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Abstract

Abstract

The demand for optical bandwidth continues to increase year on year and is being
driven primarily by entertainment services and video streaming to the home. Current
photonic systems are coping with this demand by increasing data rates through faster
modulation techniques, spectrally efficient transmission systems and by increasing the
number of modulated optical channels per fibre strand. Such photonic systems are
large and power hungry due to the high number of discrete components required in
their operation. Photonic integration offers excellent potential for combining otherwise
discrete system components together on a single device to provide robust, power efficient
and cost effective solutions. In particular, the design of optical modulators has been
an area of immense interest in recent times. Not only has research been aimed at
developing modulators with faster data rates, but there has also a push towards making
modulators as compact as possible.

Mach-Zehnder modulators (MZM) have proven to be highly successful in many optical
communication applications. However, due to the relatively weak electro-optic effect
on which they are based, they remain large with typical device lengths of 4 to 7 mm
while requiring a travelling wave structure for high-speed operation. Nested MZMs
have been extensively used in the generation of advanced modulation formats, where
multi-symbol transmission can be used to increase data rates at a given modulation fre-
quency. Such nested structures have high losses and require both complex fabrication
and packaging. In recent times, it has been shown that Electro-absorption modulators
(EAMSs) can be used in a specific arrangement to generate Quadrature Phase Shift Key-
ing (QPSK) modulation. EAM based QPSK modulators have increased potential for
integration and can be made significantly more compact than MZM based modulators.
Such modulator designs suffer from losses in excess of 40 dB, which limits their use in
practical applications. The work in this thesis has focused on how these losses can be
reduced by using photonic integration. In particular, the integration of multiple lasers
with the modulator structure was considered as an excellent means of reducing fibre
coupling losses while maximising the optical power on chip.

A significant difficultly when using multiple integrated lasers in such an arrangement
was to ensure coherence between the integrated lasers. The work investigated in this
thesis demonstrates for the first time how optical injection locking between discrete
lasers on a single photonic integrated circuit (PIC) can be used in the generation of
coherent optical signals. This was done by first considering the monolithic integration
of lasers and optical couplers to form an on chip optical power splitter, before then ex-
amining the behaviour of a mutually coupled system of integrated lasers. By operating
the system in a highly asymmetric coupling regime, a stable phase locking region was
found between the integrated lasers. It was then shown that in this stable phase locked
region the optical outputs of each laser were coherent with each other and phase locked
to a common master laser.
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Chapter 1

Introduction

1.1 Optical Communications

The development of optical communication systems in the 1970s signalled a change in
the way people not only communicated but also viewed the world as a whole. Previous
to this, the limitations of electronic communication systems had restricted the use of
long-haul communications. The advent of optical fibre finally opened the door to true
long-haul systems, where its low loss per kilometer and potential for high bandwidth
transmission could be fully utilised. This kick started the Information Age and allowed

the internet to develop into what it has become today.
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Figure 1.1: Growth of internet users per year [1, 2].

The emergence of personal computers in the late 1980’s and early 1990’s brought the
internet, and in particular the World Wide Web, into the home for the first time. This
sparked a remarkable growth in the number of internet users and started the dot-com
boom, where numerous internet businesses and industries were born. In the mid-1990’s

approximately 40 million people were using the internet, with the majority of those



1. INTRODUCTION 1.1 Optical Communications

based in North-America. Figure 1.1 shows the incredible growth of the internet since
then [2], where there is now (2013) in excess of 2.5 billion users worldwide. A breakdown

of the users per geographic region is illustrated in Figure 1.2.
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Figure 1.2: Total number of internet users by geographical region [1, 2].

These statistics indicate that over 1 billion internet users are from Asia, with Europe
and North America lagging considerably behind with approximately 500 and 250 million
users respectively. Figure 1.3 shows the internet penetration in each geographical region

as a percentage of its total population.
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Figure 1.3: Percentage of population with internet access based on geographical regions
1, 2].

This clearly reflects the socioeconomic climate in each area, where wealthier regions
such as Europe, North America and Oceania show high internet penetration values
between 60 and 80 %, while typically poorer regions such as Africa show a mere 20
% internet penetration. Emerging markets in Africa, Brazil and India suggest that

the number of internet users worldwide will continue to grow in a similar fashion to
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1. INTRODUCTION 1.1 Optical Communications

that shown in Figure 1.1, at least until the year 2020. This will put significant strain
on current optical communication systems. Along with this, the development of new
technologies has leant itself to the creation of services which require ever increasing
bandwidth capacity. These include fibre to the home technologies [9], cloud computing
[10] and real-time entertainment services such as Netflix and YouTube [11]. These
services combined have recently been shown to dominate internet bandwidth usage in
North America with a share of over 50 % during peak usage times [12]. The global
internet bandwidth usage has risen rapidly in recent times as can be seen in Figure
1.4. The required bandwidth is expected to continue to increase dramatically in the
coming years, which raises questions as to how this demand will be met [13]. This will
be driven primarily by the entertainment services as they extend their bandwidth share
further in Europe and elsewhere, which will be compounded by the demand for higher

image quality streaming such as 4K [14] video.

Fibre optical transmission systems play a key role in satisfying the ever-increasing de-
mand for data bandwidth. It forms the backbone for long-haul communication systems,
where high bandwidth and low-loss transmission is required for transmission over tens
and thousands of kilometers. Such systems continue to be improved by lowering the
cost of optical to electrical (and vice-versa) conversions and by maximising data trans-
fers. These improvements have been realised by significant advancements in the area of
photonic systems, where highly sophisticated systems have been developed to improve
speed, reliability and signal quality during optical transmission. Such improvements
were essential in the realisation of current communication systems, and will play a key

role in satisfying the ever increasing demand for bandwidth during the next two decades

[15].
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Figure 1.4: The international measured and predicted data rates per year [3].
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1. INTRODUCTION 1.2 Photonics and Photonics Systems

1.2 Photonics and Photonics Systems

Similarly to how electronics is the study of the properties of electrons, photonics is the
study of the properties of light and how it can be manipulated. Primarily driven by the
development of the first laser in 1960 [16], photonics has grown to incorporate numerous
different aspects and technologies. Photonics deals with the generation of light and also
the development of optical amplifiers, photodetectors for detecting and measuring light
and importantly, optical modulators. These photonic devices are now key components
of current optical systems and are forming the backbone of next generation optical

networks.

To satisfy the demand placed on current optical communication systems, improvements
to infrastructure and novel transmission systems in the area of photonics are required
and constantly under development. A key milestone in this progress was the investiga-
tion of multiplexed optical carrier signals on a single optical fibre, where each carrier
signal was at a different wavelength [17]. This allowed for not only bi-directional data
transfer through one fibre, but also dramatically increased the amount of data which
could be transferred. This is similar to frequency division multiplexing [18, 19] in
satellite and radio communications, where the total bandwidth provided is divided
amongst carriers of different non-overlapping frequencies. In optical communication
systems, this technology is referred to as Wavelength Division Multiplexing (WDM)
[20, 21, 22, 23] and has been recognised as a key technology in the development of high
bandwidth communications since the early 1980’s. WDM can best be described by

considering the simplified schematic shown in Figure 1.5.

Optical Plexer
Fibre

Figure 1.5: Schematic outline of a WDM system.

Three laser sources are shown in Figure 1.5, each operating with a single wavelength:
A1, A9 and A3. These signals are individually modulated at 10 Gbps or greater, and
then combined together into a single optical fibre using a wavelength multiplexer. This
multiplexed optical signal is then transmitted across the network where it can be ampli-
fied as required. On the receiving end, the combined signal is demultiplexed, typically
using an AWG [24, 25] or a tunable filter [26], after which the original modulated signals
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are re-acquired.

