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Photonic Integrated Shot-reach

Transmitter for Optical Networks

Ankit Sharma

Abstract

Photonic integrated circuits (PICs) have garnered a lot of interest due to their ability to offer
reductions in size, weight and power, improved performance and stability over discrete
solutions. The biggest benefits of the implementation of PICs in telecommunication
applications are reaped in the cost sensitive short reach networks that include access and
datacenter networks. Passive optical networks (PONSs) that utilize optical fiber links to
provide the end-user connectivity, have become one of the predominant access network
options. The PON standards are steadily evolving due to the ever-increasing demand for
bandwidth. A relatively recent advance involves the use of wavelength division multiplexing
(WDM) together with the more common time division multiplexed (TDM) approach. This
format is known as time and wavelength division multiplexing (TWDM) and, while it
enables bandwidth growth, it places stringent technical demands on the optical components,
increasing the challenge of meeting the cost targets required in high-volume PON
applications.

To date, externally modulated lasers (EMLS) have typically been required to meet the
technical requirements of TWDM networks. However, EMLs are relatively costly when
compared with typical PON transmitters. Furthermore, they require more expensive and
higher power laser drivers. For these reasons, there is a lot of interest in a directly modulated
laser (DML) alternatives to reduce the cost and complexity of TWDM transceivers. A key
challenge with direct modulation is the frequency chirp imposed on the modulated signal. It
makes the signal more susceptible to fiber dispersion effects, which in turn limits the
transmission distance achievable by DML based transmitters.

This research thesis investigates the employment of multi-section PICs, designed to
enable direct modulation and achieve high bit rate and long-distance transmission. These
PICs, intendent of use in next generation optical access networks, are developed using a
regrowth-free fabrication technique. In this work, a detailed analysis and characterization of
a slot-laser is carried out. Subsequently, a few different PIC architectures are proposed,
realized and fully characterized. Finally, the characterized PICs are employed in transmission
tests to verify their suitability as PIC based transmitters for next generation optical access
networks.
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Chapter 1

Introduction

Humans have made astonishing progress in developing and realizing communications
technologies for connecting users globally. In the early eighteenth century (1849), the
invention of the telegraph [1] revolutionized communications, enabling fast local and
intercontinental communication. Telegraph machines could send and receive text messages
as an electrical signal mainly used for business and distributing news. After that, the
telephone was invented, which could transmit and receive human voice: electrical signals
flowing through copper wires. Fundamentally, early communications technologies used
analog signals and transmitted these signals via a twisted pair of copper cables, which was
the main medium used. In the late 20" century, with the development of the computer and
the internet, digital communication became the preferred approach for data transfer.

The need for faster internet services kept rising, and the communication industry
moved away from the “twisted pair” due to its high attenuation and limited bandwidth. The
use of fiber optic cables was preferred to deliver internet services as it overcame the afore-
mentioned limitations of coaxial cables. The fiber optic cable is a thin silica glass with a high
refractive index (core) encompassed with low refractive index glass (cladding) to enable total
internal reflection (TIR). In an optical communications system, the electrical signal is first
converted into an optical signal utilizing electro-optic converters and then launched into an
optical fiber. Due to the TIR phenomenon, light travels from one end to another without
experiencing significant loss. At the receiver, the optical signal is converted back to an
electrical signal to extract the original information. Hence, three fundamental components

are used in optical communication: an optical transmitter (source) to generate an optical



signal, an optical fiber to transmit the signal from source to destination, and a detector to

interpret the received optical signal.

1.1 Evolution of optical fiber and optical sources

This thesis provides an introduction to two of the vital pieces required for building

communications systems. For detailed information, the reader is referred to [2], [3] and [4].
1.1.1 Optical Fiber

The optical fibers are drawn from pure molten silica using several methods such as flame
heating [5], [6], laser heating [7], electrical heating [8], [9] [10]. There are two fundamental
types of optical fiber: multi-mode fiber (MMF) and single-mode fiber (SMF), and the main

difference is the core diameter size.

1.1.1.1 Multimode fiber (MMF)

In the early days of using fiber, MMF was manufactured and commercialized to transmit
optical signals. Typically, the core diameter of a MMF is between 50 um to 62.5 pum, which
has the benefit of low coupling loss. However, the transmitted information (optical pulse)
can be simultaneously supported by a number of electromagnetic (EM) modes. Each of the
EM modes can travel at a different velocity and reach the receiver at a different time resulting
in pulse broadening, which leads to distortion and interference effects [11], [12]. This
phenomenon is called modal dispersion [13]. As shown in the Figure 1.1.1, in MMF, the
optical pulse traveling in higher order mode (ray in red) arrives at the receiver later compared
to one traveling in a lower order mode (beam in blue), causing time domain spreading of the

optical pulse.

Multi-mode Fiber

(A)

Figure 1.1.1. Pulse propagation in multi-mode fiber.



1.1.1.2 Single mode fiber (SMF)

In a further development of fiber, the intermodal dispersion caused by multimode fiber is
resolved by narrowing down the diameter of the fiber core to between 4 and 10 pm [14],
[15], [16]. A narrow core of the fiber restricts the propagation of higher order modes whilst
allowing the transmission of the fundamental mode (as shown in Figure 1.1.2) and is hence
referred to as single mode fiber (SMF). In addition, a reduction in the core diameter also
affects the wavelength of operation of SM fiber. The relation between the cutoff wavelength

(Acutosy) Of fiber and fiber core diameter is given by equation 1.1.1, where a is the core

radius, n, and n, are core and cladding refractive indexes.

2'mra

Acutoff = m (Tl% - n%) 111

Therefore, the SMF allows optical signal transmission if the wavelength lies within the
wavelength band of 1260 nm to 1665 nm. For example, an SMF (G.652) having a =
4.2 ym, n; = 1.480 and n, = 1.475 exhibiting a cutoff wavelength of 1334 nm [13].

LA (A

Figure 1.1.2. Pulse propagation in SMF.

Single mode Fiber

(B)

It is important to note that SMF solved the problem of intermodal dispersion. However,
the propagation of an optical pulse in such fiber is still degraded by other effects such as
attenuation, dispersion (chromatic and polarization) and nonlinearity [3], [14], [17], [18],
[19], [20], [21].

6.3.2.1 Attenuation

Attenuation is a phenomenon where the optical power of a transmitted signal is reduced

while traveling through the fiber. It is predominantly caused by absorption and scattering of



photons in the optical fiber [22]. The attenuation coefficient of fiber (&) in dB is given by
equation 1.1.2 where P, is the received power and P; is the launched power.

P

agg = 10 -logqg (P_) 1.1.2
1

Attenuation introduced by fiber reduces the electrical signal-to-noise ratio (SNR) at
the receiver; hence, the maximum distance of transmission of optical signal, in systems
without optical amplification, is determined by the minimum signal power required at the
receiver. In the early days, the SMF transmission loss was as high as ~20 dB/km. However,
this has been reduced significantly ~ 0.2 dB/km. It is also important to note that the
attenuation experienced by an optical signal depends on its wavelength. Figure 1.1.3 shows
a plot of optical attenuation in dB/km as a function of the wavelength of optical signal in
silica fiber. The high attenuation peak between the wavelength ranges of ~900 — 1200 nm,
~1200-1300 nm, and ~1350-1420 nm due to absorption caused by water molecules in the
fiber.
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Figure 1.1.3. Fiber attenuation as a function of propagating wavelength in SMF.
Therefore, the regions with low attenuation are appropriate for optical signal transmission
and are divided into three wavelength bands ranging from 800-900 nm (first band),
1270—1350 nm (second band), 1480—1600 nm (third band). The wavelength band with the
lowest attenuation (~0.2 dB/km, wavelength between 1528—1565 nm), lies within C band,



and is suitable for long-reach optical communication. Within C band the wavelength ranging
from 1550 nm to 1560 nm is reserved for the RF and video overlay. The spectrum allocated
for the RF and video overlay carries the standard analog and digital for television. The video
services are delivered on 1550 nm wavelength in coexistence with other passive optical
network (PON) technologies. The video overlay running at 1550 nm suffers Raman cross-

talk between caused downstream data running at 1490 nm wavelength [23].

6.3.2.2 Dispersion

As mentioned earlier, the broadening of a pulse in time is known as dispersion, and in the
case of SMF, there are two types of dispersion: chromatic dispersion and polarization mode
dispersion. Typically, an optical pulse comprises multiple wavelengths that experience

different refractive indexes while traveling in the fiber. As the optical signal velocity depends

c (speed of light)

on the wavelength, according to the relation v = — ,
n (referective index)

different wavelengths

will travel at different speeds. Hence this effect is referred to as chromatic dispersion (CD).
The longest wavelength has higher velocity than the shorter wavelengths, thus it arrives
earlier at the receiver leading to a temporal broadening of the optical pulse. The schematic
in Figure 1.1.4 (a) shows the effect of CD on an optical pulse (containing different

wavelengths) traveling through fiber.
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Figure 1.1.4. Pulse broadening in SMF caused by (a) chromatic dispersion and (b)
polarization mode dispersion.




Another type of dispersion that occurs in optical fiber is polarization mode dispersion
(PMD) [24], [25], [26], [27], [28], [29], [30]. In SMF, the non-uniform distribution of
refractive index, known as birefringence [31], causes a signal in two polarizations to
propagate at distinct speeds. Hence, such a signal suffers polarization-dependent group delay
leading to temporal broadening of the pulse (as shown in Figure 1.1.4(b)). The temporal
broadening results in a transmission penalty in terms of bit error rate [32], [33], [34]. The
main factors causing PMD are non-perfect concentricity and inhomogeneity in fiber core,
stress/strain on fiber.

As mentioned, the optical signal travels into the fiber in two polarization states at
different speeds due to birefringence. The time delay between the transmission of signal
occurring in two polarizations is called differential group delay (DGD). The PMD in fiber is
defined by mean DGD and PMD coefficient A ..

Mean DGD = A t (ps) 1.1.3

At =Az.L 1.14

Another parameter that defines the PMD is the second order PMD delay (DGD.) and second
order PMD coefficient. The second order DGD is defined by rate of change of DGD with
respect to wavelength. The second order DGD further reduces the limitation imposed by CD.
However, high speed transmission is affected by DGD..

1.1.2 Optical sources

In the early days of communication, gas lasers were used as an optical source [35], [36], [37].
Later, light-emitting diodes (LED) were used mainly due to their smaller footprint and
enhanced energy efficiency [22]. The early optical communications system used LEDs that
emitted at a wavelength between 800 nm and 900 nm. With the advancement in
semiconductor technology and LED fabrication, emission at longer wavelengths of 1100 nm
to 1600 nm was achieved. However, the optical signal generated by an LED is incoherent
and suffers severe dispersive effects. Hence it is not suitable for long-distance

communications. Subsequently, the use of semiconductor lasers (SLs) as the optical source



enabled service providers to overcome the disadvantages of earlier light source. The main

advantages of SLs are:

X/

¢+ Coherent optical source — reduces the impact of chromatic dispersion.
¢+ High output power (>1 mW)

X/

¢+ Improved fiber (SMF) coupling efficiency due to low beam.
% An SL can be configured to lase at O to U band of fiber optic channel that
significantly reduce the optical attenuation.

The most commonly used semiconductor lasers in fiber optic communications
systems are: Fabry-Perot (FP) laser [38], [39], [40], [41], [42], distributed-feedback (DFB)
laser [43], [44], [45], [46], [47], distributed Bragg reflector (DBR) laser [48], [49], [50], [51],
and vertical-cavity surface emitting laser (VCSEL) [52], [53], [54], [55], [56]. The broad
spectrum of an FP laser, consisting of multiple resonant longitudinal modes, makes it
impractical for high-speed and long-distance transmission. A DFB laser is constructed with
an internal grating that enables single mode lasing. The wavelength of a DFB laser can be
varied over a small range (~ 2/3 nm) by altering operating temperature (typically 0.1 nm/°C)
and bias current (by changing the carrier density in the laser cavity). However, applications
requiring fast and large wavelength switching would use a distributed Bragg reflector (DBR)

laser or a variant of its structure.

1.2 Types of optical networks

The hair-thin fiber optic fabric infrastructure is designed to handle ultra-high speed data
traffic [57]. The optical broad-band network architecture that serves the internet consumer is
coarsely divided into three categories: core, metropolitan, and access network. The fiber
infrastructure of a core network, also known as the backbone network, connects and serves
various sub-networks. This is the highest speed part of the telecommunication system,
interconnecting cities and countries.

The core network is accountable for ultrahigh-speed routing and switching, acting as
a gateway for accessing other networks and providing high reliability. The metro optical

network is designed to cover a large area, typically several hundred kilometers. It acts as a



bridge connecting core (long-haul) to access (last mile) network. The access networks
connect subscribers to the service provider via core and metro network. Access networks can
be categorized in three ways: Wired, radio (wireless) and optical access network.
Asynchronous digital subscriber line (ADSL) [58], [59], [60] is a popular wired broadband
access network mainly designed for small businesses. ADSL is an entry level broadband
service provider that uses copper cables to provide broadband access hence it is very cost
efficient. However, the data rate of the ADSL in downstream and upstream is limited to 24
Mb/s and 8 Mb/s, respectively. Radio access networks (RAN) are designed to establish a
seamless connectivity with terrestrial devices [61]. RAN is capable of serving airborne and
fixed devices such as vehicles, mobiles, and drones via LTE, 3G, 4G, 5G and Wi-Fi [62],
[63], [64], [65]. In optical access networks, users are directly connected to service provider
via a fiber optic cable hence these services are labeled as fiber-to-the-home (FTTH) and
fiber-to-the-building (FTTB) [66], [67], [68], [69]. The fiber-to-the-crub (FTTC) and fiber-
to-the-node (FTTN) are established with hybrid connection of fiber and copper cables.

Data center

Data center

Core network

Metro
' network

ONU s\\
Radio access ((((‘ ’»))< ((((( )))))((« ))))) Access Splitter e é
netwg’km ‘ ‘ networks ’ g -g:.
o“\ o %

Optical access network

Figure 1.2.1. Categorization of optical networks.



All types of access network mentioned above establish long-haul or short haul
connectivity. However, this thesis deals with short reach network and thus we will be
focusing on optical access network. The passive optical network is a renowned technology
that establishes a shot-reach communication infrastructure for providing services to data

consumers.

1.3 Passive optical networks

The PON is a communication infrastructure that uses fiber optic cables to connect multiple
users to a single service provider for delivering broadband services. In a PON, the service
provider site and user endpoint are termed as optical line terminal (OLT) and optical network
unit (ONU), respectively. In general, the optical links established between the OLT and
ONUs are done so with passive optical components (as shown in Figure 1.3.1) and therefore

referred to as a PON.
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Figure 1.3.1. The typical architecture of a passive optical network (PON).

The optical-line-terminal (OLT), mainly handles the optoelectronic conversion of data,
network handling and multiplexing [70], [71], [72]. On the other hand, the optical-network-
unit (ONU) is the user endpoint of the optical access network that avails the services
delivered by an OLT. They are designed to be energy-efficient and low-cost, relying on
passive and low-cost optical splitters. In addition, the PON standards are designed with



backward compatibility in mind, providing an upgrade path for enhanced performance

without disrupting services already in place.

1.4 Multiplexing techniques for PON

In PONSs, there are three main technologies used to increase the channel capacity and handle
a greater number of subscribers: time-division multiplexing (TDM), wavelength division

multiplexing (WDM) and time and wavelength division multiplexing (TWDM).

1.4.1 Time-division multiplexing (TDM)

In TWDM the data packets destined for each user are assigned individual time slots (as
shown in Figure 1.4.1) and broadcast to all ONUs using a power splitter in downstream
operation [73]. Each signal contains the user address for correct reception. In the upstream
direction, each ONU is given a particular slot to transmit data. To avoid collisions between
data packets sent by different users, an accurate time synchronization control is required at
the OLT. This is particularly important, as the distances between the OLT and ONUSs vary,
resulting in different propagation delays.

To solve this problem a ranging technique [74] is used to calculate the exact delay in
transmission and the delay information is passed on to the remote terminal (RT) to enable an
adjustment of the time window [75]. Most of the commercial schemes in a PON such as
APON, BPON, EPON, and GPON use TDM for data transmission.

g A

Data flow

Figure 1.4.1. Simplified schematic to show the downstream operation of the TDM technique
employed in a PON.
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1.4.2 Wavelength division multiplexing (WDM)

WDM is a technique in which multiple optical channels, each at a different wavelength, can
be transmitted simultaneously over a single optical fiber. Figure 1.4.2 depicts a typical
architecture of WDM PON, where a unique wavelength for downstream and upstream
operation is assigned to each ONU for establishing a point-to-point (P2P) connection to OLT
[76], thus avoiding channel congestion. The wavelengths generated by the source at the OLT
are combined together using an optical coupler and transmitted over a single fiber. A P2P
connection between OLT and ONU enables full channel capacity so both can operate at full

data rate.

I

. An
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Figure 1.4.2. Simplified schematic diagram of downstream WDM technique.
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Data flow

Early WDM PONSs employed a coarse wavelength division multiplexing (CWDM),
with a 20 nm wavelength grid [77]. Such large channel spacings makes the WDM PON
immune to wavelength drift of the transmitters. As a result, they do not require thermoelectric
cooler (TEC), which lowers their cost and enhances energy efficiency. The drawback of the
CWDM is its poor spectral efficiency and limited number of available wavelengths.
Generally, the channel separation in the course WDM are limited [78], [79]. The number of
channels can be increased by reducing the spacing between wavelengths. An alternative
WDM scheme is dense WDM (DWDM) [80] and ultra-dense WDM (UWDM) [81], which
utilises a wavelength spacing less than 100 GHz. An immediate advantage of DWDM is the
extra number of channels that are available to connect more Early However, it requires a
narrow band filter and temperature-controlled laser source, resulting in an increased cost of
the system [82].

11



1.4.3 Time and wavelength division multiplexing (TWDM)

In TWDM PON architecture several wavelength channels are time multiplexed. It utilizes
the advantages of both TDM and WDM technologies that depict high channel capacity and
capable of serving vast numbers of users. The hybrid property of this architecture is cost-
effective and supports coexistence with other PON standards. In this architecture (presented
in Figure 1.4.3), multiple wavelengths are assigned for upstream and downstream data
traffic. AT OLT, a multiplexer combines all the wavelengths and launches into fiber

connecting to ONUSs.

r 3

S

>

Figure 1.4.3. TWD multiplexing technique.

A group of ONUSs form a cluster and each cluster is assigned a unique wavelength in
the downstream and another in the upstream direction. A power splitter separates the optical
signal and transmits to the cluster. Within a cluster, all the ONUs are time-multiplexed
together, with a fixed time slot assigned for each user. The use of power splitter for the
realization of TWDM PON increases the power budget. As mentioned, the ONU operates at
specific wavelength however the channel can be switched for the load balancing [83] in case
of congestion in the network. Hence, the ONU transceiver should be independently tunable

in wavelength.



1.4.4 Code division multiple access (CDMA) PON

In CDMA PON the OLT recognizes ONUs with the help of the Walsh code and PN sequence
[84] for multiplexing and demultiplexing. The advantages of CDMA PON are flexibility in
user allocation, offer variable bit rates, and robustness against unauthorized users. Figure
1.4.4 shows the architecture of CDMA PON. The wavelength of operation for transmission
in upstream and downstream direction are 1550 nm and 1310 nm [85]. In addition, all ONU
use identical upstream wavelengths. At OLT, the data bits are encoded by multiplying the
unique Walsh code and PN sequence and transmitted to ONUs after electro-optic conversion.
Thereafter, a power splitter distributes the signal to all ONUs. The ONU recovers the data
by multiplying the Walsh code and PN sequence used at the time of encoding to decode the
signal [86]. In upstream, the coded signal from all the ONUs are multiplexed and sent to the

multiple decoders of the OLT for data reception.
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Figure 1.4.4. Architecture of CDMA PON.
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1.4.5 Orthogonal-frequency division multiplexing (OFDM) PON

OFDM is a multicarrier technique, in which non-interfering orthogonal sets of RF
frequencies are modulated and multiplexed over a single channel [87]. An optical OFDM
signal is generated by modulating an optical carrier with the RF OFDM signal using an
optical modulator. This technique is considered for PON due to its efficient use of spectrum,
as well as the tolerance to chromatic dispersion. It can handle many users, especially in the
hybrid OFDM/TDM scheme. Figure 1.4.5 shows a basic architecture of an OFDM
transmitter and receiver. The transmitter and receiver require a real-time fast inverse fast
Fourier transform (IFFT) and Fourier transform (FFT), respectively. These algorithms can
be realised in real time using FPGAs. However, the size of the FFT is limited by the number
of logical gates. In addition, the system also requires high speed digital to analog converter
(DAC) and analog to digital converter (ADC). However, FPGAs, high speed DAC, and ADC
are expensive and energy-consuming components. Moreover, the OFDM system also suffers
from the problem of synchronization and peak to average ratio. The loss in carrier frequency
synchronization may lead to loss in data signal. Furthermore, the OFDM transmitter
multiples the carrier frequency by scaling factor that increases the peak to average ration.
The signal with high peak to average ratio suffers nonlinear distortion when it passes through
the amplifier at the receiver.

OFDM Transmitter OFDM receiver
Constellation Channel De
Mapping — L . L g B I FrT - Equalization modulation

Figure 1.4.5. A simplified block diagram of an OFDM transmitter and receiver.
1.5 Evolution of the passive optical networks

The PON standard has undergone several changes as shown in Figure 1.5.1. The quest of
providing higher bandwidth has been the main driver for these modifications. On-off keying

is the commonly used modulation technique adapted by each standard. However, each
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standard differs by downstream and upstream data rate; therefore, various generations can

share the deployed optical infrastructure, with minor alteration and addition of components.

1985 1999 2004 2015 2016 2019

NGPON1

ITUT G.983 ITUT G.983 ITUT G.984 ITUT G.987 ITUT G.983 ITUT G.989.2

622/155 Mbps [l 622/155 Mbps [l 2.5/1.25 Gbps 2.5/10 Gbps 10/10 Gbps 40/10 Gbps

Figure 1.5.1. Evolution of the passive optical network architecture.

1.5.1 APON/BPON

Asynchronous PON (APON) was introduced as the first passive optical network, and it used
multiplexed asynchronous transfer mode protocol (ATM). ATM uses asynchronous time
division multiplexing to connect multiple users with P2P links [88]. In an early realization,
the architecture had a P2P connection established by connecting N transceivers of the OLT
to N transceivers of the ONU through N x L length of fiber (Figure 1.5.2). Later, a remote
switch was used in the middle of the OLT and ONU to reduce the excessive use of fiber.
However, this technique proved to be quite complex and expensive because it required 2N+2

transceivers to connect N users.

Figure 1.5.2. APON/BPON passive optical network (a) P2P connection and (b) P2P
connection with reduced fiber length.
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In APON, the data is divided into small, fixed size packets to transmit
asynchronously to the ONUs [89]. Later, APON was upgraded to Baseband PON (BPON)
by introducing wavelength division multiplexing (WDM) to establish a P2P link [88]. In
addition, BPON had the capability to allocate the bandwidth according to the need of the
end-user. BPON could achieve data rates of 155 Mbps upstream and 622 Mbps downstream,

which enabled it to support services such as video, voice, and Ethernet access.

