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Chapter 1

Introduction

This chapter provides a general introduction to integrated multi-wavelength trans-
mitters. It reviews the two main components used in transmitters: the multi-
wavelength laser and the optical modulator.

1.1 Introduction

The demand placed on the data transport infrastructure by bandwidth-hungry ap-
plications and the explosive growth of the internet are pushing the need for fibre
optical communications. Transmission of multiple optical channels over the same
fibre in wavelength division multiplexing (WDM) systems and Gigabit Ethernet sys-
tems provide a simple way to use the unprecedented capacity (signal bandwidth)
offered by fibre optics. This multiplexing closely resembles the way radio stations
broadcast on different wavelengths without interfering with each other. Fora WDM
optical network, there are a number of independent wavelength channels that sim-
ultaneously transmit data over one physical fibre. In a broadband WDM networking
system, the key components are optical transmitters and receivers, which transmit
and receive optical signals at different wavelengths.

Currently, in wavelength division multiplexing networking systems, the optical
transmitters and receivers are mostly based on a number of fixed-wavelength laser
devices that are either directly modulated with the data to be sent, or are com-
bined with an external modulator for improved performance. After light gen-
eration and modulation, the signals will be multiplexed or directly sent to the
next element, where they may be amplified, switched or experience other pro-
cessing. Separate lasers and dedicated modulators are used for each wavelength
transmission channel. However, using lasers and associated components for each
wavelength channel can be very costly and inefficient. A possible way to improve the

1



2 1. Introduction

multi-wavelength transmitter system is by monolithically integrating multiple laser
sources and electro-optic modulators on a single chip, thus forming an integrated
multi-wavelength transmitter. Especially when more functionalities are required in
the system, such photonic integrated circuits (PICs) will be of key importance in
WDM networks. They can dramatically reduce the size and cost of network elements
as well as increase their reliability, by reducing the number of discrete components
and by reducing the electrical and optical interconnections between them [1].

1.2 Photonic integrated circuit

In 1969, a remarkably prophetic paper [2] articulated a vision of a new art: integ-
rated photonics. The paper showed a vision for integrated laser and device circuitry.
If photonic integrated circuits could be realized, they would have many attractive
features:

* Monolithic interconnection of device elements, providing simpler packaging
and assembly, using standard processes can greatly reduce component cost: all
the components in the circuit are monolithically integrated on the same chip,
fabricated together, and packaged on the chip at circuit level.

* High reliability, less interfaces. As all the components are on the same chip and
are connected by waveguides on the chip, the number of interfaces is much
reduced, which in turn makes the circuit more reliable and robust.

* High functionality. Various active and passive components can be integrated
on a single chip, with many more functional elements at very low incremental
cost. This gives room for highly creative circuit designs.

* High phase stability. An accurate phase control over the circuit is very difficult
to realize in discrete devices connected with fibres. A high phase stability can
only be realised on the same integrated chip structure, and it can provide the
device with excellent phase matching which permits interferometric structures.

* Lower power consumption. With less interfaces there is less loss in the integ-
rated circuit, which also leads to a reduced power consumption.

Although photonic integrated circuits could also bring different challenges, such as
packaging, crosstalk, thermal management, by the time of writing the 1969 paper,
work was beginning in the direction indicated and the goals were being identified.
Throughout the years to follow, this vision stimulated a wide spectrum of develop-
ments. We mention the development of integrated optic materials and technologies,
the development of integrated optic analysis concepts and tools, the development
of integrated optic passive and active components. After all the hard work that has
been done, these areas have matured sufficiently for us to put them together to create
photonic integrated circuits.
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Figure 1.1: Schematic of a smart-antenna receiver system. In this work the multi-
wavelength laser, monolithically integrated with electro-optical modulators is being
researched. [6]

1.3 Background information

Recently, part of a Dutch national project MEMPHIS [3], was devoted to the devel-
opment of a phased array smart antenna system. The system employs integrated
optical beam forming networks (OBFNSs) to realize large bandwidths, and true time
delay (squint-free) performance[4]. The optical-ring-resonators-based true-time-
delay units can be cascaded in a binary tree topology and tuned for continuously-
adjustable broadband time delay. Nonetheless, with large number of antenna ele-
ments, the OBFN may become very complex [5]. In order to make the system cap-
able to handle hundreds or thousands of antenna radars, while keeping a low system
complexity and cost, a novel scheme using optical wavelength division multiplex-
ing (WDM) in combination with a multi-wavelength OBEN is considered. The basic
idea is to create multiple signal paths on the same beamformer, by using different
wavelength light signals to carry different radio frequency (RF) antenna signals and
multiplex them to a common waveguide. In this way, a single delay line carries
the signals of different antenna elements, thus significantly reducing the network
complexity. Fig. 1.1 illustrates the general system approach for a 4 x4 antenna array.
Instead of having 16 channels time delay for each element, the delay of the 16 chan-
nel signals are processed horizontally and vertically in two consecutive stages. Sig-
nals from each row of the antenna elements are modulated on different wavelength,
and the signals from each column on a different wavelength can be multiplexed and
share the same beam forming paths for horizontal beam forming. After that, the
signals of different wavelength are demultiplexed, and experience the vertical beam
forming. This WDM approach allows reduction of network complexity (from N? to
2N), which in turn will lead to higher integration capability and improved scalability
to large arrays[7].



4 1. Introduction

The goal of our work in this framework is to design, fabricate and characterize the
four channel WDM transmitter part, the monolithically integrated indium phos-
phide (InP) chip of compact multi-wavelength lasers (MWL) with fast electro-optical
modulators for this antenna analog photonic link with optical beam forming net-
work. In this smart antenna (phased array) system (see Fig1.1), for each column of
of the antenna array, the RF signals from four antenna element will be modulated
on the four different wavelength of laser signals by the integrated multi-wavelength
transmitter (MWT) chip, then the multiplexed signal will be processed by the optical
beam forming network (OBFN).

Within the system, there are some hard specifications required for the multi-
wavelength transmitter: (i) As this smart antenna approach aims at a receiver
demonstrator working at 2 to 5 GHz, the modulator bandwidth should cover the
range of 2 to 5GHz. (ii) The linewidth of the laser should be able to fit inside the
passband of the ring resonator, which is 2 MHz, which means the linewidth of the
laser should be lower than 2 MHz. (iii) The channel spacing of the multi-wavelngth
laser should be accurate according to the design, which will need to match the free
spectral range (FSR) of the ring resonator. Moreover, due to the application in the
smart antenna system, the analog performance is relevant for the transmitter. How-
ever, there was no hard requirement defined within this project. In this thesis, the
multi-wavelength transmitter is discussed in the context of an analog photonic link.
But in general, the multi-wavelength transmitter (MWT) is a versatile component,
which is most often used for digital communication in WDM systems, for which the
market is even larger than that for the analog photonic link.

1.4 Analog photonic link

In an analog photonic link (APL), an RF signal is converted into an optical signal,
transmitted via an optical fibre and subsequently restored to the electrical format
at the recipient’s end using a photodetector. Taking advantage of the low propaga-
tion loss of the optical fibre, the APL has become the heart of an emerging field of
microwave photonics (MWP), in which various functionalities like generation, dis-
tribution, control and processing of RF signals are explored.

The APLs have been used in various systems involving the generation, processing,
control and distribution of RF or microwave signals. Here we will review some of
the notable applications of APLs.

CATYV Distribution Network

During 1970s, using optical fibres to replace copper cables in the CATV (Community
antenna television) distribution networks were investigated [8, 9]. The idea was
to modulate the optical carrier with multiple CATV signals, thereby exploiting the
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available bandwidth of the optical fibres. This technique is also known as the sub-
carrier multiplexing. However, since the system uses a large number of RF carriers
(in some cases up to 110 carriers), it requires high linearity and, moreover, low noise.

Radio over Fibre for Wireless Systems

Radio over fibre (ROF) systems use APLs to distribute RF signals from a central
location to remote antenna units (RAUs). This allows the RAUs to be very simple,
because they only need to contain electrical to optical and optical to electrical conver-
sion devices and amplifiers. As the low-loss of the optical fibre permits the shift of
most advanced functions away from the antenna, functions like coding, modulation,
multiplexing and up-conversion can be performed at a central location [10]

Antenna Remoting

Using APLs for antenna remoting is attractive in military and warfare applications.
A typical application in this field requires the APL to bridge very short distance
which is less than 100m [11]. The APL is used to replace the coaxial cables due to its
low propagation loss, wide bandwidth, small size, light weight, flexibility for sys-
tem reconfiguration and immunity to electromagnetic interference [12]. The large
number of coaxial cables used on military platforms make the size of the cable plant
a significant issue for avionic, submarine, and even surface ship applications. Espe-
cially in avionics applications, the heavy weight of these cables becomes an issue.

Radio Astronomy Applications

The use of APLs in radio astronomy is mainly directed towards antenna remoting
[13] and local oscillator signal distribution [14]. To increase the sensitivity, radio
telescopes nowadays are designed as arrays of small antennas capable of very large
collecting areas. Some of the examples of these antenna arrays are the Allen Tele-
scope Array (ATA) [15], Atacama Large Millimeter/submillimeter Array (ALMA)
[16], the Low Frequency Array (LOFAR) [17] and the Square Kilometer Array (SKA)
[18]. These arrays contain of a large number of elements, covering a large area.

APLs can be used in such a large scale antenna array to distribute the signals among
the antenna elements (or antenna tiles) and the connections to the central processor.
The APLs offer low propagation loss independent of the frequency in contrast with
the coaxial cables, where the loss increases with the carrier frequency.
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1.5 Review of the state-of-the-art

The monolithic photonic integrated transmitter enables great consolidation of sys-
tem functionality and compared to discrete optical devices, it has huge advantages
of reduced volume and packaging costs. In order to carry out the monolithic integ-
ration of the multi-wavelength transmitter, we need to investigate the two essential
parts of this integrated circuit, (i) multi-wavelength lasers and (ii) optical modulat-
ors. In the following sections, an overview will be given of different types of optical
modulators, multi-wavelength lasers, and their possibility to be implemented in this
integration, as well as the published result of these devices.

1.5.1 Multi-wavelength laser

In a WDM system, the multi-wavelength transmitters need a light source which
provides multiple wavelengths. Most multi-wavelength transmitters are currently
built with discrete laser components, but discrete components takes more space,
have high packaging cost and the burden from multiple fibres and connectors. Integ-
ration of lasers into a multi-wavelength laser array has been proposed as a promising
approach, which can generate multiple wavelengths simultaneously. Different ways
of realizing integrated multi-wavelength lasers have been reported in the literature,
both hybridly and monolithically integrated, e.g. (i) by cascading InP micro-disk
lasers [19], by vertical-cavity surface-emitting lasers (VCSELSs), (ii) by semiconductor
optical amplifier based ring lasers [20], (iii) by combining the signals of an array of
distributed feedback (DFB) [21, 22] or distributed Bragg reflector (DBR) lasers with a
power combiner [23], or (iv) by combining in one cavity a number of semiconductor
optical amplifiers (SOAs) as well as an intra-cavity filter like an arrayed waveguide
grating (AWG) [24]. Here, we present a short discussion of a few of these types.

VCSELSs and microdisk lasers

In a VCSEL, light is resonating in a vertical cavity between two Bragg mirrors, and
then emitted perpendicular to the layer stack, from the top surface. The Bragg re-
flectors consist of alternate layers of low and high refractive indices. VCSELs have
a number of nice characteristics. (i) Their nearly circular spot with low divergence
makes the fibre-coupling easier, (ii) their epitaxial growth can be done in one process
run, (iii) they can be tested without prior cleaving or dicing. All these features lead to
a low fabrication cost. However the light emission of VCSELS is vertical to the plane,
which can not be easily guided to modulators. Due to the out-of-plane emission, the
only way to modulate the light is by using direct modulation. Direct modulation at
a wavelength around 1.5 pm has been shown in the 10-15 Gbit/s range, at distances
of up to one kilometer [25], but when aiming for a higher modulation frequency up
to 40 GHz for WDM, VCSELs may not be a good choice.
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The microdisk laser is a very small semiconductor laser that consists of a bulk or
quantum well structure formed into a disk, such that total internal reflection of
photons travelling around the perimeter of the disk results in high-Q whispering-
gallery resonances. Semiconductor lasers in the form of thin disks on pedestals were
first successfully demonstrated in the early 1990s as extremely compact sources of
light [26]. The main features of such lasers are (i) ultra low thresholds, and (ii) pre-
dominantly in-plane light emission. Besides these pros and this compact size, the
output power is only in the order of micro watts, which can fulfil neither the need of
a WDM head-end station nor the power budget for the beam-forming in the smart
antenna system.

DFB and DBR lasers

A DFB laser uses diffraction gratings, which act as distributed reflectors inside the
amplifying waveguide of the laser, to create the photonic resonance and oscillation
in the cavity. The grating provides feedback of a single wavelength within the active
region. By using a power combiner or an AWG, one can create a multi-wavelength
laser out of an array of DFB lasers [22]. To extend the typical DFB laser tuning range
of 5nm, multi-section DFB lasers are used, in which several active sections have their
own grating that can be temperature-tuned individually, reaching tuning ranges of
up to 15nm [27]. DBR lasers operate in a similar way as DFB lasers, except that
the Bragg grating and the gain section are spatially separated. The laser cavity is
between two DBR gratings or between one grating and the cleaved facet at the amp-
lifier end. A multi-wavelength laser made with an array of DBR lasers was demon-
strated for instance by Ménézo etal. [23]. Infinera has realized a DBR transmitter
PIC consisting of 40 tunable DBR lasers [28]. Within the DBR-category, there are
sampled-grating DBR (SG-DBR) lasers or super structure grating distributed Bragg
reflector (SSG-DBR) lasers [29], and digital supermode distributed Bragg reflector
(DS-DBR) lasers [30].

AWG-based lasers

In 1994, Zirngibl published the first AWG-based multi-wavelength lasers (AWGL)
[31]. This AWGL consists of a series of integrated semiconductor optical amplifiers
(SOAs) with an arrayed-waveguide grating (AWG) acting as an intra-cavity filter on
a single chip using an active—passive integration technology. In the most straight
forward designs, a series of SOAs is connected to the demultiplexed ports of an
AWG. At the multiplexed port, either the facet or a DBR can be used as a common
reflector for each laser channel. On the demultiplexed port side, there are facets or
other reflectors providing the mirror for each laser cavity. In an AWGL designed for
multi-wavelength operation, the number of wavelengths is equal to the number of
SOAs integrated in the device. In such devices each wavelength is generated from a
dedicated SOA, thus simultaneous operation of all wavelengths is possible.
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An integrated multi-wavelength laser on InP has been reported as a multiple-
channel laser source as well as a digitally tunable laser [32]. The coupling of two
AWGL-cavities was reported in [33]. This device can produce 16 wavelengths with
8 SOAs and 2 AWGs. A laser based on serial coupling of two AWGs with different
channel spacings was also reported [24]. The highest number of wavelength chan-
nels (56) was reported in [34]. This device couples two AWGs in series with the same
channel spacing but different free spectral ranges (FSRs).

1.5.2 Optical modulator

Light waves have various characteristics that can be modulated to carry informa-
tion, including the intensity, phase, frequency and polarisation. Among these, the
intensity modulation is the most popular for optical fibre communication systems,
primarily due to the simplicity of intensity photodetection.

The intensity of laser light can be modulated either directly, i.e. while being gen-
erated, or externally. In direct modulation, the electrical signal that contains the
information is directly applied onto the laser by modulating the injection current
so that, the output light power is modulated; while for external modulation, the
laser emits continuous wave (CW) and a modulator is used to modulate the out-
put. In direct modulation, the laser can suffer from the large shifts in the optical
carrier frequency as a result of modulation switching, which is known as chirp'.
Moreover, inside the laser cavity, the internal charge transport and recombination
mechanisms limit the laser frequency response, because the laser noise increases sig-
nificantly above the laser relaxation oscillation frequency [35]. As the modulation
frequency increases towards the relaxation resonance frequency of a semiconductor
laser, both the relative intensity noise and distortions increase rapidly. This severely
limits the feasibility of direct modulation for high-frequency (>20GHz) links [36].
External modulation can reduce these effects but adds system complexity.

Most of the modern wide-bandwidth modulators are based on two types of phys-
ical effects: one is the linear electro-optic (EO) effect, also known as the Pockels
effect, and the other is the electro-absorption (EA) effect. Both effects depend on
the applied electric field, which makes the modulators voltage-controlled devices.
Several types of external optical intensity modulators have been developed over
the past few decades for optical communication applications. These include Lith-
ium niobate (LiNbO3) Mach-Zehnder modulators, polymer Mach-Zehnder mod-
ulators, semiconductor electro-absorption modulators (EAMs) and semiconductor
Mach-Zehnder modulators (MZM).

Lithium niobate is the most widely used material for manufacturing different
electro-optic modulators due to its large electro-optical coefficient, low optical loss
and high optical coupling efficiency with a single mode fibre. Among all types of

IThe intensity modulation is accompanied by an index (thus phase) modulation, which in turn results
in a broadening of the optical wavelength. This is so-called wavelength chirp.
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MZMs, the LiNbO3; MZM is considered as the device with the best performance,
which has broad optical bandwidth, zero or tunable chirp and temperature insensit-
ivity [36]. But its large size, and polarisation sensitivity make it difficult to integrate
with other components, and its material makes it unsuitable for single chip integra-
tion of lasers. Compared with LiNbO3 and III-V semiconductors, organic polymers
are relatively immature as EO materials. Although polymer modulators have the
potential of integration capability with various electronic and optoelectronic com-
ponents, even stacking in vertical direction, the size, thermal and photochemical
stabilities are major problems.

Considering the monolithic integration with lasers, the III-V semiconductors-based
electro-absorption modulators (EAMs) and Mach-Zehnder modulators (MZMs)
should be good choices for our use. Now we will discuss and compare these two
types of modulators and summarize the characteristics and performance of reported
modulators.

InP based electro-absorption modulators

Electro-absorption modulators are based on the electro-absorption effect, which oc-
curs as a change of material absorption in the presence of an electric field. The
EA effect depends on a shift in the absorption band of a semiconductor material
in response to an applied electric field. The absoption of the optical signals passing
through the EA modulated waveguide varies with the applied electric field, which
directly results in an optical intensity modulation. Thus no further optical circuitry
is required. In addition, due to the high modulation efficiency, EAMs can be given
a compact size, which is attractive for integration. Moreover, the primary material
for fabricating EAMs working at 1.3~1.6 pm are currently III-V semiconductors, spe-
cifically ternary and quaternary alloys grown on an InP substrate, which are also the
materials for fabricating many other active optoelectronic components operating in
the same wavelength range, including lasers, SOAs and photodetectors. This also
makes EAMs more suitable for integration.

There are two types of electro-absorption effects: the Franz-Keldysh effect (FKE) in
bulk materials and Quantum-confined Stark effect (QCSE) in quantum-well (QW)
materials. Due to strong exciton resonance, the QCSE-induced absorption change
is much larger than that of FKE [36]. The larger absorption change along with the
high modulation efficiency attributed to the tight and strong optical and electric field
confinement of the quantum well structure, provide EAMs another advantage of low
modulation voltage.