Commercially, two forms of WDM are typically available, these are Coarse-WDM
(CWDM) and Dense-WDM (DWDM) [27]. CWDM has applications in short-haul,
metro lines where there are a relatively small number of channels with large channel
spacing of > 100 GHz. This large channel spacing allows for more tolerance in the
behaviour of the lasers used, resulting in cheaper overall operation. On the other hand
DWDM requires very closely spaced channels, with current standards set [28] at a 12.5
GHz spacing for use within long-haul communication networks. Figure 1.6 shows an
example of an optical spectra from a system field trial with ninety-six closely spaced
channels [29]. Increasing the number of channels per wavelength band results in higher
total bandwidths, since hundreds of simultaneous channels are possible. This offers
a cost effective means of increasing network capacity without the need for replacing
optical fibre, where data rates of Th/s can now be seen in single fibres [30]. A con-
sequence of this is the need for much higher wavelength (\) tolerances of the input
sources to prevent interference and cross-talk between these channels. Typically, laser
sources are required to have excellent wavelength stability [31] of better than 10 pm,
which must be maintained over a wide temperature and time range. This is a key
issue with DWDM technologies, along with the need for amplification of the signal as

it propagates through the network to compensate for power losses.

Optical Intensity
5 dB/(unit BW)

1535 1545 1555 1565

Optical Intensity
5 dB/(unit BW)

1535 1545 1555 1565
(b)

Figure 1.6: Optical spectra from a trial using 96x12.3 Gb/s channels. (a) Shows the
input signal while (b) shows the output spectrum after being transmitted 9000 km.

Since the implementation of early DWDM systems in network applications in the mid-
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1990’s, the data rate per wavelength channel has continued to increase. The first sys-
tems showed data rates per channel of 2.5 Gb/s, with this increasing to 10.0 Gb/s in the
early 2000’s with 100G now becoming more common [32, 33]. This increase in perfor-
mance was due to a number of factors, namely the development of coherent technologies
[34, 35, 36], improvements in modulator design and a better understanding of the loss
mechanisms in optical fibre for long-haul applications [37]. Of particular importance
when pushing data rates to 10 Gb/s and beyond was the investigation of higher order
modulation formats for use with WDM [38, 39]. In early commercial applications, a
mechanism referred to as On/Off Keying (OOK) was typically used with a high degree
of success. This is still the most widely used modulation format for long-haul 10 Gb/s
communications due to its cost effective transmitter and receiver structures. However,
as data rates were pushed higher than 10 Gb/s, this technique encountered signifi-
cant issues with dispersion [40, 41] and was also limited by its spectral efficiency (the
amount of information transferred over a given bandwidth) and tolerances when using
narrow channel separations. Growing research into more robust technologies allowed
for the possibility of using advanced modulation formats to push through the 10Gb/s
barrier for long-haul transmission where 40 Gb/s and 100 Gb/s systems can be realised.
Advanced modulation formats provide an excellent means of increasing the potential
bandwidth available in existing communication networks with fewer limitations than
OOK and are certainly key to satisfying the ever increasing demands placed on optical

networks.

1.2.1 Advanced Modulation Formats

In communication systems, the spectral efficiency of a signal is typically measured
in (bits/s)/Hz [42] or bit/symbol. Along with improvements to modulator design and
further advancements with coherent technologies, increasing net spectral efficiency pro-
vides an interesting means of expanding the bandwidth capacity of current fibre net-

works. When transmitting a signal there are three main steps required. These are:
1. the transmitter generates a carrier wave,
2. information is encoded on the carrier wave via modulation,
3. the receiver detects the modulated carrier and decodes the modulation.

For optical communications, the carrier signal is light in an optical fibre where its
intensity, wavelength, phase and polarization can be modulated to carry information.
Typically, modulation states are represented by components of an electric field vector on
an In-phase (I) and Quadrature (Q) constellation diagram. From this, information on
the phase and amplitude of a modulated signal can be extracted. OOK, as mentioned
previously is the most widely exploited non-coherent modulation format currently used

in optical communications. In OOK, information is encoded on the amplitude of an
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optical single as it is varied from the null (off-state) to a peak amplitude value (on-
state). In such a scheme, the phase of the signal in the on and off-states is fixed, which
results in both symbols lying on the same positive side of the I-axis, as can be seen in
the 1Q diagram given in Figure 1.7a. Each symbol represents a different modulation
state, i.e on or off-state, with x defined as the amplitude of the E-field. The vectorial
length of each symbol from the origin relates to the amplitude of the electric field, with
the angular component representing the phase. For OOK or Amplitude Shift Keying
(ASK) as it is also known, one symbol is found at the origin with an amplitude of zero,

while a second symbol is found at a finite magnitude on the same phase line.

A A

(a) Amplitude Shift Keying (b) Binary Phase Shift Keying

Figure 1.7: Basic modulation formats.

A more sophisticated binary (involves two different states) modulation format is known
as Binary Phase Shift Keying (BPSK) which is based on coherent technologies. Unlike
ASK, BPSK is performed by keeping a fixed carrier signal amplitude while the phase
between symbols is varied. This is described by the constellation diagram shown in
Figure 1.7b. Both symbols have identical vectorial lengths, indicating that no modula-
tion of the signal amplitude occurs. Instead, there is a 7 phase shift between symbols.
The advantage of BPSK over the simpler OOK mechanism becomes apparent when the
distance between symbols is considered for both formats. The larger this distance, the
less susceptible the modulation format is to transmission errors. In Figure 1.7, the av-

2

erage power for both modulation schemes is seen to be %x in each case. However, the

distance between the symbols using BPSK is 2 x %, a factor of v/2 greater than that of
OOK. This larger symbol separation makes BPSK a more robust transmission system
which is less susceptible to symbol errors. Another advantage is the lower overall peak
power required in BPSK to attain the same symbol separation compared to OOK, this
can minimise errors due to any non-linear effects present in an optical system [43]. A
variation of BPSK is called Differential Phase Shift Keying (DPSK), which simplifies
the receiver setup and does not require a synchronised, fixed phase carrier signal for

absolute phase detection. This method works by encoding data based on the differ-
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ence between preceding bits in a data sequence. More information on DPSK and these

modulation formats can be found at [44, 45].

Q Q
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(a) QPSK (b) 16-QAM

Figure 1.8: Advanced modulation formats.

One method of increasing data rates using current optical fibre infrastructure involves
using a modulation format with a higher symbol rate. For both OOK and (D)PSK, one
bit is encoded per symbol. This can be increased by using more advanced higher order
modulation formats, in particular Quadrature Phase Shift Keying (QPSK) [44, 46].
Similar to BPSK, QPSK does not involve amplitude modulation but instead varies the
phase of the optical carrier signal to encode information. The constellation diagram
for a typical QPSK modulation scheme is shown in Figure 1.8a. Here four symbols
are present, with each symbol 7§ out of phase with each other and all having the same
magnitude. The four symbols on the constellation diagram allow for two bits to be
encoded per symbol. Each symbol differs by one bit to its adjacent symbol and bits
{(10), (00), (01),(11)}} can be transmitted. QPSK offers twice the data rate of binary
formats such as OOK and PSK; or equal data rates with half of the required bandwidth.
QPSK has been found to be particularly interesting in the area of WDM, where it has
been used to increase the data capacity of current networks through improvements
in spectral efficiency. Higher order formats such as 16-QAM have also shown to be
promising in WDM systems [47], where data rates can be increased by a factor of eight
by using 4 bits per symbol. Similar to DPSK, Differential Quadrature Phase Shift
Keying (DQPSK) techniques also exist for WDM systems, where high data rates have
been achieved [48].

1.2.2 Modulation of optical signals

When considering the optical modulation of light and generation of advanced modula-

tion formats, there are three main types of modulators used. These are:

Photonic Integrated Circuits for the Generation 8 Padraic Morrissey
of Coherent Optical Signals



1. INTRODUCTION 1.2 Photonics and Photonics Systems

1. Amplitude modulators
2. Phase modulators
3. Polarization modulators

Amplitude modulation has been the most wide spread modulation format used, due to
its relatively simple transmitter and receiver structure. Varying the amplitude of light
can occur by one of two different means. The simplest approach is referred to as direct
modulation [49], where the amplitude of a signal can be controlled by varying the drive
current of a laser. This approach can reach speeds of 40 Gb/s, however there remains
the issue of unwanted chirp of the optical signal [50, 51] which becomes problematic
at higher modulation speeds. By using external, or indirect modulation as it is also
known, data rates can be improved and the effect of chirp and dispersion can be min-
imised compared to direct modulation methods. Two types of external modulators are
typically used. These are electro-optic modulators and electro-absorption modulators.
The following section will describe the operation of these modulators and consider their

role in the generation of advanced modulation formats.