1.5.2 EPON

Despite the use of multiple wavelengths, BPON failed to deliver services such as high-
quality video and high-speed internet to a large number of users. Ethernet passive optical
network (EPON) was introduced to overcome these limitations. Figure 1.5.3 shows a typical
network architecture of EPON. It uses the frame format to support point to multipoint
connection. A single optical fiber connects the OLT to a passive optical splitter to reduce the
length of optical link required to connect to multiple ONUs. The EPON encapsulates the data
in the form of Ethernet frames and the later advancements in the protocol gave it the
capability to handle voice, data, and video [90]. The EPON data packet contains a sender’s
and receiver’s address to auto resolve the source and destination. EPON works in full-duplex
mode and is based on IEEE802.3 standards which define the medium sharing using carrier
sense multiple access with collision detection (CSMA/CD). The EPON evolved from
providing 100 Mbps point-to-multipoint (P2MP) links (based on IEEE802.3-ah standard) to
10 Gb/s P2MP using the IEEE802.3-av standard [91].

—>
me
ONU
—>

ONU USER 2

|||| eadcy -ch ONU : USER 3

Figure 1.5.3. Schematic of a typical EPON network architecture.
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1.5.3 GPON

The ever-increasing demand for higher data rates led to the development of the gigabit
passive optical network (GPON), which was standardized by International
telecommunication union (ITU) as G.984.1, 2, 3, 4, and 5. Figure 1.5.4 illustrates the
architecture of a basic GPON system. Here, a traffic handler accepts the upstream data and
the OLT performs the traffic scheduling, buffer control, and bandwidth allocation. Users are
connected to an optical distribution network (ODN) that can support up to 64 users with a
fiber length of up to 20 km. A user network interface (UNI) works as a bridge between the
users and the ODN. The user’s equipment connected to the ONT can be a setup box, personal
computer, phone, etc. The GPON was mainly designed for handling voice, internet, video,
and high-definition television (HDTV) services. GPON system uses two wavelength bands:
1230—1360 nm is allocated for the upstream and 1480—1500 nm for the downstream
transmission. The major advantage of the GPON is its tree structure, which can support up
to 64 users, who access the network with the aid of TDM. GPON uses an identical protocol
for the upstream and downstream link, with the transmission rates highlighted in Table 1.5.1.
In GPON the commonly used data rate to deliver FTTH services is 1.2 Gb/s upstream and

2.4 Gb/s downstream [92], [93].
UN
S

ExEl
— \

Figure 1.5.4. GPON architecture.

e o o o

Upstream Downstream
155 Mb/s 1.2 Gb/s
155 Mb/s 2.4 Gbls
622 Mb/s 2.4 Gb/s
1.2 Gb/s 2.4 Gbls
2.4 Gb/s 2.4 Gh/s

Table 1.5.1. Implemented upstream and downstream data rates in the GPON architecture.
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1.5.4 XGPON1

XGPONL1 was introduced as an upgrade to enhance the data speed up to 10 Gb/s in the
downstream operation and extend the number of users. It is based on the G.987 ITU-T
standard and gained popularity over GPON because of its simplicity and cost-effectiveness.
The XG-PON infrastructure is merged with the GPON network without affecting the existing
GPON subscribers [94]. Figure 1.5.5 shows the architecture of a typical XGPON system. In
the architecture, simple or complex optical distribution networks (ODNSs) are used to extend
the number of users. In the simple architecture, a power splitter is used to connect multiple
ONUs. On the other hand, in the complex ODN, a reach extender (RE) is used to compensate
high splitting loss [95]. The RE comprises an optical amplifier and a repeater that allow for
an increased link budget. However, since these are active components (energy consuming)
this architecture is usually classified as a quasi-passive network. Figure 1.5.5 shows how the
split ratio can be extended from 1:n to 1:p with the help of two REs. XGPON uses two
wavelength bands: 1575 - 1580 nm for downstream and 1260 — 1280 nm for upstream
transmission. It offers an asymmetric TDM PON by supporting downstream bit rates of 10
Gb/s and upstream bit rates of 2.5 Gb/s. However, multiple XGPON systems can be
multiplexed in a single fiber using dense WDM, named DWDM/XGPON to increase the data
rate further [96].

The DWDM uses closely spaced wavelength channels that allows operation of a large
number of channels in the assigned band. Hence, the DWDM /XGPON requires highly stable
drift free light sources, which are relatively expensive [97], [98], [99]. Apart from high
channel capacity, XGPONL1 also provides secrecy in data communication. The XGPON
offers secure communication by using encryption technique and user authentication method
[100]. XGPONL1 upgrades to offers symmetrical transmission rate of 10 Gb/s in upstream

and downstream direction in coexistence with XGPON1 and named as XGPONZ2.
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Figure 1.5.5. XGPON network architecture with reach extender (RE).

1.5.5 NGPON1

In this architecture, the XGPON1 and XGPON?2 are collectively implemented and referred
to as the next generation passive optical network-1 (NGPON1). Multiple XGPON1 and
XGPONZ2 services running on different wavelengths over a single fiber implements
NGPONL1 architecture. NGPONL1 uses forward error correction (FEC) and to accommodate
the additional redundancy the downstream and upstream data rates of XGPON2 are reduced
from 10.3125 Gb/s and 2.577 Gb/s to 9.985 Gb/s and 2.488 Gb/s, respectively. For the
transmission and reception of 10 Gb/s signal NGPONL1 requires high-speed transmitter and
receiver at the user end, which adds cost at the time of upgrading the system. In addition, the
NGPON1 supports split ration from 1:128 to 1:256. Hence, NGPONL1 requires power budget
from 29 dB to 31 dB [101].

1.5.6 NGPON2

In 2015, the TWDM was standardized as a fundamental architecture for a 40 Gb/s capable
passive optical network-2 (NGPONZ2). It supports both a point-to-point and a point-to-
multipoint link between the OLT and ONU [83]. The proposed architecture for the next
generation passive optical network-2 (NGPONZ2) standard is shown in Figure 1.5.6, which
essentially enables a low-cost implementation by replacing the ODN components. Here, the
optical link is split into two parts: the OLT to ODN connection and subsequently the ODN
to ONU/s links. The spectrum allocated for the NGPON2 allows for the coexistence with
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deployed and in-service GPON, XG-PON, radio frequency video overlay for the distribution
of digital and analog TV signal over FTTH as illustrated by Figure 1.5.7.

The wavelength plan for upstream and downstream operation is shown in Table 1.5.2.
To implement a 40 Gb/s downstream link, 4 wavelength channels selected from the
downstream wavelength band, each carrying a data rate of 10 Gb/s, are used. Similarly, 4
wavelength channels, within the upstream band, to realize the upstream connection with per
channel transmission rates of 2.5 Gb/s and 10 Gb/s [102] are used. In the NGPON2
architecture, the allowed spacing between the four wavelengths selected for the upstream
and downstream is 50 GHz, 100 GHz, and 200 GHz.

10 Gbps

10 GbEs

10 Gbps

10 Gbps

2.48 Gbps
_

2.48 Gbps
_

2.48 Gbps

2.48 Gbps

Figure 1.5.6. NGPON2 network architecture.
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Figure 1.5.7. Wavelength plans for passive optical network architectures.

Downstream Upstream
Wide band option 1524 nm — 1544 nm
1596 nm — 1603 nm Reduced band option 1528 nm — 1540 nm
Narrow band option 1532 nm — 1540 nm

Table 1.5.2. Wavelength plan for NGPONZ2 standard.
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1.5.7 G.HSP (50-G PON)

ITU-T standardized G.9804.3 in 2022, also called 50-G PON or high-speed PON (HS-PON),
can deliver 50 Gb/s downstream and 25 Gb/s in the upstream direction. Unlike NGPONZ2,
50-GPON uses single wavelength channel and TDMA multiplexing technique to connect
users [103]. In 50G-PON, the downstream and upstream wavelength channels lie in the O
band. Previous standards such as GPON and XGS-PON are already running in the O band
hence 50-G PON does not allow coexistence with it. In comparison to NGPON2, the
architecture of the 50-G PON is designed to serve users over upto 60 km with a minimum
split-ratio of 1:256. It is also important to note that the 50-G PON needs a very high-power
budget to support a 1:256 split ratio. Hence, the OOK modulation scheme is considered for

implementation [104].
1.6 Challenges for high-speed PON

1.6.1 Capacity crunch

The number of subscribers and the volume of traffic flowing through PONs continues to
increase. In a recently published statistics it is estimated that the number of users and growth
in global internet has increased to 7.9 billion and 1,416 %, respectively [105]. This puts huge
pressure on the network infrastructure, making it difficult to meet the service requirements
and forcing the network operators to invest in new technologies. A significant effort has been
put into enhancing the channel capacity of the existing fiber infrastructure for enabling large
data transfer at high speed. The Figure 1.6.1 shows the trend of channel capacity depicted by
various multiplexing technique and forecast up to 2030. For example, WDM offered multiple
wavelengths with each one offering itself as a high-speed link to carry vast amounts of data.
Later, the channel capacity in SMF was further increased by using dense WDM (DWDM)
[82]. However, the maximum transmission capacity of 1-10 Th/s is achievable in SMF using
WDM technique with space division multiplexing [106]. The transmission capacity limit can

be extended up to 100 Th/s by using higher order modulation techniques such as pulse
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amplitude modulation (PAM), quadrature-phase shift keying (QPSK), 16-quadrature-
amplitude modulation (QAM), etc. As per the trend, the channel capacity of the optical link
needs to be increased by 40 % every year and the service providers would have to deal with
the problem, known as capacity crunch.
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Figure 1.6.1. Trend of channel capacity [107].
1.6.2 Data rate limit

In On-off keying (OOK) modulation technique the intensity of optical signal directly
modulated by a time varying electrical signal (data signal). As mentioned earlier, an optical
pulse suffers broadening while traveling through fiber due to dispersion. Hence, to avoid
overlapping of pulses for a specific fiber length and modulation rate, the broadening of the
pulse must be at most 10% of initial pulse width [22]. The maximum rate of modulation
supported by single-mode fiber is given by
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tT = \/(tmod)z + (tCD)Z + (tPMD)Z 161

Where, tmoa = 0 for single mode fiber 1.6.2
tCD = DCD X L X A)\ 163
tPMD == DPMD X \/Z 164

Dcp is chromatic dispersion, L is length of SMF, AA is spectral width of the optical

signal, and Dpyp is the polarization mode dispersion. The chromatic and polarization mode

dispersion depicted by a SMF fiber are 17 ps/nm - km [108] and 0.2 ps/vkm, respectively.
The maximum modulation rate using OOK scheme can be calculated by Eq (1.6.1). The
highest modulation rate supported by a 50 km SMF transmitting OOK modulated optical
source of 0.01 nm linewidth is ~11.6 Gb/s [22]. The equation 1.6.1 also represents the
inverse proportionality between modulation rate and length of transmission, which means
the transmission length decreases with an increase in the modulation rate (or data rate in case

of an OOK modulation scheme).

1.6.3 Wavelength stability

The transmission capacity of SMF over a single wavelength (channel) using TDM is limited
to ~40 Gb/s because of the limitation of high-speed electronics, and to increase the data rate
further number of channels need to be increased [109]. The limitation can be overcome by
using optical time domain multiplexing (OTDM) [110]. However, the speed of the OTDM
is limited due to distortion in optical pulse caused by chromatic dispersion [111]. The channel
capacity can further be enhanced by using WDM system that offers data transmission over
several channels multiplexed and transmitted through fiber. An array of lasers emitting
closely spaced wavelength acts as a WDM source [112]. The operating condition of the laser
is highly sensitive to thermal change. As mentioned in the section 1.1.2, the emission

wavelength of the laser depends on the operating temperature. Hence, the change in operating
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wavelength can lead to a misalignment with the passband of the demultiplexer which in turn
may result in performance degradation or failure. The temperature instability can be tackled
by using a closed-loop temperature controller that maintains the operating temperature of the
lasers. In addition, the wavelength drift can be minimized by using wavelength-monitored

temperature controller [113] and wavelength referencing and locking schemes [114].

1.6.4 Wavelength tunability

Ina WDM PON, the wavelength-tunable optical source plays a vital role in coping with the
issue of channel congestion by load balancing [115]. In this technique, the OLT generates
several wavelengths and assigns a dedicated wavelength to each ONU. In load-balancing,
the OLT allows the ONU to change from heavily congested to less busy wavelength channels
to avoid congestion, both in the upstream and downstream operations [116] [117]. To this
effect, the OLT and ONU are equipped with a wavelength tunable laser and filter to enable
wavelength switching in NGPONZ2 architecture. In addition, the channel switching time is
critical for avoiding congestion and providing a seamless service [102]. However, a
transceiver manifesting wavelength switching and rapid tunability requires sophisticated

electronics that increase the cost of the system.

1.6.5 Power budget and split ratio

The power budget is the maximum loss a data link can tolerate without using a repeater to
maintain the quality of service. Generally, there is also an allowed minimum link loss to
avoid overloading of the detector (detector saturation). A safety margin is considered to cope
with ageing and any temporal variations in the system performance. The typical value of the
safety margin is 8 to 10 dB [22]. The link budget can be determined by the equation 1.6.5.

Py =Py + (ayc + ) - L+ ag, + D, + M,(dB) 1.6.5
Where P;, Py, af, @j, as,, D, My are the average input power at the receiver (minimum

value determined by the detector sensitivity), the average output power at transmitter, fiber
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attenuation, splice loss, split loss, dispersion equalization penalty, and safety margin,
respectively.

The leading cause of signal loss in an optical link is attenuation imposed by fiber and
the splitter. The loss can be compensated either by increasing the launch power or using a
repeater in the fiber link. However, increasing the fiber input power may cause nonlinear
effects, resulting in a crosstalk between neighboring wavelength channels (in WDM) [118],
[119], [120]. Hence, the power level of the optical signal must be optimized to keep the
nonlinear effect negligible. On the other hand, the use of repeaters or an optical amplifier (an

active component) makes PON less energy- and cost- efficient.

1.6.6 Coexistence of different PON generations

It is critical that the newly introduced PON standards support backward compatibility. This
allows for an installation of multiple PON technologies over the same fiber infrastructure
and migration between different generations without service disruption. As mentioned
earlier, each PON technology uses a unique wavelength band; hence, all PON services can
be multiplexed using one or more wavelength multiplexers. For example, the fiber link
supporting GPON, XG-PON, and XGSPON also facilitates NGPON2.

1.7 Role of photonic integration in PON design.

Photonic integration is a technique of interconnecting photonic components (laser,
modulator, detector, etc.) on a single substrate to form a functional circuit. Photonic
integrated circuits (PIC) bring benefits such as miniaturization, reduced energy consumption,
reduced optical coupling losses, protection from thermal variation and electromagnetic
interference, and ultimately, the cost of the system.
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Figure 1.7.1 Basic architecture of an optical transceiver.

The transmitter and receiver are elementary components of all communications
technologies. In the PON system, an OLT and ONU are equipped with an optical transmitter
and receiver for sending and receiving an optical signal. The fundamental architecture of a
transmitter consists of an optical source followed by a modulator and a wavelength
multiplexer/demultiplexer to support WDM. A DFB, FP, SGDBR, and DBR lasers could all
be considered as potential photonic integrated optical sources. In terms of the modulators,
the electro-absorption and Mach-Zehnder modulators are the preferred candidates. Similarly,
arrayed waveguide gratings are the most common (de)multiplexing components. Finally, a
photodetector (PIN and APD) can be easily integrated within the receiver. All photonic
components can be arranged and integrated in a single chip to realize an optical transceiver
as shown in Figure 1.7.1.

As this thesis is focused on implementing the transmitter for short reach application,
photonic integration plays a crucial role in fabricating a small-sized cost-effective optical
transmitter. Generally, the photonic integration of optical components such as laser,
modulator, optical waveguides, etc., differ in epitaxial composition requires multiple steps
for fabricating a transmitter. However, regrowth-free fabrication offers minimized steps of

fabrication that allows fast manufacturing of chips at a very low cost.
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1.8 Conclusions

In this chapter we discussed the issue of growing demand of superfast and seamless
connectivity to large number of users in the access network. This issue has been sustained
for the past several years and optical network architecture has undergone several changes to
solve the problem of capacity crunch. In the access network sector, the PON sustainably
upgraded for providing increased data rates to end users without interrupting previously
running technology. All proposed PONSs, such as APON/BPON, EPON, GPON, XG-PON,
and NGPON1, have supported coexistence and used previously deployed optical
components. Recently, a newer architecture, NGPONZ2, has been standardized to solve issues
of high bandwidth demand and increasing number of users. It supports the backward
compatibility with previous standards and allows easy upgrades. The requirements and
specifications for NGPONZ2 technology have been finalized and documented by ITU-T as
Rec. G.989.2 (02/2019). The main goal of the thesis is to design a cost-effective optical
transmitter in a small footprint for NGPON2 architecture. Photonic integration technology
together with regrowth free technique can play a vital role in realizing an optical transmitter
for the NGPON2 architecture. As the laser is a as a crucial part of an optical transmitter, in

the next chapter, the design technique, optimization, and fabrication are discussed.
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Chapter 2

Design and characterization of regrowth-
free laser

2.1 Introduction

The previous chapter delves into the evolution of PON architectures designed to deliver high-
speed data and services. However, the previously deployed PON technologies like EPON,
GPON, XGOPON, and XGSPON, operating concurrently, need help to keep up with the
increasing demand for data traffic and number of subscribers. A more advanced architecture,
NGPON2, has been introduced to address this challenge. NGPONZ2 is designed to coexist
with the existing PON standards seamlessly and allows straightforward upgrades to meet the
growing bandwidth demands and cater to a large user base. As previously mentioned, the
NGPONZ2-specific optical transmitter needs to be cost-effective and compact in design,
which can be achieved through photonic integration techniques.

The process of photonic integration, which combines small-sized optical components
like lasers, modulators, and detectors, has emerged as an economically efficient approach to
manufacturing transmitters. Among these components, the laser, which acts as the source of
optical signals, plays a pivotal role in optical transmitters. DFB, DBR, and SG-DBR lasers
are popular optical sources available in integrable packages. However, the fabrication of
these lasers involves several intricate steps, including lithography, etching, and regrowth,
making the process time-consuming and less cost-efficient [121]. Single mode Index-Pattern
Fabry-Perot (IP FP) lasers can be a viable replacement for DFB or DBR lasers that simplifies
the fabrication and photonic integration [122], [123], [124]. The IP FP laser can be realised

using a low-resolution photolithography and requires few fabrication steps [125]. Such lasers
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exhibit similar characteristics to DFB and DBR lasers but also portray a low linewidth and
high side mode suppression ratio (SMSR) [126]. Furthermore, they support regrowth-free
fabrication offering merits such as minimized fabrication cycle and development time, and
substantial cost reduction [127], [128], [129], [130], [131]. So, in this chapter we describe
the step-by-step procedure for the design and optimization of a single mode IP FP laser.
We begin by utilizing an open-source software tool called “modesolver.py” [132] to
identify the optimal width of the ridge. Subsequently, we turn our attention to the design
parameters of the slot reflectors, which are generated by the periodic index pattern on the
ridge waveguide. The characteristics of IP FP laser, such as threshold, SMSR, and linewidth,
are critically dependent on the design parameter of the slot reflectors. In our simulations,
using an open-source software “CAvity Modelling FRamework (CAMFR)” [133], we
meticulously examine the impact of slot width and depth on the reflection coefficients. We
then extract the reflectance band of the slot grating while varying slot widths. Subsequently,
the gain characteristics of the material (used to fabricate the laser) are determined. Once the
vital design parameters such as the ridge width, net modal gain, and reflection coefficient are
determined, we employ a rate equation model to assess the laser’s performance, using slot
width as the control parameter. Finally, we conduct experimental characterization and
performance comparison on IP FP lasers fabricated with distinct slot widths. To validate our
findings, we compare the rate equation simulation model results with those from the
experimental characterization tests, obtaining the best-performing laser variant.

2.2 Design of regrowth free laser

As previously mentioned, the IP FP laser offers the advantages of regrowth-free fabrication.
There are two primary methods for implementing the IP FP laser using regrowth free
fabrication technique: lateral patterning [134], [135], [136], [137], [138], [139], [140], [141]
and vertical patterning [142], [143], [144], [145] of the refractive index on the ridge
waveguide. In this discussion, our emphasis is on the implementation of IP FP achieved
through the vertical patterning of refractive index on the ridge waveguide. In this design, a
gain section can either be positioned between two slot-based reflectors [146], or
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alternatively, between group of slots and a reflective coated facet [147]. We focus on the
design of IP FP where the gain section is placed between a group of slots and a reflective
coated facet. Figure 2.2.1 provides a step-by-step visual representation of fabrication cycle
of IP FP laser.

The fabrication commences with the selection of a standard wafer grown on an InP
substrate, exhibiting a spectral peak at 1545 nm, as depicted in the three-dimensional
structure of the wafer. The wafer comprises a five quantum well active layer, with a p-doped
AlGalnAs layer on top and an n-type AlGalnAs layer at the bottom, as illustrated in Figure
2.2.1(a)). The effective refractive indices for the p-type, active region, and n-type layers are
1.53, 3.28, and 1.68, respectively. This configuration places a high refractive index layer
between two layers with lower refractive indices. This arrangement is crucial as it effectively

confines the optical emission field of the laser along the z-axis.

Rle wauide Ridge waveguide %

N-Type N-Type
InP Substrate InP Substrate

P-Type
N-Type
InP Substrate

Ridge waveguide 7
e —

N-Type
InP Substrate

| Contact pad formation |

(d)

Figure 2.2.1. Fabrication steps for implementing a laser using regrowth free technique.

In the fabrication process, a ridge structure is created on the upper P-layer, as depicted
in Figure 2.2.1(b). This ridge structure effectively confines photons within the active region
along the x-axis, resulting in two-dimensional photon confinement on the z-x plane. This
confinement forms an optical mode, illustrated in Figure 2.2.2. Subsequently, reflectors are
introduced at both ends of the structure. To achieve this, slots are formed into the ridge
structure at one end using photolithography and an etching process with precision of ~0.1

nm, as shown in Figure 2.2.1(c). These periodically etched slots, according to the Bragg
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wavelength [148], play a critical role by reflecting a specific wavelength back into the active
region, thereby functioning as reflectors. The second reflector is facilitated by applying a
high-reflective coating to the rear facet. Finally, an anti-reflective coating is applied on the
front facet, as shown in Figure 2.2.1(d). Metal contact is then grown through a metallization
process to complete the structure. This sequence of steps is fundamental to the laser's

functionality and optical properties.
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Figure 2.2.2. The cross-sectional view of two-dimensional confinement of optical mode, V:
vertical and H: horizontal.

The width of the ridge plays a crucial role in optimizing the efficient transfer of
optical power into a single-mode fiber. To identify the ideal dimension for fabrication, we
conducted an analysis of the mode field distribution pattern across various ridge widths. For
this analysis, we employ modesolver.py, an open-source Python-based simulation tool.
Through this process, we determine the ridge width that offers the best confinement of the
optical field within the waveguide.

