rate was derived from the pump
current. Pumping the SOA 150 mA above threshold corresponds to J = 1018 s−1.

The model produces mode intensities in terms of the number of photons in the laser
cavity. To allow for direct comparison with the experimental data, these numbers have
been converted to W by multiplying by the photon energy and dividing by the round
trip time. Furthermore, only a fraction of the photons couples out of the laser cavity,
which further reduces this power. Finally, the number of photons is not constant over
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Figure 5.9. Measured output power of the laser for a range of external reflection
strengths and for four different polarizer orientations. The top and bottom figures
show the powers recorded for the CW and CCW direction, respectively.
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Figure 5.10. Output power of the laser as predicted by the model for a range of
feedback rates and for four different polarizer orientations. The top and bottom
figures show the powers predicted for the CW and CCW direction, respectively.
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Table 5.1. Comparison of Isolation Value in Experiment and Model

Orientation [°] Isolation range [dB] Isolation used in model [dB]
0 −1.5 to 1.5 1.2
15 3.1 to 6.6 5.1
30 8.8 to 15.1 11.4
45 21.1 to 40.0 21.1

the entire laser. The intensity of the out-coupled light is therefore slightly different
than the predicted power. A small scaling parameter of approximately 1.3 was used
to account for this effect.

The final fitting parameter is the amount of isolation introduced by the isolator.
Due to the manual orientation of the polarizer, an error of ±5° is estimated. For
this reason, isolation values of 1, 5, 11 and 21 dB were used, corresponding to 4, 16,
30 and 40° respectively, well within the error bounds of the polarizer orientation.
The set polarizer orientations, together with the corresponding range of isolation
values that can be expected for a 5° error in the orientation are shown in table 5.1.
Also shown is the amount of isolation that was used to fit the calculated results in
figure 5.10 to the experimental data in figure 5.9.

The figures show that the model describes most of the trends that can be seen
in the experimental data well. Quantitative agreement for the CW direction is
acceptable with a 9 % median error, but the median error for the CCW power is 57 %.
There are two qualitative trends that are not accurately modeled. The model does
not predict the floor for the CCW power at low feedback rate and strong isolation,
nor the floor in the CW power for high feedback rates and low isolation. The cause of
these floors is not clear, but could be caused by ASE that is coupled into the output
of the laser. It would be expected that such a floor scales with the transmission of
the isolator, which seems to be the case. Another possible explanation is a spurious
reflection, which would effectively impose a minimum on the amount of EOF that
can be set using the feedback circuit. No conclusive evidence for either of the two
causes has been found however.

5.4 Conclusion

In conclusion, the output power of a fiber-based, multi-mode laser was compared to
the model developed in chapter 2 for a range of feedback strengths. Even though the
model assumes a single-mode laser, it was able to qualitatively predict performance
of the multi-mode laser. As would be expected, the amount and direction of isolation
greatly influences the directionality of the laser. It was also found that the effect
of EOF is reduced for increased isolation, as was predicted by the model. At 1 dB
isolation an effect on the lasing power can be clearly seen for an external reflectivity
of −30 dB, while even minor isolation of 3 dB already improves this number to
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approximately −20 dB, a tenfold increase. Since a 3 dB isolator placed outside the
laser cavity would only shift this threshold by 3 dB, it was shown that an intracavity
isolator is more effective at suppressing the effects of EOF than that same isolator
would be when placed outside the laser cavity. This enables weak, intracavity isolators
to suppress relatively high amounts of EOF. It has been shown that 3 dB isolation
can be achieved in a PIC [52], and this result therefore encourages the study of the
feedback sensitivity of an integrated ring laser with intracavity isolation. This study
is performed in the next chapters.



78 Chapter 5 Fiber-based laser



CHAPTER 6

Multi-mode Laser

Abstract—An integrated semiconductor ring laser with intracavity
UPM is studied. The analysis of this laser is far from complete, but
shows that in such a laser the UPM, combined with the filtering of
the laser cavity itself is able to change the directionality by 2.9 dB.
This only results in a minor reduction in the feedback sensitivity of the
laser. An important conclusion of this chapter is therefore that the side
bands that are generated by the intracavity UPM are not sufficiently
suppressed by the filtering effect of the cavity alone. An additional
intracavity filter is therefore required to obtain feedback insensitive
lasing. Such a laser cavity is studied in detail in the next chapter.

In the previous chapter it was demonstrated that an isolator placed in a ring laser can
suppress the effects of EOF to a greater extent than the same isolator placed outside
the laser cavity. This demonstration was done using a laser cavity consisting of mainly
optical fiber. As was shown in chapter 4, it is possible to obtain approximately 5 dB
isolation in the SMART platform using a UPM and filter combination. Such a filter
could be implemented in the same photonic integration technology using asymmetric
Mach-Zehnder interferometers (AMZIs), as is done in the next chapter. One might
however wonder if the laser cavity itself is able to provide sufficient filtering to obtain
some amount of isolation that forces the laser to operate mainly unidirectionally and
to suppress the effects of EOF to a degree predicted by the theory. Such a laser
cavity would be significantly less complex and substantially smaller.

In this chapter we therefore study an integrated ring laser with intracavity UPM,
but without any intracavity filtering. This analysis is by no means complete and a
more extensive study is required to fully understand the behavior of this laser. The
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Figure 6.1. Schematic representation of the integrated, multi-mode laser cavity. The
laser cavity contains an SOA, a UPM and two MMIs as output couplers. Note the
similarity to figure 5.4.

study is however sufficient to argue that the use of a UPM only, without a spectral
filter, is insufficient to obtain feedback insensitive lasing. It therefore provides a
steppingstone to the next chapter where a laser with intracavity filter is studied in
detail.

6.1 Laser circuit and experimental setup

The integrated MML consists of a multiple quantum well SOA, two MMI output
couplers and a UPM in a layout similar to the fiber-based laser, but at a much smaller
scale. The cavity is schematically depicted in figure 6.1. The output couplers in this
design are placed symmetrically around the SOA in order to make the laser cavity as
symmetrical as possible. The UPM is placed on the other side of the output couplers.
In this way one output of each output coupler can be used to characterize the UPM
independently of the laser cavity by reverse biasing the SOA.

The laser cavity was designed in the PIC Design Suite™ software [112] and
fabricated in a standard multi-project wafer run by SMART photonics (run number
22) using standard components only. The capabilities of the platform are described
briefly in section 1.4 and in more detail in [26, 27]. The layout and die photograph
are shown in figures 6.2 and 6.3, respectively.

The UPM consists of two co-planar waveguide ERMs with their centers 4193 µm
apart, corresponding to a 5 GHz operating frequency. The ERMs are 1300 µm long,
similar to those used in section 4.5, but with a slightly different spacing. The SOA is
1 mm long and the total cavity length is 11.1 mm, corresponding to a mode spacing
of approximately 7.5 GHz.

In the measurement setup lensed fibers are aligned to the outputs in order to
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3.3 mm

ol2 (CCW)
ol1 (CW)

or2 (CW)
or1 (CCW)

Figure 6.2. Layout of the MML. Metal is shown in yellow, the ERMs that make up
the UPM are shown in blue, the SOA is colored red, the MMIs are green and the
electrical isolation sections are shown in grey. Also indicated are the optical in- and
output ports that correspond to those in figure 6.1 together with the propagation
direction that couples out at these ports.

Figure 6.3. Photograph of the fabricated laser. At the edges parts of other structures
are visible. These are discussed in chapters 4 and 7.
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couple light out of the PIC. Outputs ol1 and or2 couple out light from the CW
modes of the laser right after and before the SOA, respectively. Similarly outputs or1

and ol2 provide access to the CCW modes. The lensed fibers are connected to optical
isolators, except when intentionally supplying EOF. This ensures that reflections
from the measurement equipment have no impact on laser performance. The other
side of the isolators is connected to the measurement equipment to characterize the
light propagating in both the CW and CCW directions.

Electrically, the laser has five contacts as can be seen most clearly in figure 6.2.
The two GSG pads on the right of the ERMs are probed by GSG probes and the
SOA is probed using a DC probe. The two GSG pads on the left are left unconnected.
This creates a large impedance mismatch at the pad which therefore reflects the
RF wave. As a result a standing wave is generated in the RF track. The frequency
that is used to modulate the ERM is 5 GHz, with a corresponding wavelength
of approximately 1.7 cm. The ERMs are only 1.3 mm long and can therefore be
considered lumped elements. Effectively, the impedance mismatch yields an increased
modulation amplitude. This was also verified experimentally.

As was shown in chapter 4, the UPM imposes a modulation on the backward
propagating light, and to a lesser extent also on the forward propagating light. This
has several consequences for laser performance. First of all, the generated side bands
can overlap with other cavity modes and thereby create a coupling between these
modes. This coupling can be reduced by designing the cavity length such that the
RF modulation frequency is not an integer multiple of the free spectral range (FSR)
of the cavity as was done for this laser. Furthermore, the small modulation on
the forward propagating light will likely result in increased side bands on each of
the cavity mode frequencies in the outcoupled light, resulting in additional spectral
components in the laser output. Finally, the generated side bands are filtered by the
laser cavity only and no additional spectral filtering is performed. The amount of
isolation provided is therefore difficult to estimate, but is certainly expected to be
lower than the 5 dB isolation demonstrated in chapter 4.

6.2 Basic laser characterization

The first step in the characterization of the laser is the LI curve of the solitary laser
without supplying an RF signal to the UPM. Lensed fibers are aligned to ol2 and
or2 and each fiber is connected to an optical isolator and power meter. Then the
pump current is varied from 0 to 240 mA. In this situation there is no intentional
directionality in the laser cavity. For currents far below threshold it is therefore
expected that the power at the outputs of the laser is the same. Light coupled out
through or2 was however found to be about 2.7 times weaker than light coupled
out through ol2. One likely explanation would be a difference in the coupling ratio
from the chip to the lensed fiber due to contamination or minor damage on one of
the fibers. Other potential causes include a non-uniform distribution of the pump
current over the SOA, a difference in the splitting ratio of the MMI-couplers and a
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Figure 6.4. LI curve of the multi-mode laser without RF, both in logarithmic (top)
and linear (bottom) scale. The CW plot has been scaled by a factor 2.7 to account
for different propagation losses outside the laser cavity as explained in the text. The
lasing threshold of 42 mA is marked by a vertical line as is the point at which the
laser become directional at 107 mA.

difference in propagation loss. No conclusions can be drawn using the available data
and additional experiments would be required to determine the exact cause of the
difference in measured power. In the remainder of this chapter the data obtained at
or2 is multiplied by 2.7 to correct for this difference. It should be noted that the
correct multiplication factor is expected to depend on the wavelength of the light to
a small degree, and therefore also on the pump current.