1.2.2.1 Electro-optic modulators

Electro-optic modulators are based on the principle that an applied external electric
field can cause a change in refractive index of a material through either the Pockel’s
or Kerr effect [52]. Light of wavelength, A, propagating through the material with

refractive index, n, would then see a phase change over length, L, of

¢ = 2771.71[/ (1.1)
This allows for simple phase modulators where a time varying voltage field can cause a
phase shift. A particularly useful application of the linear electro-optic effect is in the
design of amplitude modulators, which as discussed previously, are still commonly used
in communications systems. Using an interferometric approach, two optical signals may
be combined together to form constructive or destructive interference, based on their
relative phases which can be controlled. This is based on a Mach-Zehnder Modulator
(MZM) type structure, as shown in Figure 1.9. Light is input from the left hand side
of the device where it is divided in two and enters each arm of the modulator, where
an applied voltage causes a phase change of the transmitted light. In its most simple
configuration, one arm of the MZM is left unbiased, while a time varying voltage is
applied to the second arm. This time varying voltage shifts the phase of the light
until it is completely out of phase with the light in the unbiased arm. When the light
from both arms is then re-combined at the output of the device, an amplitude minima

(destructive) or maxima (constructive) is formed depending on the arm bias. This
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results in a simple OOK modulator being formed, where the constellation diagram in
Figure 1.7a can be generated. More sophisticated bias techniques such as push-pull,
where both arms are biased with opposite voltages, can provide lower drive voltages
which can also be used to generate BPSK. This is a key consideration when designing
modulators for practical applications, particularly when trying to minimise the effects

of chirp in a system [53, 54].
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Figure 1.9: A typical Mach-Zehnder modulator. By controlling the optical phase in
each arm, constructive or destructive interference can be formed at the output.

Further to this, MZMs can also be used to generate higher order modulation formats
such QPSK [55] and 16-QAM [56], which have been described previously. A nested
approach is used, where multiple single MZMs are combined together to form the

required symbols for the modulation format. In the case of QPSK modulation, the

MZM arrangement used is shown in Figure 1.10.
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Figure 1.10: Nested Mach-Zehnder modulators can be used to generate QPSK modu-
lation schemes.
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The modulator is setup with two MZMs on the output ports of a 1 x 2 splitter. Each
MZM can be driven to generate a BPSK symbol arrangement. A phase shifter before
one MZM can be used to shift its optical phase by § relative to the other MZM. In

effect this offsets the constellation diagram by 75, as can be seen in the constellation
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diagrams in Figure 1.10. The outputs from both MZMs are then combined together,
where any point on the constellation diagram can be generated through appropriate
biasing of the individual MZMs.

Over 100 Gb/s data rates have been shown on a single transmitter [57] using such an
arrangement. However, this approach is not without its limitations. A particular issue
with such modulators is their size [58] when using materials such as LiNbO3 or GaAs,
due to the relatively weak electro-optic effect present. Examples of a typical MZM and

nested-MZM modulators are shown in Figure 1.11.

MMI Splitter Travelling Wave Electrode RF Contact Pad MMI Combiner

Sub MZMs Ground Pad Phase Shifters DC Bias Pad

(b)

Figure 1.11: (a) A fabricated MZM from the Technische Universiteit Eindhoven [4].
(b) A fabricated traveling-wave based IQQ Modulator formed from dual nested Mach-
Zehnder modulators (NTT).

Figure 1.11a shows a single MZM modulator, where the RF contacts pads and waveg-
uide splitters/combiners can be seen. Figure 1.11b shows an IQ) modulator which can
be used for the generation of QPSK modulation. Indicated in the Figure are the MZMs,
phase-shifters and bias pads. The waveguide couplers (MMIs) can clearly be seen on

the input and output sides of the device.
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1.2.2.2 Electro-absorption modulators

Electro-absorption modulators (EAMs) are based on the principle that the bandgap of
a semiconductor material can be decreased by applying an external bias across it. If
light of energy F = hv is considered as it travels through a medium, it will experience
strong absorption if £ > E,, where E; is the bandgap of the material. On the other
hand, if £ < E;, the medium will experience no absorption and appear transparent to
the transmitted light. Correct design of the bandgap of a material allows an external
voltage to vary the bandgap sufficiently to act as a simple modulator [59]. An example
of a typical EAM OOK modulator is shown in Figure 1.12, where the amplitude of
the transmitted signal can be controlled by applying an external voltage to a ridge
waveguide structure [60]. Such modulators have high modulation frequencies of 10 - 40
GHz [61], and can exhibit close to 20 dB attenuation. Although EAMs are somewhat
limited in their operational wavelength, they offer excellent potential for integration
with laser diodes [61, 62].

POLIt
—>

V()
Figure 1.12: Schematic of an EAM based modulator.

BPSK can also be implemented using EAMs [60, 63, 64]. Such modulators offer a highly
compact design which can be more suitable for integration with other devices. Design
and fabrication can be made significantly easier by treating them as lumped element
structures, rather than travelling wave devices [61, 65]. Further to this, the technique
has been used in the development of more advanced modulators based on QPSK [5]
and 16-QAM [66] modulation schemes. Compact modulators are highly important for
state of the art systems and applications. They are of particular interest to the work

presented in this thesis, where improvements to their designs are considered.

1.2.2.3 Compact high speed QPSK EAM based modulator

Advanced modulation formats can be used to increase the spectral efficiency of current
optical communication networks. Traditional QPSK modulators make use of nested
pairs of MZMs to generate the required symbols on a constellation diagram, as shown
in Figure 1.10. The size of such a modulator is a significant limitation for their use in
systems. This is mainly due to the relatively weak electo-optic effect of the materials

employed, necessitating long phase change sections. This results in QPSK modulators
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which are approximately 5 cm in length [67], making them unsuitable for compact
integrated devices. As with BPSK modulators, QPSK modulators can also be developed
on InP based materials which make use of the electo-absorption effect. This offers
exciting possibilities for highly compact modulators due to the ability to form EAMs
with very short lengths [5]. The outline of such a modulator is shown in Figure 1.13

and its operation will now be considered.

37% EAM #1 0°

26% 225°

Inlet width ratio chosen to /
achieve desired splitting

Figure 1.13: EAM based IQ Modulator [5]. C. R. Doerr, et al.

Figure 1.13 shows the modulator arrangement, where two EAMSs are positioned on the
outer branches of a three-arm interferometric structure. A relative phase difference of
90° exists between these two outer arms, which in turn are each out of phase with the
central arm by 135°. The four points of a QPSK constellation diagram, as in Figure
1.8a, can be generated by varying the operation of each EAM from fully absorbing to
fully transparent. The steps required to generate each symbol presented in Figure 1.13

are shown below.

e Symbol 1: The first symbol, as shown in Figure 1.14a, can be generated by
having both EAMs fully absorbing. This means that the central arm is solely

responsible for the symbol position on the constellation diagram.

o Symbol 2: By only setting the bottom EAM to transparency (with the top
absorbing), the symbol can be shifted by —90° to the position illustrated in Figure

1.14b when combined with light from the central arm.

e Symbol 3: By only setting the top EAM to transparency (with the bottom
absorbing), the symbol can be shifted by 90° to the position illustrated in Figure

1.14¢ when combined with light from the central arm.

e Symbol 4: With both EAMs set to transparency, the final symbol position is
determined by all three arms interacting together. This causes the symbol to be
shifted as in Figure 1.14d.
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Figure 1.14: Symbol configurations achievable for a QPSK modulation scheme by con-
trolling the operational states of integrated EAMs.

The experimental results for such a QPSK modulator [5] indicate that it can perform at
speeds of up to 21 Gb/s. Figure 1.15 shows this fabricated modulator, where its overall
length is measured at 1.7 mm. This length is significantly less than that of a standard
MZM based QPSK modulator, which as can be seen from Figure 1.11b, can be over 7
mm in length. The main advantage of EAM based modulators is the significant decrease
in the device length along with increased potential for integration with other devices.
However, a considerable disadvantage of this modulator design is the high insertion
loss present due to inherent modulator losses, coupler losses, absorption losses and
waveguide loss. In total the combined losses are approximately 40 dB, which deters the

use of this device in practical applications.