Subsequently, we proceed to create the reflectors on the waveguide by etching a
pattern of slots onto the ridge. Using another open-source simulation platform, CAMFR, we
extract essential data, including the reflection coefficients and reflectance bands, for a range
of slot widths. These estimations are of paramount significance in the laser's design and will

be explored in greater detail in upcoming sections.
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2.2.1 Optimization of ridge width

As mentioned earlier, the ridge structure fabricated on top layer confines the optical modes
along x-axis. A shallow etched ridge waveguide, fabricated on the top layer by an etching
process, results in optical confinement in the horizontal direction (x-direction). Figure
2.2.3(a) depicts a ridge structure of width W, where the material is removed along z-direction
up to a depth of H by etching. The width (W) and etch depth (H) must be optimised to allow
coupling of the fundamental mode between the active layer and the ridge, while suppressing
the higher order spatial modes. The reason for minimizing the intensity of the higher-order
modes in the waveguide is to minimize the coupling losses to single mode fiber and reduce
the threshold for the fundamental mode that contributes to lasing. For optimization of W and
H, the 2-dimensional (2-D) full vectorial algorithm solving a Laplace equation
(modesolver.py) is employed [149], [150]. The solver returns the transverse optical modes
with their respective E-field distribution on the cross-sectional area of the waveguide. The
ridge waveguide structure is constructed by defining the thickness of layers, refractive index
profile, W and H. For the shallow etch ridge waveguide, the value of H is chosen as 1.35 pum
[151] because it is the maximum allowed etch depth for the chosen wafer. However, the
optimization of W can be performed for any suitable value of H. The angle of the side walls

of the ridge is defined as 80° (as shown in Figure 2.2.3(a)) to account for fabrication errors.

N = 3.1529 ‘ P-type
nr=3.2827 0.21 um Active region

n,; = 3.2827 t 10_94 um N-Type

(a) " (b)

Figure 2.2.3. (a) Three- dimensional view of ridge waveguide structure and (b) definition of
structure in the software to solve supported modes.
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The optimization of the ridge width is carried out by performing the simulation for
various values of W. While the solver provides the solution for all the modes supported in
the waveguide, we consider only the first three modes (TEoo, TEo1, and TEo.) for the
optimization process. This is because a significant amount of the total optical power (~95 %)
is distributed in these modes. Figure 2.2.4(a), (b), (c), and (d) shows the plots of the power
distribution pattern (|E|?) for the first three TE modes for three different values of ridge
width. In the case of W =4 um, the higher order modes, TE1o and TE2o, are seen to be coupled
into the ridge waveguide. The power of TE1w and TEz0 modes coupled to the waveguide
decreases as W is reduced to 2 um. Hence, the mode TE1o and TE2 doest not contibute to
the lasing due to the low coupled power. In addition, the power of TE1o and TE2 coupled
into the ridge is suppressed further for W = 1 um. However, the coupled power of the
fundamental mode also reduces, as can be seen in Figure 2.2.4(e), (f), (g). The primary reason
for the reduction in the coupled power is the leakage of the electric field outside the ridge
waveguide due to scattering loss [152]. As shown Figure 2.2.4 (g), the peak power of the
TEoo mode coupled into the ridge is highest in the case of W = 2 um, while the higher order

modes are suppressed. Hence, a 2 um wide ridge is chosen for design and fabrication.
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Figure 2.2.4. The power distribution patterns in TEqo, TE10 and TE2 modes for (a) W = 4
pum, (b) W =3 um, (¢c) W = 2 um, and (d) W = 1 um respectively, and the comparison of
power level (arbitrary unit) of the TEoo mode for the varying ridge widths (e) W = 4 um, (f)
W=3um,(@QQ W =2pum,and (h) W =1 um.
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2.2.2 Optimization of surface grating

The performance of the reflector section (slot grating) is studied, as the next step. The slot
grating is implemented by periodically etching slots on the ridge waveguide, as shown in
Figure 2.2.5. These slots create a discontinuity in the refractive index that causes wavelength-
specific reflections of the electromagnetic wave, and therefore contribute to the wavelength
selectivity of the resonant modes in the laser cavity. The reflection coefficient of the grating
depends on the geometry (slot width and depth) and the number of slots. In addition, the
wavelength selectivity is controlled by the spatial period between the slots and can be

determined by Bragg’s equation given in Equation 2.2.1.

k-2
— _ "Bragg 291
2 'neff

Where A, k, Agragg: Degr are the grating period, period order, Bragg peak wavelength, and
effective refractive index of the grating respectively. The effective refractive index (nss) of

the grating is obtained from the simulation discussed in the previous section and is calculated
as ~3.19.
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Figure 2.2.5. Schematic of the design of slot reflectors. Here: A is the grating period, Sw is
slot width, and Ssis slot spacing.

The perfomance of the index-pattern laser relies on the slot reflector hence, the slots
need to be carefully patterned on the ridge waveguide. Before patterning slots the slot width,
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depth, and perriod need to be detrmined carefully. Several methods have been proposed to
simulate the performance of slot reflectors [153], [154], [155], [156], [157], [158], [159]. We
use an open-source CAMFR to carry out the analysis and estimate the behaviour of the slot
reflectors. The grating is realised as a 1-D slot structure created by defining the thickness of
layers (p-type, active region, and n-type), slot width (S,,) and slot spacing (S) (as shown in
Figure 2.2.5), and period A defined as A = S, + Ss. The period of the slot grating, calculated
by setting the grating order at k = 42, Agrag; = 1545 nm (as the spectral peak of the
material is at 1545 nm), results in a value of ~10.17 um. The period order of 42 provides a
36.8 nm free spectral range which leads to successive Bragg wavelengths at 1508.2 nm and
1581.8 nm (peaks a and c in Figure 2.2.7). The net modal gain at 1508.2 nm and 1581.8 nm
are much lower than 1545 nm and does not contribute in lasing. Thereafter, the reflection
and transmission coefficients are extracted for 8, 10, and 12 cascaded slots by varying
Swwhile keeping the period constant. Figure 2.2.6 shows the trend of the reflection
coefficient with varying S, and Sq (slot depth) for a different number of slots. The plot
reveals that the reflectivity increases with an increase in the number of slot reflectors, S,,,
and Sy. It is seen that a high reflection coefficient is obtained for the combination of values
Sy = 0.3 umand S; = 1.35 um, as pointed out in Figure 2.2.6. It should be noted here that
the maximum possible value of S; is equal to the etch depth of the ridge waveguide (H),
which is 1.35 um (as specified by the fab.).

As the next step, we examine the dependence of the reflection coefficient on the
operational wavelength. Here again using CAMFR, we extracted the reflection coefficients
for a wavelength range of 1.5 um to 1.6 um (at a resolution of 0.1 um). For this simulation,
S4 = 1.35 um (maximum etch depth) and S,, is varied between 0.2 um and 1.4 um. The
value of A is kept unchanged throughout the simulation. Figure 2.2.7 shows the reflectance
band for various vlaues of S,,. The plot reveals the presence of three reflectance bands at the
Bragg peaks for each value of the slot width. Moreover, 0.3 um and 0.7 um slot widths give
the highest and lowest reflectivity at the lasing wavelength of 1545 nm, respectively. For
the fixed period order, the 0.3 um slot attains ~40 % reflectivity at an operating wavelength
of 1545 nm. We attribute the poor performance of the 0.7 um slot to the high scattering loss
at the Bragg wavelength.
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Figure 2.2.6. A plot of the variation of the reflection coefficient with respect to slot width
and slot depth for various numbers of slots.
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2.2.3 Extraction of gain coefficient

The gain section of the laser is essentially a semiconductor optical amplifier (SOA), and
hence the performance metrics of the laser such as L—I characteristics, optical spectrum, etc.,
rely on the gain parameters of the material. Moreover, the dependence of gain on injection
current is critical to predict the characteristics of the laser. The net gain (g) provided by the
SOA is a combination of the gain caused by the stimulated emission of photons and optical
loss caused by material defects. Additionally, the injection of carriers into the gain medium
alters the refractive index of the medium, which has an impact on the spectral characteristics
of the gain media. Hence, it is important to establish a correspondence between the injected
current and the gain spectrum of the SOA. In this section, we describe the procedure for
extracting the dependence of gain characteristics on the carrier density and wavelength,
which is in turn is dependent on the injected current.

Several methods have been proposed to measure the gain parameter of the material
used in the SOA, such as the optical transmission method [160], Hakki—Paoli method of
analysis of amplified spontaneous emission (ASE) spectrum [161], [162], [163], [164],
[165], comparison of ASE spectrum of distinct length SOA [166], and segmented SOA
[167]. The method described in [161], [162], [163], [164], [165], [166], shows limited
accuracy in gain measurements due to the requirement of a high-resolution (0.02 nm) optical
spectrum analyser (OSA) and poor optical coupling. The method proposed in [167] is an
improved method for the gain measurement that overcomes the mentioned drawbacks.
Hence, we used the multi-section SOA method by comparing ASE spectra taken at various
injection currents and extracting the gain profile at distinct values of carrier density.

The effective carrier density (N) that contributes to spontaneous emission in an SOA
can be calculated by finding the roots of Equation 2.2.2 for N at various supplied current (1).
Later, the obtained N is used to calculate the differential gain of the SOA.

n-l

C-N}4+BN24A-N———=0 2.2.2
e-V
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Where, C, B, A, 1, 1, q,V are the Auger coefficient, bi-molecular coefficient, nonradiative
recombination coefficient, current injection efficiency, current, electronic charge, and the
volume of active region respectively.

The net modal gain g(4) as a function of wavelength can be extracted from the
measurement of the ASE spectrum by using Equation 2.2.3.

A
Pase(D) = nc _p;p( ) (eeWL—1) 2.2.3

where Pysg(A) and, pgp(A) are the total output optical power from an SOA of length L and,
spontaneous emission power per unit length at wavelength A respectively, n. is the output
power coupling efficiency, and L is the length of the gain section. P,z (A1) is measured for
two SOA sections of different lengths L, and L, driven by the same value of current, which
can be expressed using Equation 2.2.3 as

Psp(A) .

Pis () = Tlc—;lzx) (e8WL1 — 1) 22.4
Psp(A) .

P& = nc% (esM12 —1) 2.2.5

Where Prdz(A) and PA2:(A) are the output optical power of an SOA of length L; and L.
Taking the ratio of Equation 2.2.4 and 2.2.5, and rearranging, we get Equation 2.2.6.

PR () _ (eE0H — 1)

= 2.2.6
PR (ee®12—1)
and subsequently equation can be represented as,
g(A)-L1 _ 1 PL1 A
(e ) Pase® _ 227

(eg(l)'Lz _ 1) PkSZEO‘) -

In Equation 2.2.7, g(A) is an unknown quantity and it can be determined by finding the roots

of the equation.
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To begin the measurement, we used an integrated two-section SOA (gain section) of
lengths ~244 pm (SOA:) and ~200 pm (SOA:). The chip is mounted on the test station for
gain measurement. Electrical isolation is maintained between gain sections to restrict the
flow of current from one section to another. Initially, the front section (SOA:) is biased at 25
mA to confirm the presence of ASE emission. Then, optical power from the output facet of
the device is coupled into a lensed fiber with the help of an auto-aligner for maximizing the
coupled power and maintaining the alignment. The current applied to SOA: is swept from 1
mA to 175 mA and an optical spectrum (&L;E (1)) is recorded for each value of current. Next,

the current input to the sections SOA1 and SOA: are tied together, and the current is swept

again from 1 to 175 mA and the optical spectrum (PALSZE (1)) is measured.
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Figure 2.2.8. (a) Net modal gain vs wavelength for distinct carrier density and (b) Net modal
gain vs carrier density for various wavelengths.

Thereafter, the values of the net modal gain are extracted using Equation 2.2.7 by
substituting L; = 244 ymand L, = (244 + 200) um, and the respective P45z (A) for all
values of carrier densities. The range of current used for this measurement corresponds to
carrier density values ranging from 1 x 10 cm™3 to 8.42 x 108 cm™3 in steps of
1.21 x 108 cm™3. Figure 2.2.8 (a) and Figure 2.2.8(b) shows the net modal gain as a
function of wavelength and net modal gain as a function of carrier density for a wavelength
range of 1500 nm to 1600 nm. Thus, a relationship between the carrier density and the gain
spectrum of the medium is established, which is essential for implementing the rate equation

model of the laser, as discussed in the next section.
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2.3 Rate equation model of single mode and multi-mode

laser

The performance of the laser can be simulated using the rate equations, where a set of three
differential equations represents the time variation of the carrier density (N), photon density
(P,), and phase (¢;). The P; and ¢; are the density of photons and phase of the i
longitudinal mode. The Equations 2.3.2, 2.3.3, and 2.3.4 show the laser rate equation for the
five modes where P, is central mode and, P_,, P_;, P;, P,, are side modes as shown in Figure
2.3.1 The spacing between the longitudinal modes with respect to central wavelength (4,) is

dependent on the length of the gain section and can be determined by Equation 2.3.1.

__ %
A= —— 2.3.1
2 - neff - L
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fhal |1
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Figure 2.3.1. Simplified spectrum of a laser showing five modes.

The calculated wavelengths of the longitudinal modes in a 380 um long laser with
respect to the central mode at 1545.0 nm are 1543.03 nm, 1544.01 nm, 1545.98 nm, 1546.96
nm, respectively. As discussed in Section 2.2.2, the reflection coefficient depends on the
wavelength of operation. Hence, the reflection coefficients (R;) are extracted from the
reflectance band (shown in Figure 2.2.7). Subsequently, the differential gain (dg;/dN) of
each longitudinal mode (P,, P_,, P_4, P;, P,,) are extracted from the plot shown Figure 2.2.8
(b). The simulation is carried out by putting the values of dg;/dN and constants given in

Table 2.3.1 in the rate equation model.
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2.3.12

2.3.13

0]0) a a
No Threshold carrier density 2.08x10'8 /cm3
L Length of the laser 380 um
w Width of ridge waveguide 2x10* cm
d Thickness of active region 0.03x10* cm
I Current 30 mA
e Electronic charge 1.6x10° C
Nff Effective refractive index ~3.19
v, Group velocity 9.39x10" m/s
€ Gain compression factor 5x1077 cm?®
T Confinement factor 0.05
c Auger constant 3.5x102° cm®/s
B Bimolecular recombination coefficient 1x109 cmb/s
A Non radiative recombination coefficient 0.1x10°
n Injection efficiency 0.8
Bsp Spontaneous emission factor 3.2x10°
oy Linewidth enhancement factor 2
tg Sampling time 5ns
o; Internal loss 40 /cm
R, Reflection coefficient of back facet 0.95
R; Reflection coefficient of grating -

Table 2.3.1. Parameters used in rate equation model.

Fy, Fp,, F¢i are the Langevin noise source for carrier density, photon density, and

phase of N, Pj, and ¢;, respectively, and are calculated using Equations 2.3.8, 2.3.9, and
2.3.10 [152], [168]. The set of ordinary differential Equations 2.3.2, 2.3.3, and 2.3.4 are

solved using the Runge-Kutta numerical technique. The Nk and G; are total carrier density

and net modal gain calculated using 2.3.5, 2.3.6. T, is the photon lifetime that depends on

the length of cavity, reflectance of both mirrors, internal loss, and group velocity and

calculated by using Equation 2.3.7. The value of o, = 2 is used in the simulation as in [169].

Only five modes are considered in the simulation to study the static behavior such as L—I,

threshold and SMSR of the laser. The reason for considering only five modes is to analyze
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the effect of the reflectance band b as presented in 2.2.7 on the suppression of sidemodes.

The longitudinal modes lying outside of pass band b are not considered. The modes under
the passbands a and c attain low gain (approximately % at 30 mA as depicted in Figure

2.2.8(a)), hence does not contribute to lasing. Moreover, the longitudinal modes which are
outside of passbands a, b, and c are suppressed due to low reflectivity (R < 0.1). The

simulation is carried out by using values of R; for various slot widths and values obtained
from Equations 2.3.8—2.3.12. In addition, the value of % is obtained by calculating the

slopes from the net modal gain versus carrier density presented in Figure 2.2.8(b) for all five
longitudinal modes at carrier density = 4.27 x 108/cm, at I = 30 mA. The calculated
dg;/dN for the mode Ag,A;,A_q,A,, and A_, are 2.13x 10717, 2.11x 10717,
2.10 x 10717, 2.08 x 10717, and 2.07 x 10~17. Initially, the simulation is performed to
analyze the effect of the slot width on L—I characteristics by calculating the output power
with respect to the supplied current. Figure 2.3.2 shows the L—I data obtained from the
simulation. It reveals that the 0.3 um, 0.4 um, 1.0 um wide slots reach the lowest threshold
current and the 1.4 um, 0.7 um, and 0.8 um long the highest laser thresholds. In addition, the
threshold of the laser for each of the slot widths lies between 15 mA to 21 mA. The 0.3 pm
wide slot is considered for further investigation since it exhibits the lowest threshold.
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Figure 2.3.2. Simulated L — I plot of IP FP for slot width varying from 0.2 um to 1.4 um.
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In the next simulation, we compare the SMSR performance of the IP FP laser and a
conventional FP laser using the rate equation model by extracting the time variation of the
photon density for each longitudinal mode. The architectures of an FP and IP FP are shown
in Figure 2.3.3. The FP structure is defined by L = 380 um, R; = 0.95 (HR coated back
facet) and R, = 0.33 (front facet). Similarly, the structure of IP FP keeps the same length
and R1 as for FP. However, the IP FP used slotted grating of S,, = 0.3 um, which makes R,
wavelength dependent, as shown in Figure 2.2.7.

Moreover, the Figure 2.3.4 and Figure 2.3.5 represents the comparison of the time
trace of the emitted photon density obtained from the simulation for five modes of the FP
and the IP FP. The simulation reveals that the photon density in steady state for the A, mode
is ~2.8 higher in the case of the indexed-patterned FP than that of the conventional FP. In
addition, we see a 3.4 x 102, 4.7, 8.1, 5.6 times reduction in the number of photons in
A1, A_1, Ay, and A_, modes for the IP FP compared to the conventional FP. The reason for the
higher photon density in the central mode is the suppression of the side mode. From the
simulations, the SMSR is calculated by taking the logarithm of the ratio of the steady-state
number of photons lying in the central mode and sidemodes. The simulation returns SMSR
values of ~7.1 dB and ~37 dB for the conventional FP and the IP FP lasers, respectively,
showing a notable improvement in SMSR provided by the IP FP.

FP laser
!

R=95% R=30%
InP Substrate
Slot-based index
(a) -
patterning

Index-pattern laser
|

Ridge waveguide

R=95%

InP Substrate

(b)
Figure 2.3.3. Schematic of the (a) structure of an FP and (b) an IP FP. Here: R is reflectivity.
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Figure 2.3.4 Comparison of photon dynamics of index-pattern laser with FP laser for central
mode.
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Figure 2.3.5. Comparison of photon dynamics of index-pattern laser and FP laser for
sidemodes modes.
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2.4 Layout of IP FP laser using Nazca and KLayout

In the following step, we initiate the design and fabrication of the IP FP laser, building upon
the parameters acquired from the ridge waveguide and slot reflectors discussed in previous
sections. To start this process, we employ open-source Nazca design software [170] to create
layout. This layout is then visualized using the KLayout Graphic Data Stream (GDS)
visualization tool [171]. The layout defines individual layers representing various
components, including ridge trench, oxide, slots, and metallization. The width of the trench
is determined using Equation 2.4.1 [152], resulting in a calculated trench width of 21 pum.

Based on this calculated value, we define the specific trench area on the ridge trench layer.

Trench width

—_—>1 24.1
Ridge width > 10

Subsequently, we define the oxide openings and exposed regions on the oxide layer,
which facilitate the flow of current exclusively through non-isolated areas. Notably, the
colored region on the P-layer signifies where SiO2 insulation hasn't been deposited.
Following this, we create slots, represented as colored rectangular bars, with dimensions
ranging from 0.2 um to 1.4 um and spaced at a 10.16 pum period on the slot layer. In the final
stages, we define contact pads on a metal layer. To aid in the wafer cleaving process and
obtain individual chips, we place cleaving marks (in the form of plus marks) on the metal
layer. The Figure 2.4.1 serves as an illustrative example of a GDS layout for the IP FP laser,
showcasing 1 um wide slots. This approach is consistently applied to design all the variations
of the IP FP laser. In the zoomed image, you can observe the fully refined layout of the IP
FP laser, highlighting key components such as metal pads, ridge trench, slots, oxide regions,

and cleaving points.
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Figure 2.4.1.Generated GDS layout of IP FP laser using Nazca design.

2.5 Characterization of index-pattern laser with varying
slot width

After creating the layout of different variants using the Nazca design the IP FPs are fabricated
using a regrowth free technique [122]. A photograph of the fabricated lasers on a cleaved
bar is shown in Figure 2.5.1. The back and front facets of the laser are highly reflective (HR)
and antireflective coated (AR), respectively. The back and front facets of the laser are highly
reflective and antireflective coated, respectively. To initiate the characterization, the laser
bar is mounted on a subcarrier printed circuit board (PCB) and a DC current is supplied to
the contact pads of the laser by using DC current probes. To obtain the L-1 curve of the laser,
the applied current is swept from 0 to 100 mA and the output optical power is measured
using a wide area photodetector with a responsivity of 0.95, A/W. The measurements are

carried out on 6 bars and for 13 different slots widths, varying between 0.2 um and 1.4 pm.

Figure 2.5.1. Picture of fabricated lasers on a bar of varying slot width.
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2.5.1 L — I characteristic

Figure 2.5.2 shows the L—1 plot of IP FP lasers with varying slot widths (0.2 um to 1.4 pm).
The data shows that the laser having 0.3 um wide slot exhibit the lowest threshold. Moreover,
the L—I measurement is repeated on 6 bars containing all 13 variants. From each bar, the
lasers with a 0.3 pum slot width exhibits the lowest threshold. The measured threshold of a
0.3 um slot laser is ~16 mA. The 0.9 um and 1.1 um slot width lasers show the highest
threshold and low slope efficiency which attribute to high scattering loss at 1545 nm

wavelength.
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Figure 2.5.2. Plot of measured L—1 data of IP FPs for varying slot width from 0.2 um to
1.4 pm.