The bandwidth limiting factor in such a modulator is the time it takes to charge and
discharge the capacitance of the diode through the series resistance of the lumped
element (LE) electrodes and the semiconductor layers. This bandwidth limit is given
by the reciprocal of the time constant T = RC. Since the series resistance R is of-
ten already minimized, the only way to increase the bandwidth of a lumped EAM
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Type | Loss | V | Ext. [dB] | f34Be L V4 Material | Year | Ref.
[dB] | [V | [dB] | [GHz] | [am] | [O]
- 5.2 3 11.5 38 900 - MQW | 2002 | [37]
LE+ | 102 | 1.3 - 0.7 1300 - MQW 2004 | [38]
TW3t | 135 | 35 10 60 100 30 MQW | 2005 | [39]
™W 20 1.2 15 60 75 81 MQW 2007 | [40]
- 1 1.5 20-30 35-39 125 - IOW 2007 | [41]
- <10 | 11 10 50 100 50 MQW | 2007 | [42]
- 13 - 30 60 350 | 20.4 - 2008 | [43]
™W - 2.1 10 70 210 | 35 QW 2008 | [44]

1 LE: lumped element
1t TW: travelling-wave

Table 1.1: Overview of InP-based EAMs.

is to decrease its capacitance by shortening the absorption length. To overcome the
bandwidth limit imposed by the RC time constant, one can use a travelling-wave
(TW) configuration. Then, the optical signal is modulated by a microwave signal
that is travelling along the electrode. In TW-EAMs, velocity matching of the optical
and electrical signals is not as important as in Mach-Zehnder modulators, since the
active length is much shorter. Disadvantages of EAMs are large chirp (caused by
a refractive index change accompanying the absorption change) and high insertion
losses due to the bandgap wavelength of the absorption layer, which is close to the
signal wavelength. Also it should be noted that electro-absorption is accompanied
by photocurrent generation, which may affect the modulator performance at high
optical power, including the optical absorption coefficient and modulation band-
width. Thus the optical bandwidth and thermal instability are also issues for EAMs.
Table 1.1 gives a selected overview of InP-based electro-absorption modulators. It
shows that the TW-EAMSs have better performance and the TW-EAMs have the po-
tential to reach even higher bandwidths, while increasing the extinction ratio at the
same time due to a longer absorption length.

InP based Mach-Zehnder modulators

Different from the EAMs that directly change the intensity of the optical signal, the
MZM:s realize the intensity modulation by exploiting the electro-optic effect to in-
duce a phase change. In InP-based materials, the EO effect depends on the material
crystalline asymmetries to produce a change in the refractive index in response to
an applied electric field. A phase modulation is changed into an amplitude modu-
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Bias | Loss | Vn Ext. | f3dBe L Z | Year | Ref.
[VI | [dB] | [V] | [dB] | [GHz] | [mm] | [Q]

- - 15 | >12 - 0.4 - | 2004 | [46]
7.8 10 2 >10 - 20 x 0.18 - 2005 | [47]
2.8 - 26 | 11.6 45 4 50 | 2006 | [48]
4.2 - - - 63 2 50 | 2006 | [48]
7.5 - <25 | >16 - 1.5 - 2008 | [49]

6 14 12 | >15 28 1 50 | 2008 | [50]
885 | 25 2.1 18 - 3 50 | 2009 | [51]

Table 1.2: Overview of InP-based MZMs.

lation by using constructive or destructive interference effects in an interferometric
structure. If both arms of the interferometer are designed as EO waveguides, they
can be driven in a push-pull configuration. This push-pull modulation allows dif-
ferent voltage swings at the two arms, but with opposite phases, in which case the
phase changes in the two arms are opposite, doubling the overall phase change A®.
In this way, V; can be reduced to half of its normal value, and still have the same
modulation effect.

II-V compound semiconductors such as InP, GaAs and their alloys exhibit electro-
optic effects. The coefficient of the bulk material is about 20 times less than that
of LiNbOj3, but the optical mode can be confined to a much smaller area, resulting
in an increased electric field. In addition the refractive index, around 3.2 for InP,
is larger than that of LiNbO3 (~ 2.2), which also improves the index change [36].
It is possible to strongly enhance this index modulation using the QCSE in a QW
structure [45]. So InP-based MQW Mach-Zehnder modulators can therefore provide
a similar performance as LiNbOs-based modulators with a much smaller device size.

Table 1.2 gives a selected overview of InP-based Mach-Zehnder Modulators, which
are all with quantum well material. The highest bandwidth reported so far (63 GHz),
was realized with a modulator with capacitively loaded travelling-wave electrodes,
which enabled both a velocity and impedance match. The periodical loading of
the phase shifter was originally developed by Walker [52]. The loaded-line design
concept is able to combine the high efficiency of vertical p-i-n-type phase modulat-
ors with a velocity-matched 50 2 structure to obtain very high bandwidth/voltage
ratios. A 40 Gbit/s modulator was reported with 4.2V reverse bias and low driving
voltage (2.6 V) [48].

After the comparison between the features of these two kinds of modulators, Mach-
Zehnder modulators appear to be suitable for our use. First of all, in analog applic-
ations, the nonlinearity of a modulator causes distortions and reduces the dynamic
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range of a RF link. In an EO MZM, the transfer curve is well known as a sinusoidal
function and is relatively independent of the input optical and RF signal powers. On
the other hand, an EAM has a nonlinear transfer function that has a strong depend-
ence on input optical wavelength and power, which could limit the dynamic range
and the link gain of an RF link and makes linearisation difficult [53]. For digital ap-
plications as transmitter in a WDM system, the larger wavelength independence of
MZMs is beneficial for WDM systems, while the EAMs have a narrow optical band-
width. Secondly, for integration with lasers, EAMs may need an extra epitaxial step
for their material, because they need a different bandgap than the laser material to
have good absorption properties. On the other hand, MZMs can do with bulk ma-
terial and also waveguides can do with multiple-quantum-well (MQW) material as
well. Besides, MZMs offer better power handling than EAMs since less photocur-
rent is generated in most designs and the optical power is split into two to each arm.
One more advantage of MZMs is that they induce much less thermal control prob-
lems than EAMs. Moreover, EAMs have relatively high insertion loss, albeit with a
shorter device length. MZM devices are fairly long in comparison with EAMs. The
length of the modulator is a trade-off between the insertion loss and efficiency of the
modulator.

1.5.3 Integrated multi-wavelength transmitter

Regarding the integration of a multi-wavelength laser and modulator, co-packages
of DFB laser with GaAs MZM have been commercialized by Bookham-Marconi (sub-
sequently Oclaro, Caswell, UK), and lasers co-packaged with multi-quantum well
Mach-Zehnder modulators operating at 10 Gbit/s have been commercialized by
Nortel Network (subsequently Oclaro, Canada). This kind of co-packaged devices
can reduce footprint and improve operation, and it is indeed cheaper than dis-
crete components, but fully monolithic integration of the laser and modulator on
a single chip can offer an even more compact size, and reduce the coupling loss. A
monolithically-integrated tunable transmitter has been reported by the University
of California, Santa Barbara [54]. This transmitter uses a Sampled-Grating (5G) DBR
laser, followed by a push-pull Mach-Zehnder modulator and an SOA for boosting
the output power. It realizes an extinction ratio of 10 dB at 40 Gbit/s, with Vi, =2 V.
Transmitters formed by SG-DBR lasers integrated with EAMs were reported in 2007
[41]. The SG-DBR lasers demonstrated 30 nm of tuning with output powers up to
35mW. The integrated QW EAM provided 3-dB optical modulation bandwidths in
the 35-39 GHz range, low-drive voltage (1.0-1.5 Vpyp).

However, all above-mentioned publications are single-channel lasers or tunable
lasers integrated with modulators. Little has been done on multi-wavelength trans-
mitters. Intel has filed a United States patent of a transmitter-receiver with integ-
rated modulator array and hybrid bonded multi-wavelength laser array in 2007. It
describes a single multiple quantum well based InP gain chip that is flip-chip bonded
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or wafer bonded across the silicon rib waveguides in the silicon layer of a silicon-on-
insulator (SOI) wafer. The Si Mach-Zehnder Interferometer modulators can operate
at the speed of 10-40 Gbit/s and beyond [55]. Infinera has reported a 40-channel
InP transmitter photonic integrated circuit with EA modulators up to 40 Gbit/s per
channel [56].

1.6 Thesis overview

1.6.1 Novel contributions

This thesis focuses on using the concept of filtered-feedback for developing a multi-
wavelength transmitter that can be fabricated making use of the building blocks
available in InP generic integration platforms. These platforms provide the standard
basic elements of InP circuits with low-cost fabrication in a standard process, which
will be described extensively in the next chapter. All the circuits presented in this
thesis were designed by the author making use of the building blocks offered by the
platforms and custom-designed components. The author produced mask designs,
characterized the circuits, and developed the circuits. All circuit fabrication was
done in multi-project wafer runs of the platforms.

The work starts with the development of a Fabry-Pérot (FP) laser which can be
fabricated in a standard InP active-passive integration process, continues with the
filtered-feedback multi-wavelength laser, and finishes with the realisation of a com-
bination of the multi-wavelength laser with high-speed modulators, thus creating a
multi-wavelength transmitter. After the development and analysis of these specific
components, the final transmitter devices are demonstrated and tested in an analog
photonic link within the telecom wavelength range. The significant contributions
that resulted from this work are listed below:

1. Demonstration and characterisation of FP lasers with integrated multi-mode-
interference reflectors (MIRs) [57]. These lasers are among the first integrated
photonic devices that were fabricated using an industrial generic integration
technology. They are proven to be versatile building blocks for large-scale in-
tegrated photonic circuits [58].

2. Demonstration of the world’s first filtered-feedback multi-wavelength laser,
simultaneously lasing in four channels. A four-channel monolithically integ-
rated filtered-feedback laser has been successfully designed, fabricated in a
multi-project wafer run, and characterised. The lasers show accurate chan-
nel spacing, high sidemode suppression ratio (>40 dB), low threshold current
(<16 mA) [59] and narrow linewidth (<150 kHz) [57].

3. Investigation of the stability of filtered-feedback laser. The stability of the laser
has been studied both experimentally and theoretically as a function of the
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feedback phase [60].

4. Demonstration of the optical link using the above mentioned transmitter. The
bandwidth, crosstalk, and dynamic range of this integrated multi-wavelength
transmitter are investigated.

1.6.2 Preview of the thesis

This thesis presents the theory, design, integration, and results of an integrated
filtered-feedback multi-wavelength transmitter. This transmitter is realized in three
steps, where each next step builds further on the previous one. In step 1, a FP laser
with on-chip broadband reflectors is developed. Step 2 extends this laser concept
to a filtered-feedback multi-wavelength laser. In the final step 3, the Mach-Zehnder
modulators are added to form a single multi-channel transmitter chip. These three
steps are described in detail in three consecutive chapters 3 to 5. The thesis is organ-
ized as follows:

In Chapter 2, the design theory used for the filtered-feedback multi-wavelength
transmitter is outlined. The concept of the AWG, of the AWG-based laser and of
the filtered-feedback laser are presented.

Chapter 3 introduces the novel FP laser with multi-mode-interference reflectors. Be-
side the basic characterisation of the FP laser, the linewidth enhancement factor is
measured by external injection locking on this FP laser.

Chapter 4 deals with the characterisation of the filtered-feedback multi-wavelength
laser. The circuit performance is validated for simultaneous lasing in four channels.
The laser linewidth is measured and the laser stability is investigated. This chapter
highlights the world’s first filtered-feedback multi-wavelength laser with very nar-
row linewidth, and an understanding of the laser stability with respect to the feed-
back.

Chapter 5 presents the results of the integrated multi-wavelength transmitter. First,
DC performance of the filtered-feedback laser with Mach-Zehnder modulators is
presented and analysed. Next, high-speed and multi-channel optical-link experi-
ments are performed. And lastly, dynamic range and crosstalk results are presented,
providing a basis for further expansion and improvements to the current achieve-
ments.

Finally, Chapter 6 summarises the dissertation and makes suggestions for future
work.



Chapter 2

Theory and fabrication of
multi-wavelength transmitter

This chapter starts with a brief explanation of the arrayed waveguide grating (AWG),
and follows with a conventional AWG-based multi-wavelength laser design and its
transmitter design. Then this chapter continues with the transmitter based on a novel
filtered-feedback AWG multi-wavelength laser. The transmitter is realized by using
an external Mach-Zehnder modulator, the theory of which is also described. Finally
the InP generic integration platform, in which our devices are fabricated, is intro-
duced.

2.1 Arrayed waveguide grating (de)multiplexer

An arrayed waveguide grating (AWG) is an optical multiplexing/demultiplexing
device, which is playing a very important role in wavelength division multiplexing
(WDM) systems. AWG devices are performing the function of demultiplexing and
multiplexing a large number of wavelengths from and to a single optical waveguide
or fibre and this function considerably increases the transmission capacity of WDM
systems.

AWG devices were first proposed by Smit in 1988 [61]. The first devices working
with short wavelengths (776.5nm-781.2nm) were reported by Vellekoop and Smit
[62, 63]. Through the dispersive effect of an array of waveguides with varying path
length, the AWG images the field of an input waveguide onto an output plane, where
the position of the image in the output plane is dependent on the wavelength of the
light. By proper positioning of output waveguides, the different wavelengths are
spatially separated and are each collected by a different waveguide. The design

15
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Waveguide Array /

/" Free Propagation Regions "

Input Output
waveguide waveguides

Figure 2.1: Illustration of an AWG (de)multiplexer: (1) input free propagation re-
gion (FPR), (2) waveguide array, (3) output free propagation region (FPR).

rules of AWGs have been extensively described in [64]. Here we only briefly explain
the operating principle and functionality of an AWG in an integrated circuit.

In the schematic example of Fig. 2.1, the light couples from the input waveguide into
the free propagation region (FPR) (1), where the light is no longer laterally confined
in the waveguide. Then the diverged light is coupled into an array of waveguides.
Because the array waveguides have different lengths, the light in each arm accumu-
late a different phase change. However, the waveguides are arranged in such a way
that that the optical path length difference between adjacent waveguides equals an
integer multiple of the central wavelength A, of the AWG. Each waveguide in the
array (2) increases in length by AL compared to the previous one in the array, where
AL = mA¢/neg. Here m is called the diffraction order of the array and 7. the effect-
ive group index of the waveguide mode [64]. As a result, the light is again in phase
when exiting from the array waveguides and the field of the central wavelength is
projected at the center of the output focal plane, where an output waveguide is posi-
tioned to capture the focused light. Other wavelengths of light will undergo different
amounts of phase change, and the phase front will change along the arrayed wave-
guides, causing the focal point to move along the focal plane at the end of the output
FPR (3). By placing the output waveguides at the corresponding positions, the light
of different wavelengths can be picked up by the proper output waveguide. An
AWG is periodic in wavelength (see Fig.2.2), and the period is called the free spec-
tral range (FSR). It corresponds to the wavelength spacing between two successive
maxima. Each maximum corresponds to a certain diffraction order of the array, e.g.
m—1,m,m+1.

An AWG provides a compact solution for combining or splitting signals of different
wavelengths. In the multi-wavelength lasers that will be described in the following
sections, the AWG plays a crucial role because of its wavelength filtering feature.
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Figure 2.2: This figure shows the superimposed transmission spectra from one in-
put of an AWG to four different output waveguides. The definition of the main
properties of an AWG are indicated in the transmission plot.

2.2 Conventional AWG-based multi-wavelength lasers
and transmitters

As described in section 1.5.1, multi-wavelength lasers can be realized by combin-
ing several semiconductor optical amplifiers (SOA) with an arrayed-waveguide
grating (AWG) in a Fabry-Pérot cavity. Using monolithic integration, these com-
ponents have been fabricated on a single chip using an active/passive integration
technology in InP. An early example is given by Zirngibl and Joyner [31]. Such
an AWG-based multi-wavelength laser (AWGL) has several advantages over other
multi-wavelength and tunable lasers. First, it has the ability to deliver light at the
available wavelengths simultaneously and efficiently into the same output wave-
guide. Second, it has a good long-term wavelength stability due to the fact that
the wavelength selection is done by a passive optical element. Third, it has a much
simpler wavelength-control mechanism compared to the more conventional multi-
section tunable devices that rely on accurate control of tuning currents.

The conventional AWGL configuration consists of an AWG-multiplexer with an ar-
ray of SOAs connected to its demultiplexed ports and a common output wave-
guide connected to its multiplexed port [65]. The extended laser cavities are formed
between the common output facet and at the individual waveguide facets from
the SOAs. Fig.2.3 shows two different basic schemes of such a laser with four
wavelength channels, where the AWG is acting as an intra-cavity wavelength fil-
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Figure 2.3: Two different basic arrayed-waveguide-grating laser configurations, (a)
with multiplexed laser outputs; and (b) with separate laser outputs. Partial and
high reflection facets are denoted by PR and HR, respectively.

ter. The cavity loss is only minimal for the specific wavelength corresponding to
the maximum transmission of the corresponding AWG passband. In this way, each
amplifier has a fixed lasing wavelength, determined by the filter characteristics of
the AWG. In practice, one side of the chip is often high-reflective (HR) coated to
form good mirrors for the laser cavities, and the other side of the chip is partially
reflective (PR) coated to enable the out-coupling of the light. In these devices, de-
pending on whether multiplexed or separate wavelength outputs are needed, the PR
coating can either be applied on the common output facet, while HR coating is ap-
plied on the individual facet side, see Fig2.3a, or the other way around, see Fig. 2.3b.
Based on these basic AWGL schemes, in combination with integrated optical modu-
lators, various configurations of AWG-based multi-wavelength transmitters can be
designed, as described below.

For high-speed modulation, the modulators have to be placed outside the laser cav-
ity, to ensure the stability of the laser and to avoid a large frequency chirp origin-
ating in the SOA, due to the modulation of the carrier density which modulates
the effective refractive index of the guided mode [66]. Conceptually, it is straight-
forward to tap a fraction of power from the laser cavity and feed that light into a
modulator. This is depicted schematically in Fig. 2.4a, which shows how 1 x 2 multi-
mode-interference (MMI) power splitters are included to tap out half of the light
reflected from the individual facets of each laser cavity and that how the light is
routed to the respective modulators. Then the different wavelengths of the light can
be coupled out from the AR coated side of the chip. Alternatively, the outputs can
be multiplexed by a second AWG that has passbands matching the AWG in the laser
cavity.

A more elegant solution is shown in Fig. 2.4b, where instead of using a second AWG
for multiplexing, the different wavelengths are multiplexed by the same AWG that
also provides the intra-cavity filtering. In this single AWG solution, for an N-channel
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Figure 2.4: Configuration layout of (a) cleaved-facet cavity MWL with modulators
and with separate modulated outputs; (b) cleaved-facet cavity MWL with modulat-
ors and with multiplexed common outputs.
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Figure 2.5: Schematic drawing of the transmission spectra of an 8-channel AWG.
The passband from 8 input ports of the AWG to output port n and its adjacent port
n — 1 are superimposed. Each passband corresponds to the input channel which
is labeled beside the passband. The passbands shift by AA/2 when changing from
output port n to output port n — 1.

laser with laser channel spacing of AA, the AWG needs to have 2 x N channels with
a spacing of AA/2. An illustration of an 8-channel AWG arrangement to realize
four channel wavelength filtering and multiplexing is shown in Fig2.5. The odd-
numbered input ports of the AWG are connected each to a different laser cavity,
and the AWG central output port (No. 1) is connected to a common reflector for the
filtering function to select the laser wavelengths. The even-numbered input port
passband towards the adjacent output port (No.n — 1) are aligned with the filtering
passband. By routing the laser channels back to the even-numbered input ports,
these four wavelengths will be multiplexed to output port (No.#n — 1). This solution
performs the filtering and the multiplexing function with alternate ports in a single
AWG. A disadvantage of the two-AWG solution, which may suffer from possible
channel misalignment caused by fabrication imperfections, is avoided in this single-
AWG configuration. However the penalty of the single AWG solution is that a larger-
sized AWG is needed with twice the number of channels at half the channel spacing.

2.3 Multi-wavelength lasers integrated with modulat-
ors

Conventional AWG-based transmitters can be designed as shown in Fig.2.4, where
the laser cavity is formed by (coated) cleaved facet(s). In this configuration, however,
the light is difficult to be kept on the chip, which makes integration with modulators
more complex, introducing waveguide crossings (Fig.2.4a) and extra components,
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Figure 2.6: Configuration layout of (a) MWL with deeply etched DBR laser cavities;
(b) MWL with deeply etched DBR laser cavities integrated with modulators and
with multiplexed output.

such as MMI couplers (Fig.2.4a,b). Moreover, using the AWG as intra-cavity filter
has the disadvantage that it needs a long laser cavity extending to both sides of
the chip facets, while the AWG inside this long cavity creates unwanted losses and
possibly extra reflections.