The measured LI curves are shown in figure 6.4. The corrected lasing power
is by definition equal for the two directions below the lasing threshold. Slightly
above threshold similar powers are also observed. For increasing current, the CCW
is favored more and more. For low current levels the preference for CCW operation
is fairly small, but at 107 mA the CCW power jumps up at the expense of the CW
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power. This behavior is fully reproducible. This indicates that the laser is forced to
lase in the CCW direction because of an unintentional, symmetry-breaking external
reflection such as was shown in [77]. When intentionally applying an additional
external reflection an additional cavity could be formed, resulting in an increased
sensitivity to EOF. If a reflection is indeed the actual cause for this behavior, this
would deteriorate the performance of this laser.

The laser spectrum was characterized for an SOA-current of 80 mA, above thresh-
old but before the CCW lasing direction is favored. The spectrum was recorded
using a 20 MHz high resolution optical spectrum analyzer (APEX 2641B). The result
is shown for a wide and small wavelength span at the top and bottom of figure 6.5,
respectively. The laser is clearly multi-mode with a 20 dB bandwidth of the main
group of modes of 1.5 nm, or 190 GHz. The spectra also allow to determine the
mode spacing, which is approximately 7.5 GHz, corresponding to the 1.09 cm cavity
length and a refractive group index of 3.65. The wavelengths of the cavity modes are
identical for both lasing directions up to the 20 MHz accuracy of the instrument. The
light intensity in each mode is slightly different for the two directions however. These
spectra were not taken simultaneously and the difference is therefore attributed to
small instabilities in the laser cavity such as temperature fluctuations.

6.3 Directionality

By supplying an RF voltage to the UPM, part of the light is converted to different
frequencies during each round trip as is explained in more detail in chapter 4. The
performance of the UPM in this laser was measured to be similar to that of the UPM
presented in section 4.5, resulting in a similar distribution of the power over the side
bands after one pass through the UPM. Owing to the design of the laser cavity, the
generated side bands do not overlap with the cavity modes and therefore the light
interferes destructively with light generated in a previous round trip. Due to this
filtering function of the cavity itself, the average round trip transmission of the cavity
is affected differently for both propagation directions. Isolation in this context is
defined as the round trip forward transmission of the entire laser cavity relative to
the round trip backward transmission for the case of steady state lasing. After two
passes through the UPM in two consecutive round trips, a fraction of the power in
the side bands is converted back to its original wavelength and therefore couple back
into a lasing mode. The amount of isolation is therefore expected to be smaller than
what would be expected if the sidebands were suppressed during each round trip.
We do not have a good model for the amount of isolation that is provided by the
complicated interplay of the UPM and the laser cavity.

As an aside, it is interesting to note the laser shows similarities to those seen in
ring lasers with intracavity opto-acoustical modulators [106], due to the imperfect
filtering of the side-modes that are generated by the UPM. In ring lasers with
intracavity opto-acoustical modulators, a fraction of the light is diffracted and is
able to couple back to the main mode after one round trip unless a spatial filter is
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Figure 6.5. Spectra of the light emitted at or2 (CW) and ol2 (CCW) at 80 mA
injection current. The top figure shows the spectrum for a large range of wavelengths
to show the wavelength range that contains most of the lasing power. The bottom
figure shows the same data, but zoomed around the peak power. This allows to
clearly see the multi-mode behavior of the laser. The mode spacing is found to be
7.6 GHz. The noise floor for the CW power is higher due to the applied scaling
factor of 2.7.
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Figure 6.6. Output power of the CW and CCW modes as function of the RF phase
difference for an SOA-current of 80 mA and including a correction of 2.7 for the
difference in propagation loss as explained in the text.

employed. In such lasers instabilities were observed due to the delicate dependence
on the round trip phase of the diffracted light.

The extent to which the laser is affected by the UPM changes with the RF
modulation amplitude, but also with the RF phase difference as was explained in
chapter 4. Decreasing the RF modulation amplitude results in a decrease in the
fraction of light that is converted to the sidebands and thus in decreased isolation.
However, due to nonlinearity and RAM in the ERMs this will affect the cavity length,
intracavity losses and residual modulation significantly. Reducing the modulation
amplitude therefore has a much greater impact on the laser than just changing the
amount of isolation. By changing the RF phase difference the cavity modes shift to
a lesser extent and non-linearity and RAM remain constant. This is therefore the
preferred method for tuning the amount of isolation in this laser.

The effect of the changed isolation on the laser is measured by monitoring the
powers at ol2 and or2 for a range of RF phase differences. Figure 6.6 shows the
resulting powers for an SOA-current of 80 mA. The lasing power in each direction is
clearly dependent on the RF phase. The CCW modes are favored for an RF phase
difference of 90°, while the CW modes are favored for 270°. These phase differences
correspond to minimum modulation on the CCW and CW modes, respectively. It
would be expected that the CCW mode would be stronger than the CW mode for
an RF phase difference of 90° and vice versa for 270°. However, the figure shows
that the CW modes are stronger for any setting of the RF phase difference. This is
especially striking, since figure 6.4 clearly shows that the CCW power is larger than
the CW power when no RF voltage is applied to the UPM. This could be caused by
changes in the lasing spectrum due to operation of the UPM and a corresponding
change in the round trip losses in the cavity. The exact cause is unclear however.

By dividing the CCW power by the CW power, figure 6.7 is obtained. This
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Figure 6.7. The ratio of the power in the CCW modes over the power in the CW
modes at the output coupler (ε2) as function of the RF phase difference (φ) and for
three current values.

figure also shows the curves for operation at 100 and 150 mA. Changes in the power
ratio of 2.9, 2.2 and 2.8 dB are observed, respectively. In the fiber-based laser these
changes were observed for approximately 1.1 dB isolation. In this way the effect that
was achieved using the intracavity UPM combined with only the filtering provided
by the cavity can therefore be compared with an intracavity optical isolation of
approximately 1.1 dB.

The laser keeps operating in the same wavelength range regardless of the RF
phase difference, but the spectrum is smaller for some phase differences. In the lasing
spectrum, the effect of the intracavity UPM is clearly visible by the presence of
additional peaks, spaced by the RF modulation frequency.

6.4 Feedback sensitivity

Despite the very modest amount of directionality—and thus a low value for the
effective isolation—that was observed for the solitary laser, it is interesting to subject
the laser to EOF. In this way it can be determined whether the intracavity isolation
is sufficiently strong to reduce the effects of EOF. Because the laser is multi-mode, we
focus on the total output power of the laser only and do not consider the linewidth
of the individual modes or the RIN. The light from the CCW side (ol2) is coupled
to the EOF-circuit shown in figure 5.8. A fraction of the light is coupled to a power
meter, while a variable attenuator allows control over the feedback strength. The
experiment is performed for both −90 and +90° RF phase difference, corresponding
to minimum and maximum suppression of the counter-propagating CW mode. This
allows to determine what the effect of the UPM is on the lasing power. Figure 6.8
shows the laser output at ol1 for both settings as a function of the feedback strength.
For low feedback rates, the in output power is created due to the different amount
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Figure 6.8. Lasing power at ol1 as a function of the external reflectivity and for
maximum (−90°) and minimum (+90°) suppression of the counter propagating mode
at a pump current of 100 mA. At low feedback rates the difference between the two
plots is caused by the different direction for the intracavity isolator. The round trip
coupling loss that the EOF experiences is estimated to be 10 dB.

of intracavity isolation. For increased feedback, power first increases for the case
corresponding to minimum suppression of the counter propagating modes (+90°). We
currently have no explanation for this increase. At approximately the same feedback
rate the lasing power for both settings of the RF phase difference starts to decrease.
Contrary to the results for the fiber-based laser, no clear reduction in sensitivity to
EOF was observed. This is attributed to the relatively weak directionality of the
laser.

6.5 Conclusion

In conclusion, an integrated ring laser with intracavity UPM was studied in this
chapter. The ratio of subthreshold output powers of the solitary laser was measured
to be 2.7. The cause of the different output powers could not be determined without
any doubt using the available data, but is expected to be a difference in coupling
ratios from the chip to the lensed fibers. It was shown that the lasing direction
could be changed to some extent, but not sufficiently to obtain a clear reduction
in sensitivity to EOF. This is attributed to the relatively weak effective intracavity
isolation of 1.1 dB that is implied by the small change in directionality of the laser.
Moreover, a troubling inconsistency between the situations with and without applying
an RF modulation on the UPM indicates that the multi-mode operation of this laser
induces effects that are not understood. The available data indicate that insufficient
filtering is provided by the cavity itself and no feedback insensitivity can be achieved
in this way. As an important conclusion we can state that the amount of isolation
that can be achieved using an intracavity UPM without spectral filter is too small to
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obtain reduced sensitivity to EOF.
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CHAPTER 7

Single-mode Laser

Abstract—An integrated semiconductor ring laser with intracavity
UPM and narrowband filter is studied. The intracavity isolation that
is achieved using these components is estimated to be 5 dB. It is
found that even minor changes to the operating point of the UPM
resulted in significant changes in the lasing spectrum due to a shift
of the cavity modes. Operation of the laser is therefore limited to
two operating points corresponding to isolation favoring the clockwise
direction and isolation favoring the counterclockwise direction. Both
the output power and linewidth of the laser are measured as a function
of the feedback strength for both operating points. It is found that the
directionality of the laser is affected by the UPM, but only a marginal
effect on the feedback sensitivity is observed. This is attributed to
relatively strong reflections inside the laser cavity for which multiple
indications are found.

The final laser that is studied in this thesis is an integrated, single-mode laser. The
laser contains an intracavity optical isolator based on a UPM as well as a narrowband
spectral filter. This laser is expected to most closely resemble the system that was
studied in chapters 2 and 3, because the laser can operate in a single longitudinal
mode. It is therefore intended to be used for comparison and verification of the
model. It is also by far the most complex laser cavity discussed in this thesis due
to a sharp intracavity filter. The intracavity filter is tunable, allowing the laser to
operate at a range of wavelengths, making it suitable for applications such as fiber
sensing. In this thesis we focus on operation at a fixed wavelength however.