2.5.2 SMSR and Wavelength Map

Further investigation is carried out on all the variants of IP FP laser by measuring the optical
spectrum and extracting the SMSR. To measure the optical spectrum, the optical power from
the output facet of the laser is coupled into a lens-ended fibre and fed to an optical spectrum
analyser (OSA). The laser current is swept from 0 to 100 mA at a resolution of 0.2 mA and
the SMSR is measured. The extracted heat maps of wavelength and SMSR are shown in
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Figure 2.5.3(a) show that the IP FP having 0.3 um wide slot, attains an SMSR greater than
30 dB for bias currents higher than 24 mA. An example of the optical spectrum for 0.3 um
IP FP biased at 30 mA and featuring SMSR > 35 dB is shown in shown in Figure 2.5.3(b).
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Figure 2.5.3. SMSR and wavelength map for all variants of laser.
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2.5.3 Linewidth performance

Finally, the linewidth of each variant of the IP FP laser is measured using delayed self-
heterodyne method (DSH) [172]. The DSH technique for measuring linewidth involves the
process of beating the signal with a decorrelated replica on a photodiode and then observing
the resulting RF beat tone. Figure 2.5.4. illustrates the experimental setup used for this
linewidth measurement. The optical signal emitted by the laser is divided into two equal parts
using a 50:50 passive optical splitter. The first part is connected to an electro-optic phase
modulator (PM), while the second part is routed through a fiber delay. The length of the fiber
is set to 25 km that provides resolution of ~10 kHz while measuring the linewidth and ensures
sufficient decorrelation of signal. This is important to prevent the cancellation of optical
phase noise during the homodyning process. For the linewidth measurement all laser variants
are biased at current of 65 mA. The results, displayed in Figure 2.5.5, shows that all the
variants exhibit linewidth between 1 and 5 MHz with the lowest linewidth of ~1 MHz

49



attained by 0.3 um and 1.0 um. Such low performance (in both simulation and experimental
results) can also be linked to the low threshold, high SMSR and high slope efficiency.

DSH

Current and TEC controller 25 k"::JV'F
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InP Substrate

5 I I I I I I I I I I I I T
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Figure 2.5.5. Linewidth measurements of IP FPs for slot width varying from 0.2 um to 1.4
pm.

2.6 Results and discussion

The initial phase of the study involved optimizing the dimensions of a ridge laser,
specifically focusing on the ridge height and width. Through our analysis, we found that the
power coupled into a ridge structure with a width of 2 um was the highest. This is because
the fundamental mode of the laser reached its maximum power, and the higher order modes
were effectively suppressed. Conversely, ridge waveguides narrower than 2 um exhibited

lower coupling power because the fundamental mode leaked outside of the ridge.
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Another crucial element within the index pattern FP is the slot grating, achieved by
etching slots onto the ridge's surface. Our simulations indicate that reflectivity rises as the
number of slots and their depth increase. Moreover, when maintaining a constant period
order and slot depth, the 0.3 um slot reaches approximately 40% reflectivity at the 1545 nm
operating wavelength, outperforming all other variants ranging from 0.2 um to 1.4 um. The
excellent performance of the 0.3 um slot can be attributed to its minimal scattering loss.

In the third phase, we applied the previously established design parameters to a rate
equation model for simulating the static characteristics of the laser (L-1) and its SMSR
performance. All the different versions of the IP FP laser exhibit threshold values ranging
from 15 mA to 21 mA. Once again, the simulation results highlight that the IP FP laser with
a 0.3 pum wide slot has the lowest threshold and the most efficient slope performance among
all the variants. This lower threshold can be attributed to its high reflectivity and minimal
transmission loss at a wavelength of 1545 nm. Furthermore, the 0.3 um wide slot IP FP
achieves an SMSR of over 36 dB when supplied with a current of 30 mA.

The experimental characterization of all the slot laser variants reveals a consistent
pattern. We compared the simulated and experimental results for threshold current and
SMSR. However, the order of threshold currents varies, and this discrepancy can be
attributed to the inadequate definition of the slot during the fabrication process. Nevertheless,
in both cases, the 0.3 um slot laser stands out with the lowest threshold, approximately 15
mA in simulation and around 16 mA in the experimental data. The 0.3 pm slot laser also
achieves an SMSR of roughly 36 dB in simulation and approximately 37 dB in the
experimental characterization. The disparity between the simulated and measured threshold

values can be attributed to inaccuracies in gain measurement.

2.7 Conclusions

In conclusion, we describe a step-by-step procedure for designing and optimizing a
low threshold laser using open-source software and a rate equation model. The simulation
on optimization of ridge width reveals that the fundamental mode attains maximum power

coupled into the 2 um wide and 1.35 pm thick ridge at 1545 nm wavelength hence chosen
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for fabrication. Subsequently, the characteristics of the reflector such as the reflectivity and
reflectance band are determined using CAMFR software. The simulation shows that 0.3 um
wide 1.35 um deep slot exhibits highest reflectivity. Thereafter, the performance of all the
variants of IP laser is evaluated by simulation of rate equation model and experimental
characterization. We see a good agreement between simulation and experimental
characterization. The 0.3 um IP FP shows best performance in terms of low threshold and
linewidth, and high SMSR. The findings presented in this chapter could serve as a crucial
foundation for creating a highly precise laser suitable for use in NGPON2 transmitters.
Therefore, the next chapter will delve into the strategies for constructing an optical

transmitter through a regrowth-free fabrication process.
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Chapter 3

Transmitter Design Methodology

3.1 Introduction

The previous chapter contained a discussion on the design and optimization of a laser
supporting regrowth-free fabrication. Such a fabrication technique significantly simplifies
the manufacture of semiconductor lasers, which in turn reduces the cost of optical
transmitters to be employed in cost sensitive short reach networks. As mentioned in Chapter
1, the main thrust of this thesis is the realization of an optical transmitter for access networks
(focussing on the NGPONZ2 standard), which requires low cost, easily manufacturable, and
wavelength tunable transmitters.

In this chapter, first, the architecture and implementation methodology of NGPON2
are discussed to determine the critical requirements of the transmitter. Next, choice of
modulation techniques used for implementing an optical transmitter for access networks are
discussed, as it directly affects the implementation cost. As direct modulation is the most
cost-efficient technigue, a discussion on the challenges associated with the direct modulation
scheme is provided. This also includes a section on optical injection locking (OIL). Finally,
a transmitter architecture incorporating the OIL that can be fabricated using a regrowth-free

fabrication process is investigated.

3.2 Implementation of NGPON?2

The NGPON2 system (Figure 3.2.1) can typically be divided into five blocks: an optical line
terminal (OLT), a wavelength multiplexer (WM), a fiber link, a branch node (BN), and an
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optical network unit (ONU). As mentioned in section 1.5.6, the NGPONZ2 delivers a capacity
of 40 Gb/s. In the downstream (DS), the transmitter at the OLT generates a set of four
wavelengths with a channel spacing (CS) of 50 GHz, 100 GHz, or 200 GHz, and each
channel modulated at a data rate of 10 Gb/s. The choice of the CS typically depends on the
available optical spectrum. At the OLT, the modulated wavelengths are multiplexed, with
the aid of a WM, to generate an aggregate data rate of 40 Gb/s. The multiplexed signal is
then transmitted over a single optical fiber link. At the receiver side, the multiplexed optical
wavelengths are filtered by a BN and distributed to the respective ONUSs. In the upstream
direction, data from multiple ONUSs, transmitting on the same channel, is time multiplexed.
A BN assigns a time slot to each ONU, which enables synchronous transmission from the
ONU to the OLT in the upstream direction. The time multiplexed wavelengths transmitted
in US direction are then filtered out by a wavelength filter present at OLT. The transceivers,
both at the ONU and OLT, use tunable lasers for a point-to-point (P2P) connection. At the
ONU, they are initially set to a specified wavelength (channel) to communicate with the
OLT. However, in case of congestion, the wavelength of ONU can be tuned to other channel
to avoid overloading. Before tuning to another channel, the ONU informs the OLT about

changing the channel by sending a message to the OLT.

A selection

function
S/R CP1

PtP WDM OLT FELRhi e

S/R CP2

PtP WDM OLT e

PtP WDM OLT FRha el

L] S/R CPn

[ ] —

PtP WDM OLT

Figure 3.2.1. Block diagram describing the architecture of an NGPON2 system. Here: S/R is
the sender/receiver, CP is the channel pair, WM is the wavelength multiplexer, and BN is
the branch node.

mme PP WDMONU

As mentioned earlier, the wavelengths assigned for the uplink and downlink

connections are distinct and form a channel pair (as described in chapter 1). This way, both
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the wavelengths received and transmitted at the OLT and ONU do not interfere. Hence, to
realize a transceiver suitable for the NGPONZ2, wavelength band and emission wavelength
are aspects that need to be considered. However, this aspect is outside the scope of this work.
Here, | focus on the design of a transmitter operating at NGPON2 specific wavelengths, its
characterization, and the verification of system performance. Finally, all these aspects are

compared to the NGPONZ2 specification.

3.3 Modulation techniques

In general, optical transmitters use a time varying electrical signal to modulate the intensity,
phase or polarization of a light source. The most common form entails on-off modulation,
which is used to convert high-speed binary signals to light pulses. Modulation can be broadly
classified into two different types namely using external modulation and direct modulation.

3.3.1 External modulation

There are various types of external modulators, with the main types being electro-optic
modulators (EOM) and electro-absorption modulators (EAM).

3.3.1.1 EOM

In electro-optic modulators, the refractive index of a material can be altered through an
applied electric field (modulating signal) [173], [174], [175], [176], [177], [178], [179], a
phenomenon called Pockels effect [179], [180]. This change in refractive index (A n.sf) can
cause a change in the phase (A¢) of the light wave passing through it. The Equation 3.3.1
shows relation between A¢ and An..r where 4, L and u(t) are wavelength, length of

electrode (arm) and driving signal, respectively.
21

Hence the relation between phase modulated output (E,,;(t)) and input (E;,(t)) signal in

one arm can be expresses as Equation 3.3.2.
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Epue(®) = B0+ ¢V " 332
The V, is the driving voltage achieving m phase shift. The electro-optic material
subjected to an electric field modulates the phase of the optical signal and acts as a phase
modulator. Moreover, to realise an amplitude modulator, the light from a laser is split equally
into two different paths (as shown in Figure 3.3.1l). An electric field can be applied to one
or both paths to shift the phase of the waves so that they arrive at the far end, either in phase
to give a pulse of light or out of phase to give no light. The transfer function (ration of output
electric field to input electric fields) of the modulator can be written as Equation 3.3.3.
E;:l—t((tt)) = % (ejq)l(t) + ejd)z(t)) 3.3.3
When the ¢, (t) = ¢, (t) are in phase a pure phase modulation is achieved. In addition, if
¢, (t) = — ¢, (t) then a pure intensity modulation is achieved. These devices are commonly
referred to as Mach-Zehnder modulators (MZM) and the material most used to fabricate such
a device is Lithium Niobate (LiNbO3). The transfer function of MZM for intensity
modulation is expressed as Equation 3.3.4.

Eout(t) _ [N u(t)

E,.(0) = cos< A ) 3.34
u,(t)
—

£ LN
=01

Figure 3.3.1. Schematic of the architecture of a Mach-Zehnder modulator [181].
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The LiNbOs based external modulator poses outstanding properties such as good
temperature stability, wide window of transparency and exhibits highly efficient linear
Pockel effect [182]. However, the material used to implement EOMs does not allow for
monolithic integration resulting in small form factors/packages [183].

3.3.1.2 EAM

Electro-absorption modulators (EAMS) unlike their counterparts (EOMSs) can be easily
integrated with semiconductor lasers they are to be used with. This stems from the fact that
EAMs are made of similar materials to semiconductor lasers (as shown in Figure 3.3.2).

% Gold Contact

P* InGaAs

P-InP
InGaAsP
N InP
N InGaAs

N* InGaAs
InP substrate

vyvYyYy

Figure 3.3.2. Schematic showing the architecture of an electro absorption modulator
(EAM).

EAMs exploit the Franz-Keldysh effect [184], [185], [186], [187], [188], [189],
[190], [191] and quantum-confined Stark effect [192], [193], i.e., the phenomenon of change
in a energy gap, thus its optical attenuation, in response to applied electric field. With no
voltage, EAMs are transparent and when a reverse voltage is applied, they exhibit an almost
logarithmic attenuation/absorption of optical power (due to Stark effect) at the laser
wavelength they are designed for. Hence, to represent a logic high (bit ‘1), the EAM needs
to allow light through, and so no voltage (or a low reverse bias) is applied thereby making it
transparent to the laser light. The logic ‘0’ is generated by subjecting EAM to an electric
field that absorbs all the photons and passes no light to the output. The transfer function of
EAM can be expressed as Equation 3.3.5 [194].

Py = Py - T - el 3.35
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Where P, Pin, ', @;, and L are output optical power, input optical power, confinement
factor, absorption coefficient, and length of device (or electrode), respectively.

The benefits of using EAM as an external modulator are high modulation bandwidth,
low power consumption, optical bandwidth and switching speed. Nevertheless, the
development of EAM requires sophisticated fabrication process and also it shows limited
thermal stability [195], [196], [197].

3.3.2 Direct modulation

Semiconductor lasers portray a unique property, unlike other solid state and liquid lasers,
where the modulating signal can be “added” to the bias current to directly control the optical
output of the semiconductor laser [198]. As a laser diode is a current-driven device, a time-
varying current signal can be directly applied to the laser to convert it to a time-varying
optical signal, as shown in Figure 3.3.3(a). The realisation of direct modulation (electrical to
optical conversion), as illustrated in Figure 3.3.3(b), is typically achieved by driving
(modulating) the laser with a high frequency signal in conjunction with a direct-current (DC).
The maximum frequency of modulating electrical signal that can be imposed on to a laser
depends on the 3-dB limit of the frequency response of the laser [199], [200], [201].

Spontaneous emission 1

(@) (b)

Figure 3.3.3. Schematic to show the (a) principle of direct modulation of a semiconductor
laser and (b) setup of a directly modulated laser.



The advantage of the direct modulation is the simplicity and the cost efficiency of
implementation, rendering is attractive for employment especially in the cost sensitive

sectors of an optical communications network.

3.4 Issues with direct modulation technique

There are some challenges associated with the direct modulation that degrade the quality of
the modulated optical signal. Some of these issues that severely affect the performance of a

directly modulated laser (DML), when employed as a transmitter, are listed below.

3.4.1 Modulation bandwidth limitation

It is much easier to obtain a high speed modulated optical signal using the external
modulation in comparison to direct modulation of laser. As demonstrated in [202], data rates
of 100 Gb/s are easily achievable using an external modulator. However, the modulation
bandwidth of a DML is limited. Commercially available semiconductor lasers typically
exhibit bandwidths of about 10-15 GHz. However, in research work, studies have shown
modulation bandwidths up to 18 GHz [30] [33] [34]. The modulation response of
semiconductor laser mainly depends on the coupling between the atomic population and
photon density in the gain medium [152]. The resonant frequency (w,.) is proportional to
number of photons (N,), compressed differential gain (a), and group velocity (vy). w, is

expressed in Equation 3.4.1.

v,aN,
w? ~ 97 3.4.1
Tp
The compressed gain is defined as
=Tt eN, 3.4.2

59



€ is gain compression coefficient. Combining Equation 3.4.1 and 3.4.2 we get

5 VgaoNp

—_9%or 343
Or = (L + eNp)

When N, is equal to E the w? reaches the maximum value and defined by Equation 3.4.4

Vgag 1
R

344

)
Tp &€

This means that the resonant frequency w,- is independent of N,, and cannot be enhanced by

increasing number of photons in the cavity. The modulation response can be increased by

reducing 7, and &, and increasing a, [36].

3.4.2 Frequency chirp

Chirp is a negative effect that is generated when the laser is subjected to direct modulation.
The types of frequency chirp originated due to direct modulation are adiabatic and transient
chirp. The adiabatic chirp is defined as change in laser frequency due to instantaneous power
of the laser. The transient chirp is change in lasing frequency due to modulation of photon
number [207]. When a time varying signal is applied to the laser, it modulates the carrier and
photon density in the cavity. This varies the effective refractive index and consequently,
optical path length. The variation in optical path length shifts the resonant wavelength back
and forth. This causes a broadening of the emission optical spectrum, which in turn worsens
the chromatic dispersion effects, when the modulated signal is propagated through standard
single mode fiber (SSMF) [152].

3.4.3 Relative intensity noise

The relative intensity noise (RIN) is the ratio of variation in the laser power to its average
power. This is mainly occurring because of random changes in carrier and photon density in

the laser cavity even if the laser is not modulated. The fluctuation in carrier and photon
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density also leads to change in effective index of laser and subsequently variation in emission
wavelength. However, this variation in emission wavelength is much smaller than chirp
[152].

3.4.4 Extinction ratio

The extinction ratio (ER) achieved by DML is significantly lower than externally modulated
lasers because of low modulation bandwidth [30] [33] [34] and frequency chirp introduced
in the optical signal [208], [209], [210], [211], [212], [213], [214]. The LiNbO3z MZM [215],
[216], [217], [218], [219], [220], [221], [222] and InP based MZM [223], [224], [225], [226],
[227], [228] exhibits high modulation bandwidth. Hence, MZM based external modulation
can easily achieve an ER of about 30 dB [229], whereas with direct modulation, it is very
difficult to achieve an ER of 8 dB [230]. It is also important to note that the chirp and ER are
in some ways directly proportional to each other (if ER is increased then chirp also increases).
The increase in bias current reduces the chirp and simultaneously increase in average power,

which results in a reduced ER.

3.5 Design options for an NGPON2 transmitter.

In the previous section the types of modulation techniques and their pros and con are
discussed. Both, external and direct modulation technique are used to implement transmitter
for NGPONZ2. Typically, external modulators show better performance when it comes to
parameters such as extinction ratio and frequency chirp. However, they introduce a
substantial insertion loss and increase the cost of the transmitter. Hence, the direct
modulation technique can be used as an alternative solution to realise a transmitter for an
NGPON2 system. Several implementations of a transmitters for NGPON2 using a DML have
been demonstrated [231], [232], [233], [234], [235]. Here, we focused on direct modulation
based photonic integrated transmitter. An ODN compatible TWDM-PON is demonstrated in
[236] using a thermally tuned DML. All DMLs used in this architecture are thermally tuned
i.e., the wavelength of each DML can be set to the desired wavelength by changing the

operating temperature. The four DMLs, each carrying a data rate of 10 Gb/s, are operated at
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wavelength spacing of 100 GHz and are multiplexed together to achieve an aggregate data
rate of 40 Gb/s. The transmission reach achieved is 50 km, 75 km, and 100 km at a split ratio
of 1:1024, 1:256, and 1:64, respectively. [32] and [33] demonstrates a 40 and 100 Gb/s
symmetric PON using a thermally tuned DML at both the OLT and ONU. In addition,
reflective semiconductor optical amplifiers (RSOA) are used to pre-amplify the upstream
and downstream signal. In this scheme, an external wavelength filter is used to filter the
desired wavelength and mitigate the effects of chirp. A split ratio of 1:256 using passive
splitter is achieved after 25 km fiber transmission. The inline amplifier for the upstream and
downstream transmission improves the power budget, but simultaneously increases the
implementation cost. As can be seen from the above-mentioned articles, most of the work
carried out thus far on the TWDM-PON scheme, has been designed and demonstrated using
discrete components.

From the integrated transmitter point of view, the most relevant reports involve
devices based on the external modulation. An externally modulated OLT transmitter is
realised by integrating the distributed Bragg reflector (DBR) laser, Mach-Zehnder modulator
(MZM), and arrayed waveguide grating (AWG) [239]. In this work, the transmitter consists
of two DBR lasers that are externally modulated and multiplexed using an AWG. As
mentioned earlier, even though all the components can be integrated, the hybrid integration
(interconnection of active and passive photonic components) is challenging. In addition, this
process becomes even more complex and unreliable when there are multiple fabrication steps
required [240]. The PICs integrated with passive and active materials are highly sensitive to
temperature and thermal changes affect the emission wavelength of the device [152]. To
maintain the stability of a wavelength, a thermoelectric cooler (TEC) is used to restrict the
variation in operating temperature.

The transmitters mentioned in the paragraph above are all based on the external
modulation. However, as mentioned before, direct modulation-based transmitters are
promising in terms of easy implementation and cost effectiveness. Hence, in this section, a
brief review of the most relevant work on directly modulated integrated transmitters is
included. The authors in [203], demonstrate the design and fabrication of a monolithically

integrated four channel, high-speed thermally tunable DML transmitter. In this design, the
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output of four directly modulated and thermally tuned DFB lasers are multiplexed through
optically integrated MMI couplers. This chip shows an aggregate transmission capacity of
240 Gb/s. The drawback of this design is the complexity of fabrication. The fabrication of
the PIC requires hybrid integration [241] of DFBs, passive waveguides and the MMI.

3.6 Overcoming the challenges associated with direct

modulation

3.6.1 Optical injection locking

Optical injection locking (OIL) [234], [242], [243], [244], [245], [246], [247], [248], [249],
[250] is a technique that can be used to synchronize the phase of two resonant optical cavities.
Typically, it entails injecting light from one laser (master/leader laser) being run in
continuous wave (CW) mode into another laser (slave/follower laser) which is going to be
modulated. Figure 3.6.1 show arrangements of master-slave architecture implementing OIL

using discrete optical components.

Master Slave Master Slave
Laser Laser Laser Isolator Laser

A 22 A Zouh AT

(a) (b)

Figure 3.6.1. Schematic diagram of (a) reflection and (b) transmission type optical injection
locking system.

The optical injection from master to slave laser is provided via an optical circulator
or inline optical isolator. The optical circulator or isolator prevents back-reflection to master
laser. The phase and frequency of slave laser is forced to synchronized with master laser
when the emission wavelength of master is close to that of the slave laser. Also, the slave
laser follows any slow drift (Aw) in master wavelength. For the stable injection looking, the

range of Aw must be in the rage defined in Equation 3.3.1.
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Where k, a, Py,j, F,, are coupling coefficient, linewidth enhancement factor, and injection
intensity and the intensity of free running laser respectively.

The OIL has been demonstrated with discrete components [234], [242], [243], [244],
[245], [246], [247], [248], [249], [250] as well as implemented by using photonic integration
method [251], [252], [253], [254]. The stable injection locking is dependent on the
polarization of injected light. Since the locking range is proportional to injected optical
power [255], variation in polarization may reduce the injected optical power and cause
unlocking of slave laser. The change in polarization also introduce nonlinear dynamics in the
cavity of laser [256]. This issue can be resolved by photonic integration [257], [258], where
the polarization of light is maintained by an integrated optical waveguide. The challenge in
the realisation of a photonic integrated master-slave architecture is the thermal cross-talk and
poor optical isolation between slave and master laser [259], [260], [261]. The effect of OIL

on the SL are described below.

3.6.1.1 Bandwidth enhancement

The modulation response of the laser is directly proportional to the bias current [262] and

relation between the cut-off frequency (f,,) and bias current (I) can be approximated in

Equation 3.6.2. As a result, increasing the bias current enhances the modulation bandwidth

of a laser. However, a laser operated at a high bias current may suffer facet damage.

3 TI'v,o
foas = ( 29 (1 - Ith)> 3.6.2

4m?q V

where q, T', vy, a4, V, |, and Iy, are electronic charge, confinement factor, group velocity,

differential gain, volume of active region, bias current, and threshold current, respectively.
In addition, the modulation bandwidth can be increased if laser cavity length is reduced,

which shortens the photon lifetime. However, a short cavity laser results in a reduced output
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power. An alternative solution entails the employment of the OIL technique. It has been
shown that OIL enhances the bandwidth without the need to increase the bias current or
shortening the cavity of laser [263], [264], [265]. The increase in the modulation bandwidth
can be attributed to the reduction in the number of carries in the active region by AN (AN =

(N — N,), N —Number of carriers in active region, N, —threshold number of carriers ) [264],

[266]. This in turn enhances the resonant frequency of laser from w, to w, +% gAN,

where « is linewidth enhancement factor and g is net modal gain. The range of « is between
2 and 3 [267] and it cannot be changed or manipulated when designing the laser hence, the
increment in resonant frequency can be obtained by increasing g and AN. The gain of the
material can be improved by increasing number of quantum wells in active region [268] and

intensity of optical injection [74].