1.7 mm

Star Coupler Ground Pad EAM Pad DC Bias Pad

Figure 1.15: EAM Based IQQ Modulator [5]. C. R. Doerr, et al.

The goal of this thesis involved the investigation of improvements to this modulator de-
sign which may make it viable for use in practical applications. A significant aspect of
this was minimising the insertion losses present in the device. One interesting approach
involves using integrated lasers with the modulator to improve its overall power per-
formance. This would have the benefit of removing the need for an externally coupled
laser source, while maximising the power output from each arm of the modulator. The

details of these performance improvements will be discussed further in the following
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section, where the benefits of photonic integration are explored. In particular, the role
of integrated lasers in photonic devices will be examined. Attention will also be paid
to the concept of injection locked lasers and the role they can play in complex photonic

integrated circuits.

1.3 Photonic Integration

In the electronics industry, the push towards chip scale integrated circuits (ICs) allowed
for a dramatic increase in the performance of everyday electrical devices. Since their
invention by J. Kirby in 1954, the number of transistors on ICs has been doubling
almost every 2 years in accordance with Moore’s Law. Today, commercially available
Intel Haswell 22 nm based CPUs rely on ICs with over 1.4 billion transistors, an as-
tonishing rise in almost 60 years. In the photonics industry, the prospect of developing
similar technologies with photonic integration offers incredible potential growth in the
area. However, research and development of photonic integrated circuits (PICs) has
progressed at a far slower rate than its electrical counterpart. This has been due to
the larger number of sub-components in photonic devices. In any device there may be
lasers, attenuators, modulators, couplers and detectors which each have to be consid-
ered when dealing with integration. As a consequence of this, each element of a device
may also be based on a vastly different material structure (binary, quaternary alloys,

ITI-V semiconductors etc.) which requires non-standard wafer processing techniques.

Figure 1.16: Large, power hungry photonic system setups. Tyndall National Institute.

The first PIC was proposed by S.E. Miller in 1969 [68], and it is only in the last 10
years or so that these first true PICs have been realised for commercial applications.
This has ushered in an era of excitement in the photonics community, as photonic
integration is set to play a key role in helping satisfy the demands placed on current
optical networks. The advantages of developing photonic integration and PICs are

many-fold, but research is mainly driven by the potential benefits to:
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1. Cost

2. System simplification
3. Reliability

4. Power consumption

Photonic integration can take large, power hungry system setups shown in Figure 1.16

and reduce them to compact and reliable PICs shown in Figures 1.17a and 1.17b.

100Gb/s Transmit

ww gz'y

A
Y

Figure 1.17: (a) Photonic integrated circuits. Infinera. (b) InP monolithic tunable
optical router (MOTOR) [6].

From a systems point of view, the interconnection of discrete components together while
forming subsystems can significantly add to the cost of an overall device. This results
from extra photonic packaging, more fibre couplings, potential phase instabilities, po-
larization dependance and overall larger size. Large scale InP based PICs offer excellent
potential in this area, and can greatly improve network flexibility and maximise func-
tionality. One such PIC is shown in Figure 1.17b, where a highly compact Monolithic
Tunable Optical Router (MOTOR) was produced with eight wavelength-tunable dif-

ferential MZMs, semiconductor optical amplifier (SOA), wavelength converters with
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pre-amplifiers and a passive 8 x 8 Arrayed-Waveguide Grating (AWG) router. PICs
like these show the incredible potential integration technologies have to offer to optical
systems. It is for this reason that photonic integration and PIC development is of

particular interest to work carried out in this thesis.

PICs are typically comprised of a wide range of sub-devices such as tunable lasers,
modulators, filters, multiplexers, optical splitters, optical combiners, etc. This leads
to significant challenges when integrating such components together on one PIC. This
can be overcome through expensive and time consuming fabrication, or by dealing with
the challenges on the device packaging side. Since photonic integration is still in its
relative infancy compared to its electronic counterpart, either of these solutions greatly
adds to the expense of the photonic devices. The photonics industry has two primary
solutions to tackle the issue of photonic integration, these are Hybrid and Monolithic

Integration.

1.3.1 Hybrid Integration

Hybrid integration [69, 70], as with its electronic counter part, allows multiple discrete
single function optical devices to be taken and integrated together on a common sub-
strate. The discrete components are then linked together through optical couplings
to form a single PIC, typically using flip-chip techniques [71]. This is a very complex
and time consuming process, due to the high tolerances required when forming the
interconnects between devices. Additionally, the varying mechanical properties of each

device makes hybrid integration a highly challenging process.

With monolithic integration, each optical device is formed on a PIC with the same
material substrate. This removes the need for optical interconnects to link each com-
ponent since light is guided in the substrate medium. Monolithic integration often
requires epitaxial regrowth to form areas on a substrate to act as either passive or
active components, then complex fabrication can be used to form each device. The
benefits of monolithic integration are well known and it is seen as an excellent means of
merging different optical functions on one chip without the negative trade-offs in per-
formance, higher costs and possible reduced functionality of some hybrid integration
schemes. It is for this reason that monolithic integration plays a key role in the develop-
ment of PICs in this thesis, where they are seen as an essential part of next generation

networks. In what follows, different monolithic integration methods are examined.

1.3.2 Monolithic Integration

A multitude of different techniques exist for monolithic integration based on current
technologies [72]. As can be seen in Figure 1.18, these methods make use of regrowth

and etching to form photonic devices on a single substrate. The most common methods
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used are vertical twin-guide [73, 74, 75], butt-joint regrowth [76, 77, 78], selective area
regrowth [79, 80, 81], offset quantum wells [82], dual quantum wells and quantum well
intermixing (QWI) [83, 84, 85].

For monolithic integration, additional regrowth steps can significantly add to the com-
plexity and cost of fabrication processes. This is particularly true when integrating Dis-
tributed Feedback Laser (DFB) [86] lasers with other components for example, where
two or more regrowth steps are required. QWTI offers one potential solution [87] for
such integration. However, more novel techniques for regrowth free integration exist.
For DFB lasers this can be seen in Ref. [88] .

Active Passive

Voo

Vertical Butt-Joint Selective Offset Dual Quantum
Twin -Guide Regrowth Area Quantum Quantum Well
Wells Wells Intermixing

Figure 1.18: Different techniques for monolithic photonic integration [7].

The choice of a monolithic integration scheme was of critical importance to the work
and devices considered in this thesis. Regrowth free integration was considered a key
requirement, which simplified the fabrication steps during device processing, reduced
cost and offered potentially larger device yields. Based on experience within the Tyn-
dall National Institute and Integrated Photonics Group, a novel laser variation known
as Slotted Fabry Pérot (SFP) lasers [89] were chosen, which offer excellent potential
for regrowth free monolithic integration. This laser design allowed for single facet or
completely facetless lasers to be realised through etching of mirror sections on ridge
waveguides [89]. The operation of such lasers will be considered in more detail later in
chapter 5.

1.4 Optical Injection Locking

Optical injection locking has shown a significant rise in interest where it has been
used with directly modulated lasers to reduce the relative intensity noise (RIN) [90],

increase laser modulation bandwidths [91] and have shown uses in single sideband
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modulation [92] and opto-electronic oscillators [93]. These systems have typically been
demonstrated using discrete optical components, however, there has been a push to
use monolithic integration to improve performance and flexibility [94, 95, 96]. Such
integrated devices have a significantly smaller device footprint along with lower power
consumption and cost. Devices such as these are highly attractive for use in modern
day telecommunication networks replacing the need for expensive free space optics and

discrete components.

Master Laser Optical Isolator Slave Laser
0SA |5 \POWGF Splitter Optical Isolator

ESA

0oog

Figure 1.19: Schematic of a typical injection locking experimental setup used to inves-
tigate a master-slave system.