The remainder of this chapter will first describe the rationale behind the design
of the laser with a special focus on the design of the intracavity filter. It will develop
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Figure 7.1. Schematic representation of the single-mode laser. The intracavity filter
is split into several sections, on both sides of the SOA. ol and or indicate the CCW
and CW outputs of the laser, respectively.

a method for finding good operating points for the laser. Two operating points with
various levels of isolation are then compared to determine the effect that the isolator
has on the laser light. Finally, the feedback sensitivity of these operating points is
determined to show that the isolator is able to decrease the feedback sensitivity of
the laser.

7.1 Cavity design

The laser cavity contains an SOA for gain, an MMI as an output coupler and a
UPM for isolation, just like the MML. In contrast to the MML cavity, the SML
cavity also includes a narrow spectral filter that enhances the intracavity isolation by
suppressing the side bands that are generated by the UPM in each round trip. This
filter, together with two additional filter stages, also helps in the mode selection and
ensures single-mode lasing as was done in [82].

The schematic cavity structure of the SML is shown in figure 7.1. The main
output of this laser was designed to be or. The intracavity components are organized
such that EOF would first encounter the UPM, then the filter that suppresses the
generated side bands and only then the SOA. This ensures that the light in the SOA
is as close to single-frequency as possible to minimize potential crosstalk to the lasing
mode. The other two filters are placed on the other side of the ring to reduce the
propagation losses between the SOA and the output coupler for the lasing mode and
thereby increase the output power.

The first step in the design of the laser cavity is to decide on the RF operating
frequency of the UPM. This frequency influences three aspects of the laser cavity: the
spacing between the ERMs in the UPM, the required bandwidth of the intracavity
filters and the modulation efficiency of the ERMs. The spacing between the ERMs
should be small in order to minimize the cavity length, increase the mode spacing and
thereby facilitate single-mode lasing. This requires a high modulation frequency. A
high modulation frequency also requires less sharp filtering, reducing the complexity
of the filter. However, an increased modulation frequency results in a reduction of
the modulation efficiency of the ERMs, leading to a trade-off. Acceptable modulation
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efficiency was found up to 5 GHz [95, page 45], which has therefore been selected as
the operating frequency.

As will be shown, the implementation of the narrow-bandwidth filters results in a
cavity length of several centimeters, with 13 intracavity MMI-couplers. This results
in a round trip loss of approximately 20 dB. The maximum length of the SOA that
fits in the current layout is 1230 µm, corresponding to a net modal gain of 20 dB at
a pump current density of 2 kA cm−2 (see section 1.4). Taking into account process
tolerances, it is expected that this length is not overly large and the SOA length is
chosen to be 1230 µm.

Any integrated power splitter could be used as the output coupler. Low intra-
cavity reflections are however required, with a maximum of −20 dB as predicted
by equation (3.36). In the SMART photonics integration platform, MMI-couplers
are the most frequently used couplers and they have been found to be very repro-
ducible. These couplers show approximately −30 dB reflections [113], which satisfies
the required limit.

The last step in the design of the laser cavity is the filter. Reflective filters
such as Fabry-Pérot-etalons cannot be used, as they would introduce intracavity
reflections. Filters based on arrayed waveguide gratings cannot be used because they
show relatively strong reflections and their transmission spectra are not easily tuned.
Finally, we choose Mach-Zehnder interferometer (MZI)-like structures over micro
ring resonators, because this type of filter has been fabricated in the platform much
more often, yielding a more mature solution. The goal of the filter is twofold: to
ensure single-mode operation and to suppress the sidebands generated by the UPM.
These two problems can be separated to some extent by separating the filter into
multiple stages. The fine filter stage that will suppress the sidebands generated by
the UPM will be covered in section 7.1.1, while the other filter stages that ensure
single-mode operation are covered in section 7.1.2.

7.1.1 Suppression of UPM side bands

The main goal of the fine filter is to suppress the side bands generated by the
UPM. This prevents the converted light to couple back to its original frequency in a
subsequent round trip and thereby increases the amount of isolation provided. As
explained in chapter 4, the side bands are generated at integer multiples of the RF
modulation frequency. The number of generated side bands that need to be blocked
is determined from the transmission spectrum of the UPM operated at 5 GHz. It is
shown in figure 7.2 and correspond to an effective phase difference of 0° in figure 4.14.
MZI-based filters are symmetric around the transmission maximum and it is therefore
convenient to sum up the powers in the side bands left and right of the 0th order.
The resulting powers are tabulated in table 7.1. The second column indicates the
powers that would be expected for the ideal modulation amplitude of 1.2 rad, while
the third column presents the values that were achieved using our setup. When the
PIC containing the laser was designed, the measurement data on the UPM were not
yet available and the design was therefore performed using the values from column
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Figure 7.2. Measured transmission spectrum of the travelling wave UPM operated at
5 GHz for light propagating in the backward direction. This represents the spectrum
with maximum suppression of the central wavelength that was obtained using our
device. The frequency on the horizontal axis is relative to the optical frequency of the
input light and the peak spacing of 5 GHz corresponds to the electrical modulation
frequency.

Table 7.1. Measured Relative Power in UPM-generated Side Bands

order Theory [%] Achieved [%]
0 0 25.1
1 53.9 61.8
2 37.3 12.0
3 7.9 1.0
higher < 0.9 < 0.1
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Figure 7.3. Schematic representation of a AMZI. Light is coupled in at the left, is
split into two paths and is combined again. Due to a difference in path length in
the two arms and interference, the intensity of the light coupled out at the right is
wavelength dependent. This structure can therefore be used as a spectral filter with
a raised cosine transmission.

two. As can be seen, negligible amounts of power are in the fourth and higher order
side bands in this situation. A filter was therefore designed to suppress the first three
side bands.

This requirement on the filter transmission can be translated to the selected
MZI-like structure. We start by presenting the transmission of a single MZI, shown
schematically in figure 7.3:
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)∣∣∣∣, (7.1)

where f is the optical frequency, L1 and L2 are the lengths of each of the arms of
the MZI and vg is the group velocity in the MZI. The phase π is caused by the
transmission of the couplers. This equation clearly shows that the filter transmission
is periodic in the optical frequency with period vg/∆L, with ∆L ≡ L2 − L1 the
length difference between the two arms. A more narrow filter therefore requires a
greater length difference between the two filter arms. Complete suppression of the
first order side bands at 5 GHz from the transmission maximum requires an FSR of
10 GHz and therefore ∆L = 8.3 mm.

The first three side bands can be suppressed by placing two MZIs in series, one
with an FSR of 10 GHz and one with an FSR of 20 GHz. In this configuration, both
MZIs need ERMs to allow for sufficient tunability of their pass band. This results in
a significant increase in the cavity length of the laser and therefore a reduction of
the mode spacing.

A different structure selected for the filter, placing the two Mach-Zehnder filters
in parallel. This reduces the length of the filter at the cost of slightly degraded
suppression of the side bands. The filter structure is presented schematically in
figure 7.4. It contains four filter arms with length difference ∆L = 4093 µm, corre-
sponding to an FSR of 20 GHz. For layout reasons, the shortest arm is 4940 µm long.
Each arm contains an ERM of 1.9 mm to allow for full tunability of the passband. It
can be seen that light passing through the longest arm encounters the least MMIs,
while light passing through the shortest arm encounters the most MMIs. This partly
compensates for the greater propagation losses in the longer waveguides.
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Figure 7.4. Schematic representation of the fine filter structure. The arms are
increasingly longer by ∆L = 4093 µm as indicated in the figure. The main outputs,
ofl and ofr, are part of the ring cavity. The auxiliary outputs (afl1–afl3 and
afr1–afr3) are routed to a facet and can be accessed using a lensed fiber.

To minimize intracavity reflections as much as possible, 2×2 MMIs were used as
the couplers in the AMZIs. These couplers show lower reflections then 1×2 MMIs,
but require proper termination of the fourth port, which we call auxiliary port. In
our case, the auxiliary ports are routed to an anti-reflection coated facet at an angle.
The typical power reflection ratio for this configuration is specified to be −60 dB.

The transmission spectrum of this filter can be calculated using a simple model.
The MMI was modelled assuming a insertion loss of αMMI = 4 dB for the MMIs,
consisting of a 3 dB splitting ratio and an additional 1 dB loss. A phase difference
between the two output ports was taken to be 90° [30], resulting in π rad phase shift
for the first and third arms. Losses in the waveguides were assumed to be α = 0.7 cm
and the ERMs were modelled using a voltage dependent refractive index. This yields
the following model:

T (λ) =
∣∣∣αMMI exp

(
− αL4 + 2πiL4n(V4)/λ

)
α2

MMI exp
(

− αL3 + 2πiL3n(V3)/λ+ iπ
)

α3
MMI exp

(
− αL2 + 2πiL2n(V2)/λ

)
α3

MMI exp
(

− αL1 + 2πiL1n(V1)/λ+ iπ
)∣∣∣2.

(7.2)

The transmission spectrum that follows from the model is presented in figure 7.5.
In the figure the frequency of the generated side bands is indicated by the vertical
lines. The filter transmission at these frequencies is tabulated in table 7.2, together
with the transmission relative to the filter maximum. To obtain a number for the
amount of isolation, the relative transmission of the side bands has to be multiplied
by the relative powers of the corresponding order as found in table 7.1. Therefore, an
isolation of 70 % is expected, which is mainly limited by the modulation amplitude
of the UPM.
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Figure 7.5. Transmission of the fine filter implemented using a parallel AMZI as
predicted by equation (7.2). The vertical line indicate the frequency of the first three
side bands generated by the UPM. The right axis shows the transmission relative to
the transmission maximum.

Table 7.2. Relative Power per Side Band Order

Order Transmission[%] Relative transmission [%]
0 46.6 100
1 12.2 26.1
2 5.8 12.4
3 12.2 26.1
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Figure 7.6. Transmission of the intermediate filter implemented using a parallel
AMZI as predicted by the model. The right axis shows the transmission relative to
the transmission maximum.