A promising alternative is to have short Fabry-Pérot lasers that are wavelength sta-
bilized through an AWG filter positioned outside the cavity [67]. Such an integrated
laser requires on-chip broadband reflectors that allow the signal to be partly trans-
mitted and partly reflected. Examples of such broadband reflectors are deeply etched
DBR mirrors [68], multi-mode-interference reflectors [69] and loop-reflectors [70].

Taking the the deeply etched DBR mirror as an example of the on-chip broadband
reflector, Fig.2.6a shows the schematic of an AWG-based filtered-feedback multi-
wavelength laser design. The wavelength selection is now done outside the laser
cavity, by the feedback provided from a reflected signal which is filtered by the
AWG. The main Fabry-Pérot laser cavity is formed by the SOA and the two deeply
etched DBR mirrors located on either side of the SOA. A small fraction of the light is
transmitted through the DBR mirror and will be filtered by the AWG and fed back
into the laser cavity, thereby locking the laser to the wavelength determined by the
feedback (see [67] for a more thorough description of this mechanism). Compared
to the conventional AWG based laser configuration, in this short cavity design, the
undesired reflections and losses introduced by the AWG are outside the main laser
cavity and their influence on the laser performance will be much reduced. Moreover,
the laser cavity length can be precisely defined, because the on-chip reflectors can be
positioned anywhere on the chip with lithographic precision, while the position of a
cleaved facet is difficult to control accurately. The accurate control of the laser cav-
ity length enables tight control over the longitudinal mode spacing of the laser. In
addition it allows us to create a short laser cavity with a relatively large longitudinal
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mode spacing. This is important to ensure that at most only a few lasing modes fit in
the AWG passband which reduces the competition between various modes within
the AWG passband and prevents unwanted longitudinal mode hopping.

The utilisation of on-chip broadband reflectors also simplifies the integration of the
laser with modulators. The fraction of the light that is transmitted through the re-
flector on the left hand side can be directly routed to the modulator. In this way
the extra loss from the 3-dB splitter in the conventional design can be avoided. This
loss is significant, since it consists of a fundamental 3-dB loss in addition to the in-
sertion loss of the splitter. After modulation, the signals can exit separately from
an AR coated facet. Alternatively, they can be multiplexed by the same AWG, as is
illustrated in Fig. 2.6b and as discussed in the previous section.

2.4 Mach-Zehnder modulator

There are several options for realizing on-chip modulators in InP-based semi-
conductors. The two main choices for optical intensity modulation are electro-
absorption modulators (EAMs), and Mach-Zehnder modulators (MZMs). EAMs
have the advantage of small device size, but MZMs employing the electro-optical
effects in InP-based materials, have the advantage of larger wavelength independ-
ence, high optical-power handling, and zero chirp [36]. We decided to use MZMs in
our multi-wavelength transmitter (MWT) designs.

In Mach-Zehnder modulators, the intensity modulation is achieved by phase mod-
ulation on one or both of the two waveguide arms by applying an electrical field
across the waveguide. The Mach-Zehnder interferometer configuration realizes the
conversion from phase modulation to intensity modulation. Fig. 2.7a shows a schem-
atic drawing of the MZM. At the input port, an optical splitter divides a continuous-
wave optical input into two equal portions. At the output port, an optical combiner
combines the light again. The power splitter and combiner can be a 1x2 coupler, a
Y-junction or a 2x2 (directional) coupler.

Consider an MZM with a 1x2 splitter and a 2x 1 combiner as an example (Fig.2.7a).
After splitting, half the power propagates in each of the two waveguides which have
equal length. These waveguides are referred to here as arm 1 and arm 2. The contri-
butions from each arm interfere constructively in the 2x1 combiner and are guided
to the output of the MZM. Each of the MZM arms is provided with an electrode
which can be reversely biased to induce an electric field across the optical wave-
guide. By applying this electrical bias on one of the arms, the refractive index of
that waveguide changes, which in turn causes the phase of the light in that arm to
change. If the relative phase difference Ag between two arms is 0°, the interference
is constructive and a maximum intensity output will result. If on the other hand the
phase difference Ag is £180°, the interference is destructive and light will be lost
from the MZM and the output intensity is minimum. In this scenario, the output in-
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Figure 2.7: (a) Schematic drawing of a Mach-Zehnder modulator; (b) Illustration of
electrical/optical conversion in a MZM modulator with linear electro-optic effect.

tensity is therefore controlled by the phase difference between the two arms, caused
by a change of optical length of one or both arms.

In Mach-Zehnder modulators that are based on LiNbO3, GaAs, or organic polymers,
the change in refractive index is induced though the linear electro-optic (LEO)-effect,
also known as Pockels effect [71]. In InP-based semiconductor MZMs, the refractive
index change is usually caused by the LEO-effect in bulk material and by a combina-
tion of the LEO-effect and electro-absorption effects in multi-quantum well material,
due to the quantum-confined Stark effect (QCSE) [72]. In this latter case the relation
between the index change and the applied voltage is nonlinear. These two effects
will add up or cancel each other depending on the waveguide orientation.

Now we describe the MZM operation principle in a mathematical way. At the output
of the MZM, the amplitude of the optical field can be generally represented by the
sum of two branches of the light wave:

V2
2
Where Aj, Ay and ¢4, @; are the real optical amplitudes and the real phase delay in
each arm respectively. So if Ap= ¢1 — @, the output optical power is

Acut = —— (A16/91 + Apel#?) 2.1)

1
Pout = |Aout|* = 5 [A2 + A3 4+ 2A; AycosAg] (2.2)

Dividing Pout by the MZM input optical power Py, = A% + A2, the optical intensity
transfer function of the MZM can be written as:

Tvzm = [1 + bCOS(AgO)] (2.3)

N —
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with b = 2A1A;/Pin. When the input light power is equally split in to two arms,
b = 1. If one arm of MZM is grounded, A¢ is a function of the bias voltage V;, on
the other arm. To achieve a maximum modulation slope efficiency, the modulator
bias should be at the quadrature point (V}, = Vq) of the modulator, At this point
V» = Vi, the electrical to optical conversion has the maximum slope responsivity as
shown in Fig2.7b.

When exploiting the linear electro-optic effect, the bias voltage V4, applied to one arm
and the resulting phase difference Agp between the arms are related as:

27 2 (1 3 Vb Vb
and A P
Vi=—2 — 25
T ngrij FL ( )

where 1 is the optical group index of the waveguide at zero waveguide orientation
applied voltage; r;; is the relevant EO coefficient!, determined by the material, op-
tical polarisation and the electrode design; I' is the confinement factor for the optical
field in the externally applied electrical field; d is the distance across which the bias
voltage is applied; L is the length over which the bias voltage is applied and V is
the voltage at which the bias-induced phase difference reaches 7.

In the case of linear electro-optic effect, insertion of Eq.2.4 in Eq. 2.3, yields

1 Vi
TvizM = 5 [1 + bcos 7rvb] (2.6)

T

For a MZM using the QCSE-effect, the relation between the bias voltage V}, and phase
difference Ag is not linear [73]. In addition to a strong index change, the QCSE
introduces electro-absorption as well. This can be understood on the basis of the
Kramers-Kronig relation. A typical transfer curve for an MZM using the QCSE is
shown in Fig.2.8b. For comparison the typical transfer curve using the EO effect in
shown in Fig. 2.8a.

2.5 Fabrication platforms

Above we have discussed on circuit level how to design the filter-feedback multi-
wavelength transmitter. In order to transfer the design into a real device, a ma-
ture technology is need for fabrication. All the devices described in this thesis,
including the lasers with multi-mode interference reflector, the filtered-feedback
multi-wavelength laser and filtered-feedback multi-wavelength transmitter are all
designed and fabricated on a so-called generic integration platform.

17;; depends on orientation of the index ellipsoid of the material and the orientation of the applied
electrical field.
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Figure 2.8: Typical transfer function of a Mach-Zehnder modulator, using (a) the
linear electro-optic effects and (b) the quantum-confined Stark effect. In reality, the
modulator transmission at zero bias may not be at the maximum, due to an initial
optical imbalance of two arms (arising from fabrication nonuniformities).

2.5.1 Generic integration platform

Photonic integrated circuits (PICs) are being pursued to keep up with the desire for
increasingly high bandwidth and a high degree of functionality. In 2005, the com-
pany Infinera introduced the first truly complex PIC in a commercial wavelength
division multiplexing (WDM) system: a 10-channel WDM transmitter with more
than 50 components integrated on a single InP chip, with a total capacity of 100
Gb/s[74]. But after three decades of research in PICs, still very few of the advanced
PICs reported in the literature have been transferred to commercial components or
systems. In order to drive the development of PICs faster, the photonic integration
group of Eindhoven University of Technology is working on the introduction of a
generic integration technology, in which a variety of components and functionalities
can be integrated in a single integration process, similar to the established practice
in microelectronics [75]. Such a generic approach for realising indium phosphide
(InP) PICs is being explored by the Joint European Platform on InP-based Photonic
integrated Components and Circuits (JePPIX) [76, 77] through various programmes,
such as the Dutch national project MEMPHIS [3], the EU projects EuroPIC [78], and
PARADIGM [79]. In this generic photonic integration approach, different photonic
circuits with a broad range of functionalities can be constructed from a limited num-
ber of basic building blocks, such as optical amplifiers, modulators, detectors, and
passive components like waveguides, couplers, filters and (de)multiplexers. Ideally
these basic building blocks are provided in the technology design library of a gen-
eric photonics foundry, similarly to what is standard practice in the microelectronics
sector. With accurate models of these building blocks as well as powerful circuit sim-
ulation and layout tools, the designers can create new circuits without the need for a
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deep understanding of the physical design for each component/building block used
in the circuit. Afterwards, the circuits from different designers using the same gen-
eric platform can share the common fabrication process in a wafer-fab, with a much
more reliable quality and a higher yield. In this case, the research on basic circuit
components and the development of processes for each new circuit application can
be avoided, which promises not only a dramatic reduction of the cost for both PIC
R&D and manufacturing, but also a reduction of lead time from innovation to final
products [80].

All the devices described in this thesis, including the lasers with multi-mode inter-
ference reflector, the filtered-feedback multi-wavelength laser and filtered-feedback
multi-wavelength transmitter are all designed and fabricated in trial runs of such an
InP PIC industrial generic integration process. For each run, the building blocks are
described in the platform design manual. The design manual gives the information
on the properties of the building blocks and the design rules that restrict the design
to fit in the generic run. Based on all the available building blocks, the mask of the
circuit is designed. Afterwords, the mask is included in a common mask/reticle set
alongside various other designs sharing the same generic process for making a com-
bination of active and passive devices. All circuits are fabricated simultaneously as
a multi-project wafer (MPW) fabrication run in the fab of Oclaro (Caswell, UK).

In the following thesis, the three circuits/devices, FP laser with MIRs, filtered-
feedback multi-wavelength laser and filtered-feedback multi-wavelength transmit-
ter are fabricated in three of such MPW runs. The FP laser with MIRs and the cir-
cuit of multi-wavelength laser use the building blocks of waveguide, waveguide
components, gain section and deep-shallow transition. The multi-wavelength trans-
mitter circuit uses one additional building block, the phase modulator. In the next
section the building blocks used in the design will be introduced briefly.

2.5.2 Building blocks

In this integration platform, the substrates used are 3" n-doped InP, which is thinned
to a thickness of 135um. The waveguide structure is based on the InGaAsP alloy
system, and the higher-index quaternary layer is sandwiched between InP cladding
layers.

Passive waveguide and waveguide components

The standard passive waveguide is a deep-etched waveguide. The waveguide is
formed by etching parallel trenches on either side, leaving the majority of the wafer
area un-etched. The deep etched waveguides with typical width of 1.5 um have high
lateral mode confinement, allowing bend radii down to 100 um. The core region is a
multi-quantum well (MQW) structure providing enhanced electro-optic (EO) phase
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Figure 2.9: The gain information provided by the platform for the gain building
block. These spectra are derived from Hakki-Paoli gain measurements on a 325um
Fabry-Pérot (FP) test structure with different injection currents. The legend is the
injection current density in mA/mm.

tuning through the quantum-confined Stark effect (QCSE). The typical waveguide
propagation loss is ~3 dB/cm.

Based on the waveguide structure, tapers, AWGs, multi-mode-interference couplers
and multi-mode-interference reflectors can be freely designed and used in the circuit
design.

Gain section

Building block gain section comes as a single-moded, shallowly etched waveguide
structure with gain material, as well as a standard bond-pad on top of the wave-
guide. The waveguide contains a multi-quantum well gain section. This structure
is optimised to provide optical gain for TE polarisation. So the laser light that is
generated using this gain section is considered to be TE polarisation.

Although the details of the gain building block are hidden, the gain information is
provided from the Oclaro process manual (unpublished) as a typical set of modal
gain curves versus wavelength and drive current (Fig2.9). These are derived from
Hakki-Paoli gain measurements on a 325 um Fabry-Perot (FP) test structure. Accord-
ing to this gain information, the proper length of the section can be chosen for the
use in the laser or amplifier in the integrated circuit design.
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Figure 2.10: The extracted TE mode phase tuning versus the reverse bias of the for
a 1 mm long phase shifter which is orientated parallel to the wafer’s major flat. The
data are from Oclaro process manual (unpublished).

Deep-shallow/shallow-deep transition

In a passive-active integration we use the deeply etched passive waveguide and a
gain section with a shallowly etched waveguide. Transition elements between these
two types of waveguide are also provided as a building block. This transition build-
ing block has a standard length of 100um and the optical loss of this element is
around 1~1.5dB.

Electro-optic phase modulator

As mentioned in the passive waveguide section, the core of the strong passive wave-
guide is an InGaAsP alloy with different MQWSs compared to the gain section. The
MQW structure can provide efficient EO modulation through the QCSE effect. On
the waveguide, where EO phase shifters are required, the InGaAs p-contact layer is
left in place and p-metal electrodes are deposited on top.

The performance of the electro-optic phase modulator is significantly more efficient
for the orientation parallel to the major flat compared to the perpendicular direction,
and therefore it is recommended to lay out this element parallel to the major flat.
Typical phase results of the TE mode in a 1 mm long device are shown in Fig 2.10. The
electrode and bond-pad designs are included in building block. The length of 1 mm
is recommended to achieve an efficient and high frequency (~10 GHz) modulation.
In the following chapter, the 1 mm phase shifter is used in the arms of the Mach-
Zehnder modulator.
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Facet

The optical facets will be parallel to the major flat. There are standard multi-layer
coatings available from the platform for interfacing to air: anti-reflection (<0.2%) and
high reflection (95%). In order to have ultra-low reflection, the optical waveguide is
curved before the output to give an output facet angle of 7°, for further suppressing
the reflection from the facet into the fundamental mode.

2.6 Conclusion

In this chapter we discussed the designs of a number of AWG-based lasers. Various
configurations can be constructed using three main components: (i) passive wave-
guides and one or more AWGs, (ii) SOAs, and (iii) reflectors, either a cleaved facet
reflector for the conventional AWG-based lasers or on-chip broadband reflectors for
filtered-feedback AWG lasers. Filtered-feedback AWG lasers show the advantage on
easy integration and simplified structures. We decided to use the filtered-feedback
version for realising the multi-wavelength transmitter. For the modulators in the
transmitter, the MZ modulator has been chosen. The operation concept of a MZM
was explained in detail. Furthermore, fabrication of the devices is explained. All the
devices discussed in this thesis are designed and fabricated on a generic integration
platform. All the building blocks used in our devices have been introduced.






Chapter 3

Fabry-Pérot lasers with
multi-mode-interference
reflectors

In this chapter, the multi-mode-interference reflector-based Fabry-Pérot (FP) laser
is described, which is the main building block of our filtered-feedback multi-
wavelength laser. The chapter begins by introducing the multi-mode-interference
reflector (MIR), followed by the design of the MIR-based FP laser device and its test
device. Then, the basic laser characterisation will be shown with the study of the
MIR reflection and active waveguide properties. Finally an external injection lock-
ing measurement is carried out on this MIR-based FP laser, where the linewidth
enhancement factor is estimated.

3.1 Multi-mode interference reflector (MIR)

Fabry-Pérot (FP) lasers are formed by a gain medium in the centre and two mirrors
on either side, which form the FP cavity. Because the mirrors have no significant
wavelength selectivity, the FP laser generates a broad spectrum of multiple longitud-
inal lasing modes within the wavelength range of the gain curve. The conventional
way to make a FP laser in semiconductor material is to utilize the semiconductor-air
interface of the cleaved facets of the chip as mirrors to form the laser resonator cavity.
Although such FP lasers are easy to fabricate, there are a number of drawbacks, es-
pecially when the lasers are used as part of an integrated circuit. The laser cavity has
to extend to the edge of the chip, which limits the design freedom of the laser and the
integrated circuit geometry. Moreover, because the facets can be cleaved only with
limited accuracy (~2 um at best), the laser cavity length and hence the longitudinal

31
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Figure 3.1: Intensity distributions in (a) the original 1x2 MMI coupler and (b) the
1-port MIR after introducing a 90° corner mirror.

mode spacing is not well controlled. Most importantly, since the laser light is emit-
ted from the facets out of the chip, no light is available on-chip for use in other parts
of the integrated circuit.

To keep the laser output light on the chip for further use in the integrated circuit,
integrated reflectors are preferred. To this end, various on-chip broadband reflectors
have been reported, such as deeply etched DBR mirrors [67, 81] and loop mirrors [82,
83]. These on-chip reflectors not only keep the light available for further processing
or routing to other sub-circuits, they can also be positioned anywhere on the chip
with lithographic precision, thus making it possible to choose a specific cavity length
for a desired FP mode spacing. The deeply etched DBR mirrors are strong gratings
which have a small number of grating periods and small dimensions (~10 pm?), but
involve non-standard etching steps for fabrication of the high-aspect-ratio structures,
which complicates the processing. The loop mirror is easy to fabricate in a normal
waveguide process, but unfortunately the required 360 degree turn implies a rather
large footprint (~100x100 pm? in high-contrast InP waveguides).

To avoid the complexity of the fabrication and keep the footprint small, a novel
multi-mode-interference reflector (MIR) is investigated. These MIRs are based upon
total internal reflection (TIR) mirrors that can achieve in principle 100% reflection,
without the need for a dedicated high-reflection coating. These reflectors are fabric-
ated along with the deeply-etched waveguide structure in any integration process
flow which fabricates deeply-etched waveguides and need no extra process steps.
The reflectors have relatively small size, and are therefore very promising reflection
building blocks for large-scale photonic integration.

A 1-port MIR was originally introduced in [84]. The device is based on a 1x2 multi-
mode-interference (MMI) coupler (see Fig. 3.1a), where the output ports are replaced
by two deeply etched 45° mirror facets as indicated in Fig. 3.1b. First the light enters
in the central input port and after propagation, two images are formed, which will
be totally internally reflected by the two etched mirrors, as in a retro-reflector, and
the reflected light is imaged back onto the input port of the MMI coupler. In this
way, ideally, all the incoming light would be reflected back into the input port, thus
creating a 100% reflector.
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Figure 3.2: Schematic drawing of the realisation of a 2-port MIR reflector.

Similarly, a 2-port MIR device with a 50%-50% reflection/transmission is obtained
by “folding back” of a symmetric 2 x 2 MMI coupler, see Fig. 3.2. The light comes in
from one port, and the reflected light is split equally into both ports, which means
that the 2-port MIR has equal reflection and transmission. The port where the light
carries a bidirectional signal is identified as the reflection port and the other one with
only light going out is used as transmission port. By tapering the width of a 2-port-
MMI-reflector, the reflection and transmission of the reflector can be tuned to other
ratios rather than an equal split [85]. Throughout this thesis only the 50%-50% 2-port
MIR devices are used in all FP lasers.