3.6.1.2 Chirp reduction

As mentioned earlier, a DML suffers from a large amount of frequency chirp, caused mainly
by the rapid change in refractive index of the laser, which in turn alters the emission
wavelength [269], [270], [271], [272], [273]. A laser under high level of optical injection
shows a significant reduction in frequency chirp as described in [274], [275]. The reason of
chirp reduction is the master laser locks the slave laser’s frequency under stable injection
locking condition [276], [277]. Moreover, the injection of light increases the number of
photons in slave laser cavity thereby act as an optical resonator as well as an optical amplifier.
The total chirp in the signal is contributed by transient and adiabatic chirp (as defined in
Equation 3.6.3). The a, P(t), and k are linewidth enhancement factor, instantaneous power
of the laser, and coupling coefficient, respectively. The transient chirp dominates while laser
is directly modulated with high-speed electrical signal. The transient chip is inversely
proportional to instantaneous power P(t) (Equation 3.6.4) hence increment in number of

photons in the cavity due to optical injection reduces the frequency chirp.

w1 po 3.6.3
|y P(t) dt K e
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3.6.1.3 Reduction in relative intensity noise

As mentioned earlier, the RIN arises from a random transition of carriers in the active region,
which leads to a fluctuation of photons. This leads to a change in the output power and a
degradation in the signal to noise ratio of an output signal [278]. This issue can be resolved
by using OIL, which significantly reduces the RIN in the output signal [279], [280] by
suppressing the random phase change of the photons (spontaneous emission) and a

fluctuation in the carrier density [281].

3.7 Realization of an OIL based regrowth-free PIC

As mentioned above the OIL can be implemented with discrete components and using
photonic integration method. Also, there are pros and cons of photonic integration of OIL
techniques (as stated above). The manufacturing process of a photonic integrated circuit
(PIC) is analogous to the manufacturing of an electronic integrated circuit. In a standardised
PIC fabrication process, the integration of photonic components follows sequential regrowth
and etching of the material. The process becomes more sophisticated in hybrid integration
[241], [282], [283], [284]. Conversely, in regrowth-free manufacturing of PICs, all the
required layers are first grown on the InP substrate, which then undergoes multiple etching
processes to replicate the mask layout with the defined depth at necessary places. The
regrowth-free manufacturing process offers a fast and robust method to manufacture PICs.
This improves the yield of the manufacturing process.

The master-slave arrangement can be integrated on the same InP substrate to realize
OIL. As described in chapter 2, the device consisting of a master and slave laser, as well as
the connecting optical waveguide can be built using regrowth-free fabrication. This thesis

focusses on the use of this technique for the realisation of all the transmitters.
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3.7.1 Architecture of OIL based DML PIC transmitter

The architecture of the OIL based transmitter (as shown in Figure 3.7.1) is built by
integrating a high speed DML with a master laser (CW operation) and connecting them via
an optical waveguide and isolator. The rib [285] and ridge waveguides [286] are the
commonly used structures to transport light in PICs that shows attenuation of 0.1 dB /cm and
0.81 dB/cm, respectively. The optical isolator prevents unwanted back reflection to laser

cavity.

Figure 3.7.1 Architecture of OIL based PIC transmitter.

The photonic integrated isolator can be implemented by fabricating magneto-optic
waveguide, Mach—Zehnder structure, and micro ring resonator. While the integration of
lasers and optical waveguides can be realised through the regrowth fee fabrication,
integration of optical isolator requires sophisticated fabrication steps. Hence, in regrowth-
free fabrication the OIL transmitter is built without isolator and allowed mutual injection
locking between master and slave lasers [261], [287].

3.7.2 Fabrication of OIL based DML PIC transmitter

Figure 3.7.2 illustrates the main manufacturing steps involved in a regrowth-free fabrication

process of a multi-section PIC. The first step entails a prefabricated wafer undergoing an
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initial stage of etching that forms a ridge structure on the p-layer. The resulting structure is a
single section PIC, in which the optical mode is coupled throughout the ridge waveguide.
At the second stage of fabrication, a deep isolation slot is etched that bisects the ridge
waveguide and converts the single section to a multi-section PIC. Subsequently, the
individual contact pads for each section are formed by gold deposition. The standalone
contact pads ensure an independent operation of each section. This method of fabrication can

be used to implement master-slave architecture on the same substrate.

Pre-grown wafer structure undergoes O.uantum\ P-type
multiple etching process to form a PIC wells = =
N-Type

A ridge waveguide structure is formed

by shallow etching the P-type :

semiconductor layer to form a laser Pre-grown wafer with quantum wells ‘
e

First stage etching to form ridge waveguid

InP Substrate

Bisection of ridge by etching forms

) g Ridge waveguide
multi-section PIC

N-Type

InP Substrate

Section 1 Section 2
or Second stage etching and metallization

N-Type , to form multi-section PIC

InP Substrate

Multi-section PIC

Figure 3.7.2. Flow chart showing the steps in a regrowth-free fabrication of a multi-section
PIC.

As it is well known, a laser is a cavity formed by inserting a gain medium between
two reflectors. Chapter 2 contains a description of how a laser could be formed by etching
the slots in the ridge waveguide at one end and applying HR coating at the other end.
However, it is important to note that a laser can be formed by etching slots on the ridge and
applying AR coating at both ends. Hence, to implement a laser, a gain medium is placed
between two reflectors as in Figure 3.7.3. The reflectors are designed by etching multiple
grating slots on the ridge waveguide at a period defined by the Bragg condition. The variation
in etch depth changes the effective refractive index and thereby acts as a reflector. The
effective refractive index can be further varied by injecting current (carriers) into the reflector
sections, thereby achieving wavelength tunability. Equation 3.7.2 shows that the change in
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the peak wavelength is proportional to change in effective refractive index with respect to
change in number of carriers [288]. It is apparent that an increase in bias current changes the
carrier density and subsequently the refractive index of the reflector section. The change in
refractive index of the reflector section alters the effective refractive index of the laser.

_ d_n(N—No)
AN = dN—ng A 3.7.1
dn
A — 3.7.2
A X TN

Gain

Figure 3.7.3. Structure of slotted grating-based laser.

The drawback of using a grating-based reflector is a high transmission loss in the
form of scattering of the electromagnetic wave at the edge of the reflectors. This loss can
therefore prevent the laser from attaining a threshold condition and lasing at the Bragg
wavelength. Designing the reflectors in an active material overcomes this problem by
equalizing the gain and loss. The latter is achieved by DC biasing the reflectors. Overall, the
implemented laser is essentially a three-section device with three independent bias controls.
Finally, in order to realise OIL, a master-slave configuration can be implemented by

cascading two lasers (with one overlapping/shared section) as shown in Figure 3.7.4.

—

~
Laser 1

. Gain medium D Reflector D Gold contact

Figure 3.7.4. Architecture of a monolithically integrated two-section PIC.
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Such a regrowth-free four-section device was fabricated and reported in [289] and
demonstrated an enhancement in the modulation bandwidth and a reduction in chirp, which
enabled 10 Gb/s data transmission over 37 km. The device was fabricated on an InP substrate
containing 5-AlGalnAs quantum wells in the active region. The device had a HR coating at
the back facet and an AR coating at the front facet. Wavelength tunability was achieved by
changing the bias of both reflectors and the gain section. Even though this device availed of
low manufacturing cost, it suffered from the lack of independent control of the laser sections.
Essentially, this translates to a difficulty in achieving OIL as the common middle reflector
between the master and slave sections affects the emission wavelength of both lasers. My
contribution, as discussed in next chapter, involves achieving independent control of
emission wavelengths of master and slave laser as well as introducing a mechanism of

controlling the level of optical injection without affecting operating condition of slave laser.

3.8 Conclusions

In this chapter, the standards of NGPON2 architecture are discussed and the requirements of
a transmitter that could be used to satisfy these standards examined. The transmitter
specifically built for NGPON2 architecture must satisfy requirements such as wavelength
tunability, 10 Gb/s data rate generation, low spectral excursion, and burst mode
transmission. Many transmitters have been implemented using either external or direct
modulation. The direct modulation is simple and cost efficient because it requires minimum
electronics to build a transmitter. However, the impairments of direct modulation are:
introduction of frequency chirp in optical signal; high relative intensity noise; and limited
modulation bandwidth. These drawbacks can be mitigated by using OIL. The photonically
integrated device implementing OIL is particularly attractive as it reduces the manufacturing
cost and can be minimized further by using regrowth-free fabrication. However, some of the
transmitters implementing OIL suffered the lack of accurate control of the optical injection
due to shared sections causing leakage of current that results change in characteristics of the
device. In the next chapter the design of the multi-section PIC transmitter implemented using

regrowth- free fabrication that overcomes the issues involved in 4-section PIC.
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Chapter 4

Six-section photonic integrated transmitter

4.1 Introduction

The previous chapter discussed the design and implementation methodology of a transmitter
that is to be employed in an access network scenario (specifically suited to meet the
NGPON2 standard). As mentioned, the transmitter can be implemented using both external
and direct modulation schemes. However, the direct modulation scheme simplifies the
transmitter's architecture and significantly reduces building costs, thereby making it very
attractive to the cost sensitive access networks. As discussed in detail, the direct modulation
scheme suffers from drawbacks such as low modulation bandwidth (MBW) and frequency
chirp, both of which can be overcome by employing the OIL technique. The previous chapter
also highlighted how OIL, using two lasers in a master-slave configuration, can be
implemented on a single chip. The photonic integration of the master-slave arrangement
using a regrowth-free fabrication technique further reduces the cost and fabrication time.
This chapter discusses the design and fabrication of a six-section directly modulated
transmitter, which allows independent wavelength control of each section (unlike the device
in [290]). The chapter is organized in such a way that the architecture of the fabricated
transmitter is discussed first. Subsequently, a complete characterization of the slave laser,
under free running and injection locking conditions, is carried out. Static characterization
results include the measurement of L-I characteristic, linewidth, wavelength tunability, and
RIN. Dynamic tests entail measuring the modulation as well as the frequency chirp

characterization of the PIC directly modulated with a 2.5 Gb/s data signal. Finally, the
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transmission tests are carried out in which the device is directly modulated with a 10 Gb/s
pseudo random bit sequence (PRBS) data and the signal transmitted over various lengths of
standard single mode fiber (SSMF). The performance of the transmitter is then verified via

bit error ratio measurements under an injection locked and free running scenarios.

4.2 Architecture of the six-section transmitter

The 3-dimetional schematic in Figure 4.2.1 depicts the architecture of the 6-section
transmitter. The device is manufactured using a prefabricated standard 1550 nm wafer,
containing a five quantum well active layer sandwiched by a p-doped AlGalnAs layer (at the
top) and an n-type AlGalnAs layer (at the bottom). In the first step of the fabrication, a 2 pm
wide optical waveguide is defined by pattering the ridge structure on the top layer and
removing the unwanted material through an etching process. The ridge waveguide confines
the fundamental optical mode into the active region in the horizontal direction. In the second
step, the master and slave lasers are created.

~

2 um ridgg SN -
waveilide

. —— N P-type
PR coated Active region

A n-type

Figure 4.2.1. 3-D schematic of the architecture of the six-section PIC.
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The master laser (ML) is made up of three sections: a long gain section (MG) between
two grating-reflector sections named as master reflector 1 and 2 (MR1 and MR2). The design
parameters for MR1 and MR2 are similar, consisting of slot gratings fabricated by etching
three groups of eight-slots (total 24 slots) of period order 37, 42, 47 on the ridge. The slot
grating of three distinct periods improves the SMSR by supressing the sidemodes [291]. One
difference between MR1 and MR2 are the slot depth and width, which are designed to be
1.35 um and 1.15 pm respectively. The slave laser (SL) is composed of two sections: the
slave gain (SG) and slave reflector (SR). The rear section of the SL, i.e., the SR, is identical
to MR1 and consisting of 3-groups of slots. Each group has 8-slots and a period of 37, 42,
47. All slot depths and width are equal to 1.35 umand 1.15 pum, respectively. The latter value
IS chosen to ease the fabrication process using the photolithographic technique. In addition,
as highlighted in the chapter 2, this slot width delivers the lowest threshold current. To
implement a second reflector of the SL, the front facet of the PIC is coated to be partially
reflective (PR), providing 33 % reflectivity. Another important feature of note in this six-
section PIC is a short gain section that separates the ML and SL. This section is used as a
variable optical attenuator (VOA), which provides accurate control of the optical power
injected into the slave laser. In addition, the physical separation provided by it allows the
independent operation of the ML and SL. To further decouple the operation of each of the
lasing sections, a slot with 1.35 um depth and 1.0 um width is defined between them. Finally,
a gap of 10 um is maintained between the contact pads of adjacent sections, which provides
an electrical isolation of approximately 10 kQ. The image of a fabricated six-section PIC is

shown in Figure 4.2.2.

Figure 4.2.2. Microscopic image of the fabricated six-section PIC.
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4.3 Static characterization

To carry out the testing of the PIC, a subcarrier using a fiber reinforced 4 (FR4) printed
circuit board (PCB) with a radio frequency (RF) transmission line is designed and fabricated.
The bare chip is placed and glued on to the PCB, after which electrical contact pads (direct
current (DC) and RF) are wirebonded to the respective electrical contacts, as shown in Figure
4.3.1. Thereafter, a 34 Q resistor is placed in series with the SG section (with a dynamic
resistance of 16 Q) in order to achieve an equivalent resistance of 50 Q. Finally, the SG

section and the matching resistance is wirebonded to the 50 Q RF track of the subcarrier
PCB.

Figure 4.3.1. Image of subcarrier PCB.

In order to maintain the PIC at a fixed temperature of 20 °C [292], a thermoelectric
cooler (TEC) is placed under the PCB together with a temperature sensor (thermistor). The
TEC is driven with a proportional-integral-derivative (PID) temperature controller. The DC
pads of the PCB are connected directly to low noise DC current sources, while the pad on
the SG section is connected to a wideband bias tee (BT) with a bandwidth of 10 GHz. The
BT enables applying a DC in conjunction with a modulation signal. The light emitted by the
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PIC is coupled to the fibre with the aid of a conical lensed fibre, mounted on an auto-aligner.
The output of the lensed fibre is split using a 90:10 coupler, with the 10% used as feedback
to the auto-aligner controller and 90% used for the static and dynamic characterization, and
for the transmission experiment. The results from the testing are presented in the sub-sections

below.

SMA

(b)

Figure 4.3.2. Images of (a) wirebonded PIC and (b) mounted PIC on a subcarrier and coupled
to a lens-ended fiber.

4.3.1 L-1I characteristic

This section outlines the results from the voltage, current and power measurements taken on

the slave laser part of the PIC, which enables the determination of the dynamic resistance
and the threshold current. The dynamic resistance is calculated by measuring the slope (AA—‘I/)

of the V-I plot above the threshold current. The calculated value of the dynamic resistance is
~16 Q. As mentioned earlier, the SL comprises two sections: SG and SR. Initially, the chip
is kept at room temperature and equal currents, swept from 0 to 60 mA, are supplied to both
the SG and SR sections. Then, the output power is measured using an optical power meter.
The results are shown in Figure 4.3.3(a). The plot reveals that the threshold current of the
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laser is ~22 mA and that there is a steady increase in the output power up to a current of
40 mA. However, at a bias current above 42 mA, the output power reduces. The main reason
for this is a mode hop to another longitudinal mode [293]. The longitudinal mode and gain
peak wavelengths rely on the temperature of active region, which rises with increase in
injection current. The heating of active region alters the gain peak wavelength and
longitudinal wavelength mode. However, the gain peak wavelength changes at a faster rate
comparing to longitudinal mode wavelength and results mode hopping.

To further investigate the behaviour of the SL, its L—I is measured for different
values of currents applied to SG and SR sections. The current in the SG section is swept from
0 to 80 mA at resolution of 4 mA, while the current in the SR section is swept from 0 to 60
mA in steps of 4 mA. The resulting three-dimensional L—I dependency, plotted in Figure
4.3.3(b), clearly shows that the SL exhibits a mode hop from 1544 nm to 1546 nm, for SR
currents between 18 mA and 40 mA. The plot also shows that the SL emits a maximum
power of 0.5 mW (for SG bias at 42 mA and SR at 56 mA) and exhibits a linear region
suitable for direct modulation, when the SR section is biased at 56 mA and the SG section at
40 mA. Beyond the SG bias of 42 mA, the output power drops, because of generation of

another mode and sharing power, and misalignment of lens fiber.
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Figure 4.3.3. L-I characteristic of the slave laser when the slave gain and reflector sections
are kept at (a) equal current and (b) different currents.
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4.3.2 Wavelength and SMSR map of SL

The subsequent characterization step entailed obtaining heat maps of the wavelength and the
side mode suppression ratio (SMSR) of the SL as a function of the SR and SG currents. This
was achieved by sweeping the SG current from 0 mA to 80 mA and SR current from 10 mA
to 80 mA at a resolution of 2 mA and measuring the SMSR and peak wavelength using an
optical spectrum analyzer (OSA). Figure 4.3.4(a) shows a plot of the wavelength as a heat
map. It reveals that the SL is tunable from 1540 nm to 1548 nm, and that the SL wavelength
increases for higher SR and SG currents. Furthermore, the abrupt change in wavelength

(dotted line) shows the mode hop.
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Figure 4.3.4. Heat maps of (a) wavelength and (b) SMSR of slave laser.
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Figure 4.3.5. Plots of SL (a) wavelengths for the SMSR > 35 dB and (b) optical spectrum of
the SL biased at SG = 38 mA and SR = 40 maA.

77



The SMSR as a function of SG and SR currents is plotted in Figure 4.3.4(b), revealing
the regions of single-mode operation (SMSR > 35 dB) of the laser while tuning SL
wavelength from 1540 nm to 1550 nm. The two distinct high SMSR regions visible in Figure
4.3.4(b), confirm the mode hop behaviour exhibited by the SL. In addition, the SL achieves
an SMSR more than 35 dB, when the SR and SG are biased between 20 mA and 80 mA, and
20 mA to 60 mA, respectively. The highest SMSR achieved by the SL is ~48 dB. Using both
plots in Figure 4.3.4, the range of wavelengths with SMSR > 35 dB is identified and plotted
in Figure 4.3.5. From the figure it can be seen that the SL can generate wavelengths between
15445 nm and 1547.5 nm with SMSR > 35 dB, while the wavelength range between
1545 nm and 1547 nm achieves an SMSR of more than 45 dB. The optical spectrum of the
SL emitting at 1544.58 nm with an SMSR > 45 dB, when biased at SG = 38 mA and SR =
40 maA, is plotted in Figure 4.3.5(b).

4.3.3 Optical injection locking of the slave laser

Having tested the free running SL, next the ability to injection lock the SL to ML is verified.
The first step here entailed confirming the lasing of master laser, which requires biasing of
the SL and VOA sections at transparency. Hence, the SR, SG and VOA sections are biased
at 14 mA, 14 mA, and 10 mA respectively. Thereafter, the ML sections (MR1, MG, MR2)
are biased at 52 mA, 100 mA, and 60.33 mA, respectively. At these bias currents the
emission from ML is dominant over that of the SL and the ML is seen to be lasing at
~1547 nm, as shown in Figure 4.3.6. From this figure, it can also be noticed that the
linewidth of the ML is much narrower than the SL, which is due to the ML having a longer
cavity length than SL [294], [295].

After confirming the lasing of the ML laser, the next step entails verifying the ability
to achieve optical injection locking (OIL) of the SL by the ML. This is process is started by
turning-on all the SL sections and the VOA (SG, SR, and VOA biased at 50 mA, 60 mA,
and 10 mA, respectively) and measuring the SMSR using the OSA, while tuning the ML
wavelength from 1545.48 nm to 1547.56 nm. The latter is achieved by varying the bias
currents of both gratings (tied together) and the MG sections between 0 mA to 68 mA (in

78



2 mA steps). The results achieved are plotted, as a heat map of the SMSR as a function of
the MR and the MG currents, in Figure 4.3.7(a).

The high SMSR regions (red areas in Figure 4.3.7(a)) indicate a high probability of
achieving OIL. Based on these results, a bias current of 35 mA is selected and applied to the
MG. To find an optimum set of currents for MR1 and MR2 sections, the biases supplied to
MR1 and MR2 are varied individually from 0 to 68 mA in steps of 2 mA. The results
achieved are then plotted as a heat map of the SMSR as a function of the two MR currents
with a fixed MG current and shown in Figure 4.3.7(b). The regions with an SMSR > 55 dB
(dark red region in Figure 4.3.7(b)) clearly indicate that OIL is achieved. Hence, a set of bias
currents, which lead to OIL, can be deduced from Figure 4.3.7(b). An example of the optical
spectrum of the injection locked SL for bias currents given in Table 4.3.1 (gleaned from
Figure 4.3.7(b)), is shown in Figure 4.3.8. The injection locked wavelength shows 58 dB
SMSR.
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Figure 4.3.6. Optical spectrum of the master laser (OSA resolution set at 0.16 pm).
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Figure 4.3.7. Heat maps of SMSR versus (a) MG and MRs currents (MR1 and MR2 tied
together), and (b) MR1 and MR2 at fixed MG current of 100 mA.
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Figure 4.3.8. Optical spectrum of the injection locked slave laser (OSA resolution set to 0.16
pm).
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Section Current (mA)

SR 50.72

SG 57.54
VOA 10

MR1 54.12
MG 35

MR2 56.17

Temperature 18 °C

Table 4.3.1. Bias currents applied to the various sections for OIL as in Figure 4.3.8.
4.3.4 Wavelength stability of injection locked slave laser

This section outlines results achieved when studying the wavelength stability of the slave
laser when it is optically injection locked. For this test, the SL is set to 1546.76 nm and its
wavelength is measured at one-minute intervals over 60 minutes, using a high resolution
(0.16 pm) OSA. From the results, plotted in Figure 4.3.9, the maximum deviation in the
lasing wavelength, observed over the 60-minute time span, is found to be £ 4.56 pm (560
MHZz). The main cause of this variation is the limited thermal control of the chip. However,
it is important to note that this deviation in the lasing wavelength is much lower than

maximum allowed deviation of £20 GHz as described in the NGPON2 specification [83].
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Figure 4.3.9. Variation of the peak wavelength over a 60 min of time span when slave laser
is injection locked.
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4.3.5 Wavelength tunability of the injection locked slave laser

Here, the wavelength tunability of the injection locked slave laser is studied. The SL and ML

are multi-section lasers, whose wavelength can be tuned by controlling the currents applied

to their individual reflectors, while keeping the bias of the other sections (SG, VOA, and

MG) unchanged. Table 4.3.2 shows the bias points used to achieve four different

wavelengths when the slave laser is injection locked. The overlapped optical spectra of these

four wavelengths, on a 25 GHz grid, and showing stable injection locking of SL, are plotted

in Figure 4.3.10.
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Figure 4.3.10. Tunability of injection locked slave laser on 25 GHz grid.