7.1.2 Filters for single-mode operation

In addition to suppressing the side bands generated by the UPM, the intracavity
filter ensures single-mode operation. Single-mode operation is ensured when the
round trip gain for one mode is substantially higher than the round trip gain for
all the other modes. Based on [5], approximately 5 % difference in round trip gain
between the main mode and the other modes is required to obtain a SMSR of 40 dB.
The 95 %-bandwidth of the filter should therefore be less than the mode spacing of
the laser. The cavity length is estimated to be in the order of centimeters, resulting
in a mode spacing of several GHz. From figure 7.5 it is seen that the fine filter easily
meets these specifications.

The requirement on the stop band of the filter is set by the gain bandwidth of the
SOA. The 95 %-gain bandwidth of the SOA is approximately 40 nm (see section 1.4)
and all cavity modes in this wavelength range have to be attenuated by the filter. The
intracavity filter is therefore required to have an FSR of at least half this bandwidth,
20 nm, while its transmission should be reduced by 5 % over one cavity mode spacing.
Two additional filter stages are included in the laser cavity to accomplish this.

An intermediate filter consists of a geometry similar to the fine filter. It contains
three arms with length differences of 258 and 880 µm, leveraging the Vernier effect.
Its transmission after alignment is shown in figure 7.6. The stop band of this filter
starts at 20 GHz, complementing the fine filter. The stop band end at 650 GHz,
which is still lower than the gain bandwidth of the SOA.

An additional, coarse, filter is therefore included in the laser cavity. This filter
consists of a regular AMZI with a length difference of 37.23 µm, corresponding to an
FSR of 2.2 THz, therefore covering the entire gain bandwidth of the SOA. The 95 %-
transmission level is reached at 158 GHz, well within the FSR of the intermediate
filter. The three filter stages combined therefore suppress the side-modes of the laser
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Figure 7.7. Schematic representation of the single-mode laser with the components
at approximately the same location as in the layout presented in figure 7.8. OC is
the output coupler and CF, IF and FF are the coarse, intermediate and fine filter
stages respectively.

sufficiently to obtain single-mode operation.

7.2 Overview of laser cavity

The complete laser cavity schematically looks like figure 7.7. The laser cavity was
laid out using OptoDesiger [112] and an annotated layout is found in figure 7.8. A
photograph of the fabricated die is presented in figure 7.9. The total cavity length is
estimated to be 5.1 cm. The average cavity length depends on the fraction of light
that passes through each of the filter arms, which is dependent on the splitting ratio
of the MMI-couplers and the propagation losses in the waveguides. Deviations in the
order of millimeters are therefore possible.

7.3 Experimental setup

In order to handle the PIC more easily, it is glued to an aluminum carrier, which is
water cooled to 18 ◦C. The electrical DC contacts are all routed to the edge of the
chip, where they are connected to a PCB fixed to the same carrier using bond wires.
The PCB connects all the bond wires to a single D-sub connector, which is connected
to the sources that drive the laser. This is a standardized approach in our laboratory.
Its main advantage is that the lifetime of the electrical connections is significantly
increased as the connector is much less susceptible to wear than the contact pads.

The PCB does not provide sufficiently fast performance and therefore the ERMs
that are part of the UPM are contacted using GSG-probes. They are each connected
to a bias-T using 0.5 m coaxial cable. A DC bias of −5 V is provided by two power
supplies and the RF signals are provided using two signal generators that are phase
locked to each other.

On both sides of the PIC is a lensed fiber that can be accurately positioned along
three axes using a set of micrometers and piezos. By moving the fiber it is possible
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Figure 7.8. Layout of the single-mode laser. Metal is shown in yellow, the ERMs
that make up the UPM are shown in light blue, the DC ERMs that tune the various
filters are shown in dark blue, the SOA is colored red, the electrical isolation sections
are shown in grey and the MMI-couplers are green with the output coupler marked
by the orange hatches. The colors of the hatches correspond to those in figure 7.7
and provide insight into the function of the various structures. Finally, the names
of the outputs are indicated on the side of the layout. These indicate whether the
output is directly connected to the output coupler (o), or whether it is connected to
an auxiliary output (a). For the auxiliary outputs the name also indicates whether
to which filter stage the output is connected. The numbers correspond to those
defined in figure 7.4.
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Figure 7.9. Photograph of the single-mode laser. At the top parts of other structures
are visible. These are discussed in chapter 6.

to couple light into or out of any of the waveguides that are routed to the facet. Due
to the physical size of the lensed fibers and the positioning setup, it is not possible
to align to more than one waveguide simultaneously. An important implication is
that transmission experiments can only be performed from a waveguide on one side
of the chip to a waveguide on the other side. This was taken into account as much
as possible during the design of the chip layout.

The lensed fibers are connected to the various instruments used in the charac-
terization, either directly or through additional fiber optic components. Each fiber
interface, fiber component and instrument reflects some light back into the laser
cavity. The effect of these reflections is minimized by placing a fiber-based optical
isolator directly after the lensed fiber, except when EOF.

7.4 Calibration

The fabricated laser provides ten electrical contacts: one for the SOA, two for the
UPM and seven for the intermediate and fine filter stages. In order to achieve lasing
in a single longitudinal mode with sufficient intracavity isolation, a good operating
point has to be found. In this section, we explain how such an operating point can
be found. In addition, a method for measuring the difference in propagation loss for
the two outputs (ol and or) is presented. This difference will prove important later
when interpreting the measured data.
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Figure 7.10. Output spectrum at acl for a sub-threshold pump current of 50 mA.
The spectrum represents the ASE spectrum of the SOA, passed through the coarse
filter and measured at the auxiliary output. Because the measurement is done at an
auxiliary output, the minima represent maximum transmission of the filter in the
laser cavity. The vertical line at 1555 nm represents the expected lasing wavelength.

7.4.1 Filter calibration

In order to achieve a good SMSR the pass bands of the three filter stages need to be
aligned to each other. To achieve good isolation, the stop band of the fine filter needs
to be aligned to the side bands generated by the UPM. The transmission spectrum
of each of the filter stages can be characterized and aligned independently using the
outputs on the chip because of the special filter structure and because the auxiliary
outputs are routed to the edge of the chip. Since the coarse filter is not tunable,
its transmission is determined first. Then the intermediate filter is aligned to the
transmission maximum of the coarse filter and finally also the fine filter is aligned to
this maximum.

The coarse filter is characterized using the ASE from the SOA. Both of its
auxiliary outputs are located on the right side of the chip and a direct transmission
experiment is therefore not possible. The SOA is biased subthreshold at 50 mA,
corresponding to a current density of 2 kA cm−2. The emitted spontaneous emission
spectrally looks like the curve presented in figure 1.6. It passes through the coarse
filter, which has a sinusoidal transmission spectrum. The light is then be collected at
acl using a lensed fiber and is be characterized using an OSA. The resulting graph is
presented in figure 7.10. In this figure the ASE spectrum appears as the envelope of
the spectrum, while the filter transmission is the ratio between the measured power
and the ASE spectrum. The extinction ratio of the filter seems to be wavelength
dependent. Likely causes include a wavelength dependence in the MMI-couplers
and the detection of TM-polarized light. The waveguides are birefringent and their
passband is therefore polarization dependent.

It should be realized that the light is measured at an auxiliary output port of the
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Figure 7.11. The transmission between ol and air2 for five bias voltages on ERM2.
The spectrum represents the inverse of the transmission of the inner AMZI of the
intermediate filter. Minima therefore correspond to transmission maxima for reasons
explained in the text.

filter. This means that measured minima correspond to transmission maxima for
the main outputs of the laser. The laser is expected to operate at the transmission
minimum with highest gain in the SOA when the filters are properly aligned and
when the SOA-current is increased. This wavelength is indicated in the figure by a
vertical line at 1555 nm.

The intermediate filter is aligned in two stages. First the transmission of the
inner AMZI is characterized and then the third arm is added. This allows to align
both stages independently and therefore reducing the problem to one dimension. The
inner two arms are aligned by measuring the transmission from ol to air2 for a
range of voltages on ERM2. The results are shown in figure 7.11. The figure shows
the shift in the transmission wavelength of the AMZI as a function of the bias voltage.
It is observed that the transmission maxima shift toward shorter wavelengths for
an increased reverse bias voltage. As would be expected from an AMZI, increasing
the reverse bias in the other filter branch has the opposite effect and shifts the filter
maxima towards longer wavelengths. It can also be seen that the extinction ratio of
the filter is dependent on the bias voltage. This is attributed to RAM [100]. RAM
results in increased losses for higher bias voltages. When increasing the reverse
bias voltage on the ERM in the short arm, the losses in the two arms of the AMZI
become more comparable and an increase in the extinction ratio is observed as shown
in figure 7.11. When the reverse bias voltage on the ERM in the longer arm is
increased however, the light intensity in both arms becomes more unbalanced and
the extinction ratio is decreased.

In the current experiment, light is coupled to the intermediate filter using its
main port (via the output coupler), while the output is measured at its auxiliary port.
As in the measurement for the coarse filter, a minimum in the measured transmission
therefore corresponds to a maximum intracavity transmission. The best alignment is
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Figure 7.12. The transmission between ol and air1 for five bias voltages on ERM3.
The spectrum represents the inverse of the transmission of the complete intermediate
filter. Minima therefore correspond to transmission maxima for reasons explained in
the text.

found for a bias of −2.5 V, which is selected as the operating point.
A similar experiment is done for the full intermediate filter by collecting the light

at air1 and measuring the transmission for a number of bias voltages on the third
ERM. This results in the transmission spectra shown in figure 7.12. Best intracavity
transmission is obtained for a bias of −2 V.

Finally the fine filter is characterized. This is done by measuring the transmission
from afl3, afl2 and afl1 to afr3, afr2 and afr1, respectively. In this way the
filter arms are incrementally added, similar to how the intermediate filter was aligned.
The transmission spectrum of the inner two arms is shown in figure 7.13 as a function
of the bias on ERM2. Two auxiliary outputs are used for the characterization of
the fine filter and a measured maximum therefore corresponds to an intracavity
transmission maximum. A bias of −1 V on ERM2 is selected as the operating point.

Then the transmission of the three inner arms is characterized by measuring the
transmission between the next two ports. The resulting data are shown in figure 7.14.
Maximum transmission is found for a bias of 0 V.

Finally, the complete fine filter is characterized by moving to the final set of
ports. The filter transmission as a function of the bias on the fourth ERM is shown
in figure 7.15. It is maximum for a bias of −8 V. There is an error in alignment of
the passband of the fine filter as compared to the passbands of the intermediate and
coarse filters. As the error is small compared to the FSR of the intermediate and
coarse filters, this does not present any problems.