Optical injection describes the situation where light from one laser source is injected
into the lasing cavity of a second laser. For sufficiently close frequency/wavelength
detunings between the sources, one laser is found to lock its operating frequency to
that of the other laser while maintaining a fixed relative phase offset. The laser which
becomes locked is referred to as the “slave laser”, whereas the injected source is referred
to as the “master laser”. In a typical situation, the discrete lasers of the master-slave
system are coupled together using free-space optics or via optical fibre as in Figure 1.19.
This allows the behaviour of the slave laser to be investigated on an electrical or optical
spectral analyser under varying degrees of optical coupling. For many years, such
systems have been a source of immense interest to the non-linear dynamics community,
as injection locked semiconductor lasers can offer insights into excitability, multistability
and chaotic behaviour which will be discussed further later in this thesis. The use of
injection locked semi-conductor lasers plays a key role in the PICs investigated in this

thesis, where they have excellent potential for use in coherent channel generation.

1.5 Thesis Motivation and Outline

1.5.1 Thesis Motivation

The motivation for this thesis was to investigate the development of a PIC for use

in next generation modulation applications. As was discussed earlier in this chapter,
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recent work has shown how QPSK modulation schemes can be implemented in a highly
compact form using EAMs [5]. Such modulators offer a significant advantage over MZM
based transmitters due to their more compact size. A major disadvantage of such a
modulator is the high insertion loss present, which was shown to be ~40 dB. This limits
the use of the modulator in practical applications, or else necessitates the use of external
optical amplifiers to amplify the signal after passing through the modulator. The recent
push towards further photonic integration of different optical components lends itself
well to potential improvements in this design. In particular, the insertion loss could be

significantly reduced by incorporating integrated lasers with the modulator itself.

A limitation of this method is the difficulty when monolithically integrating different
elements together on a single device, as discussed earlier in this chapter. In particular,
the integration of active and passive components can be considerably challenging. For
this reason, choosing a suitable laser for such integration was integral to the success
of any new modulator design. Recent work on Slotted Fabry Pérot (SFP) lasers has
shown them to be an excellent choice for monolithic integration with other devices
due to their wide tunability and high SMSR. They have recently been successfully
monolithically integrated with EAMs in a regrowth free process [97] and also shown
to be easily integrated with semiconductor optical amplifiers (SOAs). This makes SFP
lasers an excellent choice when considering a laser for integration with the modulator

shown in Ref.[5].

The most simple variation of such a modulator would involve the integration of an SFP
laser before the star coupler on the input side of the device shown in Figure 1.13. This
would remove the initial coupling losses due to fibre coupling an external source to the
modulator, providing at least a 3 dB power improvement. However, this SFP laser
would have to be driven with a relatively high bias current to provide sufficient power
throughput to each arm of the EAM based modulator. A considerable improvement
to this would be the implementation shown in Figure 1.20, where not only is there a
laser at the input of the device but also on each arm of the modulator before the EAM

regions.

Star
Coupler

Phase Shifter

Figure 1.20: An EAM based QPSK modulator with integrated SFP lasers.

Such a layout lends itself well to the possibility of using injection locking to improve
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the power performance of the modulator. The input SFP can be used as a master laser,
with the SFPs on each arm treated as slave lasers. The slave SFP lasers in this arrange-
ment can be biased to slightly above threshold where they are typically multimodal in
operation (and so not suitable for operation in the modulator) but have a low power
consumption. By operating the master SFP above threshold (where it can have a high
SMSR and peak power) it has the potential to simultaneously lock the frequency and
phase of each slave SFP to the master laser source, while making them coherent with
respect to each other. In this arrangement the slave lasers would experience strong
lasing action at the master laser frequency, with significant suppression of the other
lasing modes. This can increase the power output of the slave lasers at the master
lasers frequency by >10 dB while running at just above their threshold values, with the
added benefit of ensuring coherence between the optical signals. Coherence between
the light in each arm of the modulator is of critical importance when generating each

symbol of the constellation diagram for this QPSK modulation scheme.

— jﬂ

— -

Figure 1.21: SFP laser integrated with an MMI coupler and SOA. The building block
of more advanced PICs.

The development of a PIC that can integrate passive components, SFP lasers, EAMs
and SOAs (for phase change) in the modulator shown in Figure 1.20 is a highly ambi-
tious goal. Previous research has investigated the integration of SFP lasers with EAMs
[97] and shown their excellent potential for PICs. However, there has been no previous
investigation into the integration of multiple SFPs together or the integration of SFP
lasers with passive waveguide splitters and combiners. Splitters and combiners play a
key role in the operation of the proposed modulator in Figure 1.20, and are essential in
almost all PICs considered in current research. Injection locking of SFP lasers plays a
key role in the proposed method of coherent output generation and as such, needs to be
investigated carefully. Performing injection locking with lasers on integrated circuits
also poses difficulties due to the lack of functional optical isolators on chip. This means
that a true master-slave system, with one way coupling is not currently possible to
realise. Instead, any master-slave system on chip must be in a mutual coupling regime

with bi-directional coupling [98], where the master can effect the slave, and vice-versa.

For these reasons, this thesis will focus on three primary areas of research which lend

themselves not only to the device shown in Figure 1.20, but to any number of future
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PICs. These are:
1. The design and application of optimum splitters and combiners for use in PICs
2. The integration of SFP lasers with optical amplifiers, splitters and combiners

3. The integration of multiple SFP lasers together with passive components (split-

ters/combiners) to investigate the use of injection locking on PICs

The optimum design of splitters and combiners plays a pivotal role in photonic integra-
tion. This is especially true when making compact devices, where couplers are required
to be as small as possible while still maintaining excellent performance. The investiga-
tion of splitters and combiners was carried out with the goal of developing the device
shown in Figure 1.21. This PIC allows the integration of an SFP laser with waveguide
splitter /combiner and SOA sections to be examined. This device can be used as an
optical power splitter on chip, and it is considered to be the fundamental building block
of more advanced PICs. With such a building block in place, the integration of multiple

SFP lasers was examined by considering the device shown in Figure 1.22.

—
— W

SFP . MMI

Figure 1.22: Schematic of the most complicated PIC considered in this thesis. Mul-
tiple SFP lasers integrated together using an MMI coupler and SOA based optical
interconnect.

This device allowed for almost all components of the proposed QPSK modulator shown
in Figure 1.20 to be investigated, apart from the EAMs which were shown in Ref.
[97]. As a result, the main focus of this thesis will be developing these other aspects
of the modulator while the EAMs remain outside of its scope. In particular, it allows
the generation of coherent outputs on chip via injection locking of integrated lasers
to be examined for the first time. The use of integrated lasers on chip in such a
QPSK modulator design offers improvements to power consumption while minimising
the insertion loss of the device. In particular, integrated lasers remove the need for
an externally coupled laser source which improves the performance of the device by at
least 3 dB. In addition to this, the use of multiple injection locked lasers can provide
a power increase of > 10 dB for slave lasers operating at just above threshold. This
expected 13 dB reduction in device loss has the potential to make such modulators

a viable alternative to MZM based QPSK modulators, particularly when their highly
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compact size over traditional modulators is taken into account.

1.5.2 Thesis Outline

Chapter 1 has provided a general overview of photonics technologies and the motiva-
tion for this research. The primary focus of this work was to investigate the use of
integrated lasers in PICs for coherent optical signal generation using single epitaxial
growth, for monolithic integration. The realisation of such a device required the careful
design of multiple different photonic components which were then brought together on
a single chip. This included the design of optical waveguides, efficient optical couplers,
amplifiers and of course, lasers. The development of these individual elements, their
integration together and testing of the full integrated PIC, forms the basis of the work

presented in this thesis.

Chapter 2 introduces optical waveguides and examines the underlying physics of how
light is confined and guided on a PIC. Leading from this, optical couplers are described
in detail with particular attention paid to the design of multimode interference (MMI)
couplers. Chapter 3 examines the computational models used to design MMIs, which
are then investigated in detail. This work was aimed at providing a rapid means of
optimising the coupling efficiency of MMIs while ensuring they are sufficiently tolerant
to fabrication errors. The completed models were used to design a series of MMIs based
on a custom quantum well epitaxial structure. These were tested experimentally and

the results compared to those predicted by the model.