W von W we R

1547.0 nm 40.71 mA
1547.2 nm 44.80 mA
1547.4 nm 51.13 mA
1547.6 nm 55.17 mA

58.02 mA
58.02 mA
58.02 mA
58.02 mA

11 mA
11 mA
11 mA
11 mA

46.95 mA
47.76 mA
50.65 mA
52.19 mA

54 mA
54 mA
54 mA
54 mA

45.76 mA
51.59 mA
53.36 mA
59.17 mA

Table 4.3.2. Bias data for achieving wavelengths on 25 GHz grid in the injection locked

regime.
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4.3.6 Linewidth characterization

As a part of the static characterization, this section reports on the optical linewidth of the SL
and ML. The measurement is performed using the delayed self-heterodyne (DSH) method
[296], a well-known DSH technique involving beating the signal with its decorrelated replica
on a photodiode and observing the linewidth of the RF beat tone. The experimental setup
used for linewidth measurement is shown in Figure 4.3.11. The optical signal from the laser
is split using a 50:50 passive optical splitter, whose first arm is connected to an electro-optic
phase modulator (PM), while the second to a fiber delay. The length of the fiber needs to be
sufficient to decorrelate the signals in both arms, thus preventing the cancellation of the

optical phase noise during the homodyning process.

Current and TEC controller S, DSH -
—{TeC s6l, | 23 km SMF !
MR2 MG MR1 VOA SR oM

RN

Figure 4.3.11. Experimental setup for linewidth measurement. DSH: delayed self-
heterodyne, Ol: optical isolator, SMF: single mode fiber, RF: radio frequency, PM: phase
modulator, PD: photodiode, ESA: electrical spectrum analyser.

In the tests described here, a 25 km SMF is used, providing 122 ps delay and
resolution of ~10 kHz in measurement. The output of both arms is combined using a passive
optical power combiner and detected using a high bandwidth photodiode to generate the beat
tone. The spectral shape of the tone is measured using an electrical spectrum analyser (ESA).
The peak of beat tone frequency is centered at DC for unmodulated PM and can be shifted
to an arbitrary frequency by modulating the signal fed to PM. To obtain the laser linewidth,
the line shape of the beat tone is captured and the curve fitting using a VVoigt profile is carried
out. While the 3 dB spectral width is affected by 1/f noise and returns inaccurate

measurement of linewidth, the 20 dB spectral width mainly contains information of
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Lorentzian shape [296]. Hence, the 20 dB spectral width is measured, and the 3 dB optical
linewidth is extracted by dividing it by 24/99 [296].

It is well known from literature that the linewidth of a semiconductor laser is
inversely proportional to length of the laser [295]. The cavity length of the ML (~590 um) is
approximately three times longer that the cavity length of SL (200 pm). First the linewidth
of the SL is measured using the DSH method mentioned above. Initially, the SR and SG
section current of SL are set to 40.70 mA and 58.02 mA, respectively (arbitrary set of
currents that lead to the emission signal exhibiting an SMSR > 35 dB). The other sections of
the PIC are kept unbiased. The optical signal is supplied to the DSH measurement setup, and
the electrical spectrum of the beat tone is recorded using ESA (at 100 Hz resolution). Figure
4.3.13(a) shows the measured electrical spectrum of the beat signal with a VVoigt profile fitted
over it. This is used to extract a 3 dB linewidth of the SL, which is 56.4 MHz. Next, the MR1,
MG, and MR2 sections of the ML are biased at 46.95 mA, 54 mA, and 45.76 mA,
respectively. It is important to note that access to the ML emission is attained from the front
facet. Hence the SR1 and SG sections are biased at transparency (12 mA). The emitted
optical signal is once again fed to the DSH setup and the Voigt curve fitting is superimposed
on the measured ESA spectrum (as shown in Figure 4.3.13(b)), which then allows the
extraction of the linewidth of ~18 MHz. The measurement confirms that the linewidth of ML
is approximately 3 times better than SL.

Subsequently, the linewidth of the injection locked SL is also measured. It is well
known that the linewidth of the injection locked SL follows the linewidth of the ML [295],
[297]. OIL of the SL is achieved at 1547 nm wavelength by biasing all the sections with
currents described in Table 4.3.1. Figure 4.3.13(c) shows the electrical spectra of the beat
tone with the superimposed Voigt curve fit. The measured linewidth of the injection locked
SL is ~18 MHz, which verifies that the SL is injection locked by the ML (inherits the

linewidth of the master).
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Figure 4.3.12.The ESA spectra and Voigt fit to measure linewidth of the (a) SL and (b)
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Figure 4.3.13. The ESA spectra and Voigt fit to measure linewidth of IL SL.
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4.3.7 RIN measurement

The last test performed within the static characterisation of the device involved measuring
the relative intensity noise (RIN), which is defined as the ratio of the ensemble average
fluctuations ((8P(t)2)) to the squared average power of the laser (PZ). The RIN in
semiconductor lasers is typically caused by the random generation/recombination of carriers
and photons resulting in a random variation of the carrier and photon density. The random
fluctuation in photons is due to spontaneous emission and recombination of electron-hole
pair, also called shot noise. The spontaneous emission dominates over shot noise, which adds
noise in both the intensity and phase of photons [298]. The perturbation in intensity is
characterized as RIN that directly affects signal-to-noise ratio (SNR). It also contributes to
distortions of the modulated signal, which can result in a worsening bit error rate [278] [299]
[300]. The RIN can be expressed by Equation (4.3.1).

8P (t)?
RIN = ( (2) ) (4.3.1)
P

Current and
Temperature DC output
controller

Optical SMF I Amplifier  DC-Block

Isolator  .zew X

=g kW o Blas | o HH- ESA

Tee

Photodiode G=26 dB
Figure 4.3.14. Schematic of the experimental setup for the RIN measurement.

The RIN of the six-section PIC is measured using the set up shown in Figure 4.3.14,
The output of the biased device is fed to a high-speed photodetector (20 GHz bandwidth) via
inline isolator and SMF. The detected electrical signal containing both the DC (average
signal) and the AC component (fluctuations) is split via a bias-tee (BT). The DC port of BT
is connected to a voltmeter to read the average output voltage. The RF output of BT (noise)

is amplified and measured using electrical spectrum analyser (ESA). As the ESA-detected
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signal is made up of contributions from the RIN in the optical signal, thermal noise, and shot
noise, to extract the RIN, the thermal (background noise) and shot noise must be subtracted
from the measurement. The final value of the SL RIN is thus calculated using in Equation
(4.3.2). Here, Posf Is the background noise (measured with no optical signal connected to the

photodiode) and Pon is the optical signal measured with background noise.

RIN = Piotar — Pihermat — Pshot — Pac (4-3-2)
where
POn 3
1010 x 10
Protar = (4.3.3)
RBW
o
10\ 10 / x 103 (4.3.4)
Ptherm = RBW

Ry

Pspor =2-q - Vyc - R (4-3-5)
out
Vdc 2
Pgc = ( ) XR1 XV (4.3.6)
RO‘LLt
V = 10Camp/10 (4.3.7)

The RBW, , Vdc, Gamp, R1, Rout, V are resolution bandwidth, electronic charge, DC output
of bias-tee, gain of amplifier, input and output resistance of amplifier, and output voltage of

amplifier. The values of parameters used in the equation is shown in Table 4.3.3.

Parameter Description Values
RBW Resolution band width 100 kHz
q Electronic charge 1.6 x 1071 C
Gamp Gain of amplifier 26 dB
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R1 Input impedance of amplifier 50 Q

Rout Output impedance of amplifier 50 Q

Table 4.3.3. The description and values of parameters used in the RIN calculation.

The level of RIN present in the output optical signal is determined for SL without
optical injection (free running) and injection locked SL. The latter is measured for various
levels of injected power (various bias currents of the VOA section). The results are plotted
in Figure 4.3.16. The average RIN of the free running SL over a 1 GHz to 6 GHz frequency
span is —121.8 dBc/Hz. It can be seen that the RIN is highest at frequency of ~2.3 GHz due
to the relaxation oscillation frequency peak being at ~2.3 GHz at the given bias (as shown in
Figure 4.3.15). The average RIN of the IL SL are —142.75 dBc/Hz, —143.77 dBc/Hz, and
—145.54 dBc/Hz, when VOA is biased at 2 mA, 3 mA, and 10 mA, respectively. The main
reason of low RIN in IL SL is the reduction in spontaneous emission [301], [302], [303] and

suppression in nonlinear distortion due to photon and carrier interaction [304].
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Figure 4.3.15. Modulation response of free running SL.
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Figure 4.3.16. Plot of the RIN of the free running SL (blue) and the injection locked SL when
the VOA is biased at 2 mA (orange), 3 mA (green), and 10 mA current (orange).

4.4 Dynamic characterization

The first phase of the dynamic characterization of the SL involves the determination of its
frequency response in both the free running and OIL regimes. The latter is carried out at
different levels of power injected into the SL. Subsequently, the effect of optical injection,
when slave laser is modulated with a data signal, is characterized by studying the optical
spectrum and the eye diagrams (with and without injection). Finally, the frequency chirp
imposed due to direct modulation is investigated and its reduction when the SL is injection

locked, is studied.

4.4.1 Frequency response

As mentioned in chapter 3, the frequency response of most semiconductor lasers, especially
free running, is limited. It was also mentioned that OIL can improve the modulation
bandwidth based on the frequency detuning and the optical power injected [305], [306],
[307], [308], [309]. In this section, the modulation bandwidth of the SL, both in the free
running and under optical injection regimes, are investigated. Figure 4.4.1 shows the setup
used for measuring the frequency response. The sections with DC pads are supplied with a
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DC current, and the SG section is supplied with a DC current in conjunction with an RF
signal from the output port of the vector network analyzer (VNA). Then, the modulated
optical output is coupled to a lensed fiber followed by an inline optical isolator and finally
detected by a high-speed photodetector connected to the input port of the VNA.

Current and Vector network
Temperature

Analyser
controller ® @

: \RF out & RFin
Bias Optical
Isolator Photodiode
IIIIIIIIIIIIIII>
e T al

Figure 4.4.1. Schematic of the experimental setup used for measuring the frequency
response.

It is well known that the relaxation oscillation frequency of the SL under optical
injection is directly proportional to the fractional change in injected optical power with
respect to power of the free running SL [310]. Hence, the measurements are carried out for
different levels of injected power. It is important to note that the optical injection in this
device can be varied in two ways: by changing the MG current, which results in a change of
the ML output power, or by changing the bias applied to the VOA section, which changes
the level of attenuation (absorption).

The first step involves determining the effect of changing the MG current, whilst
keeping the MR1, MR2 and VOA (10 mA) currents unchanged, on the frequency response
of the SL. The results obtained are displayed in Figure 4.4.2 and clearly show that the
modulation response of the SL improves, when the current applied to the MG section
increases. A minimum bias current of 23 mA on the MG section is required to achieve lasing.
Hence, the MG current is swept from 23 mA to 38 mA in steps of ~3 mA. The modulation
bandwidth (3 dB) of the SL increases from ~4.2 GHz at 23 mA to ~7.8 GHz at 38 mA, as a
result of the increased level of optical injection.

However, as mentioned earlier, a change in the bias current applied to the MG section

also results in a change of the emission wavelength. Hence, the positive attribute brought by
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the six section PIC architecture is taken advantage of by varying the injection level using the
VOA current (keeping the MG constant). Hence, as a subsequent step, the bias current
applied to the VOA section is tuned to change its transmission response from being opaque
to becoming more transparent. As the VOA section is made of an active material, the state
of transparency is achieved by supplying current to compensate the waveguide loss (the level
of absorption is varied). Thus, by changing the bias to VOA section, the level of the optical
injection from the ML to the SL can be varied. The frequency response of the SG section is
then recorded at different biases applied to the VOA section and shown in Figure 4.4.2(b).
The blue line depicts a case where the SL section has little or no injection from the ML (VOA
section bias is set to 0 mA i.e.,, maximum attenuation). The 3 dB MBW in this operating
condition is measured to be ~3.6 GHz. When the current to the VOA section (thus the optical
injection level) is increased, the 3 dB MBW of the SL improves to 4.6 GHz (orange line),
when the VOA section current is set at 1 mA, to ~7.8 GHz (cyan line) for VOA current of 12
mA. Moreover, the modulation response is uneven and shows high roll-off in both scenarios
I.e., changing MG and VOA current. The behaviour is due to reflection caused by the
matching resistor and wire bond connected to SG. In addition, the RF track is designed using

a PCB having FR4 material as a substrate, thus causing a high loss in transmission of RF

signal.
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Figure 4.4.2. Plot of the frequency response of the SL under different levels of optical
injection controlled by (a) MG current and (b) VOA current.
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4.4.2 Chirp measurement

The final measurement in the characterisation of the device is the chirp measurement using
the experimental setup illustrated in Figure 4.4.3. For this test, the slave laser is operated in
the optical injection locked and biased to achieve ~1547.2 nm wavelength using values listed
in Table 4.3.2. Subsequently, a 10 Gb/s non-return-to-zero (NRZ) data signal with a pseudo
random bit sequence (PRBS) of order 21°—1 with a peak-to-peak voltage of 2 V, sourced

from a pulse pattern generator (PPG), is applied to the gain section of the SL.

Current and TEC controller

—TEC SG ) Trigger

MR2 MG MR1 VOA SR > Sampling

R HJJ* =

11 /
AMZI[ ==L 90%/

S

Figure 4.4.3. Experimental setup used for the measurement of chirp of directly modulated
six-section PIC. AMZI: asymmetric Mach-Zehnder interferometer, BT: bias-tee, OSA:
optical spectrum analyser, PPG: pulse pattern generator, PD: photodetector.

The output signal of the PIC is either directly connected to OSA or fed to an
asymmetric Mach-Zehnder interferometer (AMZ]1) filter. Then the output of AMZI filter split
using a 90:10 coupler, with the 10% tap connected to an OSA and the 90% supplied to a
high-speed photodetector (20 GHz). The electrical output of the photo detector is connected
to a sampling time oscilloscope synchronized to PPG.

As discussed in chapter 3, direct modulation of a laser can introduce a relatively large
amount of frequency chirp in the resultant (modulated) optical signal. This chirp can be
minimized by optical injection locking of the modulated laser [311], [312]. The reduction in
chirp depends on various parameters including the level of optical injection as described in
section 3.6.1.2. As seen above, one of the positive attributes of this PIC, is its ability to
control the level of optical injection into the SL, from the ML, by simply changing the current

applied to the VOA section.

92



4.4.2.1 Measurement of chirp using OSA

Initial characterization of the chirp is done by observing the optical signal on a high
resolution (0.16 pm) OSA. To see the change in chirp as a function of the level of optical
injection, the current applied to the VOA section is varied. As highlighted earlier, a higher
bias current to this section reduces the level of attenuation (increases the level of injection)
and vice versa. The optical spectrum of the modulated signal at three different VOA current
Is plotted in Figure 4.4.4.

The result shows that when the VOA is biased at 2 mA, it allows a very low level of
optical injection, which essentially means that the incurred frequency chirp (spectral
broadening) is not reduced (spectrum in blue). The measured spectral broadening (~30 dB
below the peak) for 2 mA, 6 mA, 10 mA VOA currents are 1.4 nm, 0.12 nm and 0.1 nm. The
spectral width of the directly modulated laser significantly reduces at 6 mA VOA current
(spectrum in orange) and further narrows down when VOA current increased to 10 mA
(spectrum in yellow). This measurement clearly shows that the chirp is reduced significantly
by increasing the level of injection. It is also important to highlight that the emission
wavelength doesn't change - which is a key feature of this PIC design.

—VOA=2mA
0|—VvoA=6mA 1
VOA=10mA
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Figure 4.4.4. Optical spectrum of modulated SL under different level of optical injection.
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4.4.2.2 Measurement of chirp using frequency discrimination method

Further to the qualitative spectral measurements, a more extensive characterization is
performed to quantify the chirp. This measurement of the chirp in the optical signal is carried
out by using the well frequency discriminator technique [313], [314], [315], [316].
Specifically, in this experiment an AMZI based filter is used as the frequency discriminator
[316], [317], allowing for the conversion of the frequency fluctuations to an intensity
modulation, providing a more accurate chirp measurements than traditional methods (e.qg.,
fiber transfer function method [318]). The procedure used for the chirp measurement is as
follows:

e The transfer function of the filter is characterized and plotted. The key points such as

A, B, C, D, and E are labelled (see Figure 4.4.5).

>

Output intensity

Optical frequency

Figure 4.4.5. Transfer function of the AMZI.

e The spectrum of the modulated signal is aligned to point C (maximum) of the AMZI
filter response, and the time traces are recorded using a wideband photodetector (20
GHz bandwidth) connected to a sampling oscilloscope.

e The modulated spectrum is aligned to point B (center of the rising edge) of the AMZI
filter response, and the time traces are recorded and named as P> trace.

e The modulated spectrum is aligned to point D (center of the falling edge) of the AMZI
filter response, and the time traces are recorded and named as P trace.

e The free spectral range (FSR) is calculated by obtaining frequency difference

between point A and point E where the output intensity is zero.
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Figure 4.4.6. Measured AMZ] filter response.
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The chirp is calculated using Equation (4.4.1).

P, — P2>
P+ P,

(4.4.1)

Thus, the chirp measurement starts with the characterization of the AMZI filter

response, carried our passing the amplified spontaneous emission (ASE) generated from an

Erbium dopped fiber amplifier through the AMZI and measuring the optical spectrum of the

output signal. The response of the AMZI used in the test is shown in Figure 4.4.7(a) in

yellow. Subsequently, the FSR is extracted by finding difference between two subsequent
nulls (here is 102 GHz). Next, a 2.5 Gb/s PRBS of 2 V pk-pk was applied to the slave gain

section of the free running SL in conjunction with a DC current of 50.54 mA. The spectra of

the free running (blue) and modulated SL (orange) are shown in Figure 4.4.7(a).
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Figure 4.4.7. (a) AMZI filter transfer function (yellow), spectrum of the SL in CW (blue)
and modulated with 2.5 Gb/s data (orange); time traces of P, + P, (b) and P, — P, (c).
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Figure 4.4.8. Extracted chirp of the modulated SL.

The P, and P, traces are extracted by aligning the spectrum of the modulated SL to
the center of the rising and falling edges of the filter response. Then the time traces are added
and subtracted to find P, + P, and P; — P, and plotted as Figure 4.4.7(b) and (c). Using
Equation (4.4.1) the chirp is extracted and plotted in Figure 4.4.8. The figure shows the
frequency is varying from -20 GHz to +15 GHz, thus giving the peak frequency chirp of 35
GHz.
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Figure 4.4.9. (a) AMZI filter transfer function (orange), optical spectra of the injection locked
CW (blue), and modulated SL (yellow), traces of (b) P+ + P2 and (c) P1 — P-.

Having measured the chirp of the free running laser, the next step entails measuring
the chirp of the SL while injection locked (VOA biased at 2 mA). Again, a 2.5 Gb/s PRBS
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(2'°-1) was applied to the slave gain section of the laser in conjunction with a DC current of
50.54 mA. The same procedure mentioned above is followed and the AMZI filter response
(orange) and the optical spectra of the modulated (yellow) and unmodulated (blue) injection
locked SL are shown in Figure 4.4.9(a).

50 55 60
Time (ns)

Figure 4.4.10. Measured chirp of modulated SL under optical injection.

Similar to the previous measurement, the time traces P1 and P are extracted, after
which the frequency deviation (chirp) is calculated using Equation (4.4.1). Figure 4.4.10
shows the plot of the extracted chip, which reveals that the maximum positive and negative
deviation in chirp, of the injection locked directly modulated SL are 2 GHz and 0.5 GHz.
This is a reduction in the frequency chirp of more than ten times, which clearly shows that
the chosen architecture is effective. Hence, such a PIC may be viable for employment in

directly modulated communications systems.

4.5 Data transmission

The previous section clearly showed that the six section PIC can be potentially employed as
a directly modulated transmitter in an optical communications system. Hence, the next step
involves the verification of such a scenario in a short reach network.

The experimental setup used is illustrated in Figure 4.5.1. For this measurement, the
slave laser is operated in the optical injection locked regime, achieved by supplying the

different sections with the bias currents shown in Table 4.3.1. Subsequently, a 10 Gb/s NRZ
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data signal with a PRBS of order 2'°-1 with a of 2 Vpp, sourced from a pulse pattern
generator (PPG), is applied to the gain section of the slave laser. The output signal of the PIC
is split using a 90:10 coupler, with the 10% tap connected to an OSA and the 90% tap initially
launched into a patch cord (for back-to-back tests), and subsequently into a 25 km or a 50
km reel of SSMF. At the receiver, the signal is passed through an external VOA, to change
the received optical power (ROP), prior to being fed to an avalanche photodiode (APD). The
output of the APD is connected to the error detector (ED) for bit error rate (BER) analysis.

Current and TEC controller

TEC SG
MR2 MG MR1 VOA SR BT

P 3 f

50 km SMF

Figure 4.5.1. Experimental setup used for the direct modulation of the PIC.

The first test is the back-to-back (B2B) scenario where a patch cord connects the
transmitter to the receiver. The eye diagram and the BER as a function of the ROP are then
measured. Figure 4.5.2 shows the B2B eye diagram from which the extinction ration (ER)
of the signal is measured to be ~5 dB. The patch cord is then replaced with a 25 km and
subsequently a 50 km reel of SSMF. The BER plots of the transmission are superimposed
with the B2B case and shown in Figure 4.5.3. It is important to note that error free
transmission (1e®) is achieved for all three scenarios. In the B2B case, the transmission is
error-free at -20 dBm received optical power. In addition, the receiver sensitivity (1e”°) for
the 25 km fiber transmission is measured to be —22 dBm and for the 50 km fiber transmission
is —15 dBm. This corresponds to a power penalty, with respect to the back-to-back case, of
~2 dB (25 km) and ~5dB (50 km), which can be mainly attributed to the chromatic

dispersion incurred in the fiber.
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Figure 4.5.2. Eye diagram of the received signal in a B2B case and the measurement of its

ER.
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Figure 4.5.3. BER vs. ROP for back-to-back and after transmission over 25 and 50 km of
SSMF.

Finally, to demonstrate the efficacy of the VOA and the advantage of varying the
level of optical injection, measurements of varying the VOA current on the BER
performance for the two transmission distances is carried out. From the results, plotted in
Figure 4.5.4, it can be seen that by increasing the VOA bias, thus the injection level, a
significant improvement in the performance of the system can be achieved. In the case of the
25 km transmission, changing the VOA section current from 4.5 mA to 10 mA reduces the

BER from 1e to 1e”®, while in the case of the 50 km transmission, the best performance
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(BER of 1e7) is achieved for the VOA section current of 12 mA. This improvement stems
from the reduction of the chirp induced by the optical injection. It also shows that for the
longer fiber length, optimizing the system performance requires a higher level of injection
(higher VOA current). It is important to note that the optical injection also results in a
reduction of the extinction ratio (ER) of the modulated signal. Hence, there is a trade-off
between the level of chirp compensation and the degradation of the ER. In other words, a
shorter transmission distance (less dispersion) could benefit from a reduced level of optical
injection (better ER).
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Figure 4.5.4. BER vs. VOA current after transmission over 25 km and 50 km.