To obtain good performance of the total internal reflection mirrors, the MIR has
to be deeply etched with vertical sidewalls. Fig.3.3a presents a schematic draw-
ing (left) and a scanning electron microscope (SEM) photograph of a high-contrast
(deeply-etched) passive waveguide used in the Oclaro platform, which is formed by
deep etching through the waveguiding layer. The SEM picture demonstrates a near-
vertical side wall (< 3° off-vertical), which shows that with a deep etching step the
etched mirrors at the end of the MMI coupler can be obtained [84].

Based on the layer stack of this waveguide building block on the Oclaro platform,
the geometry of the MIR can be determined according to the theory and the mech-
anisms explained by Soldano and Pennings [86]. Fig.3.3b is a schematic and a SEM
picture showing the top view of a 2-port MIR that we used in the FP laser, with a
dimension of 9 pm x57 pm. In general, the width of MIR reflectors is chosen by con-
sidering the size and fabrication limitations, for example, the wider the width, the
lower the device loss, but longer the device, and the minimum lithographical gap
width also determines the minimum width of the MMl reflector. For the MIR devices
described in this thesis, the width of each MIR has been chosen to be 9 um [85].
Then the beam propagation method (BPM) and the finite-difference time-domain
(FDTD) method [87] have been employed to optimize the input waveguide width,
position and the length of MMI reflector for minimized loss. Fig.3.4a shows that at
a wavelength of A = 1550 nm, with a waveguide width of 2 ppym and a multi-mode
section width of 9 pm, the optimum length is 57 um for the TE mode, while the reflec-
tion and transmission is not completely symmetric with 5% deviation. Fig. 3.4b is the
simulation result for the sensitivity to wavelength in a range from 1.53 pm to 1.58 pm,
which confirms that the MIR is broadband, showing less than 0.5 dB variation within
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Figure 3.3: (a) 3D schematic drawing of a high-contrast/deeply-etched passive
waveguide, with a SEM picture showing its cross section. The waveguiding layer,
shown in light colour, is sandwiched between the cladding and the substrate; (b) 3D
schematic drawing of a 2-port MIR, and the corresponding SEM picture. To obtain
highly reflective mirrors the device has to be deeply etched with vertical sidewalls.
The 2-port MIR reflector measures 9 x 57 um?, inside the etched trench.
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Figure 3.4: Simulation of transmission and reflection for TE mode of the 2-port MIR
as a function of (a) device length, at 1550 nm central wavelength; (b) wavelength,
with device length of 57 pm. The width of the input waveguide is 2pm and the
width of multi-mode section is 9 pm.
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Figure 3.5: Microscope photograph of the Fabry-Pérot laser with MIR reflectors and
its corresponding mask layout. Each part of the device is labeled in the figure. The
right side waveguide is also routed to an angled facet (not shown). A zoom-in of
the part in the dashed line is shown in Fig. 3.6.

this range. Simulation shows that the loss of the MIR is 0.3 dB even when it contains
two perfect 45° mirrors. Modal reflection simulations in [84] show that two deeply
etched 45° mirrors with perfectly smooth and vertical sidewalls could induce a loss
of 0.5dB. So in total, from simulations, the 2-port MIR is expected to have loss of
around 0.8 dB.

3.2 Design of MIR-based FP laser

After having obtained the optimized design of the 50-50% 2-port MIR, these MIRs
have been included as reflective mirrors in the FP lasers. An optical microscopic im-
age of the fabricated MIR-based FP laser is illustrated in Fig. 3.5. The device consists
of a centre gain section with a shallowly etched active waveguide, deeply etched
passive waveguides, deep-shallow transitions and MIR reflectors. The reflection
ports of both MIRs are connected to the gain section through a deep-shallow trans-
ition element, thus forming an extended-cavity FP laser. The laser output light is
tapped out of the cavity from both sides through the transmission ports of the MIR,
and is routed by curved waveguides. To characterize the lasers, the outputs are dir-
ectly guided to the chip facets at a 7° angle, for minimizing the facet back reflection
[88].

Fig.3.6a presents a zoom-in mask layout on the laser part where the MIR connects
to the gain section. To taper the 2 um MIR port to the standard 1.5 pm wide standard
deeply etched waveguide, a 20 pm long parabolic taper is used. To avoid overlap
of the trench of the curved waveguide with the deep-shallow transition region, a
55um passive waveguide extends the taper and connects to the deep-side of the
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deep-shallow transition. The full cavity physical length is the sum of the length

Active region
building block

T
N

Trench  Yeper Extended waveguide
—

Deep/High contrast waveguide

100um COBRA /20/2010

5.0kv LEI M WD 16.0mm 3:58:23

(b)

Figure 3.6: (a) Mask layout of the MIR with gain section connection; (b) Lasers based
on MIR with active section lengths of 1270 pm (not shown completely), 420 pm (2x)
and 100 pm. The 100 pm laser is not used in the rest of the analysis.

of two MIRs with tapers, extended waveguides, two deep-shallow transitions and
the gain section. Thanks to the lithographic accuracy of the MIR positioning, the
cavity length can be precisely defined, such that, in turn the FP mode spacing can be
designed more accurately than with cleaved facet mirrors. The FP mode spacing is
Af = ¢/(2 X Locav)- Locav is the optical length of the cavity Locay = 2 X Lg X Ngq +
(Ls +2 x Lgs) X Ngs, where Ly is the length of the deeply etched structures of the
laser, including the length of the reflector, taper and the extended waveguide shown
in Fig.3.6a; L4s is the length the deep-shallow transition with fixed design values;
Ls is the length of shallowly etched waveguide in gain section; and Ny 4 =~ 3.69,
Ngs = 3.55 are the group indices of the deeply and shallowly etched waveguides.
The values were obtained from 2D mode-solver simulations using input from the
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Figure 3.7: Schematic MIR based laser, Device A (top), and its corresponding facet
test laser Device B (bottom).

design manual®.

For the first run of this novel device on a new technology platform we designed two

sets of test devices:

Type A three MIR based FP lasers with the same passive part and different gain sec-

tion length as shown in Fig. 3.6b; by comparing the measured FP mode spacing,
the effective group index for the deeply etched and and shallowly etched part
Ng 4 and Ny can be calculated. Gain section length values of 100 pm, 420 pm
and 1270 um are chosen in order to have an approximate FP longitudinal mode
spacing of 100 GHz, 50 GHz and 25 GHz, respectively.

Type B the FP lasers have the same gain section length as device type A, but with

the cavity formed by a MIR on one side and the cleaved facet on the other side.
The facet is designed 125um away from the deep-shallow transition (+10 pm
depending on the cleaving position), which is close to the physical length of
the passive waveguide between the amplifier and the end of the right MIR in
device A, in order to make device type B have a similar cavity length. In this
condition, by comparing the laser threshold current with the corresponding
device type A, the reflection factor of the MIR can be estimated. The calculation
is based on the threshold current model [89]

2
Ith “ qu.Ntre(@éi)Jrle)/rgo (31)
1

where (a;) is the net internal optical loss (in units of m~!), T'gy is the transpar-
ency modal gain, #; is the internal quantum efficiency, Ny is the transparency
carrier density, V is the volume of the active region, B is the bi-molecular re-
combination coefficient, for most ITI-V materials of interest, B ~ 1010, q is the
electron charge. For the devices of type A and B with same length of the gain
section, all the parameters can be expected to be identical, due to the high uni-
formity resulting from the platform process on 3-inch wafers, except for the
mirror loss am = %ln(rl%z) In the mirror loss, 1 and r, are mirror reflectiv-
ities from two sides, for which the type A and B lasers are different. Thus by

1The Oclaro design manual, distributed within the EuroPIC consortium, confidential document.
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Figure 3.8: The light-current characteristic of MIR reflector based lasers, device A
and device B with gain section length of 1270 pm and 420 pm, respectively.

comparing the threshold from laser type A and B, the reflectivity of the MIR
can be estimated. Furthermore, the MIR transmission coefficient can also be
deduced by comparing the slope efficiency from the light-current characterisa-
tion of type A and B devices, which will be shown in the next section.

3.3 FP laser basic characterisation

The fabricated devices are available on several chips. Some of the chips have the fa-
cets provided with an anti-reflection (AR) coating and some of the chips are without
coating. AR coated type A lasers and uncoated type B lasers are used in the follow-
ing characterisation. The AR coating on type A is to make sure the reflection to the
laser cavity is only provided by the MIRs, rather than by the facets; the uncoated fa-
cet on type B is to provide a known 32% facet reflection to form one side of the laser
cavity as a reference. The reflection coefficient value was calculated by considering
the two-dimensional beam profile [88].

Fig.3.8 gives the laser light-current characteristic of the lasers of type A and B with
different cavity lengths, where the devices are denoted by the name formed by its
type with the length of gain section. The traces with solid triangle symbols show
that for type A with lengths of 420 pm and 1270 um gain section, the threshold cur-
rents are 15mA and 26 mA, respectively. An optical output of 2mW in the fibre
can be reached with 100 mA injection current without a significant thermal roll-over.
The light is coupled from the deeply etched waveguide to a lensed fibre, where the
coupling loss is ~5 dB.
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Figure 3.9: The optical spectrum of device A420, type A laser with 420-um-long
gain section, at an injection current of 15mA (threshold), 50 mA and 80 mA.

The L-I curves of the corresponding devices of type B are plotted with open symbols,
and the type B lasers have the same threshold current as their type A counterparts.
However, the type B devices have a relatively higher slope efficiency than the type A
devices by a factor of 2.1+0.1 for both devices of 420 um and 1270 pm gain sections.
With the same length of the gain section and similar cavity length, the lasers of type
A and type B have the same modal gain and internal loss. According to Eq.3.1 an
identical threshold current indicates that the MIR has a similar reflectivity as the
cleaved facet, which is calculated to be 32%. Due to the same internal properties of
lasers type A and B, under the same injection current they should generate the same
amount of power inside the laser under the same injection current, while the slope
efficiencies of A and B type L-I curve differ by a factor of 2.1. The difference is caused
by the different out-coupling mirrors, the cleaved facet for type B and the MIR for
type A. The cleaved facet has a transmission of ~68%, so the power transmission
of the MIR is expected to be close to 68%/2.1 = 32.4%. Compared with the reflec-
tion and transmission ratio 50%-50% that we designed for this 2-port MIR, there is
approximately (32% + 32%)/100% = 1.9 dB loss, of which 0.8 dB is predicted from
the simulation and the other 1.1 dB deviation could come from imperfections in the
fabrication, e.g. the etched mirror surface quality or the verticality of sidewall, or
a possible deviation from the optimum width of the MMI. The estimation of MIR
reflection and transmission values shows a good agreement with the measurement
results from the purely passive MIR characterisation in [85].

Table 3.1 lists the threshold current, threshold lasing wavelength and the FP mode
spacing at 50 mA injection current for the two types A and B with the gain section
lengths of 420 pm and 1270 um. The spectra of type A420 measured by a high resol-
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’ Device ‘ Iin ‘ Ath Mode spacing®
A1270 | 26 mA | 1557.39nm 23.87GHz
B1270 | 26 mA | 1557.09 nm 23.89 GHz
A420 | 15mA | 1549.10nm 46.19 GHz
B420 | 15mA | 1548.40nm 46.22 GHz

Table 3.1: The threshold current, threshold lasing wavelength and mode spacing
of different FP lasers under test. 'The mode spacing is measured at 50 mA current
injection.

ution spectrum analyser 2 are plotted in Fig. 3.9 for three different injection currents,
15mA (threshold), 50mA and 80mA, respectively. Based on the mode spacing of
the laser with various gain section length, the group index of the active waveguide
is calculated to be around 3.56, and the average group index of the passive wave-
guide part is 3.73, including the MIR, taper, extended waveguide and deep-shallow
transition. The values are quite close to the platform data. They are used to design
the 50 GHz FP laser for the multi-wavelength transmitter device which will be ex-
plained in the following chapters. As the MIR and taper are wider than the standard
passive waveguide, the average group index of the passive part of the laser is lower
than the group index of the passive waveguide given by the design manual.

The set of recorded spectra of device A420 is plotted in Fig.3.10 as a contour map
with the colour brightness indicating the intensity of the modes, where the laser
injection current varies from 0mA to 120mA with steps of 1mA, and the resolu-
tion bandwidth of the optical spectrum analyser is 0.06 nm. The map of Fig.3.10, it
shows that the FP laser starts lasing at injection current of 15mA at a wavelength of
1542nm. When the injection current increases, the FP laser lasing frequencies red-
shift by approximately 0.6 GHz/mA. At certain injection currents, the lasing mode
hops to other frequencies, and then multiple lasing-peaks appear. In most of the
cases the main lasing-peaks have a spacing which is several times larger than the FP
longitudinal mode spacing, indicating that there are additional intra-cavity reflec-
tions in the laser resonator.

The sub-threshold spectrum of device A420 has been measured to inspect the re-
flections inside the laser cavity using the method described in[90]. In this method
sub-threshold spectra of laser are analysed. With intracavity reflections, these spec-
tra will show a series of resonances at a regular spacing. The intra-cavity reflec-
tions generate a number of modulations of the intensity of the resonance peaks. The
frequency of a modulation is inversely proportional to the distance between the re-
flection points. The Fourier-transform for this sub-threshold spectrum in shown in
Fig.3.11a, where the time axis has been translated into the physical distance. The

2 APEX AP2041B with 0.16 pm resolution (20 MHz @ 1550 nm)
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Figure 3.10: (a) Mapping of laser A420 resonant mode intensity as a function of in-
jection current and wavelength; the colour brightness indicates the power intensity.
Three horizontal dashed lines indicate the currents at which the spectra in the right
figure are taken. (b) Laser spectra at the injection current of 30 mA, 50 mA and 70
mA.

highest peaks correspond to the main cavity reflections formed by MIRs (at 0 pm
and 890 um). Other peaks are due to spurious reflections inside the main cavity.
Clearly visible are the two small reflection peaks at L1 and L2 which correspond to
the locations of the shallow-deep transitions, indicating that these are responsible for
the spurious reflections.

3.4 External injection measurement

The linewidth enhancement factor a is known to have an important impact on semi-
conductor laser frequency stability. In semiconductor lasers the intensity-phase
coupling is intimately connected to the active gain medium, and its underlying
cause is that the real (dispersive) part of the effective index n’ of a laser mode is
perturbed by a change in the imaginary (absorptive) part n”. The usual measure of
the intensity-phase coupling is the linewidth enhancement factor «, which is nor-
mally defined as the quotient between changes in n’and n” with changes in carrier
density [91]. To measure the linewidth enhancement factor, several methods have
been reported, such as interferometric measurement [92], RF-modulation measure-
ment [93], amplified spontaneous emission (ASE) method [94] and injection-locking
method [95].

Here the method of injection-locking on this MIR based FP laser will be used to
determine the linewidth enhancement factor of the laser building block under real
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Figure 3.11: (a) Fourier transform of a 50 nm span sub-threshold laser spectrum
for the laser with a 420 um-long gain section at 14mA injection current; (b) is a
schematic drawing of the possible resonator cavities in this laser.

operating conditions. In addition, with the external injection-locking measurement,
the injection power that would be required to lock the laser mode is also investig-
ated, in order to obtain an estimate for the power level of the feedback light needed
the further design of the filtered-feedback multi-wavelength laser. It is well-noted
that the feedback is not the same mechanism as injection. Instead it is rather a self-
injection [96], with the injection laser of the same wavelength, and strongly phase
correlated. We will see in chapter 4 that the feedback needs much less power than
the injection to achieve a single mode lasing.

As mentioned chapter 2, the MIR-based FP laser will be used as a building block in a
filtered-feedback multi-wavelength laser circuit. Here we use the external injection-
locking measurement on FP laser A420 in order to get a hint of how much feedback
power is required in the filtered-feedback multi-wavelength laser, and also to obtain
a measurement of linewidth enhancement factor of the laser.

The process of optical injection is carried out as follows: light from a single-frequency
master light source, generally a tunable laser, is injected into the slave FP laser diode.
The master laser light is going one way into the slave laser, and there is no back
reflection from the slave laser to master laser. When the injected light from the master
laser is strong enough, it is amplified by the available gain in the slave FP laser. At
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Figure 3.12: Injection locking measurement setup. The FP laser used in the test is
laser A420. See the text for other details.

the same time the gain of other longitudinal modes in the slave FP laser is saturated,
and these modes are suppressed. Then in the slave laser there is only single-mode
lasing, which is on the frequency of the injected light from the master laser. At this
point the FP laser is locked to the master laser frequency. Once a locking state is
reached, all the power of the FP laser is at the frequency of the master laser.

In the following, we are going to study the injection locking measurement on the
MIR-based FP laser A420, with a tunable laser (Agilent 86100B) as the master laser.
The setup of the measurement is shown in Fig.3.12. An optical spectrum analyser
(APEX) is used to measure the optical spectra of the test laser and the master laser.
The tunable master laser and laser A420 were both temperature stabilised during the
measurements. The tunable laser was set to a certain output power, and was attenu-
ated by a variable optical attenuator. After the attenuator, the light was connected to
a polarising beam splitter (PBS) though a polarisation controller (PC). The PC tunes
the TE-polarized output from the PBS to the maximum, and the TE light is injected
into the FP laser via a polarisation-maintaining (PM) fibre. On the other side of the
chip, a lensed fibre is aligned to the output facet of the FP laser to couple out the
output light, and the light is sent to an optical spectrum analyser (OSA) for spectral
analysis of the emission.

When operating without external injection, laser A420 has a longitudinal mode spa-
cing of ~46.5GHz (~0.368nm @ 1550nm). It has a multi-mode lasing spectrum,
with some favoured modes due to the spurious reflections inside the cavity (see
Fig.3.13a). The threshold current is 15mA. In this injection locking measurement,
the FP laser was driven with 35 mA current, which is a little higher than twice of the
threshold current.

The lasing spectrum of the FP laser is measured with varying injection power. The
modes that are numbered in the figure will be followed during the measurement.
Modes 1 and 7 are the favored modes in the FP cavity, and the master laser emits
at 1547.19 nm, which is close to mode 3 (Fig.3.13). When the external light is strong
enough, all the power of the FP laser is at the frequency of the master laser. This
is shown in the top two spectra in Fig.3.13, when the sidemode suppression ratio
(SMSR) is larger than 20 dB. Fig. 3.14 indicates how the modes 1 to 7 compete for the
gain as a function of the increasing injection power as the power in mode 3 increases
and finally reaches the locked status.
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Figure 3.13: Measured optical output spectra of the FP laser with no laser injection
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under injection current of 35 mA at 18°C. At injection power of —19.5 dBm, the laser
is locked.
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Figure 3.14: The power change of modes 1 to 6 as a function of the injected laser
power at a wavelength close to that of mode 3.
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The locking range of this FP laser at 35 mA pump current for mode 3 is also meas-
ured. The locked region is determined by both frequency detuning and the scanning
external injection light power at a fixed laser pump current. At each injection power,
the wavelength is swept from below and above the frequency of mode 3, and the fre-
quencies when the mode loses locking are recorded and plotted in Fig.3.15a versus
the square root of the injection power.

In theory, the locking bandwidth is expressed as a function of the injection rate
(c/2ngL) - +/S;/S and the phase difference 0 [97]:

C Si .
Aw = 1\ o — 2
w gL 5 (sm9 {XCOSQ) (3 )

where S; is the external injected power and S is the emitted power by the slave cavity;
6 is the phase difference between the injected and the free running field in the slave
laser. c is the light velocity in vacuum, ng the group index, L the cavity length. In
Eq.3.2 Aw includes two parts: one is the detuning between the angular frequencies
of the master injected light and the FP slave laser; the other part is from the slave laser
frequency shift due to the optical injection as caused by the carrier-density induced
refractive index change. Eq.3.2 describes the linear relation between the detuning
and the square root of the injection power.