In addition to allowing single-mode operation, an important function of the fine
filter is to suppress the side bands that are generated by the UPM. The isolation
is determined by the difference in power transmission between the forward and
backward directions, which is in turn determined by the relative power in each of the
generated side bands—which are different for both propagation directions—and the
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Figure 7.13. The transmission between afl3 and afr3 for five bias voltages on
ERM2. The spectrum represents the transmission of the inner AMZI of the fine
filter.
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Figure 7.14. The transmission between afl2 and afr2 for five bias voltages on
ERM3. The spectrum represents the transmission of the inner three arms of the
fine filter.
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Figure 7.15. The transmission between afl1 and afr1 for five bias voltages on
ERM4. The spectrum represents the transmission of the complete fine filter.

transmission of the fine filter at these frequencies. The first value can be found in
table 7.1, while the second is extracted from figure 7.15. Both values are tabulated
in table 7.3 together with their product, which represents the resulting reverse
transmission. The total reverse transmission is the sum of the power in each of the
side bands and is found to be 31.2 %. Isolation is therefore 5.1 dB. This translates
to an insensitivity to external reflections up to 10 % in terms of output power and
linewidth according to the model presented in chapter 2. The effect of the intracavity
isolation should therefore be clearly observable in this laser.

7.4.2 Operating point for the UPM

The UPM voltage is composed of two parts: the DC bias and the RF signal. Since
the lifetime of the ERMs is much longer when they are operated in reverse bias,
care needs to be taken that the DC reverse bias is greater than the RF amplitude.
Furthermore, the DC bias point influences the non-linearity and RAM of the UPM.
Generally, a lower reverse voltage results in improved performance. A bias of −5 V

Table 7.3. Measured Reverse Transmission

order UPM [%] Filter [%] Combined transmission [%]
0 25.1 100.0 25.1
1 61.8 8.7 5.4
2 12.0 4.9 0.6
3 1.0 8.4 0.1
higher < 0.1 0.0
Total 31.2
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is selected to keep a safe margin from positive bias.
Light propagating through the UPM in the reverse direction should be maximally

suppressed by the UPM. This requires a modulation amplitude of approximately
1.2 rad, as was explained in chapter 4. Considering the length of the ERMs, this
corresponds to 3.5 V. Finally, the same chapter shows that the phase difference
between the two RF driving signals should be 90°.

7.4.3 Fine-tuning of the operating point

The operating point that is obtained by measuring the transmission of the filters
and by setting the voltages on the UPM as found in section 7.4.2 only provides an
approximation of a good operating point. When the SOA in the laser is pumped
the chip heats up and the transmission spectra misalign. To compensate for the
heating of the filters, an adjustment of the bias voltages in the order of 0.5 V had
to be applied. This was done by pumping the SOA at the desired current using the
bias voltages obtained with the transmission method. Then, the lasing spectrum was
observed while making minor adjustments. A good operating point was defined to
have an SMSR of more than 40 dB and a spectrum that is more or less symmetrical
around the lasing wavelength. In this way the filters are realigned and therefore
suppression of the side bands that are generated by the UPM is similar to that
observed in the direct measurements of the filter transmission.

Beside the SOA the UPM also has an important effect on the lasing wavelength.
This is attributed to the shift in the cavity modes that is caused by any changes in
the UPM voltages. Because of this shift, the cavity modes are not aligned to the filter
maximum anymore and the lasing spectrum drastically changes. For some settings
the laser remains single-mode, but the lasing wavelength shift by 20 nm while for
other settings the laser becomes multi-mode. This behavior is trivially explained for
changes to the DC bias as this directly causes a change in the optical path length of
the cavity. It was however also observed for changes in the RF modulation amplitude
and the RF phase difference. This is attributed to a non-linearity in the transfer
function of the ERMs.

To illustrate the effect, figure 7.16 shows the output spectrum of the laser for
seven values of the RF phase difference. It is clear from these spectra that the cavity
modes are shifted due to a change in RF phase difference. This may pose a problem
because the alignment between the cavity modes and the filter stages is shifted in this
case, resulting in a change in cavity losses and intracavity isolation. This problem is
avoided by only performing the measurements for ±90°, for which the lasing peaks
are 75 MHz apart—much less than the FSR of the intracavity filters and much less
than the mode spacing. These settings therefore produce similar lasing spectra and
represent the cases for minimum and maximum isolation, respectively.
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Figure 7.16. Lasing spectra for seven values of the RF phase difference and otherwise
identical operating points. The optical frequency on the horizontal axis is relative to
a wavelength of 1558.2 nm. A clear shift in the cavity modes is observed, completely
changing the lasing spectrum. The dip in the strongest peaks is due to the type of
OSA that was used to record the spectra (APEX 2641-B).

7.4.4 Loss difference left and right outputs

The final calibration step determines the relative losses between the SOA and ol and
or, respectively. The losses in these two paths can differ significantly due relatively
long passive part of the laser and due to the asymmetry of the position of the output
coupler. To illustrate the effect, a highly simplified representation of the localized
power in a ring laser is shown in figure 7.17. In order to simplify the argument the
gain and loss are assumed constant over the entire cavity in this figure. It can be
seen that the power at the output coupler is different for both propagation directions,
even though the power in the SOA is identical. In the current laser only a small
part of the cavity provides gain and the output coupler is placed asymmetrically in
the ring. Since the dynamics of the laser mostly originate in the SOA, any power
measurements need to be compensated for this effect. This is done by measuring the
transmission from ol to the SOA relative to the transmission from or to the SOA.
Effectively, this compensates for the losses for the backward direction indicated by
the thick line in figure 7.17, yielding comparable power levels.

To determine the correction factor, first the lasing wavelength of the on-chip
laser is determined by forward biasing the SOA and aligning the filters as described
in section 7.4.1. Then an external laser is aligned to the same wavelength. It is
then coupled to the chip via ol. This ensures that any wavelength dependence
in the transmission does not influence the measurement, most notably in the filter
stages. The SOA is used as a photodetector by reverse biasing it at −2 V. The
polarization of the laser light is aligned to the TE-mode of the chip by maximizing the
photocurrent using a fiber polarization controller. Then, the filter bias voltages are
changed slightly to obtain a maximum photo current. This compensates for the shift
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Figure 7.17. Schematic representation of the localized lasing power for the two
propagation directions. The active section of the laser is indicated in red, the
passive section is indicated in blue and OC marks the location of the output coupler.
The model assumes a constant gain and loss over the active and passive regions,
respectively. The optical power changes greatly along the cavity length.

of filter transmission caused by removing the forward bias on the SOA, which was
explained in section 7.4.1. Finally the power of the input laser is varied to allow for
compensation of the dark current and the complete experiment is repeated while the
external laser is connected to or. The slopes of the resulting curves are a measure for
the loss in the waveguide connecting the facets to the SOA. It is found that the right
output has 12.2 dB more loss that the left output. In the remainder of this chapter,
the powers obtained at or are therefore multiplied by 12.2 dB to compensate for the
difference in propagation loss. It should be noted that this compensation is only
correct for the wavelength at which the filters are aligned and for the case with the
UPM not activated. Due to the spectral profile of the three filter stages, even minor
deviations of 1 GHz can result in significantly different values for the compensation
factor. In the following sections the operating points of the laser are carefully chosen
such that the lasing wavelength is the same, avoiding this issue. The only exception
are the LI curves for which the correction is only correct at 150 mA.

7.5 Performance of the solitary laser

After all the calibrations have been completed, the solitary laser can be characterized
in terms of output power, spectrum and linewidth. This is done for the CW and
CCW modes. First the laser is characterized without applying any modulation on
the UPM. Then, a modulation is applied and the effect of the UPM is studied.
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Figure 7.18. LI curve of the SML without any modulation applied, both in a linear
(top) and logarithmic (bottom) scale. The CW values have been compensated
for a difference in propagation loss of the two directions as explained in the text.
Alignment of the filters was performed for a pump current of 150 mA as indicated
by the vertical line.

7.5.1 Without modulation on the UPM

The SOA is first biased at 150 mA and a suitable operating point for the laser is
found using the procedure outlined in the previous section. Then the pump current
is varied from 0 to 300 mA while recording the output power at ol and or, as well
as the voltage on the SOA. The compensated LI curves are shown in figure 7.18.
Also shown in the figure is the average of the power in the two directions. The lasing
threshold is clearly visible at 100 mA. Finally thermal roll-over is observed for pump
currents over 240 mA.

The power in the two lasing directions is clearly not equal, not even for the pump
current of 150 mA at which the compensation is valid. It can therefore be concluded
that the cavity is not symmetric in this case. A possible explanation is a reflection,
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Figure 7.19. Lasing spectrum for a pump current of 150 mA, measured at ol and
corresponding to the CCW output. The filters were biased to obtain maximum
SMSR. The difference in propagation loss between the two output was determined
using the same filter biases.

either inside the laser cavity or at the facets. Throughout this chapter we will find
more evidence pointing towards this conclusion.

The lasing spectrum for a pump current of 150 mA is shown in figure 7.19. The
lasing wavelength for these settings is 1557.2 nm and an SMSR of 49 dB is obtained.
The wavelength is different from the alignment wavelength. This is attributed to the
realignment of the filters that was required to obtain single-mode lasing. An indication
of the filter transmission is seen in the background signal below 107 mW/res.

For the same filter bias, the lasing spectrum was also obtained for currents up
to 300 mA, the result of which is presented in figure 7.20. The horizontal line at
150 mA in the figure indicates the pump current for which the filters were aligned.
The figure shows that the filter transmission shifts significantly for increased pump
currents. This is attributed to heating of the chip. This shift occurs at a different
rate for each arm in the filter stages. For this reason the filter stages are not aligned
for each pump current and significantly different lasing spectra are obtained. This
effect explains the somewhat jagged behavior that was observed in the LI curve.