4.6 Conclusion

A novel six-section PIC consisting of a master slave architecture is fabricated using a re-
growth free technique. The overall objective of this design is to achieve a device that can be
directly modulated at a bit rate of 10 Gb/s thereby being able to support the latest standards
of an access network.

The device's unique architecture is based on introducing an integrated VOA between

the master and slave laser sections. The implemented PIC demonstrates the phenomenon of
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OIL and its merits, such as reduction of RIN, decrease in linewidth, and improvement in
modulation response. Having an independent contact pad for each section helps to
compensate for thermal crosstalk with bias control. In addition, the intensity of optical
injection can be precisely controlled by varying the current of the VOA section. Moreover,
the SL under the OIL condition shows a significant reduction in frequency chirp that
minimizes the effect of chromatic dispersion while transmitting over SSMF. The direct
modulation of PIC achieved an ER of 5 dB under OIL conditions. The optimized injection-
locked device shows an error-free transmission of a directly modulated 10 Gb/s signal over
25 km and 50 km of SSMF. The features such as mitigation of frequency chirp, ER of 5 dB,
and modulation bandwidth of 7.8 GHz by the PIC make this device suitable for short-reach
network. However, the proof-of-concept device does not comply with the specification of
NGPON2. So, in the next chapter an improved version of six-section pic is discussed that is
designed to meet the standards of NGPON2.
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Chapter 5

Eight-section photonic integrated

transmitter

5.1 Introduction

The previous chapter demonstrated a six-section directly modulated transmitter
fabricated using a regrowth-free method. The transmitter is realized by integrating master-
slave architecture on the same wafer to implement the OIL [242]. The design of such a PIC
supports, with the help of the VOA section introduced between the master and slave lasers,
an accurate control of the level of optical injection [319], [320], and independent bias control
of the laser sections (reflector and gain). Thus, this structure supports the achievement of
optimum OIL of the SL, which manifests as an improvement in the modulation response
[266], and a reduction of the frequency chirp [276]. These attributes enable the use of cost-
efficient direct modulation on the PIC thereby making it more attractive for use in the cost
sensitive short reach networks, as demonstrated in section 4.5. However, as outlined earlier
in this thesis, a primary objective of this research work is to realise a transmitter suitable for
the NGPONZ2 standard [83]. This requires improvements to the six section PIC in terms of
the wavelength tunability, burst mode operability, low cross channel interference, and
transmitter enable/disable features.

Hence, this chapter discusses an eight-section PIC (an improved version of the six-
section device). The architecture of the improved PIC brings a suite of benefits similar to the
six-section PIC [319], such as improved dynamic response and reduced frequency chirp. In
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addition, it can generate four OIL wavelength channels, each capable of being directly
modulated with an on-off keyed (OOK) data signal at 10 Gb/s. Moreover, the PIC meets the
NGPON2 power-when-not-enabled (PWNE) requirements and features low adjacent

channel interference while operating in burst mode.
5.2 Architecture of transmitter

The PIC transmitter is manufactured using same wafer as used for the six-section PIC (as
described in Chapter 4). In addition, the fabrication process of the ridge waveguide for the

confinement of the optical mode is the same as that described for the six-section PIC [319].
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Figure 5.2.1. A microscope image of the eight-section PIC fabricated.

The entire device is ~2 mm long and it is divided into four main sections: ML, VOA,
SL, and an SOA (as shown in Figure 5.2.1). The front and back facets are anti-reflective
(AR) and high reflective (HR) coated, respectively. The waveguide at the front section is
angled at 7° to minimize optical feedback [321].

Figure 5.2.2 represents a detailed 3-dimensional architecture of the eight-section PIC.
ML are formed by introducing gain sections that are each sandwiched between two reflector
sections. In six-section PIC the SL was implemented by placing a gain section between PR
coating and a reflector section. However, in this PIC the SL adapts architecture of ML
(reflector-gain-reflector). The length of the ML and SL are 1126 pum and 485 pm
respectively. The reflectors MR1, and MR2 are formed by making 24 slots of three distinct
periods (as shown in Figure 5.2.3(a)). Similarly, the slave gain (SG) between the SR1 and
SR2 sections forms the SL. The slave reflectors have a single period order grating structure
as depicted in Figure 5.2.3(b). Since we need shorter SL and single period gratings are shorter
than the multi-period grating with the same number of slots. of slots, the SL uses single

period grating (as depicted in Figure 5.2.3(b)). Like six-section PIC the length of the SG
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section and size of contact pad is optimised to achieve high modulation bandwidth.
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Figure 5.2.2. 3-dimensional architecture eight-section PIC transmitter.
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Figure 5.2.3. Figure of a (a) three-period and (b) single-period grating structure.

For the same reason, the contact pad of the SG section is kept small (150 pum

diameter) thereby reducing the RC time constant (lowering the effect of parasitic

capacitance). A short (221 um) gain section, introduced between the ML and SL, serves as

a VOA. Finally, the last section close to the output facet, is a 230 um long semiconductor

optical amplifier (SOA) to enable absorption, amplification, and optical gating. The SOA
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section is kept short to support fast turn on/off operation. To isolate the flow of current
between adjacent sections, a slot in the p-region with a depth of 1.35 um and width of 1.15
pm is introduced. In addition, a 10 um gap is also maintained between all the contact pads

that provides 10 kQ resistance to further restrict the flow of current to adjacent sections.

5.3 Static characterization

To begin the characterization of this new eight-section PIC, a subcarrier realised as a PCB is
manufactured containing a 50 Q grounded coplanar waveguide-based transmission line and
DC contact pads. After that, the chip is mounted on the PCB, with each section (except the
SG section) wire bonded with the DC gold pads of the subcarrier. The contact pad of the SG
section is wirebonded to a matching resistance (34 Q) that is soldered on a 50 Q radio RF
track [322]. To maintain the PIC at a constant temperature of 18°C throughout the entire
characterisation and system experiments, a TEC, driven with a PID temperature controller,
is placed under the PCB together with a temperature sensor. The output of the transmitter is
coupled to a conical lens fiber mounted on a 3-axis auto-aligner, which plays a crucial role
in maintaining optimum coupling of the light to the lensed fiber. Initially, only the SOA,
SR1, SG and SR2 sections are biased to determine the standalone performance (L—I and

spectrum) of the SL.

Figure 5.3.1. (a) A photograph of the subcarrier with mounted and wirebonded PIC. Also
seen on the RHS of the image is lensed fiber (circled) for the coupling of light.
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5.3.1 L—1I Characteristic of SL

To measure the L—1 curve, the bias currents of the SOA, SR1 and SR2 are set to 21 mA,
45 mA and 45 mA, respectively. The SL exhibits single mode operation when SR1 and SR2
are biased above 40 mA. As typical slot-based reflectors introduce a high loss due to
scattering, here SR1 and SR2 act as active DBRs thereby compensating the loss [323], [324].
Hence a minimum current of 21 mA is required to allow traveling of light through the
reflector sections. The DC current of the SG section is swept, from 0 to 90 mA in steps of
1 mA, and the output power of the device is recorded using a wide area photodiode. Figure
5.3.2 shows that the threshold of the SL is ~12 mA and that the L—I exhibit a sublinear
behavior, which can be linked to gain compression [325]. As the generation of light increases
with an increase in injection current, a high number of carriers are consumed at the lasing
wavelength. This leads to spectral hole-burning, which reduces the gain available at that
wavelength and in turn leads to a less efficient lasing process. Hence, for the higher injection
current, a reduction in the number of generated photons causes the sublinear L—I
characteristics. Another interesting observation from Figure 5.3.2, is the kink observed at a

bias current of ~70 mA. This can be attributed to a mode-hop.
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Figure 5.3.2. L—I characteristic of the slave laser with SR1 biased at 45 mA and SR2 at
45mA.
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5.3.2 Wavelength and SMSR maps of the SL

In the next phase, the wavelength and SMSR maps of SL are measured to identify the
wavelength range, over which a single mode operation of the SL can be attained. To this
effect, the current in the SG section is swept from 10 mA to 70 mA (at steps of 1 mA), the
bias to SR1 and SR2 (same current applied to both) is swept from 5 mA to 65 mA (with an
increment step of 1 mA), and the SOA section is biased at 21 mA. The measured peak
wavelength and SMSR maps are shown in Figure 5.3.3(a) and Figure 5.3.3(b), respectively.
The plots demonstrate a wavelength tunability of the SL from 1529.5 nm to 1533 nm at the
SMSR > 30 dB. Figure 5.3.3(c) shows the SMSR as a function of the slave laser emission
wavelength (from 1529 to 1534 nm) and is achieved by extracting all wavelengths that
exhibit an SMSR more than or equal to 35 dB. Thereafter, an optical spectrum (shown in
Figure 5.3.3(d)) is captured for sections biases SR1 = 45 mA, SR2 = 45 mA, and SG =
40 mA, i.e., currents for which the SL portrays the lowest threshold current and an SMSR >
42 dB.
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Figure 5.3.3. Heat maps of (a) wavelength and (b) SMSR of slave laser, (c) wavelengths at
SMSR > 35 dB, and (d) spectrum of SL at SR1 = 42 mA, SR2 = 45 mA, SG = 40 mA.
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Subsequently, we proceed to confirm the independent lasing of the ML and SL. To
do this, we apply the following currents to the device: SR1 = 42 mA, SR2 = 45 mA, SG =
40 mA, MR1 = 20 mA, MR2 = 45 mA, MG = 40 mA, VOA = 4 mA. The optical spectrum
in Figure 5.3.4 shows ML and SL lasing at 1531 nm and 1532 nm, respectively. At the
output facet the peak power of ML is lower than SL, which results from the fact that the
access to ML output facet is via SOA, SL and VOA, all of which attenuate the optical output
from ML.

10 - :

Power(dBm)

1530 1531 1532 1533 1534
Wavelength(nm)

Figure 5.3.4. The optical spectrum of the SL and ML lasing independently.
5.3.3 Optical injection locking

The injection locking of the SL is achieved by gradually increasing the currents of the ML
sections; namely MR1, MG, and MR2, until a single mode optical spectrum with a high
SMSR is obtained. As shown in Figure 5.3.5, the wavelength at which OIL is achieved
portrays an SMSR of 60 dB which proves the ability of the PIC to achieve OIL at a single
wavelength. However, to verify the compatibility of the PIC based transmitter with the
NGPON2 wavelength grid, a more comprehensive test is performed. The procedure of
finding the wavelengths where the SL is under OIL is showed as a flowchart in Figure 5.3.6.

It consists of two main steps: a coarse-tuning and fine-tuning of the ML.
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Figure 5.3.6. Flow chart for finding the wavelengths at which the SL is under OIL.

109



The steps applied to find OIL at a target wavelength (e.g., 1533.46 nm) are as follows;
first, the SL is tuned to one of the NGPON2 wavelengths and a coarse tuning operation is
performed. To initiate this operation, the sections SR1, SG and SR2 are biased at which point
the SL lases close to the target wavelength (for 1533.47 nm the biases are 37.82 mA, 50 mA,
and 46 mA, respectively). The SOA section is driven at transparency (21 mA) and kept
unchanged in further measurements.

Subsequently, the ML sections MR1, MG, and MR2 are biased at 35 mA, 85 mA,
and 35 mA. At this bias, the ML is at a slightly lower wavelength than the SL (1532.8 nm).
Thereafter, the current in the MG section is swept from 85 mA to 115 mA in steps of 1 mA,
while the currents applied to MR1 and MR2 are simultaneously varied from 35 mA to 60
mA in steps of 1 mA. This two-dimensional scan (MR1 & MR2 current vs MG current) tunes
the ML wavelength (from shorter to longer wavelength) towards that of the SL. As soon as
ML enters the injection locking range, the ML pulls the SL to its wavelength. The OIL
condition is maintained when ML and SL are in locking range during tuning operation of
ML and produce several wavelengths at high SMSR. By measuring the SMSR during this
current sweep and identifying the regions with an SMSR value exceeding 40 dB, it is possible
to identify all wavelengths at which OIL can be achieved (the red region in Figure 5.3.7(a)).
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Figure 5.3.7. (&) SMSR map of SL in coarse tuning of ML, (b) wavelength and (c) SMSR
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map in fine tuning operation of ML at MG = 100 mA, and (d) extracted OIL wavelengths
(blue) and NGPONZ2 specific wavelength (red).

Figure 5.3.7(a) shows that the SL tends to be injection locked when the MG section
is biased between 90 mA to 102 mA. In the second step (fine-tuning operation), the same
investigation is carried out by biasing the MG at 100 mA and carrying out a two-dimensional
current sweep of the MR1 and MR2 sections. Again, the wavelength and SMSR are plotted
as heat-maps, which are shown in Figure 5.3.7(b) and Figure 5.3.7(c) respectively. In Figure
5.3.7 (¢), the region in red shows all the possible wavelengths, where OIL could be achieved.
To find the settings for the desired channel (1533.46 nm), all achievable wavelengths with
SMSRs > 45 dB are extracted and plotted in Figure 5.3.7(d). The red dots in Figure 5.3.7(d)
corresponds to the target IL wavelength, showing that there are several bias current
combinations delivering the target channel. Amongst these, the operating point providing the

highest SMSR is chosen for further characterization.

5.3.4 Wavelength tunability

Our focus is on designing a transmitter to operate in the upstream direction in NGPON2
network. Hence, the transmitter must comply with the upstream transmission standards
described in [83] such as wavelength spacing and tunability. As mentioned in section 1.5.6,
the NGPONZ2 upstream transmitter generates four wavelengths with allowed spacing of 50
GHz, 100 GHz, and 200 GHz. Therefore, the procedure of finding OIL wavelengths (process
mentioned above) is repeated for the remaining three NGPON2 wavelengths (1532.68 nm,
1534.25 nm, 1535.02 nm). The overlaid spectrum of all four wavelengths (labelled OIL1 to
OIL4) on the 100 GHz grid, measured with the aid of a high resolution (0.16 pm) OSA, are
shown in Figure 5.3.8.

The output power of the PIC at OIL1, OIL2, OIL3, and OIL4, when the SOA is biased
at21 mA, is 3.16 dBm, 2.71 dBm, 2.94 dBm, and 2.42 dBm, respectively. The power can be
enhanced to 7.02 dBm, 7.46 dBm, 7.51 dBm, and 7.05 dBm by increasing the SOA bias
current to 30 mA. The difference in peak power between the wavelength channels is due to
a misalignment of the lens fiber (mounted on 3-axis translation stage) caused by minor

thermal variations that are not compensated for by the temperature control arrangement used.
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Table 5.3.1 shows the bias currents applied to different sections of the transmitter for the

four wavelengths shown in Figure 5.3.8.

o[1532.681 nm] | oo T
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1631.5 1532

Figure 5.3.8. Optical spectrum of the four wavelengths, on 100 GHz grid, where OIL is

achieved.

Sections

1532.5

OlL1

21 mA
24 mA
51 mA
40 mA
1 mA
62.42 mA

78 mA
50 mA
17°C

1533

1533.5

1534

Wavelength (nm)

OlIL2

21 mA
37.82 mA
50 mA
46 mA
2 mA
60 mA
108 mA
61 mA
18.5°C

1534.5

OIL3

18 mA
46 mA
56.38 mA
51 mA
1 mA
80 mA
94 mA
70 mA
17.5°C

1535

1535.5

OlL4

18 mA
46 mA
56.38 mA
51 mA
2 mA
88 mA
96.4 mA
70 mA
24 °C

Table 5.3.1. Bias data for achieving 4 wavelengths, on 100 GHz grid, with OIL.

112



5.3.5 Linewidth measurement

In further characterization the linewidth performance of the SL and ML is determined to
confirm the effect of OIL. The optical linewidth is measured using method described in
chapter 4 [296] and the experimental setup used for linewidth measurement is shown in
Figure 5.3.9.

DSH
Current and TEC controller 25 km SMF

1 50:50 \ ! 50:50
m = : - m -
=]

Figure 5.3.9. Schematic of the experimental setup for linewidth measurement. DSH: delayed
self-heterodyne, Ol: optical isolator, SMF: single mode fiber, RF: radio frequency, PM:
phase modulator, PD: photodiode, ESA: electrical spectrum analyser.

The description and procedure of the linewidth measurement is mentioned in section
4.3.6 (Chapter 4). As the optical linewidth of a semiconductor laser is inversely proportional
to its length [295], we expect better linewidth from ML in comparison to SL. As mentioned
earlier, the length of the ML and SL are 1068.5 um and 494.5 um, respectively. Initially, the
linewidth of the SL is measured for the SOA, SR1, SR2, SG sections biased at 17.5 mA, 45
mA, 52 mA, and 52 mA, respectively. The VOA and ML sections are left unbiased. The
chosen SG bias current is about 3 times the threshold of the SL at which the lasing mode
exhibits an SMSR > 35 dB. Figure 5.3.10(a) depicts the electrical spectrum of the measured
beat tone signal using PD together with a superimposed Voigt fit [326]. The linewidth of the
SL is measured to be 38.4 MHz. After that, the linewidth of the ML is measured with MR1,
MG, and MR2 biased at 61 mA, 95.88 mA, and 49.32 mA, respectively.

As the optical emission of the ML flows through the SL and VOA (back facet is HR
coated), the SL and VOA section are biased at transparency (SOA=18.56 mA, SR1=15 mA,
SG=15 mA, and SR2=15 mA). The optical signal is fed to the DSH setup, and the measured
electrical spectrum superimposed with the Voigt fit is shown in Figure 5.3.10(b). The optical

linewidth of the ML at the given bias is measured to be 4.4 MHz. The measurement confirms
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that the linewidth of the ML is nine times better than the SL. As previously mentioned, the
linewidth of SL when injection locked follows the linewidth of the ML. Hence, the linewidth
of the SL when injection locked is measured for two wavelengths; namely IL2 and IL4 and
the results are shown in Figure 5.3.11. The measured linewidth of IL2 and IL4 are 6.125
MHz and 9.87 MHz, respectively. The linewidth of IL4 in comparison to IL2 is
approximately 1.5 time and this attribute to thermal effect [295] and low level of optical

injection.
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Figure 5.3.10. The electrical spectra of beat tone and Voigt fits to measure linewidth of (a)
SL and (b) ML.
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Figure 5.3.11. The electrical spectra of beat tone and Voigt fits to measure linewidth of (a)
IL2 and (b) IL4.
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5.3.6 RIN measurement

The RIN of the free running and OIL laser is measured using the method [296] described in
section 4.3.7. The schematic of the experimental set-up used is depicted in Figure 5.3.12.
The total noise present in the optical signal of the laser is RIN, thermal noise, and shot noise.

Hence, the RIN of the laser is determined by subtracting the noise contributed by thermal

noise and shot noise from the total noise.

rrent an

Current and DC output

Temperature

controller T

DC DC-Block
IRF+DC
SME * d r R Esa
PD

Figure 5.3.12. Schematic of the experimental setup for the RIN measurement. Ol: optical
isolator, SMF: single mode fiber, RF: radio frequency, DC: direct current, PM: phase
modulator, PD: photodiode, ESA: electrical spectrum analyser, Amp: amplifier.

The RIN of the SL is determined by measuring electrical spectrum and plotted in
Figure 5.3.13 for the free running case and OIL with different optical injection levels. From
the figure it can be seen that the average RIN of the free running SL over 1 to 6 GHz span is

lower than -130.6 dBc/Hz.

RIN spectra
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Figure 5.3.13. Measured RIN spectrum of the free running SL (blue) and OlLed SL at 2 mA
(orange), 3 mA (green), and 10 mA current (orange) VOA currents.
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The RIN of the SL is significantly lower when the laser is injection locked due to the
reduction in spontaneous emission. Moreover, the RIN of the IL SL is further reduced for
higher levels of the optical injection (achieved by increasing the bias of the VOA section to
allow more light from ML). The RIN decreases from —135 dBc/Hz to —137 dBc/Hz when
the VOA current is increased from 2 mA to 3 mA. In addition, it is observed that the RIN of
SL also reduces when the SOA current is reduced, from —134 dBc/Hz at SOA current of 21
mA to —144 dBc/Hz for the SOA current of 15 mA. We attribute this to the change in the
ASE noise generated by the SOA [327] and the increased back-reflection from output facet
to SL [328].

5.4 Dynamic characterization

Since the PIC is to be employed in a direct modulation set-up, the next step entailed the
dynamic characteristic of the SL. As in the case of the six-section device, all measurements
here are carried out in two regimes: free running and OIL. The first dynamic characteristic
to investigate is the frequency response of the SL. Subsequently, the optical spectra and eye
diagrams are examined and finally, the frequency chirp is explored.

5.4.1 Measurement of modulation response

The setup used for measuring the modulation response is shown in Figure 5.4.1. In addition
to DC bias currents applied to all sections, an RF signal from a vector network analyser
(VNA) is supplied to the SG using a bias tee. Then, the modulated optical output is coupled,
with the aid of a lensed fiber followed by an inline optical isolator, to a high-speed
photodetector. The detected RF signal is passed into the input port of the VNA for the S21
measurements.

First the modulation response of free running SL is measured for SOA, SR1, SG, and
SR2 biased at 21 mA, 37.82 mA, 50 mA, and 46 mA, respectively. The ML (MR1, MG and
MR2) and VOA sections are turned-off. The result is plotted in Figure 5.4.2 in blue colour.
The figure shows that the modulation bandwidth of the free running SL is limited to ~5.8

GHz. The next step entailed biasing the PIC sections to achieve the OIL2 operating point
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(VOA, MR1, MG, and MR2 sections biased at 2 mA, 60 mA, 108 mA, and 61 mA,
respectively). The modulation bandwidth, measured at this operating point (OIL2) is 8.8 GHz
(shown in orange in Figure 5.4.2). The modulation response of SL is significantly improved
from ~5.8 GHz to ~8.8 GHz that clearly depict the merit of OIL.
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Figure 5.4.1. Schematic of the experimental setup used for measuring the frequency response
of eight-section PIC.
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Figure 5.4.2. Frequency response of the SL in free running (in blue colour) and under OIL
condition (in orange colour).

5.4.2 Chirp measurement

Another step in the dynamic characterisation is the measurement of chirp imposed on the

signal due to direct modulation of the multi-section PIC. The experimental setup used for the
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chirp measurement is shown in Figure 5.4.3, while the technique is described in the section
4.4.2. The slave gain section of the PIC is directly modulated with a PRBS of length 2°-1,
sourced from a PPG. The bit rate of the modulating signal is set to 5 Gb/s (because the
modulation response of SL is limited to ~5.8 GHz) with a peak-to-peak voltage of 1.5 V and
applied to the laser in conjunction with a DC bias current. The output signal of the PIC is
either directly connected to OSA (0.16 pm resolution) or fed to an AMZI filter. Then the
output of AMZI filter is split using a 90:10 coupler, with the 10% tap connected to an OSA
and the 90% supplied to a high-speed photodetector (20 GHz). The electrical output of the
photodetector is connected to a sampling oscilloscope synchronized to PPG. Firstly, the
amount of chirp is estimated from the spectral width and subsequently measured using the
filter technique [316], [317].