By setting p =(c/2ngL) - 1/S;/S and 6y = arctana, the locking bandwidth Aw can
be rewritten as pv'1+ a? - sin(f — 6p). It is then clear that |[Aw| < pv1+ a2, as
sin(@ — 6y) < 1 is always true. Moreover, Aw is restricted by the physical require-
ment that the injection-induced change in gain, which according to [98] is given by
AG = —pcos(f), be negative, i.e.—71/2 < 6 < 71/2. In this interval the smallest

value is —pv/1+a? for 0 = 6y — 71/2 and the largest value is for § = /2. Hence,
Aw is bound by

— pm <Aw<p (3.3)

The locking bandwidth is clearly asymmetric. From Eq.3.3 we know Awmax = p,
AWmin = pV'1 + a2, thus the linewidth enhancement factor can be obtained as

2
x = (Awmin> 1 (3.4)

AWmax

In Fig.3.15a the locking detuning frequency is plotted with respect to the square
root of the injection power according to 3.2. The boundaries of the locking region
are fitted with linear fits shown as the two lines. Using the value extracted from
the fits, and Eq. 3.4 the linewidth enhancement factor of the Oclaro active material
can be estimated to be 2.61+0.2 at the wavelength around 1550 nm, which has a good
agreement with the value of a typical QW laser
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Inspection of the dependency of the locked region with respect the detuning
(Fig.3.15a) shows that the locked region indeed has an asymmetric shape with re-
spect to the zero detuning. This is due to the coupling between the amplitude
and phase of the electric field in the semiconductor [99]. When the light injection
increases, the laser intensity increases and decreases the carrier density, which in-
creases the refractive index. As a result of the refractive index increase, the longit-
udinal mode wavelength also increases, i.e. the light injection increases the longit-
udinal mode wavelength. Therefore, optimum matching between the injected light
wavelength and the longitudinal mode resonance wavelength is obtained, and the
injected mode intensity takes its maximum at a wavelength longer than the original
longitudinal mode wavelength. When the injecting light wavelength changes to
a longer wavelength from the optimum wavelength, the mode intensity decreases
very rapidly, because the carrier density increases and the refractive index decreases
with detuning, which accelerates the detuning.

Fig.3.15b plots the locking frequency width as a function of injection power for
modes 1, 3, and 7 numbered in Fig3.13a. Among all the modes in Fig 3.13a, mode
1 and 7 are the favored modes in the FP cavity by the intra-cavity reflection (see
Sec. 3.3). The recorded locking range in Fig. 3.15b illustrates that favored modes are
easier to lock compared with the “normal” modes. Furthermore a higher FP output
power requires a larger injection power to lock.

3.5 Discussion and conclusion

In this chapter we looked at the design of Fabry—Pérot lasers with multi-mode in-
terference reflectors. In addition, different test lasers have been designed and fab-
ricated to obtain the MIR reflectivity experimentally and to measure the group in-
dex of shallowly etched waveguides. The performance of the MIR lasers and of the
cleaved-facet lasers has been investigated, and with the analysis we obtained im-
portant information for the subsequent multi-wavelength laser design, which is the
subject of the next chapter. There the MIR-based FP laser is used as an important
building block. Furthermore, with the injection locking measurement on the MIR-
based FP laser, we found that the injection power that would be required to lock the
laser mode is around 5% of the laser emitted power. The linewidth enhancement
factor has also been derived from the injection locking test and was estimated to be
2.6 for the Oclaro laser structure. This value will also be used in the laser feedback
stability model to investigate the multi-wavelength laser (in chapter 4).
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Figure 3.15: (a) Frequency locking range dependence on injected power. The FP
laser A420 has a injection current of 35 mA at 18°C; (b) Locking width for mode 1, 3
and 7 at a FP laser injection current of 35 mA and for mode 3 at an injection current

of 30mA.






Chapter 4

Filtered-feedback
multi-wavelength laser

This chapter describes the design and characterisation of the filtered-feedback multi-
wavelength laser mentioned in Chapter 2. It is based on an array of Fabry-Pérot (FP)
lasers and an arrayed waveguide grating (AWG). The chapter addresses the basic
laser characterisation and linewidth measurement. Then the simultaneous lasing of
four channels is described. The chapter ends with a study on the stability of the
filtered-feedback laser and a comparison of the filtered-feedback phase-induced dy-
namics of the laser with a stability analysis model [60].

4.1 The filtered-feedback multi-wavelength laser

The operating principle of this multi-wavelength device can be understood from its
schematic representation which is shown in Fig. 4.1a. The device consists of an array
of FP lasers, each of which is formed by a semiconductor optical amplifier (SOA) and
two on-chip broadband multi-mode-interference reflectors (MIRs). The reflectors
have reflection and transmission ports, the latter to couple light into and out of the
cavity. One side of each FP laser is coupled to an AWG filter through a phase shifter.
The FP lasers generate a broad spectrum of longitudinal modes, the spacing of which
is determined by the optical length of the cavity. The AWG multiplexes the light of
the FP laser channels to a common output, which is connected to another on-chip
broadband reflector. This reflector will reflect the light and subsequently the AWG
will demultiplex the reflected signals and route them back to each FP laser. Only the
FP modes that match in wavelength with the AWG passband are selected and are
fed back to the laser cavity. The filtered-feedback mode with the highest power will
enhance this particular longitudinal mode inside the cavity and the laser will lock on

49
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Figure 4.1: (a) Schematic of the device and (b) Microscopy photograph of the real-
ized device. The chip dimensions are approximately 2 mm x 2.5 mm.

that wavelength, thus achieving single-mode operation. The phase shifting sections
(PHS), see Fig4.1a, can adjust the feedback phase with the FP-cavity modes.

Fig.4.1b shows a microscope photograph of the fabricated multi-wavelength laser.
There are four channels of lasers from bottom to up labelled 1 to 4. Here we use two-
port multi-mode-interference reflectors (MIRs) [85] as broadband on-chip reflectors
with SOAs to form the four FP laser cavities (Fig.4.1b) [100]. The reason is that the
simple fabrication of the MIRs makes the whole device compatible with the standard
active/passive integration process of the fab. The laser gain sections are 360 pm
long. This length is chosen to provide sufficient gain and aims to ensure a 50 GHz
longitudinal mode spacing in the FP laser cavity, the physical length of which can be
accurately designed because the elements are made with lithographic precision. The
optical length of the cavity is calculated to be Locay = 2 X Lyeflector X Ngp + (Lgain +
2 X Lgs) X Ng,a, where Lyefiector and Lgs are the length of the reflector component
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and the deep-shallow transition with fixed design values, Lgain is the length of gain
section, and Ny, = 3.73, Ng o & 3.56 are the group indices of the passive and active
waveguide respectively, which are calculated from the FP laser devices in chapter
3. Since the mode spacing Af = ¢/ (2 X Locav), Where c¢ is the speed of light in
vacuum, the gain section length of 320 pm corresponds to a mode spacing of 50 GHz
(0.4nm). In the filtered-feedback section, the AWG was designed using a in-house
design tool, which is base on the theory discribed in [64]. The AWG has a central
wavelength of Ag = 1550nm, with 5 inputs and 3 outputs. Four of the inputs are
connected to the four FP lasers and the other one is used as test port. The AWG
has spectral channels spaced A fawg = 200 GHz (1.6 nm), such that there are four FP
modes in each AWG channel. The free spectral range (FSR) of the AWG is six times
its channel spacing, FSR = 6 x 1.6nm = 9.6nm. On the output side of the AWG,
the central port is connected to a one-port MIR to provide a common reflector, with
approximately 80% reflection [84]. The other output ports are left as test waveguides.
Additionally, 250-um-long phase shifting sections (PHS) are placed between each FP
laser and the AWG wavelength selection section to allow the control over the phase
of the feedback signal. On the left side of the FP laser arrays there are the separate
outputs of the multi-wavelength lasers. Note that here the phase shifting sections
used are the standard building blocks of electro-optic phase modulator mentioned
in chapter 2. But due to the limited space, a length of 250 pm is chosen instead of the
standard length 1 mm, and they will be used as foward-biased phase shifters. The
forward-bias phase shift efficiency is 15 degree per 1 mA injection current, which is
calibrated from test devices with forwards-biased phase shifters in a Mach-Zehnder
interferometer configuration[101].

4.2 Basic laser characterisation

For performing the basic laser characterisation, the device was mounted on a copper
chuck and its temperature was stabilized at 20 °C during the measurement. A lensed
fibre mounted on a nano-positioning stage is used to collect the light. The light is
coupled out from an angled facet which is not shown in Fig. 4.1b. In the figure, the
four channels of the laser are labeled from one to four.

Fig.4.2 presents a zoom of the measured spectrum from channel 1 at threshold. In
this graph we observe the subthreshold longitudinal modes of the FP cavity, which
are spaced by 0.39 & 0.01 nm. This corresponds to a frequency spacing of 49.5 GHz,
1% deviation from the ITU (International Telecommunication Union) spacing for
which it was designed. The dashed lines in Fig.4.2 indicate the simulated AWG
transmission bands with a spacing of 200 GHz. When one of the FP modes aligns
with the peak transmission of the AWG, single mode lasing at that wavelength will
occur.

Fig4.3 shows the L-I and V-I curves of one laser channel; this is representative for
all channels. The lasing threshold current for each channel is around 16 mA. Chan-
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Figure 4.2: Part of channel 1 spectra showing the subthreshold modes (solid ine)
and two simulated AWG passbands (dashed lines).

ging the injection current into the amplifier will change the behaviour of the laser.
Different lasing modes will be present. This is illustrated in Fig. 4.4 which shows
the measured spectra for different injection currents. With the increase of the injec-
tion current, one or more lasing modes are hopping, mostly between 3 orders of the
AWG passbands, which are each separated by one free spectral range (FSR), which
is 9.6nm for this device. The change of the lasing mode is also the reason for the
irregular shape of the L-I curve shown in Fig. 4.3. When the current increases, the
optical phase inside the FP cavity changes. This phase change is induced by a change
in effective group index, which is caused by the changing current and the resulting
temperature variation. The optical phase change will shift the frequency of the FP
modes and alter the spectral alignment of those modes with the AWG passband.
As discussed in chapter 3, spurious reflections inside the FP cavity lead to certain
preferred modes in the FP laser. The selected lasing mode is the result of the com-
bination of the AWG filter and the location of the preferred FP modes. Our device
has not been designed to suppress higher order passbands of the AWG (e.g. through
chirping of the array [102]), so lasing operation in a single order of the AWG is not
guaranteed.

By controlling the current injection to each laser channel carefully, we can select the
position of the longitudinal modes. Single wavelength lasing is obtained for four
adjacent channels within a single order of the AWG. The spectra of these simultan-
eously operating laser channels are superimposed in Fig. 4.5a. The four lasing peaks
correspond to the laser channels labeled 1 to 4 in Fig. 4.1b. The injection current and
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lasing wavelengths are indicated in the figure. The wavelength distance of the lasing
channels is around 1.52nm, which is close to the designed AWG channel spacing of
200 GHz (1.6 nm). The sidemode suppression ratio (SMSR) is more than 40dB in all
cases. From the Fig. 4.5b, which shows the spectrum of each laser channel, the op-
tical crosstalk into the other laser channels is observed. This should not be confused
with laser sidemodes, but instead is due to the crosstalk of the AWG. The level of
this crosstalk is seen to be less than —35 dB. When the laser signals are multiplexed
by another AWG, we expect the crosstalk to be suppressed by an additional factor of
~30dB.

4.3 Linewidth

The linewidth is often defined in terms of the full width at half maximum (FWHM)
of the optical field power spectrum. The broadening of a laser line is mainly due to
fluctuations in the phase of the optical field. These arise from two basic sources, a)
spontaneous emission which changes the phase and intensity of the lasing field and;
b) carrier density fluctuations.

For the calculation of the linewidth of our stable single-mode laser, the starting point
is a formula given by Henry [103], which can be expressed as

A — vgnsphv(1+0?) In(Ry')  nephv(1 +a2) In(R!) @)
0 APy L2 P T, '

where vg is the group velocity, nsp a numerical factor of order unity, v the op-
tical frequency, Ry, the power reflectivity of the mirrors,  the quantum efficiency,
L = vgTn /2 the cavity length and T, the internal cavity roundtrip time. This for-
mula takes no account of external feedback. We can include the external feedback by
modifying the linewidth according to Agrawal [104], as follows

AVO

A= — "2
[1+ Ccos P]

(4.2)

where the feedback coupling parameter C = y7v/'1 + a? and  is the phase angle
between the cavity field and the feedback field;. Here & = wt where w is the angu-
lar frequency in the presence of feedback, and the field couples back into the laser
cavity after a delay 7. In general, the linewidth decreases with increasing laser power
and an optimized feedback phase can give a further reduction of the original laser
linewidth.

Accurate measurement of linewidth in multi-section devices requires careful control.
Grating-based optical spectrum analysers (OSAs) do not offer the measurement res-
olution required for laser linewidth measurement. A spectrum analyser based on an
interferometric method, the APEX AP2041B with 0.16 pm resolution (20 MHz), has
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Figure 4.6: Self-heterodyne linewidth measurement setup.

been tried, but it could still not resolve the linewidth of our filtered-feedback laser.
Consequently, a delayed self-heterodyne method [105] has been used to measure the
linewidth. The setup used for this measurement is shown in Fig.4.6. After passing
through the optical isolator, the fibre-coupled laser output light is split into two paths
by the optical splitter. One path is frequency-shifted in the acousto-optic modulator
(AOM) by a frequency F. The other path is sent through a long delay line of 25km
long single mode fibre. Since the time delay is much longer than the coherence time
of the laser, the two output signals are no longer correlated, when combined in the
beam combiner. The two combined signals interfere as if they are from two inde-
pendent lasers offset by a frequency shift. The AOM shifts the detection frequency
away from DC, where the RF spectrum analyser does not work well.

The two optical fields incident on the photodiode (PD) are

Eq = /Py(t) exp {j [2tvst + ¢s(1)]} (4.3)

Eio =/ Pio(t) exp {j [27tv10t + 10 ()]} (4.4)

In these expressions Py, (t) and vy, are the power and optical frequency of local oscil-
lator, while Ps(t) and vs are the power and optical frequency of the frequency shifted
signal. ¢(t) is the phase of the field and it takes all phase noise into account. The ad-
dition of the two light waves in the beam combiner leads to interference and causes
intensity variations that are detectable using a photodiode. The photodiode gives a
current proportional to the power of the sum of the two waves

J (Es + Elo) (ES + Elo)*
= D5(t) + Pio(t) (4.5)
+2+/P5(£) Pio (£) cos 271t (Vs — v10) + ¢s(t) — 1o (t)]

The first two terms correspond to the photocurrent for direct intensity detection and
the third term is the heterodyne mixing term. The electronic spectrum of Eq. 4.5 will
ignore the rapid fluctuations in Ps and Pj,, but produce a peak centred around the
acoustic frequency F = |vs — vj,| and with a width, determined by the phase fluc-
tuations ¢s — ¢1,, which is twice the original width. This heterodyne measurement
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Figure 4.7: Mixer output spectrum as shown on the electrical spectrum analyser
(ESA). The original spectral width is estimated from the mixer output spectrum to
be 150 KHz. The marker measures the Af from the top of the peak (excluding the
spike) to 3 dB power drop on one side.

technique can be considered as a single-delay autocorrelation. The optical field at
frequency f autocorrelates with the delayed and frequency shifted version of itself
to produce a time-fluctuating spectrum centred at frequency F.

This measurement reveals that the smallest FWHM observed for this laser is less
than 200kHz. Fig.4.7 shows the mixer output spectrum on the electrical spectrum
analyser, for a case where laser channel one is biased at 72mA. This yields a laser
linewidth of ~150 kHz.

4.4 Stability theory and model

The lasers under study are subject to filtered feedback [106]. The filtering is achieved
by the presence of the AWG. The main purpose of the AWG is to provide slightly re-
duced loss for the longitudinal mode that falls within a certain channel, so as to
force that laser to operate in one particular mode. As the effective width (3-dB pass-
band) of one channel of the AWG is ~50 GHz and the laser operates in a single mode,
of which the feedback-induced frequency shift (<2 GHz) is much smaller than the
passband of the filter, the filtering effect does not influence the selection of the las-
ing mode. Therefore, the feedback can be modelled as conventional feedback [107],
which simplifies the treatment and leads to good qualitative agreement with obser-
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vations.

We will express the optical field inside the laser cavity as

\/P(H)etFict ¢ e

where the power P and the phase ¢ depend slowly on time on the scale of the rapid
oscillations implied by the optical frequency wy of the solitary laser and c.c. stands
for complex conjugate. The power is in dimensionless units, such that P is the num-
ber of photons in the cavity. The variable characterizing the gain is the slowly time-
dependent number of electron-hole pairs N(t), taken with respect to its threshold
value for the solitary laser (i.e. without feedback). In terms of the three variables P,
¢ and N, the equations describing the time evolution of the laser in the presence of
feedback are

P = EZNP + 24/ P(t)P(t — T) cos[¢p(t) — ¢(t — T) + wpT]; (4.6)

¢ = %zxéN - P(Ii(_t)T) sin[p(t) — ¢(t — T) + woT); (4.7)
N = —(1/T, + EP)N —Ty(P — Py). (4.8)

where ¢ is the linearized gain coefficient at threshold; vy is the feedback rate, defined
as [107]

_ Fext(1 —172)

49
P (4.9)

with r.ysthe (amplitude) reflectivity of the external mirror, r the (amplitude) reflectiv-
ity of the laser mirror and T;, the internal roundtrip time of the laser cavity. The
parameter T is the feedback delay time and « the linewidth-enhancement factor; T;
is the effective carrier lifetime for spontaneous recombination at threshold, I'y the
cavity decay rate (inverse photon lifetime) and Py the solitary laser power, given by
(1071,

Py = ]_F({thr (4.10)

where [y, is the solitary threshold current (in units of electrons per second).

This completes the model for the dynamical description of the laser with feedback
section. In the next section we will study the steady-state solutions to the rate equa-
tions (4.6), (4.7) and (4.8), followed in Sec.4.4.2 by a stability analysis for the corres-
ponding stationary state.



4.4 Stability theory and model 59

4.4.1 Stationary state

Single-frequency laser operation corresponds to solutions of 4.6, 4.7 and 4.8 satisfy-
ing
P =P;; N=N;, ¢ = Awst (4.11)

where Ps, N and Aws are time independent. This yields

Aws = —yV/1+ aZsin(arctan a + woT + AwsT), (4.12)
2y
Ns = 3 cos(woT + AwsT), (4.13)
Py —
Ps = % (4.14)
1+ &

First, the frequency shift Aws is numerically solved from Eq. (4.12). It was shown by
Ref. [108] that, so long the feedback strength satisfies C = y7v'1+a? < 1, only one
single solution to Eq.(4.12). exists. Substituting this solution in Eq. (4.13) yields a
value for N, where after the value for Ps can be evaluated with Eq. (4.14). Thus we
obtain for each setting of the laser, determined by the value of the feedback phase
delay wot and the solitary laser power Py, a set of values for Aws, Ns and Ps. It is
important to note that the applied phase ¢ in the phase shifting element will be
accounted for in wyT as well.

4.4.2 Stability

Now the issue at stake is that the stationary state defined by Eqgs. (4.12), (4.13) and
(4.14) is not always stable. It is known that the transition from stable to unstable
operation is associated with a so-called Hopf bifurcation, which indicates the birth
of an undamped relaxation oscillation (RO) [107, 109]. If this happens there are,
among others, the following possible scenarios:

1. A self-sustained harmonic RO appears, notable as oscillations in P, N and ¢, at
a frequency approximately given by

1
‘VR:E

¢UJ = Jenr) (4.15)
with typical values ranging from 1 to 10 GHz.

2. The oscillation period may double (frequency halved), often referred to as
period-doubling bifurcation [110].
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3. As the amplitude of the RO increases, higher harmonics appear.

4. The oscillations turn chaotic; in case the chaos is fully developed this state of
operation is also referred to as coherence collapse [111].