Finally, the linewidth of the laser without RF modulation is measured using
a delayed self-heterodyne setup [114]. The setup is implemented using fiber optic
components and is schematically presented in figure 7.21. First the output power of
the laser is amplified by an erbium doped fiber amplifier and filtered to reduce the
noise introduced by the amplifier. Then the light is split into two paths: one is delayed
by a 25 km long fiber, while the other is passed through a lithium niobate phase
modulator operated at 1 GHz. Additionally, polarization controllers are included
in the circuit to align the polarization of the light in the two branches to each
other and to the modulator. Finally, the delayed light and the modulated light are
combined and beat onto a fast photo detector. The electrical output spectrum yields
a convolution of the optical spectrum with itself. It generally has a Voigt profile
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Figure 7.20. Spectra at ol for pump currents up to 300 mA. The filters were
aligned for a pump current of 150 mA, which is indicated by the horizontal line. The
increased noise floor at 230 and 260 mA are artifacts of the OSA.
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Figure 7.21. Schematic representation of the delayed self-heterodyne setup. ol of
the SML is passed through an optical isolator and connected at the left. The input
light is amplified by the erbium-doped optical amplifier (EDFA) after which the
filter suppresses the ASE generated by the EDFA. The two polarization controllers
(PC) are used to align the polarization to the correct axis of the phase modulator
(mod) and to align the polarizations of both axes for the strongest beat signal on
the photo detector. The 25 km long delay line is longer than the coherence length of
the input laser. Finally, the electrical spectrum analyzer (ESA) is used to record
the spectrum of output of the photo detector.
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Figure 7.22. Delayed self-heterodyne spectrum of the solitary SML of the CCW
output (ol) measured at 150 mA. Also shown is a fit to a Lorentzian profile. The
bumps at ±10 MHz from the center are believed to be an artifact of the measurement
setup. This is explained further in the text.

consisting of a Lorentzian part that represents the Schawlow-Townes linewidth of
the laser and a Gaussian part that is caused by the technical noise in the system.

Only the output power of the CCW mode was strong enough to be able to use
the setup due to the additional propagation losses incurred when coupling out the
CW mode. The experiment is therefore limited to the CCW mode. The delayed
self-heterodyne spectrum that was obtained for the laser without RF modulation on
the UPM is shown in figure 7.22 together with a Lorentzian fit. The difference in
width of the peak between the data and the fit is believed to be caused by Gaussian
noise which affects the peak more than the base. Furthermore the mismatch between
the data and the fit at ±10 MHz is believed to be an artifact of the experimental setup.
These bumps were also observed for a range of other lasers, including a laboratory
laser. Due to the convolution of two laser spectra, the linewidth of the laser is
obtained as half of the width of the measured delayed self-heterodyne linewidth.
From the fit a 250 kHz full width at half maximum (FWHM) linewidth of the laser
line was obtained.

7.5.2 With modulation on the UPM

An RF modulation is now applied to the UPM. For reasons that were explained
in section 7.4.3, the operating point of the laser changes significantly when the
modulation amplitude or phase difference of the RF signals for the UPM are changed.
For this reason the filters had to be realigned to find a good operating point. This
operating point is only valid for RF phase differences of ±90°, since the laser is
not single-mode at the same wavelength otherwise. This means that the amount of
isolation cannot be changed, only its direction, with −90° favoring the CW mode
and +90° favoring the CCW mode.
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An LI curve was obtained for both ol and or. The resulting figures are shown
in figure 7.23 for RF phase differences of −90 and +90°. The lasing threshold
is approximately 123 mA for both phase settings. The curves show rather erratic
behavior, just like for the situation without RF modulation. This is attributed to
significant changes in the pass band of the filters as a function of the injection current.
The LI curve is relatively smooth around the alignment current, which would be
expected since only minor misalignment of the filters is expected in this region.

The directionality of the laser is defined as ε ≡
√
ICCW/ICW as was done in the

previous chapters. It is shown as a function of the pump current for both +90 and
−90° in figure 7.24. Also shown is the directionality in case no RF modulation is
applied. From this figure it is apparent that the intracavity UPM most certainly has
an effect on laser performance. At the pump current of alignment, the directionality
switches between 3.9 and 6.7 dB, a 5.6 dB difference in the ratio of the optical powers.
Direct comparison to the directionality that is obtained without applying an RF
voltage on the UPM cannot be done, since a different operating point is used in this
case.

The directionality is positive for both settings of the RF phase difference. Based
on chapters 2 and 5 is was however expected that the strongest lasing direction
could be changed by switching the RF phase difference and thus the direction of the
isolator. One possible explanation for this apparent disagreement with the previous
chapters is a reflection in the CW output waveguide [77] or inside the ring cavity.
Another explanation would be a difference in the order of the components in the
laser cavity, specifically the UPM, fine filter and SOA. For the CCW mode the side
bands that are generated by the UPM are mostly filtered by the fine filter before the
light enters the SOA. For the CW mode however, the generated side bands are only
filtered out after the light passes through the SOA.

Next the lasing spectra are examined for the two settings of the RF phase difference
and for both ol and or. The spectra that were recorded at or are presented in
figure 7.25. The main lasing wavelength is as indicated in the figure. The side bands
around this wavelength are spaced by 5 GHz and are caused by the modulation of the
UPM. For +90° the UPM is operated in the forward direction and these side bands
are significantly weaker than for a −90° phase difference. For +90° the central peak
is also stronger than for −90°, resembling the difference in transmission between a
UPM operated in the forward and backward directions, respectively.

For a single pass through the UPM and fine filter, side bands of approximately
−36 dB relative to the input light are expected for light propagating in the forward
direction based on sections 4.5 and 7.4.1. In this laser, the forward propagation
direction corresponds to an RF phase difference of +90° with its corresponding side
bands of −10 dB. This could either indicate that a reflection is present in the cavity
that reflects part of the stronger CCW side bands into the CW direction.

The spectra that were recorded at ol are presented in figure 7.26. For this
output an RF phase difference of −90° corresponds to forward propagation through
the UPM. Again the side bands for this situation are much stronger than expected,
likely for similar reasons. For the backward propagation direction (+90° in this
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Figure 7.23. Corrected LI curves of SML for phase differences of −90 (top) and +90°
(bottom). The filter stages were aligned for an injection current of 150 mA. Also
shown is the average power in the two directions to indicate the erratic behavior
of the total output power which is explained by significant changes in the spectral
profile of the light as a function of the pump current.
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Figure 7.24. Directionality of the SML, showing the directionality of the laser that
is imposed by the UPM on the light in the SOA. Also shown is the directionality
when no modulation is applied. In this case, a different operating point of the laser
is used and no direct comparison between the curves with and without modulation
can be made.
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Figure 7.25. Corrected lasing spectrum as measured at or (CW mode) for an RF
phase difference of ±90°. The operating wavelength of the laser is indicated by the
extra tick, the other peaks are a direct result of the modulation imposed on the light
by the UPM.
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Figure 7.26. Lasing spectrum as measured at ol (CCW mode) for an RF phase
difference of ±90°. The operating wavelength of the laser is indicated by the extra
tick, the other peaks are a direct result of the modulation imposed on the light by
the UPM.

case), the side bands at ol are much weaker than those at or for a similar situation
(−90°). This is attributed to the order of the components in the laser cavity. Light
coupling out at or first encounters the fine filter then the UPM and finally the
output coupler. In this situation, the fine filter is not able to suppress the side bands
that are generated by the UPM before the light couples out of the cavity. Light
coupling out at ol however, encounters first the UPM, then the fine filter and finally
the output coupler (ignoring the other components in the cavity). Any generated
side bands are therefore suppressed before the light couples out of the cavity.

Finally the linewidth of the laser with UPM is analyzed. Just as in section 7.5.1,
use is made of the delayed self-heterodyne setup. Again, the experiment is limited to
the CCW mode. The resulting electrical spectra are shown in figure 7.27 for the two
settings of the RF phase difference. Both spectra are fit to a Lorentzian profile and
the linewidth is extracted from this fit. For −90° and +90° FWHM laser linewidths
of 800 and 1200 kHz are found, respectively. It is expected that the laser line is
broadened when an RF signal is applied to the UPM because noise in the RF signal
results in an frequency modulation of the laser light. It is however not possible to
compare these results directly to the linewidth of 250 kHz that was found for the
laser without an RF signal applied because of the vastly different operating points.
It should also be noted that the laser line is broader for an RF phase difference of
+90°, corresponding to a suppressed CCW mode. No explanation is available.
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Figure 7.27. Delayed self-heterodyne spectra for the SML for a pump current of
150 mA when an RF signal is supplied to the UPM. Also shown in red is a fit to a
Lorentzian profile. Note that the measured profile is very close to Lorentzian such
that the data and the fit almost overlap.

7.6 Feedback sensitivity

Although indications of an intracavity reflection have been found, EOF is applied
to the laser in order to determine whether any suppression of feedback effects can
be obtained. As mentioned in section 7.1 the main output of the laser was designed
to be or. No effect of EOF was observed when providing EOF to or—even for
the highest feedback rate we could generate and without operating the UPM. This
output could therefore note be used for the feedback experiments. This is attributed
to the 12.2 dB higher intracavity propagation losses at this output due to the long
waveguides in the fine filter. The feedback light experiences these losses twice while
propagating from the SOA to the external reflector and back to the SOA and these
losses therefore result in a reduction of the feedback rate by 24.4 dB, resulting in
inherently weak feedback levels.

Effects of EOF were observed when using ol as the output however. The feedback
experiments were therefore performed by connecting the EOF-circuit that was first
presented in section 5.3 to ol. This does however affect the effect of EOF on the laser
due to the order of the components in the laser cavity. When OR is considered the
main output, any reflected light passes through the UPM and then through the fine
filter before passing through the SOA. A significant fraction of the light is therefore
already suppressed. When OL is considered the main output however, the UPM is
the last component the reflected light encounters in its first round trip through the
laser cavity. No isolation therefore occurs during the first round trip. In the second
round trip, the comb that is generated by the UPM passes through the SOA before
it is suppressed by the fine filter. Also in the second round trip all of the feedback
light therefore passes through the SOA, be it as a comb. Effectively, the feedback
light is thus only suppressed in its third pass through the SOA instead of the first
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Figure 7.28. Output power at ol for two settings of the RF phase difference. The
horizontal scale at the bottom of the axis shows the measured reflectivity of the
EOF-circuit, measured from its fiber connector. The scale at the top provides a
value for the feedback rate as defined in [11] and includes coupling loss. The effect
of the intracavity isolation is shown by the difference between the two curves. The
measured power for low values of EOF is different from those obtained in previous
sections due to the use of several additional power splitters and their associated
splitting loss.

pass and the laser would be expected to be more sensitive to EOF.
To test the sensitivity to EOF, ol is connected to the EOF-circuit. This couples

the light from the CCW mode into the CW mode and should result in reduced
sensitivity to EOF for an RF phase difference of −90° as compared to +90°, according
to our theory. First it will be shown that the intracavity isolator does not reduce the
sensitivity of to EOF of this laser to the extent that was expected and then a likely
reason for the discrepancy is given. This is done be examining the output power of
the laser as well as its linewidth as a function of the external reflection strength.