The experimental testing of any PIC poses challenges due to the precision required when
aligning optical fibre to the input and output waveguides to be coupled. Chapter 4 de-
scribes a new experimental technique which greatly simplifies how fibre coupling can be
performed. The experimental setup and software required for such a coupling technique
was developed during this work, where its functionality was extensively demonstrated.
This method of efficient fibre coupling has widespread applicability to the testing of
integrated optical devices in general. As such, the work contained in this chapter was

published [99] by the Institution of Engineering Technology Optoelectronics.

Chapter 5 describes the design of PICs based on the schematics shown in Figures 1.21
and 1.22. The type of laser chosen for the integrated devices is examined in detail, with
waveguide tapers and optical couplers designed based on the material and etch structure
of the laser. The integration of waveguide couplers and lasers is then examined, with a

particular focus on the operation and subsequent testing of each proposed device.

Chapter 6 explores the initial characterisation of the lasers used in the integrated devices
designed in this work. With the lasers characterised, the first fully integrated device
was considered which consisted of an SFP laser integrated with an SOA and optimised

1 x 2 MMI coupler. This integrated device was designed and tested experimentally as
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part of the work undertaken in this thesis; and was the first demonstration of an SFP
laser monolithically integrated with an MMI using a single epitaxial growth. Such a
device forms the basis of the more complex PICs examined in later chapters and the

results were published [100] in Photonics Technology Letters.

With the integration of SFP lasers and optical couplers demonstrated, chapter 7 inves-
tigates how these elements can be used to form a fully integrated system of mutually
coupled SFP lasers linked through a passive waveguide interconnect and SOA section.
This device was then used to examine the optical phase locking properties of integrated
lasers in a highly asymmetric coupling regime, where the first example of on chip optical
phase locking between a single master and slave laser was shown. The results of this
experiment were published [101] in Optics Express. In addition to this, optical phase
locking of multiple slave lasers to a single master laser was demonstrated via coupling
through an optimally designed MMI. The results of which were presented [102] at the
International Conference on Indium Phosphide and Related Materials (IPRM), where
it was shown that this system could be used in the generation of multiple coherent

optical signals on an integrated device.

Chapter 8 summarises the results and conclusions from this thesis, where the key de-
velopments and milestones are outlined. The thesis concludes by giving an outlook into
future work which may arise from this study and discusses the impact it can have on

future integrated modulator systems.
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Chapter 2
Optical Waveguides and Couplers

There is a push towards using photonic integration in optical transmission systems to
improve power consumption in devices while reducing both cost and size. The optimum
design of photonic interconnects between optical devices on the same chip plays a key
role. For larger systems, optical fibres are used in the transmission of light for distances
of centimetres to many hundreds of kilometres [103, 104, 105, 106, 107]. In the area of
photonic integration, optical fibres are replaced by optical waveguides which are used
to channel and direct the light in compact optical circuits. In this chapter, the basic
theory of optical waveguides is discussed, with particular attention paid to how light
is confined in waveguide structures. A primary focus of this chapter is to investigate
the design and application of passive waveguide couplers for use in PICs. Waveguide
couplers are used extensively in PICs, where they can split light into multiple channels
or combine different optical signals. These structures are analysed in detail, where a
model is discussed that allows their optical performance to be examined. The work
described in this chapter plays a key role in the development of the photonic integrated

devices discussed in chapters 5 and 6.

2.1 Planar Waveguides

The first type of waveguide considered in this thesis is the planar waveguide, as shown
in Figure 2.1. The structure of this waveguide consists of high refractive index material
(the waveguide core) inserted between two lower refractive index materials (the waveg-
uide substrate and cladding). Light in this arrangement is confined in the transverse
x-direction across the waveguide. Due to total internal reflection, guided modes are
supported between the cladding and substrate layers which are free to propagate in
the z direction. Following from the analysis of Maxwell’s Equations in Okamodo [108],
two wave equations which describe the electro-magnetic field distribution in each of the

core, cladding and substrate regions can be found. Two different solutions exist which
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are related to the polarizations of the electric and magnetic fields. The Transverse
Electric (TE) field polarization has an electric field in the y-direction, E,,, with no field

component in the z or x-directions. The TE polarization is described by:

d’E
Wgy + (K*n* - BB, = 0, (2.1)
with
Ho=—Lp g -9 (2.2)
whio wpo dr

where j = v/—1 and n is the refractive index in core, cladding or substrate region. The

permeability of free space is given by ug, where it is assumed that the permeability in the
w

which is related to angular frequency of the propagating light, w, via k = %, where c

propagation medium, p, is such that pu ~ pg. The wavenumber, k, is defined as k =

is the speed of light in a vacuum. The Transverse Magnetic (TM) field polarization
has a magnetic field directed in the y-direction, H,, with no field component in the

z-direction or x-direction. The TM polarization is described by:

d LdH, oo B

(=Y ZVNH, =0 2.3
dx(nz dr ( nz) Y ’ ( )
with
B —Jj dH,
E =—" _H [ = — 2.4
Towpen? Y T wpgn? dx (24)
X
A ‘
A
Y .

>

Refractive Index Variation

Figure 2.1: Planar optical waveguide structure showing the refractive index variation
across the layers.

When calculating the electro-magnetic field distribution for either the TE or TM po-
larization, it is necessary to solve Equations (2.1) and (2.3) in the cladding, core and
substrate regions. From this a complete picture of the field distribution in the waveg-

uide can be determined. The refractive indices of the core, cladding and substrate
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regions are referred to as Neore, Nelad and Ngyp, respectively. The equations for the TE

solution which follows from this is:

&E, ) .

2 + k“Ey = 0, in the core region (2.5)
?E, : . .
T2 E, = 0 in the cladding region (2.6)
d’E, . .
2 §°FEy =0, in the substrate region (2.7)

with k, o and & representing the wave numbers in each region. They are defined as:

V gore - (28)

k= \/k%n 32,
o =/B%—kn? ,, (2.9)
£ =1/B%—k2n?,. (2.10)

where 3 is the modal propagation constant, defined as 8 = knys, with n.ys represents
the effective index of the supported mode in the waveguide. For a slab waveguide with
core region of thickness 2a, as in Figure 2.2, the electric field must decay exponentially
in the cladding and substrate regions, with sinusoidal confinement in the core region.
The field then takes the form:

Acos(ka — ¢)exp(—o(x —a)) ifx>a (2.11a)
E, = { Acos(kx — ¢) if —ra<z<a (2.11b)
Acos(ka + ¢) exp({(x + a)) if r < —a (2.11¢)

This analysis assumes infinite cladding and substrate thicknesses, which are of course
not present in physical waveguides. However, due to the large optical confinement
present in typical waveguides, the exponential tail extends only slightly into these

regions, making this a valid approximation.
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Figure 2.2: Decay of the electric field distribution of waveguide mode into cladding and
substrate layers.

From the boundary conditions, £, and H are continuous across the core, cladding and
substrate interfaces for the TE mode solution. With H, given by (2.2), dE,/dx must

also be continuous across each region and is given by:

—oAcos(ka — ¢) exp(—o(x —a)) if x > a;
=4 —kAcos(kx — @) it —a <z <a;
EAcos(ka + ¢)exp({(x + a)) if x < —a.

dE,

Applying these equations across the boundary at x = a gives:

kAsin(ka — ¢) = cAcos(ka — ¢) (2.12)
Applying these equations across the boundary at x = —a gives:
kAsin(ka + ¢) = {Acos(ka + ¢) (2.13)

Equations (2.12) and (2.13) can be rewritten as:

tan(ka — ¢) =

RS

(2.14)

and

N KAt

tan(ka + ¢) = (2.15)

By defining u = ka, w = £a and w’ = oa, Equations (2.14) and (2.15) can be written
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as:

tan(u — ¢) = (2.16)

SIS

/

tan(u + ¢) = % (2.17)

Solving these equations for u and ¢ yields:

1 1 '

u = % + 5 arctan(%) + 3 arctan(%) (2.18)
1 1 '

b= % 4 3 arctan(%) -3 arctan(%) (2.19)

Solving Equations (2.18) and (2.19) allows the wave numbers of supported waveguide
modes in the core, cladding and substrate regions to be determined. These can then
be used to calculate the electric field distribution for the TE waveguide mode from
Equations 2.11a — 2.11c

Similar expressions can be determined for the TM mode solution of the waveguide [108,
109, 110, 111]. Equations (2.18) and (2.19) can be solved graphically for a qualitative
solutions, however, numerical methods can provide highly accurate solutions. In the

sections that follow, these graphical and numerical methods are examined.