The stability of the state characterized by Eqs. (4.12)-(4.14) is investigated by consid-
ering small deviations, i.e. putting

¢ = Awst + 6¢; N = Ny +6N; P = Ps + 6P. (4.16)

After substituting Eq. (4.16) in Eqs (4.6)-(4.8) and Eqs (4.12)-(4.14) we obtain, in low-
est order, three coupled first-order differential delay equations for d¢, SN and 6P,
which are analysed for solutions with time dependence ¢ for complex-valued s.
This leads to a system determinant with zeros in the complex s-plane. If at least
one zero has a positive real part, the corresponding solution, Eqs (4.12)-(4.14), is
unstable. This has been investigated using the principle of the argument. In this
manner, we have obtained a stability diagram for a laser with delayed feedback in-
dicating whether the laser is stable or unstable as functions of the applied feedback
phase ¢ps (between 0 and 277) and the applied pump strength p, where the latter
is defined as p = (] — Jur)/ Junr- Here, the total effective feedback phase has been
taken as woT = ¢ps + W, ply, T, where w/ is the (empirical) injection-current-induced
frequency shift per mA injection current and Iy, is the threshold injection current
(in mA), i.e. Iy, = 1073g] g, with g the unit charge. We clearly observe tilted bands
of stability and instability, respectively, which connect at 277. The negative slope of
the bands is due to the negative current-induced frequency shift of the solitary laser
Fig.4.8

4.5 Characterisation of stability

We investigated one channel of the integrated filtered-feedback multi-wavelength
laser which has an external cavity length of ~3.0mm. The measurement setup is
depicted in Fig. 4.9. The laser chip is mounted on a copper chuck and its temperature
is stabilized at 18 °C during the measurements. At this temperature the laser has a
threshold current of 16 mA. The electrical currents applied to the SOA and to the
phase shifter, respectively, are provided through two probe needles. A lensed fibre
mounted on a nano-positioning stage is used to collect the light. An optical isolator is
used to avoid the unwanted back reflection into the laser chip. The light is analysed
using a 50 GHz bandwidth photodetector with a 200 MHz to 8 GHz 30 dB-gain low
noise amplifier connected to a 50 GHz electrical spectrum analyser [Agilent E4448A].
A fraction of the light is sent to an optical spectrum analyser [APEX AP2041B] with
a high resolution of 0.16 pm.



4.5 Characterisation of stability

61

Gamma= 589/s ; tau=70 ps; alpha=2.6; C=0.97
RO P  injection-induced freg. shift -.6 GHz/mA

Freq

(GHz)

7.7 4 -
6.6 3-
5.4 2 -
3.8 1-
22

0 1 2 3 4 5 6
f.b. phase (Radians)

Figure 4.8: Theoretical stability diagram for a single-mode laser vs. pump strength
p (vertical) and feedback phase (horizontal), with p defined as p = (J — Ju) / Jinsr-
Color white denotes stable operation; black denotes unstable. Parameters are: feed-
back rate 5 x 10° s~!; feedback delay time 7 x 10711 and & = 2.6; the injection-
current-induced frequency shift of the solitary laser is —0.6 GHz/mA. The relaxa-
tion oscillation frequency in GHz is given in the left axis label.
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Figure 4.9: The measurement setup. Ipump is the laser injection current, and Ijpase
is the current on the phase shifter to tune the feedback phase; TEC denotes the
temperature controller; ISO is an optical isolator. After the 50/50 coupler, one of
the two branches of light is fed to a 50 GHz photodiode, amplified by a low noise
amplifier (LNA) and measured with an electrical spectrum analyser, while the other
branch connects to an optical spectrum analyser.
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4.5.1 Spectral lasing regimes

Here we investigate the dynamic behaviour of the laser and start from a laser that
is operated in a stable single mode fashion. First the SOA injection current is varied
while the phase shifter is unbiased,until the laser shows a stable single wavelength
lasing mode. Then keeping the injection current fixed to that value, the feedback
phase shift is slowly swept from 0° to 210° in steps of 15° by injecting current to
the forward-biased phase shifter. The phase shifter has an efficiency of 15° per 1 mA
injection current, however, since the feedback light passes the phase shifter twice, the
feedback phase change is 30° per 1 mA. We record the optical signal and the noise
intensity signal, but only when there is a clear change in the signal appearance. The
result is presented in Fig.4.10. Regions exhibiting strong laser dynamics have been
observed for certain feedback phase conditions, and the size of these regions varies
with the injection current levels applied to the SOA. The results presented in Fig. 4.10
have been obtained by applying a fixed current of 65 mA to the SOA.

The electrical spectrum (Fig. 4.10a) presents a flat and relatively low-power response.
The relaxation oscillation (RO) frequency is damped below the noise level of the
spectrum analyser. With the feedback phase tuned to 90° (Fig. 4.10b), the laser is not
stable anymore. The RO becomes undamped and it is identified as a narrow peak in
the electrical spectrum at 6.8 GHz, while in the optical spectrum two series of side
peaks appear at distances equal to multiples of the RO-frequency on both sides of
the central peak. When the phase is increased (Fig.4.10c), the laser enters a period-
doubling regime, identified by more side peaks in the optical spectrum and a new
peak at half the RO frequency in the electrical spectrum. In the next three cases,
Fig.4.10c-e, the RO has developed into a more complicated and ultimately irregu-
lar oscillation indicating period doubling and higher-harmonic effects, but with the
dominant frequency near the RO frequency. Gradually, after entering the instability
region, the noise floor increases significantly, as seen in the noise intensity spectra
and optical spectra. The last case presented in Fig. 4.10e (¢ = 210°) shows coherence-
collapsed operation [111] dominated by relaxation oscillations. The different lasing
regimes with different feedback phase are very reproducible.

To get a clearer picture of the overall stability of our filtered-feedback laser, the same
phase tuning procedure is repeated for all injection currents above threshold with a
step of 2mA. The situation as in Fig. 4.10a, single wavelength lasing with no relaxa-
tion oscillation dynamics, is considered to be stable. We have identified such stable
regions and made a stability map, which is plotted in Fig.4.11a. The map displays
the laser stability as a function of the feedback phase (horizontal) and injection cur-
rent (vertical), where white indicates stability and black indicates instability, which
includes all other unstable regimes. With injection current increase, the laser demon-
strates different stable regions. The location of these regions changes with changing
feedback phase. Unfortunately, the full 27t phase shift could not be achieved, because
the phase shifter starts to saturate at currents beyond ~7 mA and is fully saturated at
10mA (Fig. 4.11a), thus limiting the maximum feedback tuning to 210°.



4.5 Characterisation of stability 63
(a) =07, Stable single frequency operation (b) $=90°, Undamped relaxation oscillation
0 T T T T T T T T 0 T T T T T T T T T

- 20f < 20} ]

5 .
% a0f 1 3 4ol 1
5 60t 1 5 60 ;l, 1
2 sof ] £ sof 1
B oo o T T T T e )] v i i AN
0 1 2 4 5 6 7 9 10 0 1 2 3 4 5 0 7 8 9 10
0 Frequency [GHz] 0 Frequency [GHz]

=10 ] -0 ]
S5 -20f ] 520 ]
< -30F B < -30p B
5 40 ] 5 40 ]
z 50 9 2 50 9
£ -60F ] £ 60k | | §

) 1 T n 1 T I h T n T
1556.6  1556.8 1557.0 15572 15574 1556.6 1556.8 1557.0 1557.2 1557.4
Wavelength [nm] Wavelength [nm]
(c) 9=150°, Period-doubled RO (d) ¢=180°, Period-doubled RO with increased noise
0 T T T T T T T T 0 T T T T T T T T T

. 20f ] . 20} ]
2 ob . ] = 0 ]
= 40 i = 40 l
5 -60F ! H 1 5 -60F S 1 1
E s0f A A 4 E R0 — e VL QPSS

B T R R S S S 10 B R T T R R S S 9 10
0 Frequency [GHz] 0 Frequency [GHz]

0 . . . . — : . . . . —
5 -20f ] 5 -20f ]
< -30p 9 < -30p 9
5 -40f . 5 -40f .
£ -0f J L ] £ -0f ]
S il | o = 60l Il e

) 1556.6  1556.8 1557.0 1557.2 15574 ) 1556.6  1556.8 1557.0 1557.2 15574
Wavelength [nm] Wavelength [nm]
(e) =210°, Coherence collapse
0 T T T T T T T T

. 20f 1
2 4ol . ]
< 40 i
5 60 e N 7
% 80L e - IS T AN
nq — 1 1 1 1 1 1 1 1

A0 s 67 9 10

0 Frequency [GHz]

-0} ]
5 -20f ]
< -30p B
5 40 ]
g -50 1 B
a -60F A "™ Al

-70 T H L L T
1556.6  1556.8 1557.0 1557.2 1557.4

Wavelength [nm]

Figure 4.10: Intensity noise (dashed lines) and optical spectral (solid lines) from the
ESA and OSA, respectively, for different feedback phase tuning 0°, 90°, 150°, 180°,

210°
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Figure 4.11: Measured map of laser stability versus phase shifter current with differ-
ent injection currents. The dark region is the unstable region and the bright region
is the stable region. (b) Theoretical stability diagram from Fig. 4.8

4.5.2 Stability analysis

As was mentioned in Sec.4.4.2, we have applied a numerical stability analysis to the
laser with feedback by investigating the dynamical system determinant. Using the
value a = 2.6 for the linewidth enhancement factor, as obtained from injection lock-
ing measurements (see Chapter 3), and the external cavity length and loss estimated
as above, we find for the case of injection current of 65 mA (pump strength p~3) that
over a phase range interval of about 100° the single frequency operation is stable,
whereas it is unstable for other values of the applied feedback phase. Apparently,
Fig.4.10a is within this stability interval.

Fig.4.11b is the stability map generated from the theoretical model. The stability
situation is recorded as a function of the feedback phase (0-27r; horizontal axis) and
pump strength (injection current from threshold up to 80 mA, p = 4, vertical axis).
The parameter values used for this diagram are given in the caption. It is to be noted
that zero phase on the horizontal scale in Fig.4.11b is arbitrary; it does not neces-
sarily coincide with zero current in Fig.4.11a. Comparing this with the measured
map Fig. 4.11a, the structures of stable and unstable bands with negative slope show
good qualitative agreement between experiment and theory, although theory pre-
dicts wider unstable bands. The slope is due to the injection current induced phase
shift inside the FP laser cavity. Based on this model, it is possible to optimize the
feedback parameters to enlarge the stable area of the laser, in order to design an
inherently stable feedback laser.
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4.6 Conclusion

The design and performance of a filtered-feedback four channel multi-wavelength
laser are presented in this chapter. With the short laser cavity formed by the MIRs,
combined with the filtered-feedback scheme, the laser threshold current is lower and
the output power is higher compared to the AWG-based lasers with the AWG filter
inside the main lasing cavity. The four channel laser realizes simultaneous lasing
with a wavelength spacing according to the channel spacing designed into the AWG,
and an SMSR better than 40 dB. By experimentally and theoretically investigating the
linewidth of this filtered-feedback laser, we show that this laser has a very narrow
linewidth, which is demanded, for example, in telecommunication applications and
sensing. In order to study instabilities and to control stable single-frequency opera-
tion, the laser feedback dynamics have been measured as a function of the feedback
phase on an integrated external cavity laser. Several nonlinear regimes were ob-
served and controlled by the phase shifter. Comparison of the measurements with
the results from a stability model, confirms that the theory that was developed for
longer external cavities is still valid for short cavities. We are able to simulate the
stability of the device with respect to pump current, feedback phase and delay time.
This can lead to optimized designs which have the laser in stable condition for 0 to
27t feedback phase, which means the laser is inherently stable for any value of the
feedback phase, thus reducing the complexity of the laser device itself and of the
control signals.






Chapter 5

Multi-wavelength transmitter
for analog applications

In this chapter the multi-wavelength transmitter and its corresponding analog
photonic link using this transmitter are discussed. First we describe the design of the
multi-wavelength transmitter and show the measured DC performance of the integ-
rated Mach-Zehnder modulator.We then introduce the analog photonic link and key
parameters, such as link gain, frequency response, noise, and distortion of the link.
After that, we describe the application of the transmitter in an analog photonic link,
which is characterized with respect to the key link parameters. Finally, we investig-
ate the crosstalk between the channels of the multi-channel transmitter.

5.1 Introduction

A fibre-optic link is an opto-electronic system that provides a data connection
between two points (point-to-point connection). It essentially consists of a data
transmitter formed by a laser light source and a modulation device, a transmission
fibre (possibly with built-in fibre amplifiers), and a receiver with photodetector. The
modulation device imprints the electrical (RF) signal onto an optical carrier. The
photodetector converts the modulated optical signal back into the electrical signal.

As described in the introduction chapter, the analog optic links have recently en-
joyed an increasing interest in both scientific research and applications such as an-
tenna remoting, radio astronomy, and radio-over-fibre for wireless systems. In all
these cases, the optical link offers low transmission loss, transparency to all mod-
ulation formats, as well as light weight and flexibility. The antenna units can be
simplified, while the system complexity can be located at a centralized location.

67
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Merging analog optical links with wavelength division multiplexing (WDM) tech-
nologies will simplify the system configuration and increase the overall system ca-
pacity [112]. In this chapter a monolithically integrated photonic multi-wavelength
transmitter is presented. It consists of the four-channel filtered-feedback multi-
wavelength laser [100] described in chapter 4, and a Mach-Zehnder modulator ar-
ray. The transmitter is designed to be used as the wavelength-division-multiplexing
(WDM) source to achieve a multi-signal path in a true-time-delay optical beam form-
ing network [113] for the application in a 3~5 GHz smart antenna system.

The circuit design of the multi-wavelength transmitter is divided into two parts:
the filtered-feedback multi-wavelength laser (FFMWL) and four identical Mach-
Zehnder (MZ) modulators that are connected to each laser channel. The FFMWL has
been extensively described in chapter 4. In the present transmitter device, the output
of each channel is coupled to one MZ modulator. The modulator outputs, contain-
ing the modulated signals, are coupled out of the chip through a 7° angled facet with
anti-reflective coating. The schematic layout of this device is shown in Fig.5.1a. A
microscope photograph of the fabricated multi-wavelength transmitter is shown in
Fig.5.1b. As a proof of concept in this first run, this transmitter has a separate output
for each channel to allow easy characterisation. In the next runs, the output of differ-
ent channels will be routed to another AWG to realize a multiplexed output for the
WDM source. In each modulator, two 1x2 multi-mode-interference (MMI) couplers
are used as power splitter and combiner for the MZ modulator. The phase shift func-
tion in the modulator arm is achieved with a 1-mm-long lumped-element electrode
on a 1.2-um-wide deeply-etched ridge waveguide with p-i-n doped epitaxial layers
which contain an InGaAsP MQW core. For each modulator, the two arms can be
driven independently. The footprint of the transmitter chip is 2x4 mm?.

5.2 Key parameters in an analog photonic link

The main function of an analog photonic link (APL) is to transmit an analog signal
from point to point with high fidelity. Compared to digital optical links, APLs are
relatively susceptible to various signal impairments, such as signal loss, noise and
nonlinearities. The performance of a link is defined by three primary link paramet-
ers: link gain, noise figure and dynamic range. In this section, the definition and the
mathematical expression of these parameters will be introduced [114].

5.2.1 Link gain

The photonic link gain is the basic parameter in an APL, on which the other link para-
meters also depend. A general schematic of an APL is shown in Fig.5.2. In general
an APL can be recognised as a two-port radio frequency (RF) black-box component,
which is characterised by an RF input and an RF output. There are two signal con-
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Figure 5.1: (a) Schematic of the 4-channel transmitter device and (b) Microscope
photograph of the realized device. The chip dimension is 2x4 mm?
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Figure 5.3: Equivalent circuit representation of a photonic link using an impedance-
matched Mach-Zehnder modulator and a photodiode detector. Py is the electrical
power available from the signal source; Poys is the optical power from the modu-
lator.

versions in between, from the electrical to the optical domain (E/O), and back from
the optical to the electrical domain (O/E). The link gain is the ratio of the RF power
observed at the output of the APL relative to the input power. There is no require-
ment from this definition that the gain be greater than one. Since here our focus is to
understand impact of modulation on the link gain, we concentrate on the intrinsic
link gain, which is the link gain of an optical link without either optical amplifiers or
electrical amplifiers.

Consider our case of an optical link with external modulation, with a source voltage
Vs and a source impedance Rg, which is loaded with an impedance-matched Mach-
Zehnder modulator (Fig.5.3). The available power is the electrical power delivered
to the modulator. The link gain is the ratio of the RF output, which is the detected
power delivered in to a matched load Pp, to the RF input, the power available from
the source on the modulator Py.

P IRy
g= 0= b (5.1)
Py V5/4Rg
I1 is the current flowing though the load. In case of a matched load Ry, = Rpp, the
current I}, = 1/2Ipgr, i.e. half of the photocurrent generated by the detector. The
photocurrent,

Iper = ZppPom = 211, (5.2)

with Zpp the responsivity of the detector in units of A/W, and Poy the optical out-
put from the modulator. The optical output from the modulator Poy is based on the
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MZ modulator transfer function and the input optical power. Inserting the transfer
function of the MZ modulator, using Eq. 2.3, we get

Pl
Pom = PinTvzm = %[1 +cos(Ap(Va))] (5.3)

where Vg is the reverse bias voltage on the modulator at the quadrature point, and
Liogs is the insertion loss of the modulator. Substituting Eq. 5.2 and 5.3 into 5.1 yields:

2
 PL (ZppPuTvzm)?,  {%pDPinLiess[l + cos(8p(Vo))]}
g=—= =" R = 5 RsRy  (54)

Vi V$/4Rs 4V2
where, in an impedance matched system, Rg = R.. From Eq. 5.4 we notice that there
are the following ways to increase the intrinsic gain of the link:

1. Increase the responsivity of the detector
2. Reduce the insertion loss of the modulator

3. Increase the optical power input of the modulator

Among these three, increasing the detector responsivity is out of the scope of this
thesis. In the measurement, the link uses a commercial detector with 0.8 A/W re-
sponsivity; reducing the insertion loss is already achieved by monolithically integ-
rating the modulator with the laser and thereby avoiding additional coupling losses.
Hence the optical link gain is mainly dependent on the optical input power of the
modulator.

5.2.2 Noise in APLs

There are three dominant noise terms in APLs, thermal noise, shot noise and laser
intensity noise. These noises are modeled as current sources and they are independ-
ent of each other [114]. In this case, the total noise power in the link is the sum of
the noise power generated by individual sources. The total noise measured from the
link pyot is expressed as

Prot = P+ Psh + pL [W] (5.5)

with py,the power of the thermal noise, pg, the power of the shot noise and py, the
power of the laser intensity noise.

Thermal noise arises from the thermally induced, random movement of charge car-
riers in conductors. All the electronics including the load resistance, amplifiers,
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photodetector etc., produce thermal noise. The thermal noise does not depend
on the optical power and is a constant value with frequency. It only depends
on the equivalent temperature of the electrical circuit, the load impedance and
electrical bandwidth of the detection system. Nyquist showed that the mean-
square fluctuations in the value of the noise current (i3 ) across a resistor Ry, at

an absolute temperature T as measured in a bandwidth Af is given by
<it2h> = 4kTAf/Ry, [A?) (5.6)

where k is Boltzmann’s constant, which has a value of 1.38 - 1072J/K and Af
is the equivalent noise bandwidth of the receiver in Hz. The temperature used
in calculating the noise is the physical temperature of the component. Eq.5.6
shows that thermal noise has a flat white spectrum, meaning that its power
spectral density is nearly constant throughout the frequency spectrum. The
power of the thermal noise is

P = <it2h> Ry, (.7)

Shot noise Ny is produced by the quantum nature of photons arriving at the de-
tector. This generates a random fluctuation in the detected photocurrent, which
increases proportionally to the the amount of light incident on the photode-
tector. It can be determined by the measurement of the photo current at the
photodiode according to

<i§h> =2qIhAf [A?] (5.8)

where [, is the average photocurrent at the load resistance Ry and g =

1.6 - 107 C is the electron charge. The photo current can be determined by
measuring the average optical power P, that reaches the photo detector ac-
cording to Ipn = ZppPo where Zpp is the responsivity of the photodetector.
The power of the shot noise is

Psh = <i§h> Ry, (5.9)

Relative intensity noise (RIN) describes fluctuations in the optical power of a laser,
mainly stemming from intrinsic optical phase and frequency fluctuations
caused by spontaneous emission. Genernal RIN is not white noise, but in
the banwidth of interest, assuming that RIN is white noise (constant for all
frequencies); moreover, for convenience, RIN is always normalized to a 1 Hz
bandwidth so that it becomes easier to compare the intensity fluctuations of the
laser when receivers with different bandwidths are used [115], then in linear
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scale!

rin = M [1/Hz] (5.10)

2
PopAf
where Pop is the average optical power, and AP(t) represents the fluctuations
of optical power from the laser

RIN[dB/Hz] = 10log <<A11;U)2>> [dB] — 10log(Af[Hz)) (5.11)

Opt
where Af is the filter bandwidth of the measurement apparatus.