The output power of the laser is measured as a function of the feedback strength
and the resulting data are shown in figure 7.28. The output powers for an external
reflectivity below −20 dB are lower than those obtained in previous sections. This is
due to the additional splitters that were used to connect the feedback circuit to the
laser. For external reflections below −20 dB the output power of the laser remains
constant and the laser is therefore insensitive to EOF up to −20 dB in terms of output
power. At a feedback strength of approximately −20 dB the output power decreases
for an RF phase difference of +90°, and it increases for an RF phase difference of
−90°. The reason for this increase in power is not clear as the model of chapter 2
predicts a decrease.

Next, the linewidth of the laser is measured as a function of the feedback rate. This
is done using the delayed self-heterodyne setup that was described in section 7.3. For
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Figure 7.29. Delayed self-heterodyne spectra measured at ol at a pump current of
150 mA for four settings of the external reflection. For moderate to strong feedback,
external cavity modes start to appear.

both RF phase differences the feedback strength was varied from below −60 dB to its
maximum value of −7 dB. Four of the spectra obtained for a phase difference of −90°
are presented in figure 7.29. The spectra for +90° look very similar. Furthermore, the
spectra for −90 and +90° are presented as color maps in figure 7.30. The relaxation
oscillation frequency of this laser was calculated to be approximately 500 MHz and is
therefore not observable in these figures.

For weak EOF, a Lorentzian line shape is obtained, as is most clearly seen in
figure 7.29. For feedback strengths higher than approximately −50 dB, additional
peaks appear in the spectrum. The spacing of these peaks is approximately 12 MHz,
corresponding to the distance to the external reflector. These extra peaks are therefore
interpreted as external cavity modes. These modes can only exist when light from
the external reflector is coherently coupled to the lasing mode, as was explained in
section 1.2. It is most likely that such a coupling is made through an on-chip spurious
reflection, even though the cavity was carefully designed for minimum reflections.

Because of the existence of the external cavity modes, it is not possible to extract
the Lorentzian linewidth by fitting to a Lorentz function. The linewidth was therefore
determined by measuring the 20 dB-width of the central peak for each feedback setting.
By assuming the shape is approximately Lorentzian around 1 GHz, it is then possible
to calculate the 3 dB, FWHM linewidth of the laser. The resulting data are presented
in figure 7.31 for both phase settings. This figure again shows the limited influence
of the intracavity isolator on the sensitivity to EOF.

7.7 OFDR experiment

Several characteristics of the laser indicate that there might be one or more reflections
inside the cavity: The lasing power is not equal for the CW and CCW modes; the
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Figure 7.30. Delayed self-heterodyne spectra measured at ol for a pump current
of 150 mA and for an RF phase difference of −90 (top) and +90° (bottom). The
appearance of the external cavity modes is clearly visible.
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Figure 7.31. The linewidth of the central peak in the CCW mode the laser measured
at ol and for a pump current of 150 mA, with intracavity isolation and as a function
of feedback strength. Due to the appearance of external cavity modes, the linewidth
cannot be determined using a fit to a Lorentzian profile. The linewidth is therefore
determined by taking the 20 dB width of the peak and calculating the linewidth
from this value.

UPM has only minimal influence on the directionality of the laser; and the delayed
self-heterodyne measurement shows the presence of external cavity modes. To further
support the hypothesis for an intracavity reflection, an optical frequency domain
reflectometry (OFDR) experiment was performed [115, 116]. An external laser is
coupled into the chip via a circulator and the reflected power is measured by a
power meter. Then the wavelength of the laser is varied to obtain the reflection
spectrum of the chip. By performing a Fourier transform of the resulting data, a
measure is obtained for the reflectivity and length of any on-chip cavities. When
the chip is designed for such an experiment, two strong reference reflections would
be included. The first reference reflection is used to accurately localize the spurious
reflection, while the second one is used to provide a calibration of the reflection
strength. Our chip does not include these reference reflections and it is therefore not
possible to localize the reflection nor to quantify its strength. Its existence can be
shown however.

The OFDR spectra were obtained for light coupled in at ol and at or sequentially.
The experiment was performed with the SOA reverse biased to split the cavity into
two sections. At both sides the experiment was performed for various bias voltages
on the ERMs. If one of the filter sections is part of the cavity, this should be visible
in the data. No such dependence was observed however. The maximum measured
reflection strengths measured at or are shown as a function of cavity length in
figure 7.32. The figure shows an increased floor when the PIC is connected, compared
to the reference measurement. This floor could be due to scattering of the sidewalls.
In this case the slope is explained by the increased propagation losses for longer
cavities.
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Figure 7.32. Results of OFDR measurement obtained at or indicating cavities on
the chip. The reference is obtained while the lensed fiber is not aligned to the chip.
The vertical lines mark the three cavities that are attributed to reflection of the two
lensed fibers and the output coupler.

Furthermore, three peaks are clearly distinguishable at 4.3, 6.3 and 10.5 mm.
Three reflections that match these cavity length within the error bounds of the
experiment are the fiber tips aligned to ol and or and the output coupler that is
located between them. In this case the peaks would be caused by reflections between
or and the output coupler, ol and the output coupler, and ol and or, respectively.
This is further supported by the fact that only the peak at 6.3 mm is also visible
when measuring the transmission from ol without a fiber aligned at or, and thus no
third reflection. In this case the peak at 4.3 mm is not visible at all and the peak at
10.5 mm is barely visible.

The three peaks are approximately equally strong, relative to the floor caused
by sidewall-scattering. This indicates that the three reflectivities are approximately
equal. It can then be found using the round trip condition and consistent with [77]
that the external reflections cannot explain the large directionality found for the
solitary laser with and without UPM. The cause of this directionality is therefore
attributed to an intracavity reflection that is locate asymmetrically in the ring with
respect to the SOA. This reflection is able to break the symmetry of the laser, due
to the difference in propagation losses in the waveguides connecting the SOA to this
spurious reflection.

7.8 Conclusion

In conclusion, an integrated, single-mode laser with intracavity isolator was designed,
fabricated and characterized. First an operating point at a pump current of 150 mA
was obtained for the laser without any RF modulation on the UPM. An SMSR of
49 dB and a linewidth of 250 kHz were obtained. When introducing a modulation on
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the UPM, the bias voltages on the ERMs in the filter stages needed to be adjusted
significantly to again obtain satisfactory performance. In this case the side-modes
are still below 45 dB, but additional side bands appear in the lasing spectrum due
to the modulation of the UPM. This reduces the SMSR to 12 dB only. Linewidths
of 800 and 1200 kHz of the CCW mode were obtained for phase differences of −90
and +90°, respectively. The RF modulation therefore reduces the performance of
the laser, but remains within acceptable limits.

When EOF was applied to the laser, marginal impact of the UPM could be
observed, both in the output power of the laser and in appearance of external cavity
modes in the laser spectrum. A reduced effect of the intracavity isolator on the
sensitivity to EOF in terms of the laser linewidth could not be observed at all; on
the contrary, the laser output spectra and linewidth show an EOF-dependence quite
similar to that of common Fabry-Pérot-type lasers.

The mismatch between the predicted strong suppression and the measured weak
suppression is likely caused by an additional reflection inside the laser cavity. Several
indications for such a reflection were found: the CCW mode was found to be strongest
for any setting of the UPM, the UPM provided limited control over the directionality
of the laser, external cavity modes were observed and an OFDR measurement
confirmed the presence of reflections by the lensed fibers and the output coupler. The
spurious reflections couple the reflected light back into the lasing mode, effectively
allowing the feedback to coherently interfere with the lasing mode. This invalidates
the core requirement for feedback insensitivity of the laser and would explain why
only very limited reduction of the sensitivity to EOF is observed.



CHAPTER 8

Conclusions and outlook

This final chapter provides an overview of the main conclusions of this thesis and
outlook for future research.

8.1 Conclusions

This thesis describes the development of a new concept for a feedback-insensitive
semiconductor laser. The laser is tunable and can be realized using standardized,
InP-based photonic integration technology. Instead of placing an optical isolator
outside the laser cavity to shield the laser from EOF, an isolator was placed inside
the cavity of a ring laser. It was shown using a rate-equation analysis that the
requirements on the isolator are much reduced and that 10 dB of isolation already
provides full feedback insensitivity, contrary to the 60 dB isolation that is commonly
required when placing the isolator at the output of the laser. Isolators integrated
in a similar InP technology that provide isolation values of over 10 dB have already
been reported in literature. In principle, it is therefore possible to obtain sufficient
intracavity isolation in a real integrated ring laser cavity. Such a feedback insensitive
ring laser can be integrated onto a PIC to suppress the effects of spurious (or
intentional) reflections. In that case, reflections in the components connected to the
laser—which are unavoidable for some components—become less critical or even
irrelevant. A first advantage is the significantly reduced design time of the complete
circuit. More importantly, an integrated, feedback insensitive laser enables the
integration of circuits which would require an optical isolator, such as optical fiber
sensor readout systems. A simple on-chip power splitter can be used instead of the
circulator in this case since any reflected light that couples back into the laser cavity
would have no effect on its output. Photonic integrated circuits would require fewer
fiber connections to connect the chip to the outside world for certain circuits, thereby
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greatly reducing the complexity and cost of the chip-package.
Integrated isolators with sufficient performance for our purpose have been reported

in literature previously for InP integration platforms similar to the one used for the
devices in this thesis. Such isolators can be implemented in a number of ways, most
notably using a magneto-optic phase shift and using a spatio-temporal modulation
of the refractive index. In this thesis we have investigated in detail and applied
the option using a spatio-temporal modulation that is obtained by tandem phase
modulators. Such modulator are readily available in the generic integration platform
that was used as opposed to magneto-optic materials.