2.1.1 Graphical Solution Method of Slab Waveguide

The propagation constants for the TE mode of a slab waveguide can be found by solv-
ing the set of Equations (2.18) and (2.19). For simplicity, a symmetric slab waveguide
is considered, where the cladding and substrate refractive indices are equal. The slab
waveguide has a waveguide width, 2a = 5.0um; operating wavelength, A\ = 1.55um;
Neore = 3.38 and Ngyp = Nejag = 3.17. For a symmetric waveguide such as this, Equa-
tions (2.18) and (2.19) can be simplified to:

u= % + arctan(%) (2.20)
¢ = % (2.21)

Equation (2.20) can also be written as:
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w = utan(u — ?) (2.22)
The wave numbers u and w are dependant on each other through Equations (2.8)-

(2.9). This allows them to be rewritten as:

2 2 2 20 2 2
u” +w” =k%a (ncore - nclad) (223)
The propagation constants of the waveguide can then be found by solving Equations
(2.22) and (2.23) graphically. The equations can be plotted on the same graph to
determine k and o, where the points of intersection determine v and w for a particular
mode. For the waveguide under consideration here, Figure 2.3 shows the two equations

plotted together, substituting x = ca, y = rka and r? = k?a?(n2,.. — n?,4)-

‘ | | —y=X tan(x)
0 NN R S S| N S— 9

| |
0 5 10 15
X=0 a

Figure 2.3: Graphical solution method for finding propagation constants of different
waveguide modes.

A solution exists at every intersection point between the two curves. At this point,
the value of ka or oca can be approximated and the equation solved. Solutions exist
between each branch of y = ztan(x), which indicates that there is one solution within
every 5 interval. The V parameter of the waveguide determines the radius of the circle

drawn in the graphical solution in Figure 2.3 and is given by,

V = kay/n2,., —n?,, = a(vVo? + k?). (2.24)

By determining how many branches of the Tan function exist within this radius, the
number of supported modes in the waveguide could be found. The number of supported
modes in a waveguide is then seen to be given by % A waveguide can be designed to

support only a single mode if V' < 7.
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Figure 2.4: Results from the graphical solution method.

Solving Equations (2.22) and (2.23) using the graphical solution method allows the
propagation constants of each guided mode in the waveguide to be determined. From
this, the electrical field distribution can be calculated. The electric field for the TE
excited waveguide mode is shown in Figure 2.4a. The effective index for each guided
mode can also be found from this analysis. The effective indices plotted against mode

number for the previous waveguide are shown in Figure 2.4b.

2.1.2 Root Solving Method of Slab Waveguide

The graphical method provides an approximate solution to Equations 2.18 and 2.19,
however, numerical methods are required to provide more accurate solutions. These
are developed extensively in Okamodo [108]. For such methods, a mode is said to be
confined if the effective index of the mode, n.sr, is bounded as ncjqq < Neff < Neore-

This defines a cut-off condition for guided modes, where they are restricted between:

0<b<1, (2.25)

with the parameter b, referred to as a normalised propagation constant, defined as:

2 2
b— Ners — Nelad

= 2.26)
5 > (
Necore = Melad
By writing the normalized frequency, v, as:

2 2

n —n
V= Negreka M, (2.27)

ncore
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the parameters u and w can be rewritten as:

u=ra=vvV1—>b (2.28)

w = Ea=vVb (2.29)

Following from [108], Equation (2.18) can then be written similarly to 2.20 for a sym-

b
vW1l—>b= % + arctan 4 | 5 (2.30)

metric waveguide as:

or

b
F(v,m,b) =vvV1—0b— % — arctan 13~ 0 (2.31)
A bisection method root solver was constructed in Matlab to solve Equation (2.31) al-
lowing for the n. s of each guided mode of a waveguide to be calculated by determining
b. This code can be seen in Appendix A. Equation (2.31) is plotted in Figure 2.5 for a
series of different TE modes in a typical 2.0 um wide InP based waveguide with core

and cladding refractive indices of 3.38 and 3.17, respectively.

20

)
g
e
I ‘ ‘
—Mode 1 (Guided)
_107—Mode 2 (Guided)
—Mode 3 (Guided)
—Mode 4 (Guided)
—Mode 5 (Unguided) | | | | | |
-20 I i | | | | | |

i |
3.18 3.2 322 324 326 328 33 332 334 3.36
Refractive Index

Figure 2.5: Plot of F(v,m,b). The roots can be used to determine the effective index of
each guided mode in a waveguide structure.
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Figure 2.6: £, and H, components of TE and TM mode solutions.
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Where the F(v,m,b) in Figure 2.5 cuts the x-axis can be used to determine the propa-
gation constant (or effective refractive index) of a waveguide mode. With this method,
the field distribution and propagation constants of any slab waveguide mode can be
determined. Using this code, the field profiles generated for the fundamental TM and
TE modes of a slab waveguide with thickness 1.0 pm and refractive indices of 1.45,
3.45 and 1.45 in the cladding, core and substrate respectively were calculated. The

overlapped fields are shown in Figure 2.6.

2.2 Rectangular Waveguides

Unlike planar waveguides, rectangular waveguides confine light in both z and y-
directions due to an index variation, n(z, y). They represent the type of structures
typically found and used in PICs. Some examples of rectangular waveguides are shown
in Figure 2.7. The main variations considered are ridge waveguides and rib waveguides.
In ridge waveguides the mode is typically highly confined due to the high index core
being surrounded on all sides by the lower index cladding and core. The core of a rib
waveguide is typically not surrounded on all sides by a lower index material and offers

less mode confinement.

Buried Channel
Waveguide

Ridge Waveguide Rib Waveguide

Figure 2.7: Variations of Rectangular Waveguides.
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Similar to the slab planar waveguides discussed earlier, rectangular waveguides also
support TE and TM guided modes. Waveguides support hybrid modes where the
electro-magnetic field has component in all directions. Analytical solutions for these
hybrid modes exist only in particular situations involving certain symmetries, for ex-
ample in optical fibers themselves [112]. For waveguides where there are no analytical
solutions, numerical methods such as the Beam Propagation Method (BPM) or the
Scalar Finite Element Method (SFEM) are used to obtain accurate solutions. Research
previously carried out within the Integrated Photonics Group (IPG) at Tyndall [8]
has investigated the uses and application of such methods to the modelling of two-
dimensional waveguide structures. These methods are beyond the scope of this thesis,
but mode solver tools based on the SFEM code were made available for this work. Fig-
ure 2.8 shows a typical rib waveguide structure which can be modelled using the SFEM
mode solver developed in Ref. [8]. To illustrate the application of this mode solver, an
InP based ridge waveguide was considered with core index of 3.38 and substrate index
of 3.17. The ridge width, thickness and height of the waveguide were 2.5 num, 0.5 pm
and 0.5 pm respectively. The fundamental TE mode of this waveguide was found using

the SFEM simulation tool and is shown in Figure 2.9.

Rib Width

A
A 4

Rib Thickness
Rib Height

Figure 2.8: Structure of a typical rib waveguide which can be modelled using SFEM
mode solver tools.

Figure 2.9: Mode profile of an InP based rib waveguide as calculated from the SFEM
mode solver [8].

These tools were made available during the course of this work and proved to be

useful for detailed analysis, as will be shown in later chapters. Considerable time
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and computational power is required to provide accurate solutions using these tools,
due to the complex numerical methods used. As a result, they are not practical for
situations where rapid solutions are needed. Approximate solutions can be provided
by other numerical methods, which are suitable for many applications. One of the
most important approximate solutions to the wave equation of rectangular non-planar
waveguides, is known as the Effective Index Method (EIM). This method can be applied
to ridge and rib waveguides and compares favourably with other more accurate solutions
depending on the waveguide structure and material type. In the next section the EIM

is described in detail and its application to ridge waveguides is demonstrated.