Noise Figure NF is the logarithm of the noise factor F, i.e. NF = 10log;,(F). The
noise factor of a device with input and output ports is defined as the ratio of
the available output noise spectral density to the portion of that noise caused
by the actual noise source connected to the input of the device, measured at the
standard temperature of 290 K[114].

When the input noise is simply the thermal noise from a matched resistor, a more
useful definition of the noise figure is the ratio of the input signal-to-noise ratio
(SNR) to the output SNR. Suppose that the input and output signal powers are Si,
and Sout and the input and output noise powers are Ni, and Ny, the noise figure
can be written as

Sin/ Nin )

Sout/ Nout

Since the input noise power is the thermal noise from a resistive matched load, Nj, =
kTAf. Moreover, we can identify that Sout = g - Sin, which means that the output
signal is amplified (or attenuated) by the link gain. For APLs considered here, the
output noise is simply the total link noise defined in Eq.5.5, which means that Noyt =
Prot- Thus, the noise figure expression can be re-written as

NF = 10log;, ( (5.12)

o Ptot
NF = 10log,, (ngAf) . (5.13)

5.2.3 Nonlinear distortion

To this point, only the linear behaviours of the analog photonic link have been dis-
cusses for the link gain and noise figure. However, due to the inherent nonlinearity
of the transfer function of the modulator device, the link is a nonlinear system. The
nonlinear distortions will limit the range of input power of the APL and in turn limit
its performance.

1Lowercase indicates it is a linear value; uppercase indicates it is a logarithmic value.
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Unlike the linear distortion, which can be repaired with a filter, the nonlinear dis-
tortion will generate new frequency components that are not present in the original
signal [114]. A device could have a perfectly linear transfer function over certain
range of input power and still produce distortion when the magnitude of a modu-
lation exceeds the linear range of the device. The power range of the input that can
be accommodated by the APL is regarded as the dynamic range. It can be quantified
as a ratio between two input power levels subject to some constraints: the noise will
limit the minimum signal level that can be transmitted by the link, while the level of
distortion defines the upper limit of the signal level.

There are different types of distortion considered here, when a signal is injected into
a system.

1. Harmonic distortion (HD) occurs when a single frequency w (single tone) is
injected into a system which is not perfectly linear. Additional output signals
(spurs) are generated at harmonics of the input frequency (2w, 3w, 4w, etc).
The strength of each harmonic depends on the linearity of the system.

2. Intermodulation distortion (IMD) occurs when 2 (or more) frequencies are in-
jected in to a nonlinear system. Consider two signals wj and w, (two-tone) sim-
ultaneously injected into a system. The non-linear interaction of the two signals
creates new output signal products (spurs) at the sum and difference frequen-
cies of the two fundamental frequencies, which are so called second order (see
Tab.5.1); In addition to these second order effects, interactions occur between
the fundamental frequencies and the harmonics. Third order effects (between
one fundamental frequency and the second harmonics of other frequencies)
are considered most troublesome, as they usually occur at a frequency near the
fundamental frequency and are in the pass band of the system. The frequency
and amplitude relation of the intermodulation distortion and the harmonic dis-
tortion is listed in table 5.1. The derivation and explanation of this table are in
the Appendix on page 88 of this thesis. In the linear part of a system the amp-
litude of second-order spurs will increase by 2 dB for every 1dB of increase in
the amplitude of the fundamental frequencies. And the third-order spurs will
increase 3 dB for every 1 dB the input signals are increased.

A parameter to measure the distortion is the spurious-free dynamic range (SFDR).
The SFDR of a system is the range between the minimum signal that can be detected
above the noise floor, and the maximum signal that can be introduced into a sys-
tem without creating distortions (distortion signal is just below the noise level) in a
certain measurement bandwidth. The “low” end of this range is limited by noise;
the “high” end is determined by the so called third-order intercept point (IP3). As
mentioned in previous paragraph, the third order spurs increase by 3 dB for every
1 dB increase in the fundamental frequency. A plot of the output power of the funda-
mental frequency versus input power would have a slope of 1 at the linear region. A
plot of output power at the third order frequency versus input would have a slope of
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Component Harmonic (HD) Intermodulation (IMD)
Frequency = Amplitude | Frequency  Amplitude
DC 0 ap + say A* 0 ag + a, A*
Fundamental w amA+ %a3A3 w1,w; mA+ %a3A3
2nd_order 2w %azAz w1 £ wy ap A?
3"_order 3w 1a3 A3 2wy £ wy, Sa3A®
2wy + wq

Table 5.1: Harmonic (single frequency) and intermodulation (two frequency) mod-
ulation.

3 in the linear region of the system. If extending the linear parts of these two plots on
the same graph, they would eventually intersect. This intersection point is called the
third-order intercept point (IP3). Because there are two different distortions, there
are also two types of IP3 for harmonic distortion and intermodulation distortion.
According to Tab. 5.1, the power of harmonic distortion (HD;) and intermodula-
tion distortion (IMD;,) differ by 3 dB; the power of harmonic distortion (HD3) and
intermodulation distortion (IMD3) differ by 4.8 dB as

5.3 Measurement setup

In the previous sections we have introduced the important parameters in an ana-
logue photonic link. In the following section, we are going to measure the perform-
ance of our filtered-feedback multi-wavelength transmitter in a photonic link based
on these parameters.

To measure the performance of the transmitter, the chip and a thermistor are moun-
ted on a dedicated copper cold finger platform as shown in Fig. 5.4a. A Peltier ele-
ment placed underneath the copper platform is used to stabilize the chip temper-
ature at 28 °C. All the electrodes on the chip have been wire-bonded to their corres-
ponding tracks on a custom-designed printed circuit board (PCB) which is surround-
ing the copper platform (Fig.5.4b). Laser current drivers and voltage controllers are
connected to the PCB pins, to control the lasers and phase shifters on the chip. For the
MZ modulators, push-pull operation can be realised electrically, when the two arms
of the modulator are driven by RF signals with opposite phase. This is achieved by
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Temperature control circuit

Modulator driver input

(b)

Figure 5.4: (a) Microscope photograph top view of the transmitter chip on the sub-
mount system. PCB A is temperature control system, B is the PCB where the chip
is wire-bonded to, C is the rat-race PCB to split the input RF signal in to 2 branches
with opposite phase, D is the board with SMA RF connectors; (b) Zoom in of part B:
the transmitter chip mounted and wire-bonded to the testing board.
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(b)

Figure 5.5: (a) Rat-race PCBs. From top to bottom, boards are shown with the oper-
ational frequencies centered at 1.5, 2.5, 3.5, 4.5, 6, 8, 10, 12 and 15 GHz, respectively;
(b) Measurement setup for characterisation of the rat-race PCBs. The unused chan-
nels are terminated with a 50 Q2 load.

making use of a so-called rat-race coupler which is integrated on the PCB. The rat-
race coupler behaves like a 3-dB splitter, which, for a specific designed frequency
range, divides the input signal into two branches with opposite phase [116]. A series
of rat-race couplers has been designed and tested, as shown in Fig.5.5. The elec-
trodes on the output side are terminated with 50 () impedances. The modulators are
wired-bonded to the PCB as shown schematically in Fig. 5.6a. Coaxial RF SMB (Sub-
Miniature version B) connectors are soldered on the board to connect to RF cables
for the RF input signal. The light emitted from the output wavelength of the MZ
modulators is collected by a lensed fibre that is positioned at the output waveguide
of the chip with a 3-axes alignment stage.

The laser used in this transmitter has the same design and properties as presented
in chapter4 with a threshold current of 16 mA and lasing at a wavelength in the
range of 1557 nm to 1563 nm. The bias voltages of the MZ modulator are controlled
with a voltage supply. In the following measurementthe RF signal is either supplied
to the modulator from the port1 of a electrical network analyser (ENA) or from a
microwave signal generator. The network analyser used is HP 7820, 50 MHz to 20
GHz, while the microwave signal generator is from Rohde & Schwarz with a fre-
quency range of 10 MHz up to 30 GHz. After modulation, the optical signal from
the modulator is coupled by a lensed fibre and then detected by a photodetector
(R2560A) from Emcore. The detector reverse bias is 10V and the maximum aver-
age optical power that can be handled by the detector is 12 dBm which is limited by
the distortion of the detector. The output impedance of the photodetector is 50 .
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Figure 5.6: (a) Schematic drawing of the connection of each MZ modulator driven

in a push-pull manner through a rat-race coupler on the PCB. All the components
on the PCB are indicated in blue colour; (b) Side view of measurement setup.

The detector output is connected to a bias-T (100 kHz up to 14 GHz from Ortel). The
DC output of the bias-T is connected to a multimeter, while the RF output is either
connected to the port2 of ENA or to an electrical spectrum analyser (ESA) with a
frequency range of 9 kHz up to 13.6 GHz, from Rohde & Schwarz. The photograph
of the measurement board is shown in Fig. 5.6.

5.4 DC characterisation of the MZM

The MZ modulator DC characterisation is done by measuring the optical power com-
ing out of the modulator as a function of the modulator reverse bias voltage, without
applying RF signal on the modulator. In the following measurement laser channel
2 is presented. The laser is injected with a current of 68 mA, and emits a single-
wavelength signal at 1559.28 nm. This laser light is guided to the on-chip modulator.
A fibre-coupled power of 1 mW (0 dBm) is measured at the output facet of the mod-
ulator, when both of the modulator arms are grounded. Then one arm of the modu-
lator remains grounded and the reverse bias voltage on the other arm increases from
0V to 7V with steps of 0.2 V. The power from the modulator output is measured by
power meter and recorded in linear scale shown with symbols, as shown in Fig.5.7,
where the power is normalised with respect to the zero bias output. The figure shows
the nonlinear behaviour of the modulator as discussed previously in 2.4.

In the modulator that exploits the MQW QCSE effect, the relation between index
change An and bias voltage V}, is nonlinear. Assuming that this nonlinear relation
is relevant only up to the second order, we model the relation between the phase
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Figure 5.7: Normalized modulator output power versus reverse bias at wavelength
of 1559.28 nm with the fitted curve. The symbols are the measured data and the
dashed line indicates the fitted MZ modulator translation function based on Eq. 5.16
witha = —0.25, b = 0.188 and c = 0.08.

change and the bias voltage as a second order polynomial, Ag= aVj, + bV;?, where
a and b are the coefficients of the linear term and the quadratic term. Besides the
nonlinear phase relation, there is also a nonlinear absorption effect as a function of
bias voltage, which we model as exp (c¢V},). Here c is the absorption coefficient due
to the applied voltage. This parameter includes the information of the the optical
confinement factor and the modulation length. So the transfer function of the output
power of the MZ modulator using the QCSE, as a function of the reverse bias, is
modeled as:

Tvzm = €% [1 4 cos(aVy, + bV2)] /2 (5.16)

As shown in Fig.5.7, for this modulator, the voltage required for 7= phase change
(Vx) is 4.1V and the extinction ratio is 21 dB. Although the QSCE is wavelength
dependent, within the 5 nm wavelength range that is relevant in this transmitter, V
and the extinction ratio (ERpc) for the four wavelength channels are quite similar
(Ve =41+£0.1V, ERpc= 20+ 1dB).

5.5 Bandwidth and link gain

The small-signal RF electrical-to-optical (EO) measurement setup is shown in
Fig.5.8. The laser is again injected with a current of 68 mA, and emits a single-
wavelength signal at 1559.28 nm. The laser light is fed into the MZM. First one arm
of the modulator is grounded, and the other arm is biased at the quadrature point
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Figure 5.8: Schematic for the transmitter EO measurement setup.

of the modulator (V},, = 2.8V); it is also connected to the RF signal from port 1 of
the electrical network analyser (ENA), through the coaxial RF SMB on the PCB. The
fibre-coupled modulated optical output is routed to a high-speed photodiode. The
detected signal is sent back to port 2 of the ENA. Thus a microwave photonic link
is built. During the measurement the input RF signal frequency is swept from 50
MHz to 10 GHz, with a power of —10 dBm. At the quadrature bias, the modulator
optical output power is around —3 dBm in the fibre, an intrinsic analog photonic
link gain (Sp1) is measured around —45dB up to 7 GHz as shown in Fig.5.9. The
MZM can have a bandwidth up to ~10 GHz, according to the platform data. Here
the lower bandwidth would be due to the electronics of the sub-mount setup, e.g.
the too long wire bond, or unmatched impedance. It is also observed from Fig.5.9,
that 517 goes higher than —10dB below 7 GHz. This indicates that the high reflec-
tion already decreases the transmission of the power. The bandwidth is not limited
by the bandwidth MZM itself, but is limited by the impedance mismatch from the
sub-mount to the MZM arms.

To get a 3dB higher link gain, a push-pull operation of the MZM has been imple-
mented. The rate-race PCB of 1.5GHz and 4.5 GHz are used in the measurement.
The laser condition is same as for the single arm operation and both of the modu-
lator arms are biased in such a way that the modulator output is at the quadrature
point. Fig.5.10 is measured by the ESA, with an RF output of —10dBm. With the
same optical power the link gain is constant at —42 4= 1 dB in the two measured fre-
quency ranges 1.1 GHz to 1.9 GHz and 3.3 GHz to 5.3 GHz. So this transmitter can
meet the required frequency specification of the smart antenna system, which will
be operated at the frequency of 2 to 5 GHz. However, in a real system the push-pull
driving circuit needs to be adapted to a broadband solution rather than the passive
narrow-band rat-race coupler that was used in this experiment.
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Figure 5.9: Result of the single arm EO measurement. Sy; is the transmission coef-
ficient of the network and here it is the link gain as a function of the frequency; S1;
is the reflection coefficient, which describes the reflection from the modulator RF

input back to the ENA.
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Figure 5.10: From top to bottom there are the intrinsic optical link gain, power coup-
ling and phase coupling of two branches of the rat-race coupler as a function of in-
put RF frequency, for two coupler PCBs at central frequency of (a) 1.5 GHz, and (b)
4.5GHz. The vertical dotted lines indicate 1-dB bandwidth of the rat-race coupler.
The loss is 0.7 dB and 0.9 dB for 1.5 GHz and 4.5 GHz coupler, respectively.
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Figure 5.11: Link gain of the filter-feedback transmitter APL with a quadrature-
biased MZM as a function of the optical output. The symbols indicate the measured
points, the solid line is the calculated value.

The measured link gain of —42dB is rather low for a real application. In order to
investigate how much the link gain can be improved by adding an SOA after the
laser, an Erbium-doped fibre amplifier (EDFA) is added in between the output from
the transmitter chip and the detector, to boost the output optical power. The link gain
is recorded at an intrinsic optical output power of —3 dB (0.5 mW), with the optical
output power boosted to 1.5mW, 4mW and 10.5mW (< 12dBm which is limited
by the detector). The link gains are plotted as symbols in Fig.5.11, and they show
a good agreement with the gain calculated by Eq. 5.4, which is plotted as the solid
line. This shows that by adding an SOA, which could provide a gain around 15dB,
the link with our transmitter can reach a link gain in the order of —10dB.

5.6 Noise measurement

In sec.5.2.2 we discussed the three dominant noise terms in the APLs. In this sec-
tion once again, we investigate the noise figure of the APL formed by the filtered-
feedback transmitter. The laser is injected with a current of 68 mA, and emits a
single-wavelength signal at 1559.28 nm. The laser light is coupled to the fibre from
the MZM output and fed to the faster photodetector (R2560A) from EMCORE. At
the quadrature bias voltage the output optical power is —3 dB. Photocurrent on the
detector is measured though a bias-T, and the high frequency fluctuation signal from
the detector is sent to the ESA through a LNA. The LNA (NF = 3dB, G = 32dB) is
used to increase the sensitivity of the ESA to the noise power. The bandwidth of the
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ESAis setto Af = 10°Hz.

When measuring the relative intensity noise, as defined in Eq. 5.10, the optical power
Popt is detected with a fast photodetector, and the optical power fluctuation AP(t)
is transformed into an electrical power fluctuation which is measured with an elec-
trical spectrum analyser (ESA). However, because the squared optical power is pro-
portional to the detected electrical power, p3 o« i « pg, Eq.5.10 can be rewritten
as:

pL Ptot — Pth — Psh
= , 5.17
pEanAf pEangf ( )

rin =

where pgayg is the average received electrical power from the photodetector. In the
numerator, the laser intensity noise py is obtained by subtracting extra noise sources
from the total noise piot. The thermal noise and shot noise can be measured separ-
ately.

Thermal noise py, is measured by running the setup when the laser is turned off.
Without optical power, only the thermal noise is measured on the ESA. This term
includes the dark photocurrent of the detector and the thermal noise sources of
the electronics (total background noise). The thermal noise was measured to be
Pyp=—121.1dBm. When the laser is on, Py is measured as —120.5dBm (the values
are real value after considering 32 dB gain from LNA).

Although the shot noise can be calculated from the measured photocurrent when the
laser is turned on, psy, = 29I, RLAf, the average electrical power can be calculated
from the photocurrent Loh , Pravg = I;hRL, the power of the laser coupled into the
detector is too low to to get an accurate RIN measurement.

As Af = 105 Hz, the total noise of the link is prot/Af = —170.5 dBm/Hz; using the

link gain § = —43dB, and at a temperature T = 290K, with Eq.5.13, we calculate
the noise figure of the link as

_ Ptot o
NF = 10log,, <ngAf) = 46.5dB (5.18)

Here the high noise figure is mainly due to the low optical power. The link noise
figure will improve with optical power, because the signal power increases quad-
ratically with the optical power, whereas the the shot noise increases only linearly.
However, the benefit of increasing this optical power is lost if RIN is the dominant
source. It again shows that adding amplifiers to increase the optical output power
needs to be done in order to have a better performance of the link.
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Figure 5.12: Schematic of the measurement setup for 2"¢ and 3™ order harmonic
generated in the modulators. The tunable passband filter is to filter out the high
power fundamental signal to assure that the distortion which is measured only from
modulator rather than from the amplifier or the spectrum analyser due to an amp-
lified high-power fundamental signal.

5.7 Distortion measurement

For analog modulation, The purpose of this filtera high degree of linearity is desir-
able in order to maintain the dynamic range of a photonic link. The distortion meas-
urement of the link is done on this filtered-feedback transmitter link with a setup as
illustrated schematically in Fig. 5.12. The tunable passband filter has a bandwidth of
20MHz, and it is tunable in the frequency range from 2 GHz to 4 GHz. The purpose
of this filter is to remove the high power fundamental signal, in order to avoid the
nonlinear distortion from the amplifier or spectrum analyser excited by the funda-
mental signal. In this way, the distortion is measured only from the modulator.