The properties of the isolator play an important role in the behavior of the laser
when integrated inside the cavity. We have therefore developed and verified a model
that was able to accurately describe the properties of the isolator. It was found
that non-linearity and RAM of the ERMs in the isolator limit its performance in
the forward direction. Most notably, the isolator introduces side bands in the lasing
spectrum resulting in a reduced SMSR of the laser. The maximum isolation that
could be achieved using our setup was 5.1 dB. According to our theory such a value
of isolation results in an insensitivity to EOF up to −10 dB in terms of output power
and linewidth. This value of isolation was limited by the modulation amplitude
that could be achieved using the ERMs in our setup and to a smaller extent by the
implementation of the spectral filter. By providing more RF power to the modulators,
it is expected that isolation can be increased to more than 20 dB at the expense of a
significant increase in power consumption and complexity of the RF source.

Furthermore, three types of ring lasers with intracavity isolators were investigated
in order to demonstrate that the idea of using an isolator inside a ring cavity works
in practice. The cavity of the first laser was fiber-based and was much longer than
that of the other two, which are integrated lasers. Its isolation was provided by a
free-space isolator based on the Faraday effect. Such an isolator does not show the
spectral side bands that are present in the modulation-based isolators used in the
two integrated lasers. A big advantage of the fiber-based laser setup is that all of
the components—most notably the isolator—were connected to optical fibers with
connectors. This allowed for good characterization of the intracavity isolation. Due
to the long cavity length and the lack of intracavity filters, the fiber-based laser is
multi-mode, whereas the model was setup for single-wavelength operation. In spite
of this, good qualitative agreement between model and experiment was obtained.
Using this laser we were therefore able to demonstrate the reduction in feedback
sensitivity due to an intracavity isolator for the first time.

The other two lasers were devices integrated onto a PIC using the standardized
integration technology of SMART Photonics. These lasers were designed to demon-
strate that our concept for a feedback insensitive laser also applies to integrated lasers
using a UPM. One of the integrated lasers was multi-mode and only contained a UPM,
but not the spectral filter that should suppress the sidebands that are generated by
the UPM. It therefore relied on the filtering effect of the laser cavity itself, resulting in
much reduced isolation that was estimated to be 1.1 dB. Unfortunately, the isolation
could not be demonstrated unambiguously. Moreover, no reduction in the sensitivity
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to EOF could be found for this laser. The behavior of the laser is not understood
well enough to conclude that the low isolation values are the only reason for this and
more characterization would be required to further investigate this.

The final laser that was studied does include a set of intracavity filters to suppress
the side bands that are generated by the UPM and to ensure single-mode lasing. The
resulting intracavity isolation was estimated to be 5.1 dB, which was predicted to
result in feedback insensitive operation up to −10 dB reflections. The filters greatly
increase the complexity of the laser, resulting in a tedious tuning procedure that
limited the number of operating points that were used in the analysis to two. Only a
marginal reduction in the effect of EOF was observed between these two operating
points for this laser. Strong indications were found for a spurious intracavity reflection,
which explains the poor behavior of the laser. This is supported by the laser output
spectra and linewidth which show that the EOF-dependence is quite similar to that
of a common Fabry-Pérot type laser.

8.2 Outlook

Photonic integration is becoming more prevalent in various applications that previ-
ously used free-space or fiber-optic systems. Many of these applications require the
integration of a laser with complex circuitry. Such circuits may cause reflections of
the output light back into the laser and in this case isolation of the laser cannot be
performed by an off-chip isolator. Reducing the feedback sensitivity of integrated
lasers therefore remains an important issue.

In the last chapters of this thesis it has become clear that modulation based
isolators greatly increase the complexity of the laser design to the extent that reliable
operation of such lasers is hampered. However, intracavity isolation can however be
achieved using alternate schemes, most notably those based on a magneto-optical
phase shift. Such isolators based on these effects require significant modifications
to the platform and were outside the scope of this thesis. This type of isolators
are extensively studied in other platforms, although successful integration together
with lasers is yet to be demonstrated. The isolation provided by magneto-optical
isolators is currently not sufficient to completely suppress the effects of EOF directly.
Also, these isolators provide high values for insertion loss due to the absorption that
is provided by the materials that they are typically made of. By including such
an isolator in the cavity of a ring laser, the requirements on the isolator could be
significantly reduced. At the same time, no modulation would have to be introduced
into the ring cavity, avoiding the problem that we encountered in our integrated
single-mode laser. Intra-cavity reflections would still be an issue in ring lasers with
such isolators.

Some of the effects of EOF are due to the coupling between the intensity of
the light in the laser cavity and the optical phase of the laser, as described by the
linewidth enhancement factor. This is mostly true for effects at relatively low levels
of EOF. Reductions in feedback sensitivity can therefore be obtained by reducing the
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linewidth enhancement factor and by extension the coupling, as is done in quantum
dot lasers with uniform dot sizes. This is therefore another promising route to a
laser that is insensitive to the relatively small spurious reflections that are typically
encountered on the chip. Such lasers cannot resist strong EOF however, for which
other methods are required. Ring lasers with intracavity Faraday isolators might be
the best candidate for this type of application.
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Publiekssamenvatting

Licht dat opgewekt wordt door lasers heeft een erg goed gedefinieerde kleur en is zeer
stabiel. Dit maakt lasers een onmisbaar onderdeel van veel apparaten en systemen.
Sommige van deze toepassingen zijn herkenbaar voor consumenten, zoals cd-spelers,
barcodescanners en laserprinters. Andere doen hun werk achter de schermen. Lasers
vormen een cruciaal onderdeel van het huidige internet; ze worden gebruikt om de
stevigheid van dammen, tunnels, bruggen en andere grote bouwwerken in de gaten
te houden; en ze zijn onmisbaar voor tal van medische ingrepen.

Veel van deze toepassingen zijn enkel mogelijk dankzij de extreme stabiliteit van
het laserlicht. Dit laserlicht kan echter beïnvloed worden door licht dat weer terug de
laser in wordt gestuurd, zoals door een reflectie. Zulke reflecties kunnen veroorzaakt
worden door een spiegel, maar bijvoorbeeld ook door minuscule afwijkingen in de
stekkers waarmee de glasvezel aangesloten wordt. Zelfs als er maar een miljoenste van
het licht terugkeert in de laser, dan kan dit ervoor zorgen dat de laser onbruikbaar
wordt. Vaak wordt daarom een optische isolator aan de uitgang van de laser geplaatst.
Dit component laat in één richting wel licht door, maar blokkeert licht dat de andere
kant op gaat. Wanneer er reflecties optreden in het circuit na de isolator, dan komt
het gereflecteerde licht dus niet meer terug in de laser. De laser kan in dit geval
stabiel blijven werken.

De circuits waarin het laserlicht wordt gebruikt, worden steeds complexer. Dit
betekent dat het steeds moeilijker wordt om alle componenten met glasvezels aan
elkaar te verbinden. Daarom wordt er momenteel veel onderzoek gedaan naar fotonis-
che geïntegreerde circuits (PICs). Deze PICs zijn vergelijkbaar met de elektronische
geïntegreerde circuits (ICs) die tegenwoordig in (bijna) alle elektrische apparaten
terug te vinden zijn. In plaats van de elektrische signalen die gebruikt worden in
ICs, maken PICs gebruik van licht. Net als ICs, zorgen PICs voor een compacter en
stabieler circuit dat eenvoudiger op grote schaal te fabriceren is.

Optische isolatoren die het terugkerende licht voldoende kunnen onderdrukken,
kunnen echter nog niet op een PIC worden geplaatst. Dit beperkt het aantal
applicaties waarvoor PICs kunnen worden gebruikt. In deze thesis wordt daarom
een nieuwe manier beschreven om de lasers op de PICs ongevoelig te maken voor
licht dat terug de laser in komt. Dit type laser is zo gemaakt dat het licht steeds in
rondjes door de laser loopt. Van nature kan dat in twee richtingen: met de klok mee
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of tegen de klok in. Door het toevoegen van een relatief zwakke isolator in de laser
kan ervoor gezorgd worden dat de laser nog maar in één richting laserlicht produceert,
bijvoorbeeld met de klok mee. Het gereflecteerde licht komt dan tegen de klok in
terug in de laser en heeft daardoor een veel minder groot effect op het laserlicht.

In deze thesis wordt de laser allereerst bestudeerd met behulp van een wiskundig
model dat voorspelt hoe de laser zich zal gedragen wanneer er licht terug de laser in
komt. Hieruit blijkt dat het voldoende is om het licht in de “verkeerde” richting in de
laser met een factor tien te onderdrukken. Dit is veel minder dan een onderdrukking
van een miljoen die nodig zou zijn wanneer de isolator buiten de laser geplaatst wordt.
Hierdoor wordt het mogelijk om de isolator op de chip te plaatsen met de huidige
technologie. We hebben een van deze isolatoren geselecteerd en hebben vervolgens
onderzocht hoe goed deze werkt in het fabricageproces waar wij het meest bekend
mee zijn. Hierdoor kon worden bepaald wat de invloed van alle parameters is en met
welke het meest rekening gehouden moet worden. Het bleek dat de isolator voldeed
aan de eisen die uit het wiskundige model volgden.

Tot slot zijn drie lasers in meer detail bestudeerd. De eerste laser bestond
voornamelijk uit glasvezel. Hierdoor kon de werking van alle afzonderlijke onderdelen
van de laser relatief eenvoudig bestudeerd worden. Met behulp van deze laser is
voor het eerst aangetoond dat een laser met een zwakke isolator ook in de praktijk
minder gevoelig is voor het gereflecteerde licht. De tweede en derde laser waren
volledig geïntegreerd op een PIC. In deze lasers werd de “verkeerde” richting op
twee verschillende manieren onderdrukt. Dit leverde echter in beide lasers niet de
verwachte ongevoeligheid voor gereflecteerd licht op. Een belangrijke reden hiervoor
is de aanwezigheid van onbedoelde reflecties in de laser zelf. Om dit probleem te
verminderen zou in de toekomst een ander soort isolator kunnen worden gebruikt.
Wanneer de praktische problemen met verder onderzoek worden opgelost, is het
dus mogelijk om een laser te maken die ongevoelig is voor reflecties buiten de laser,
zonder dat daarvoor een sterke isolator nodig is. Dit zorgt ervoor dat de lasers op
chips voor meer toepassingen bruikbaar worden en dat deze toepassingen daardoor
toegankelijker worden voor consumenten.
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