2.2.1 Effective Index Method

Similar to Kumar’s [113] and Marcatili’s method [114], the EIM provides an estimate to
the propagation constants of waveguide modes, which can in turn be used to determine
the field distribution. Numerical methods such as BPM [115, 116, 117], FDM [118,
119, 120] and FEM [121, 122] are used where highly accurate solutions are required.
Typically, these methods are numerically intensive and require long computational
times. The EIM provides a sufficiently accurate solution for most practical applications

and allows the mode characteristics of a waveguide to be examined.

| |
I I I
N1 N 2 N3

Figure 2.10: Rectangular waveguide is split into three separate regions. The effective
index of the guided modes in each region can then be calculated by treating it has a
slab waveguide.

The EIM can be used to determine the propagation constants of guided modes in
rectangular waveguides by taking the waveguide structure and splitting it into three
planar waveguides which can be examined individually, see Figure 2.10. If the mode
confinement in the vertical direction across the thickness of the waveguide is stronger
than that of the confinement in the horizontal direction across its width, then the
mode defined by the structure is mainly due to the layer structure in the vertical
direction. This mode is distorted by the etched structure in the lateral direction which
results in waveguide modes where the electric and magnetic fields are not strictly TE

or TM, as with a one-dimensional planar waveguide structure. However, modes of
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rectangular waveguides which have their electric and magnetic fields directed mainly
in the horizontal direction of the waveguide are referred to as TE or TM modes for

convenience.

I I
I I -
N 1 N 2 N3

Figure 2.11: The calculated effective indices in each region are used to form a new slab
waveguide. The propagation constants of this waveguide determines the propagation
constants of the original rectangular waveguide.

Determining the propagation constants for a particular TE or TM polarised mode of
a rectangular waveguide using the EIM involves taking a waveguide structure, Figure
2.8, and splitting it into three regions. Each region is treated as a planar waveguide
structure, where the propagation constants of the guided modes in each section are cal-
culated and the effective index determined, as in Figure 2.10. A new planar waveguide
structure is formed using the calculated effective indices of the regions, N1, N2 and N3;
with thickness equal to the width of the initial ridge waveguide structure, as seen in
Figure 2.11. This new planar waveguide structure can then be solved for the slab TE
and TM modes to determine the effective index of the overall rectangular mode. For

an in depth analysis of this technique, see Ref. [123, 108].

An EIM mode solver was implemented in C++, see Appendix A, and was used to model
the mode profiles and propagation constants of waveguide modes in waveguides. The
EIM makes use of the one-dimensional mode solver, described previously, to solve for
the modes in each step of the solution. This EIM code can be applied to the structure
shown in Figure 2.8, which was previously modelled using SFEM. If the TE mode of
this structure is considered, the application of the EIM involves first calculating the
TE modes of the planar waveguide structures defined in the lateral and central regions
of the rib waveguide. The effective indices of lateral and central regions were found to
be 3.2458 and 3.3268, respectively. Due to the high optical confinement in the vertical
direction over the waveguide, the mode profile in the central region relates strongly to
the TE mode of the waveguide, but is distorted by the etched waveguide ridge. The
profile of the mode in the central region is shown in Figure 2.12a, which represents the
modal distribution of the y-direction. The effective indices of the modes in the lateral
and central regions were then used to form the equivalent planar waveguide structure

where the TM mode and effective index was considered. The mode profile of the TM
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mode is also shown in Figure 2.12a and represents the modal distribution of the z-
direction. It describes how the etched structure of the waveguide effects the waveguide
mode. The product of these two modes defines the overall mode shape of the TE mode
of the rib waveguide. The calculated effective index of the TE mode of this waveguide
using the EIM was determined to be 3.3177. This compares favourably with the value
calculated using the SFEM model, which was 3.3134. It should be noted that there is a
vast difference in the computational times required between both the EIM and SFEM
solutions. Using a PC with a 4th Generation Intel® Core™ i7 Processor and 8GB of
RAM, for a moderate grid spacing of 0.75 pm, approximately one hundred seconds are
required for the solution to be computed using the SFEM code. The EIM performs this
calculation with the same hardware in a approximately one second, although generates

only an approximate solution.
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Figure 2.12: (a) E, field component of the TE mode of a two-dimensional waveguide
in the z and y-directions. (b) full two-dimensional E, component mode profile, which
is a product of the separable » and y £, field components of the mode.

2.3 Multimode Interference Couplers

The splitting or coupling of light on an integrated device can be realised in a number
of different ways. These include using y-branch structures [124], directional couplers
[125] and star couplers [126, 127]. The design of star couplers was considered in Ap-
pendix B. In addition to these, Multimode Interference Couplers (MMIs) have seen
wide spread use in photonic devices [128, 129, 130], where they can be used in a range
of configurations with single and multiple input and output ports. The analysis and
design of MMIs has a key role in the work presented in this thesis, where they are used

extensively in the integrated devices considered in chapter 5.
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Figure 2.13: TE field distribution of an MMI. The input field is re-imaged at specific
points along the length of the MMI. Light can be decoupled from the MMI by plac-
ing output waveguides at these points. Figure generated using the MMI design tools
developed during this work.

MMIs [131] are based on the self-imaging principle [132], where an input field entering
a multimode waveguide region becomes self-imaged periodically along the propagation
direction of the structure. An example of this is shown in Figure 2.13, where the field

distribution inside of an MMI is simulated.

Multiple equally spaced self-images are formed at specific intervals along the length
of the device, which can be decoupled from the MMI by using strategically placed
output waveguides. Determining the optimum position and spacing for these output
waveguides is the basis for MMI optimisation. MMIs were originally developed in Ref.
[131] and have been shown to be an essential element in PICs, because of their ability to
split and couple optical signals compactly and efficiently compared to star couplers or
y-branch couplers. The advantages of using MMIs include their ability to work over a
wide wavelength band, insensitivity to different polarizations of light, ease of fabrication
and compact size [133]. MMIs have found uses in more advanced PICs where novel
functions and circuit layouts are required. The have shown particular prominence
in Mach Zehnder Modulators (MZM) and Wavelength Division Multiplexers (WDM)
where their low loss and integrability with other devices is a significant advantage
[134, 135, 136, 137, 138|.

Several methods exists for designing MMIs, these include using hybrid methods [139]
and beam propagation techniques [140]. A full description of self-imaging in multimode
waveguides can be explored by using Modal Propagation Analysis (MPA) techniques
developed in Ref. [141]. With MPA, the input field in an optical waveguide can be
decomposed into the guided modes of the waveguide itself. These individual supported
modes can then be propagated along the structure where the field at any point can
be determined by their superposition. Since MMIs are typically based on rectangular

waveguides, as in Figure 2.7, two-dimensional mode solutions are required. The modes
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of such waveguides can be calculated using FDM and FEM; or by using BPM where
the field in an MMI can be formed by waves reflecting from the MMI walls.

The EIM model described earlier in this chapter can also be used to determine accurate
mode solutions for rectangular waveguides. The advantage of the EIM is that it can
reduce a two-dimensional rectangular waveguide structure down to an equivalent one
dimensional planar structure which can simplify the modelling of MMIs. This allows
for rapid computational analysis of MMI modes without the need for numerically in-
tensive mode solvers. As a result, the MMI modelling tool developed during this thesis
was based on an Effective Index Modal Propagation Analysis (EIM-MPA) technique.
Further to this, a full two-dimensional MMI modelling program was also implemented
during this thesis. This made use of the SFEM toolbox mode solver, as shown in
Figure 2.9, which is referred to as the SFEM-MPA method. Both the EIM-MPA and
SFEM-MPA MMI design tools will be described in greater detail in chapter 3, with
MPA discussed further in what follows.

2.3.1 MMI Design using Modal Propagation Analysis

When light enters an MMI, it excites the modes in the multimode region. The number
of modes excited depends on the properties and position of the input field. With MPA,
the field at any point along the length of the MMI can be written as a summation of
the guided modes to that point. In this way the full field distribution of an MMI can
be determined. The main advantage of MPA is that it only requires accurate modal
solutions to calculate the field at any given point. These solutions can be calculated
just once and then reused to determine the electric field distribution at an arbitrary
point along the MMI. The EIM mode solver, as mentioned previously, can be applied

to the design of such structures and allows a means of optimising MMIs efficiently.

‘ MMI Length

Figure 2.14: Schematic outline of an M