In the filtered-feedback transmitter discussed in this thesis, the Mach-Zehnder mod-
ulator exhibits the nonlinear transfer characteristics shown in Sec.5.4. The output
optical power of the MZM is

Pout(V) = PinTnizm (Vo) = Pine"o [1 + cos(aVi, + bV2)] /2 (5.19)

Taking the first, second and third derivatives of Eq.5.19, the bias dependencies of
the gain (fundamental), second and third order harmonic distortions are obtained,
respectively [114]:

dPout(V;
Prana (V) = 2o (5:20
a2pout(Vb)
Pup,(Vp) = — 5 (5.21)
? V2
03 Pout (V4
Pup, (W) = 9 Poul V) (5.22)

3
IV
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Figure 5.13: Plots of the fundamental and second-order hamonic distortion versus
the Mach-Zehnder bias voltage (one arm is biased, and the other arm is grounded).

Fig.5.13 plots the fundamental signal and the second order harmonic distortion
(HD;) measured as a function of modulator bias voltage. The power of HDj is too
small to be detected at most of the bias points.

An RF signal with a frequency of 1.2 GHz and a power of 0 dBm is supplied from the
signal generator to the RF input port of the MZM. The modulator bias voltage varies
from 0 to 7 V with steps of 0.2 V. In this measurement the link is not using the +32 dB
low noise amplifier shown in the setup (Fig.5.12). Comparing Fig.5.13 with Fig.5.7
shows that the power of the fundamental signal and HD, indeed have the shapes as
the first and second derivatives of the output optical power. At V, where V;, = 4.1V,
the link has the lowest gain and the highest HD,. At the quadrature bias point,
where the power transfer function is most linear, the gain reaches the maximum
value, and the HD, is minimized. However, according to Eq.5.22, HD3 will reach
maximum when HD; is minimized. The fundamental signal and the HD3 are both
odd-order derivatives of the power transfer function. Therefore, in a standard MZM,
it is possible use the bias point to eliminate the second-order distortion but not the
third-order distortion.

At a bias voltage of V}, = 2.8V, the HD, and HDj3 are measured as a function of RF
input power. In this measurement, the setup in Fig 5.12 is used with the +32 dB low
noise amplifier amplifier (LNA) from Miteq, to be able to detect also the HDj3 sig-
nal. The RF input signal increases from 0 dBm to 9 dBm with a frequency of 1.2 GHz,
while the power of the HD, and HD3 measured on the spectrum analyser is recor-
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Figure 5.14: The SFDR measurement of the APL form with the transmitter device.

ded. According to Eq.5.14 and Eq.5.15 the power of IMD, and IMDj3 can be calcu-
lated. The IMD measurement results for are plotted in Fig.5.14. The input power,
where the IMD power is equal to the fundamental signal power, is the input inter-
ception point (IIP). The IIP3 is 25.1+0.5 dBm and the SFDRj is 105 dB-Hz?/3.

5.8 Crosstalk measurement

The RF-crosstalk is an important specification in the multi-channel transmitter. In
the transmitter circuit, the distance between two adjacent modulators is 350 pm. To
investigate the RF-crosstalk, we applied an RF signal to one modulator, and recorded
the light signal from the adjacent channel and from the 2" adjacent channel on the
ENA. The difference in Electro-Optical (EO) transmission between the channel with
RF input and the neighbouring channels is the crosstalk. The neighbouring channels
are without RF input, but are biased at the quadrature point. In order to have the EO
transmission of adjacent channels above the noise level, the optical power is boosted
by an EDFA to 6 dBm before feeding the signals to the detector.

The measurement results are presented in Fig.5.15. The crosstalk performance for
all the channels is quite comparable. The crosstalk to an adjacent channel is less than
~30dB and to a 2" adjacent channel it is less than —40dB for the frequency range
from 1GHz to 2GHz. For higher frequencies clearly the crosstalk increases, and
reaching —20 dB for the adjacent channel, and ~30 dB for the 2"? adjacent channel at
5.2GHz.

To further investigate the crosstalk, two different frequencies are applied to two
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Figure 5.15: EO transmission of channel 2 with RF input, and its adjacent and 24
adjacent channels (solid line and dash-dot line); The crosstalk from channel 2 to
channel 1 and from channel 2 to channel 4 are plotted in dashed line and dotted
line, respectively, for PCBs with a central frequency of (a) 1.5 GHz, and (b) 4.5 GHz.

-20 ; ; ; ; ; 20 ; ‘ :
-30 30+ J
-40 40t 1
g -50 g 50 1
5 -60 5 -60F 1
3 z
£ -70 £ -70t 1
-80 80} i
_90 L L L L L _90 L 1
1.095 1.100 1.105 1.110 1.115 1.120 4495 4500 4505 4510 4515

Frequency [GHz]

(a)

Frequency [GHz]

(b)

Figure 5.16: Electrical spectrum detected from (a) channel 1 boosted to 6 dBm, when
1.1GHz, and 1.12GHz, 0dBm RF signals are applied on channel 1 and channel 2,
respectively, from the rat-race coupler with central frequency of 1.5 GHz; (b) channel
1 with an optical output power of -4.5 dBm when two RF signals with a —10dBm

power level and a frequency of 4.5 GHz and 4.51 GHz on channel 1 and channel 2
respectively.

5.6



88 5. Multi-wavelength transmitter for analog applications

neighbouring modulators by two RF generators, and the modulated light from one
channel is measured by the ESA connected with the detector.A clear RF signal at the
frequency of the adjacent channel can be observed from the spectrum (Fig. 5.16). The
power difference between the detected RF signal has a good agreement with the pre-
vious EO transmission crosstalk measurement, both at different optical power levels
and at different RF powers.

5.9 Summary and discussion

This chapter introduced the design of a filtered-feedback transmitter and explored
the performance of this transmitter in terms of using it in an analog link. The trans-
mitter chip is mounted on a customized sub-mount for different characterisations.
First, the DC measurement of the Mach-Zehnder modulator is carried out where
Vi =4.140.1V and ERpc= 20 4+ 1dB are found. Furthermore, the nonlinear trans-
fer function of MZM is investigated. Then the bandwidth of transmitter is measured
with an RF signal on single arm, and with an RF push-pull signal on both arms. The
bandwidth is limited at 7 GHz, due to the impedance mismatch between the modu-
lator and the sub-mount. The bandwidth of the transmitter can fulfil the requirement
of the smart antenna application operating at a frequency range of 2-5 GHz. To go
for a higher modulation frequency, up to 10 GHz, the electronic board and match-
ing impedance should be carefully designed. An intrinsic link gain of —42dB and
the noise figure of 46.5 dB, are not that satisfying. Both facts attribute to the too low
output optical power. In the next design, spot-size convertor could be added to min-
imize the fibre coupling loss and SOAs need to be add to boost the laser power from
each channel, in order increase the output power in turn improve the link gain and
the noise figure. For the simultaneously multi-channel operation, the crosstalk from
adjacent channels is also investigated and it is below —20 dB upto 5 GHz. For higher
frequency low cross talk, the long wire bond is not a optimal solution, and flip bod-
ing and advanced RF connectors are prefered. The distance between the modulators
in the array should be also optimized with respect to the cross talk and the compact-
ness.

Appendix

Nonlinear distortion

A device could have a perfectly linear power transfer function over some range of
inputs. But if the magnitude of the modulation exceeds the linear range of the device,
it will produce distortion. There is no “distortion” if no new frequency is created.
Consider the transfer function of a MZ modulator that exploits a linear EO effect and
which is biased at the quadrature point with a sine wave RF input signal sin(wt),
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detected by a distortionless photodiode of responsivity rpp. The time dependent
detector photocurrent is then given by:

TUOmSin(wt
id(i’) = T’PDPiCOS<m()>.
Vi

It will show that for a single frequency at the input, the output current will have the
more spectral components at 3w, 5w, 7w, ... with different amplitudes. For small-
signals, the most common way to approximate the non-linear transfer function is by
using the Taylor series[117]. A function f(x) can be expressed as a infinite sum of
derivatives of the function with respect to x evaluated at a given point, a[114]:
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The Taylor series provides another way to distinguish linear and non-linear devices.
For a linear device, all the derivatives of its transfer function are zero, except for the
first order one.

where

Here it is assumed that the APL nonlinearity is dominated by the response of the
modulator, and that the other devices such as the photodetector are strictly linear
in the power level considered. Moreover the nonlinearity is limited to static weak
nonlinearities, which means the nonlinear characteristic of the modulator can be de-
scribed as Eq.5.23. When the input signal has the form of x(t) = xo + Acos(wt),
where w is the angular frequency of the modulating signal, A is the amplitude and
X is the bias voltage. Substituting this expression into the 5.23 up to the 3™ order,
the modulator response is expressed as:

f(t) ~ ag+ iapA%+ (alA + %a3A3) cos(wt) +
layA%cos(2wt) + taz A3cos(3wt) (5.24)

It consists of a DC component which is independent of frequency, the signal com-
ponent with frequency of w, and spurious component at frequency of 2w and 3w.
The spurious frequencies are an integer times w, which are known as harmonic dis-
tortion (HDs). However, a more common RF practice is often to use two equal-
amplitude sinusoids for characterising distortion: the input signal has the form
of x(t) = x¢ + A[cos(wyt) + cos(wat)]. Substituting this input into Eq.5.23 up to
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the 3"d-order, a similar form of Eq.5.24 is obtained using the trigonometric relation
cosacos B =1/2[cos (& — B) + cos (& + B)]

f(t) =~ ag+aA%+ (alA + a3A3) {cos(wt) + cos(wyt)}
+3ayA% {cos(2wyt) + cos(2wnt)}
+1a3A% {cos(3wyt) + cos(3wot)}
+ay A% {cos [(wy — wy) t] + cos [(w1 + wy) ]}
+3a3A% {cos [(2w; — wa) t] + cos [(2ws — wy) 1]
+ cos [(2wy + wz) t] 4 cos [(2wy + w1) t] } (5.25)

Here we limited the order to 3. It is evident that not only the harmonic terms for each
frequency are generated but additionally spurious components with two frequen-
cies also appear. They are referred to as the intermodulation terms. The 2"d-order
intermodulation distortion terms (IMD;) occur at the sum and the difference of the
modulating frequencies, while the 3"-order intermodulation terms (IMD3) occur at
the sum and the difference of twice of one frequency with the other frequency. The
components and coefficients listed in table 5.1 on page 75.



Chapter 6

Conclusions and
recommendations

6.1 Conclusions

The main objective of this research is to demonstrate a monolithically integrated
multi-wavelength transmitter. This work has achieved significant milestones in real-
izing an integrated photonic transmitter circuit with four channels, high wavelength
stability and narrow linewidth.

The development of the multi-wavelength transmitter (MWT) has been carried out
in the framework of an analog application operating in the telecom-wavelength
range. This led to a series of designs for (1) a novel Fabry-Pérot laser with on-chip
broadband multi-mode-interference reflectors (MIRs), (2) the multi-wavelength laser
(MWL) and (3) the multi-wavelength laser monolithically integrated with Mach-
Zehnder modulators (MZMs). The multi-wavelength lasers makes use of a filtered-
feedback design and demonstrates successful simultaneous operation on four chan-
nels. The integrated MZM with its corresponding electronics achieves a bandwidth
of 7GHz. With this work, a demonstration has been given not only of the feasibil-
ity of the design, but also of the great potential for implementation in real systems.
The filtered-feedback multi-wavelength transmitter here developed can provide a
much more compact solution for use in photonic analog applications, compared
to traditional optical transmitters based on discrete laser and modulator compon-
ents. And of course, the application is not only limited to analog links: this multi-
wavelength transmitter can be a good transmitter in digital systems as well. The
filtered-feedback MWL is therefore a good building block for any application that
needs a multi-wavelength narrow-linewidth source.

We now summarize the highlights of this research.
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Generic integration

The generic-integration platform is explored during the process of realizing the
multi-wavelength transmitter described in this thesis. The FP lasers with MIRs were
designed in the first trial run of an industrial generic InP-based integration process,
and fabricated in a multi-project wafer run. In this first trial run, the generic plat-
form started with the active-passive integration. Then in the following trial runs,
more building blocks such as phase shifters became available, which have been im-
plemented in our transmitter design. The successful realisation of our transmitter
device also demonstrates the success of the generic-integration concept.

Filtered feedback

Compared with the more traditional AWG-based lasers, the innovation of our multi-
wavelength laser is to use feedback from an AWG to select the desired lasing mode.
Instead of using the AWG as the wavelength filter inside the main laser cavity, it
is now used outside the main cavity. This configuration eliminates the complex-
ity introduced by an intra-cavity AWG, which causes extra loss and possible reflec-
tions inside the main cavity. The filtered-feedback concept reduces the threshold
current, reduces the linewidth of the laser and also enables easier integration with
other devices on the chip.

FP laser with MIR reflectors

In order to realize the filtered-feedback structure of the laser, a novel type of FP laser
using multi-mode-interference reflectors has been developed in this work. The MIR
is an on-chip reflector with a broadband reflection range which can be fabricated
within a standard active-passive integration process. Due to its simple fabrication
and by enabling accurate control of the cavity dimension, the FP laser with MIRs
will become very a promising building block for large-scale photonic integration.

Linewidth

The linewidth for our filtered-feedback laser is theoretically found to be smaller than
for a solitary laser without feedback by a factor of ~4 to 5 under a proper feedback
phase. It has indeed been observed that the filtered-feedback laser developed in this
thesis has a quite narrow linewidth (< 150 kHz) compared with usual DBR and DFB
lasers (~1 MHz).



6.2 Recommendations 93

Feedback stability

For a laser with feedback configuration, the introduction of delayed optical feedback
may cause instabilities to the laser like the undamping of relaxation oscillations and
coherence collapse. In this work, a theoretical and experimental investigation of
the stability of the filtered-feedback with an electrically controlled feedback phase
has been carried out. The good agreement between the experimental results of the
laser optical power spectrum and noise power spectrum, on the one hand, and the
theoretical study on the other hand, demonstrate our understanding of the stability
of the feedback laser.

Simultaneous lasing and transmitting

An important general requirement for the multi-wavelength device is that all of the
wavelength channels should be working stably at the same time. The four-channel
laser presented here satisfies this requirement. This laser can operate at the four
channels simultaneously, with an accurate wavelength spacing which is defined by
the channel spacing designed for the AWG, with an SMSR better than 40dB. The
transmitter made with a multi-wavelength laser and modulators also shows a good
simultaneous operation with RF cross-talk lower than —20dB up to a signal fre-
quency of 5 GHz.

6.2 Recommendations

While the work in this dissertation has yielded the proof-of-concept of the filtered-
feedback multi-wavelength transmitter, there are always improvements that could
be done to enhance the performance further.

1. In a real system, transmitters with more channels and multiplexed output sig-
nal are definitely required. Therefore, the four-channel transmitter needs to
be scaled to a larger number of channels by using an AWG with more chan-
nels. In this case, an additional AWG, or, in a different configuration, the same
AWG can be used to multiplex the modulated signals from all the channels, as
discussed in Chapter 2.

2. When we are moving towards high-density photonic integration with more
channels working at higher frequency, the crosstalk becomes a significant issue.
The distance between the modulators needs to be carefully designed in relation
to the working frequency to optimize the trade-off between the crosstalk and
the distance between the channels.
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3. With higher frequency, the driving circuit and sub-mount of the transmitter

need to be as close as possible to the modulator impedance to avoid reflec-
tion. Also a flip-chip bonding technique [118] is preferred to increase the high-
frequency performance of the transmitter.

. As known from Chapter 5, the link gain depends strongly on the optical power.

The optical power is always demanded to be higher. Increase of the optical
power can be achieved by adding an SOA in each channel between the FP
laser and the modulator. The SOA boosts the laser output power first, before
modulation. Moreover, by reducing the loss of MIR and adjusting the reflection
and transmission of the two-port MIR and the one-port common MIR the laser
output power could also be improved.

. In this thesis work, all optical signals on the chip are coupled by a lensed fibre

from the deeply-etched waveguide. The fibre-chip coupling loss is dominating
the optical loss of the whole photonic link. The use of a spot-size converter
can reduce the coupling loss while simultaneously improving the alignment
tolerances. The spot size has to be designed to match that of the pig-tail fibre
connection. Alternatively, the chip can be glued to an interposer chip with a
matched spot-size and which also provides low-loss coupling to the fibre.



Summary

Integrated Multi-Wavelength
Transmitter using Filtered-Feedback

The main objective of this research is to demonstrate a monolithically integrated
multi-wavelength transmitter. This work has achieved significant milestones in
realising the integrated photonic transmitter circuit with more channels, high
wavelength stability and narrow linewidth.

The development of the multi-wavelength transmitter has been carried out in the
framework of an analog application operating in the telecom-wavelength range.
This led to a series of designs for (1) a novel Fabry-Pérot laser with on-chip broad-
band multi-mode-interference reflectors, (2) the multi-wavelength laser and (3) the
multi-wavelength laser monolithically integrated with Mach-Zehnder modulators.

Compared with the more traditional AWG-based lasers, the innovation of our multi-
wavelength laser is to use the feedback from the AWG to select the desired lasing
mode. Instead of using the AWG as the wavelength filter inside the main laser cav-
ity, it is now used outside the main cavity. This configuration eliminates the com-
plexity introduced by an intra-cavity AWG, which causes extra loss and possible re-
flections inside the main cavity. The filtered-feedback concept reduces the threshold
current, reduces the linewidth of the laser and also enables easier integration with
other devices, such as modulators to form transmitters, on the chip.

In order to realize the filtered-feedback structure of the laser, a novel type of FP laser
using multi-mode-interference reflectors (MIRs) has been developed in this work.
The MIR is an on-chip reflector with a broadband reflection range which can be fab-
ricated within a standard active-passive integration process. These FP lasers with
MIRs are among the first integrated photonic devices that were fabricated using an
industrial generic integration technology. They are proven to be versatile building
blocks for large-scale integrated photonic circuits.
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By using the FP lasers with MIRs, the world’s first filtered-feedback multi-
wavelength laser was designed. A four-channel monolithically integrated filtered-
feedback laser has been successfully demonstrated with the four channels operating
simultaneously. The lasers show accurate channel spacing which is defined by the
channel spacing designed for the AWG, high sidemode suppression ratio (>40dB),
low threshold current (<16 mA) and narrow linewidth (<150 kHz). For a laser with
feedback configuration, the introduction of delayed optical feedback may cause in-
stabilities to the laser like the undamping of relaxation oscillations and coherence
collapse. In this work, stability of the filtered-feedback laser was investigated as
well. The theoretical and experimental investigation of the stability of the filtered-
feedback with an electrically controlled feedback phase has been carried out. The
good agreement between the experimental results of the laser optical power spec-
trum and noise power spectrum, on the one hand, and the theoretical study on the
other hand, demonstrate our understanding of the stability of the feedback laser.

Based on the good performance of the filtered-feedback multi-wavelength laser, the
integrated multi-wavelength transmitter was further developed. An array of Mach-
Zehnder modulators was connected to each laser channel respectively to form a
multi-wavelength transmitter. The DC performance of the filtered-feedback laser
with Mach-Zehnder modulators was presented and the nonlinear transfer function
of MQW based MZM was investigated. The modulator shows a V; = 41+0.1V
and ERpc= 20 &= 1dB. Furthermore, the performance of this transmitter in terms of
using it in an analog link was explored. The transmitter can fulfill the requirement
of smart antenna application operating at a frequency range of 2-5 GHz with an in-
trinsic link gain of —42 dB. As a multi-channel device, the transmitter also shows a
good simultaneous operation with RF cross-talk lower than —20dB up to a signal
frequency of 5 GHz. With this work, a demonstration has been given not only of the
feasibility of the design, but also of the great potential for implementation in real
systems.

The filtered-feedback multi-wavelength transmitter here developed can provide a
much more compact solution for use in photonic analog applications, compared
to traditional optical transmitters based on discrete laser and modulator compon-
ents. And of course, the application is not only limited to analog links, this multi-
wavelength transmitter can be a good transmitter in digital systems as well. Further-
more, the filtered-feedback MWL is also a good building block for any application
that needs a multi-wavelength narrow-linewidth source.
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