Current and TEC controller

Trigger
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Figure 5.4.3. Schematic of the experimental setup used for the chirp measurement. AMZI:
asymmetric Mach-Zehnder interferometer, BT: bias-tee, OSA: optical spectrum analyser,
PPG: pulse pattern generator, PD: photodetector.

5.4.2.1 Measurement of chirp using OSA

Initially the chirp imposed by direct modulation of SL is observed by inspecting the optical
spectra on a high resolution OSA (0.16 pm). The impact of the injection level on the spectral
width of the SL for all four OIL operating points are investigated by varying the bias of the
VOA section.

As mentioned earlier, an increase in the VOA bias current reduces the optical
attenuation thus increases the optical power injected from the ML into the SL. The higher
level of optical injection leads to a reduction of the frequency chirp and thereby the overall
spectral width [329]. Figure 5.3.4(a), (b), (c), and (d) shows the optical spectra emitted by
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the PIC when operating at OIL1, OIL2, OIL3 and OIL4, respectively, for three values of the
VOA bias current. It is important to point out that the wavelength of the SL remains almost
constant for all three VOA biases used, indicating the ability to optimize the injection level
without affecting the operating point of the SL. The plots clearly show that, at all OIL
operating points, the spectral width (thus the chirp) is reduced significantly as the level of
injection is increased (as the VOA current is increased). For example, the measured spectral
width (20-dB below the spectral peak [330]) at the OIL2 operating point at VOA bias
currents of 1 mA, 2 mA, and 4 mA are ~98.7 pm, ~94 pm, and ~92 pm, respectively. In
addition, the appearance of the “rabbit ears” in the spectrum, indicating the presence of
transient chirp [331], is also reduced. The transient chirp is dominant over adiabatic chirp
when the laser is directly modulated at high bit rate (> 2 Gb/s). The lowest spectral width is
obtained when the VOA bias is set at 4 mA.
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Figure 5.4.4. Optical spectra of the modulated SL operating points at different levels of
optical injection (a) OIL1, (b) OIL2, (c) OIL3, and (d) OIL4.
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Next, the effect of frequency chirp on spectrum together with eye pattern is
investigated for 10 Gb/s directly modulated. As the previous characterizations are done on
OIL2 operating point, we chose the same for further investigation. An optical spectrum of
the modulated SL is captured at the transmitter and compared under two cases: without and
with the optical injection (see Figure 5.4.5(a)). In the first case, the spectrum (blue line) is
broader because of the presence of frequency chirp induced by direct modulation. However,
we clearly see a reduction in the spectral width in the second case (orange line). The
wavelength of the OIL SL is red-shifted due to the induced change in the effective refractive
index cause by the injection. In addition, we see an improved eye diagram when the SL is
injection locked in comparison to the free running SL. This can be attributed to the damped
relaxation oscillations and improved modulation response, and the reduced amplitude

fluctuations.
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Figure 5.4.5. A comparison of optical spectrum of modulated SL: without the injection (blue)
and IL (orange), eye diagrams of free running (b) and optically injected (c) SL.
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It is important to note that a high level of optical injection provides a major boost to
direct modulation by significantly reducing the chirp. However, at the same time it also has
a negative impact by reducing the threshold of the laser, which results in a degraded
extinction ratio (ER) [332], [333], [334], [335]. The latter was thus measured by feeding the
output of the PIC transmitter to a DC-coupled photodiode at the front end of a sampling
oscilloscope. The test was carried out for VOA bias current of 1 mA to 2 mA, and 4 mA, and
the ER was measured to be ~3.9 dB, ~3.8 dB, and ~3.6 dB respectively. Hence, the VOA
plays an important role in managing the trade-off between the reduction of the chirp and ER.
The ER is then verified for all the four wavelength channels at the OIL operating points of
OIL1, OIL2, OIL3, and OIL4 and found to be 3.6 dB, 3.8 dB, 4.1 dB, and 4.8 dB,
respectively. The corresponding average output power levels were 6.0 dBm, 5.66 dBm, 5.81
dBm, and 4.81 dBm, respectively. From these measurements, it is apparent that the ER at
OIL3 and OIL4 are 0.1 dB and 0.8 dB higher than the specified limit of 4 dB. However, at
OIL1 and OIL2, the ER requires a marginal improvement of 0.4 dB and 0.2 dB, respectively.

The ER of the PIC in future designs could be improved by changing some design
parameters. One such avenue could be through the shortening of the SL cavity length to
improve the frequency response [336]. Other potential paths are by reducing the internal
[337], and mirror losses [278] to enhance the slope efficiency, and by optimizing the slot

width, slot depth, and period order of slot grating.

5.4.2.2 Measurement of chirp using frequency discrimination method

Further investigation of chirp present in the optical signal is investigated using filter
technique described in chapter 4, section 4.4.2.2. Figure 5.4.6(a) and (b) shows the measured
chirp for the free running (non-injected) and the IL scenarios. In the first instance, a data
signal at 5 Gb/s was used. In the free running case, the maximum chirp is measured to be
~9.7 GHz. Next, the VOA, MR1, MG and MR2 sections are biased at 2 mA, 60 mA, 108
mA, 61 mA, respectively, to achieve OIL2 operating point. For these settings, peak to peak
chirp is measured to be ~2.6 GHz. Next, the data rate is increased to 10 Gb/s. In this case,
the chirp imposed by a non-IL SL cannot be measured due to limitation of modulation
bandwidth (~5.8 GHz) of free running SL. When the directly modulated SL is biased at an
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OIL2 point, the maximum chirp is measured to be ~2.9 GHz. This value is further reduced
to 2.6 GHz and 2.5 GHz when the VOA is biased at 3 mA and 4 mA, respectively.
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Figure 5.4.6. Frequency chirp of the SL modulated at 5 Gb/s when (a) free running and (b)
set to OIL2 operating point.
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Figure 5.4.7. Reduction of the frequency chirp for increasing VOA bias current when the SL
is directly modulated at 10 Gb/s.

5.5 Data transmission

One of the main objectives in this work is to ensure that the signal from the directly
modulated eight-section PIC can be transmitted over the maximum transmission distance
specified in the NGPONZ2 standards document [83] i.e., 40 km. Hence, we carry out a data

transmission experiment using the setup shown in Figure 5.5.1. The bias currents to obtain
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the four OIL operating points are chosen from Table 5.3.1. The SL gain section of the PIC is
then directly modulated with a non-return-to-zero (NRZ) PRBS (2°—1) signal at a data rate
of 10 Gb/s and a peak-to-peak voltage of 2V. The output signal of the PIC is split using a
90:10 coupler, with the 10 % tap connected to an OSA (0.16 pm resolution) and the 90 %
tap used for the data transmission. The received optical power (ROP) is controlled and
measured using an external VOA with an inbuilt power meter. This signal is then passed into
an APD whose output is connected to an error detector (ED) and the performance of the
individual channels is measured via BER measurements. The tests are carried out in a B2B
scenario and after 25 and 50 km SSMF transmission.

The resultant plots of the BER versus the ROP for all four channels are shown in
Figure 5.5.2. From the figure it can be seen that all channels achieved BER of 1e”® in the
B2B scenario. Similarly, in the case of 25 km transmission, all channels also show error free
performance (BER of ~1e®). For the 50 km transmission, OIL1, OIL2, OIL3 and OIL4
operating points show BER of 5e®, 1 1e®, and 1e® with power penalties of ~1.5 dB, ~1
dB, ~0.5 dB, and ~2 dB, respectively. The performance of OILL1 is relatively poor and can
be attributed to the low extinction ratio (~3.6 dB) caused by low modulation response (~7.8
GHz). On the other hand, the largest power penalty for 50 km transmission is observed for
OIL4 (~2 dB at a BER of 1e”). This could be ascribed to the lower level of optical injection

used leading to the highest degree of chirp, thereby resulting in a larger dispersion penalty.

Current and TEC controller

50 km SMF

Figure 5.5.1. Schematic of the experimental setup to realise the fiber transmission of a direct
modulated 10 Gb/s signal at four OIL operating points. BT: bias-tee, PPG: pulse pattern
generator, ED: error detector, OSA: optical spectrum analyser, VOA: variable optical
attenuator, APD: avalanche photodiode.
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Figure 5.5.2. BER vs. ROP for back-to-back and after transmission over 25 and 50 km of
SSMF, inset: eye diagrams at the indicated ROP.

Nevertheless, for all the OIL points are exhibiting BER better than 5e®, even after
50 km of uncompensated fiber transmission, which is a significant result for a 10 Gb/s
capable directly modulated transmitter. This is made possible by the realised master slave
architecture which allows the reduction of frequency chirp thus enabling an extension of the
transmission distance. The ability to transmit at 10 Gb/s at each of the four OIL points makes
the PIC usable as a NGPON2 transmitter. In addition, comparing to two-section [338], four-
section [290] and six-section [322] PIC that depict tunability less than 300 GHz, the current
PIC archives wavelength tunability more than 300 GHz and longer transmission distance (50
km).

5.6 Out-of-channel power in burst-mode transmission

Another requirement of the NGPONZ2 standard, that we tested on the proposed transmitter,
is the out-of-channel power-spectral-density (OOC-PSD) [83]. It sets the maximum level of
the PSD that a transmitter can generate outside of the operational channel with an aim to

minimize cross-channel interference. To verify the compliance with the OOC-PSD
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requirement, the spectrum of the transmitter in burst mode is measured and compared with
the NGPONZ2 specifications. For this test, the SOA is turned on and off during the burst mode
operation. We start off by generating a 62.5 ps, 50% duty cycle, 2V pk-pk square wave
(transmitter enable signal) and apply it to the SOA to enable/disable the output of the
transmitter. A 10 Gb/s non-return-to-zero (NRZ) data signal with a 21°—1 PRBS is then
applied to the SL, while the SOA is enabled. As the SOA settling time is 50 ns, the
modulating signal to the SL is applied after a delay of 50 ns. The optical output is detected
using a PIN PD and analyzed using a high-speed sampling oscilloscope. Figure 5.6.1(a)
shows the received burst data signal after the PD and the corresponding eye pattern. The
optical spectrum of the burst mode signal (Figure 5.6.1(b)) is observed using an OSA set in
the maximum hold mode. The OSA resolution is set to 0.02 nm and spectrum is swept until

no change in the spectral shape is detected.
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Figure 5.6.1. (a) Burst mode data transmission with a 62.5 s burst length with a 50% duty
cycle and (b) optical spectrum of the device operating in the burst mode (OSA in max. hold
mode).

Then, post processing is performed to calculate the PSD at a resolution of 15 GHz
(resolution used for defining OOC-PSD in NG-PON2 standard). The PSD values are
calculated as —44.07 dBm (cyan), —38.29 dBm (green), —41.52 dBm (red), and —46.46
dBm (magenta) at different distances from the operational channel (blue). According to the

specification, the maximum OOC-PSD must not exceed —40.5 dBm in case of a 100 GHz
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channel spacing. All the OOC PSDs are within the limit specified in NGPON2 specification
except channel B, which is 1.8 dB higher than the specification. The primary cause of higher
PSD in channel B is the side mode of SL falling within the spectral slot of the neighbouring
channel, the power of which is further increased when the SOA is directly modulated. The
PSD in channel B can be reduced by suppressing the side mode power of SL which can be
done by implementing SR1 and SR2 as multiperiod grating rather instead of single period

grating.

5.7 Power-when-not enabled

As mentioned above, any transmitter that is to be employed in an NGPON2 system, needs to
adhere to certain requirements as specified in the standards document [83]. One such
criterion is the power-when-not enabled (PWNE), which introduces a limit on the maximum
output PSD, when the burst is not being transmitted, to —62.6 dBm [339]. To meet this
PWNE requirement, an SOA is integrated at the output of the PIC, to allow disabling the
output of the transmitter when no data is being sent (blanking the output power without the
need to turn off the laser). This is achieved by toggling the SOA section between

transparency or amplification (bias current > 18 mA) and absorption (bias current = 0 mA).

' ' —SO0A at transparancy
0F- -———— — o — — — |——SO0A at absorption
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Figure 5.7.1. Optical spectrum of the PIC when the SOA is forward biased (blue) and
unbiased (orange) SOA.
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Figure 5.7.1 shows the comparison of the measured output optical spectrum, when
the SOA is biased at 21 mA (blue trace) and 0 mA (orange trace), resulting in a change in
the peak output power of the transmitter from 0 dBm to —60.77 dBm. As at 0 mA bias of
the SOA, the transmitter doesn’t meet the PWNE criterion, the SOA is reverse biased to
increase the absorption of the light. In addition, the VOA is also turned off so as to attenuate
the optical power from the ML. In such a configuration, the output power of the PIC drops
below —62.6 dBm, which meets the specified PWNE limit for the NGPON2 transmitter. In
future designs, an additional SOA section can be integrated at the output, which can provide
further optical absorption when turned-off. The benefit of such a design would be that the

desired PWNE can be obtained without turning off other sections of the PIC.

5.8 Wavelength switching

The wavelength switching in NGPONZ2 plays a critical role in resolving the issue of channel
congestion by load balancing i.e., allowing the ONU to switch from heavily congested to
less busy wavelength channels [115], [116], [117]. Thus, the PIC transmitter must comply
with the channel switching standards set in NGPONZ2 specification document [83] which is
described in Table 5.8.1.

Classes Tuning time ‘
Class 1 < 10 ps, any channel to any channel
Class 2 10 ps to 25 ms, any channel to any channel

Class2R1 10 ps to 25 ms, any channel to a channel not more than 100 GHz away
Class 2R2 10 psto 25 ms, any channel to a channel not more than 200 GHz away

Class 3 25 ms to 1 s, any channel to any channel

Table 5.8.1. Classes of transmitter/receiver wavelength channel tuning times.

To verify the compliance of the eight-section device with this requirement, the
wavelength switching test is performed, during which the transmitter is switched between
each of the OIL wavelength. As an example, to change the OIL2 point to OIL3, first, the bias

currents of each section are determined at the same operating temperature, VOA, and SOA
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current. The optimized values for OIL2 and OIL3 points are shown in Table 5.8.2. A software
controlled multi-channel current source is used to bias the PIC. A python script is written to
communicate with current controller and update the bias current. The bias data to achieve
OIL2 and OIL3 are saved in a look-up table in the python script and then the code is initiated.
The current controller updates the bias data that switches wavelength from OIL2 to OIL3
and vice versa. According to the NGPONZ2 specification, the transmitter qualifies for the
class 3 type wavelength switching because the PIC supports switching of channel from any
channel to any channel within 0.57 seconds (< 1 second).

OIL2 (1533.47 nm) OIL3 (1534.25 nm)

SOA 21 mA SOA 21 mA
SR1 50 mA SR1 54 mA
SG 47.86 mA SG 54 mA
SR2 50 mA SR2 57 mA
VOA 1 mA VOA 1 mA
MR1 79.6 mA MR1 83 mA
MG 57 mA MG 103.29 mA
MR2 75 mA MR2 74 mA
Temp 17.5°C Temp 17.5°C

Table 5.8.2. Bias data for OIL2 and OIL3 operating points at equal temperature and currents
applied to the SOA and VOA sections.
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Figure 5.8.1. Optical spectrum showing the emission wavelengths at the OIL2 and OIL3
operating points when switching from one to the other. Inset shows the corresponding eye
patterns.
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Amongst previously demonstrated PIC transmitters, only few have shown the
wavelength switching required for the NGPON2. For example, the PIC presented in [340]
uses thermal tuning to switch between four wavelength channels. The device presented in
[341] and [342] demonstrates high speed wavelength switching realised by turning on and
off four individual lasers. In addition, both schemes use an external modulation that is
inexpensive. The eight-section PIC shows merits over mentioned schemes such as a single
tunable laser supporting wavelength switching between all four channels. Although its
switching time is longer than shown in [342], the device fulfils class 3 switching criteria of
NGPON2. The slow response time (> 0.1 s to update channel currents) of multi-channel

current controller causing slow wavelength switching.

5.9 Conclusions

This chapter discussed the design and characterization of a novel eight-section directly
modulated integrated transmitter suitable for employment in a TWDM access network. The
implemented PIC overcomes the limitations of six-section device (discussed in chapter 4)
such as limited tunability and lack of burst mode transmission. The static characterization of
the device reveals that the transmitter is able to achieve four OIL wavelengths on 100 GHz
grid, which is a key required for NGPONZ2. All OIL operating points show high SMSR
(SMSR > 50 dB). Moreover, the average RIN depicted by the PIC transmitter is well below
-140 dBc/Hz. Furthermore, the dynamic performance of the device is examined by
measuring modulation response, chirp for free running and injection locked SL, and data
transmission over SSMF. Analogous to six-section PIC, the enhancement in modulation
bandwidth is observed for injection locked SL, achieving > 7.8 GHz for each OIL operating
point, sufficient for direct modulation with 10 Gb/s OOK signal. Additionally, the
transmission reach is extended by controlling frequency chirp using an on-chip VOA. The
PIC demonstrates a significant reduction in the frequency chirp from ~9.7 GHz to 2.6 GHz
(similar to six-section PIC), when VOA is turned on and SL is injection locked. This lower
chirp brings about an improved transmission performance of the device, verified by

achieving a BER well below FEC limit (and < 5e® for all channels) for 25 km and 50 km
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SMF transmission of 10 Gb/s directly modulated signals. Furthermore, the integrated SOA
at the output of the device enables the optical channel power on-off and burst mode
transmission. The transmitter passes the PWNE requirement by showing output optical
power below or equal to —62.6 dBm, while SOA is working in absorption mode. This PIC
also exhibits a low level of interference (< —38.29 dBm at 100 GHz grid) while operating
in burst mode. Finally, the transmitter also supports a class 3 wavelength switching operation
that supports switching from one channel to any channel but at slower speed (more than 25
ms due to slow response of current controller). In conclusion, the features of PIC such as
ease of fabrication, tunability, error free transmission, low cross channel interference, make
it a potential candidate to be used as NGPONZ2 transmitter, given small improvements in ER
and PWNE are made. The ER of the PIC can be enhanced by increasing the modulation
bandwidth and slope efficiency of SL. The PWNE characteristic can further be improved by
fabricating a two section SOA at device output that would increase the absorption resulting

in a high attenuation to output optical signal.
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Chapter 6

Conclusions and Future work

6.1 Conclusions

The continual rise in data consumption by both fixed and mobile broadband subscribers
drives incessant industry innovation to meet this challenge. One of the innovations in fiber-
built access systems is based on passive optical networks (PONSs). Such solutions include the
G-PON and EPON as standardized by the ITU-T and IEEE respectively. The standards
bodies have also defined XG-PON1 and 10G-EPON that have been deployed. However, to
deal with the unprecedented increment in the volume of data traffic in access networks,
continuous innovation is required. One such step entails increasing the channel capacity on
a single fiber by introducing the combination of multiplexing techniques of TDM and WDM
to yield TWDM. According to current state of the art, TWDM is a well-established standard
that offers an aggregate channel capacity of 40 Gb/s. Hence, the fiber access evolution
defined by the ITU-T is known as the second next generation PON (NG-PONZ2), which uses
four wavelengths each delivering 10 Gb/s.

Like the previously launched PON standards (EPON, GPON, XGPON, XGSPON)
the OOK modulation scheme is preferred for NGPON2 that supports easy upgrade and use
of a low-cost optical transmitter. Hence, the main thrust of this work was to design,
characterize and optimize a cost-efficient laser that could satisfy all the requirements of the

new standard.
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6.2 Contribution to the state-of-the-art and research

outcomes

6.2.1 Design and optimization of a regrowth free

The first key contribution of this thesis is the creation of an IP FP laser designed for use in a
transmitter. This laser is fabricated using a regrowth-free method, which is essential for
achieving a highly cost-effective laser. The laser's performance, including factors like
threshold and SMSR (side mode suppression ratio), depends on the depth and width of slots
periodically carved on the surface of the ridge waveguide. Two scenarios are considered to
investigate the performance of a slot-based reflector. First, the study explores how slot width
and depth affect reflectivity, finding that reflectivity is influenced by the number of slots and
the etching depth. Next, the relationship between reflection and wavelength is examined for
varying slot widths. Simulation results indicate that a 0.3 pum wide slot offers the best
performance in terms of reflectivity and minimal scattering loss. The rate equation model
reveals that the 0.3 um wide slot IP FP laser performs better. Subsequent experimental
characterization confirms that the IP FP laser with a 0.3 um wide slot is the top-performing
laser and depicts a low threshold (~15 mA) and SMSR > 35 dB. The data obtained from
optimizing the index-patterned laser is then employed in creating a DML transmitter.

6.2.2 Design, implementation, and characterization of six-section DML

laser

The Second key contribution is the implementation of a six-section DML transmitter built
by cascading two IP FP lasers. The DML transmitter brings a suite of benefits, such as
simplified driver circuitry and low cost. However, the optical signal from DML suffers from
frequency chirp that shortens the transmission distance due to effect of dispersion. The
impairments associated with DMLs are solved by adapting OIL technique. The six-section
PIC implementing OIL phenomenon was created by implementing the SL-VOA-ML
configuration that allows accurate control of optical injection. With this arrangement, the
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PIC inherits the benefits of OIL and demonstrates improvement in modulation response,
reduction in RIN and frequency chirp. We observe that the modulation bandwidth of SL
improves from ~4.2 GHz to ~7.8 GHz; the average RIN over a 1 GHz to 6 GHz frequency
span reduces from —121 dBc/Hz to —145 dBc/Hz; and frequency chirp decreases from 35
GHz to 2.5 GHz under OIL which is the significant improvements. The characterization
results also prove the importance of having a VOA section to improve transmission quality.
For example, the VOA section helps to maintain the balance between ER and Chirp. The on-
chip chirp control delivers error-free (BER < 1e~?) while transmitting 10 Gb/s OOK signal
over 50 km SMF with 5 dB ER. The characteristics demonstrated by the six-section DML
transmitter make it suitable for short-reach applications and pave the way for developing a
transmitter for NGPONZ2.

6.2.3 Design, implementation, and characterization of eight-section DML

laser

The final and the main contribution is the implementation of the eight-section DML
transmitter (an improved version of six-section PIC) that complies to NGPON2
specifications. The PIC is widely tunable and capable of generating four IL wavelengths on
100 GHz grid satisfying the wavelength band and channel spacing of NGPON2. Each
channel can be modulated at 10 Gb/s. Like six-section PIC, the on-chip chirp compensation
significantly reduces frequency chirp while directly modulated that helps extending
transmission reach. The BER performance at each of the IL wavelengths, when transmitted
over 50 km SMF, is well below the FEC limit and always below 5e®. Furthermore, the
integrated SOA at the output of the device enables the optical channel power on-off feature
(output optical power below or equal to —62.6 dBm). This PIC also exhibits low level of
interference (< —38 dBm) to the other equally spaced operational channels. In conclusion,
the features of PIC such as ease of fabrication, tunability, error free transmission, low cross

channel interference have a potential to be used as NGPONZ2 transmitter.
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6.3 Future work

While the research work presented in this thesis has provided technical solutions (and the
science behind it) to several challenges, there is still a large body of work that can be carried
out to further the science and to pave the way towards the realization of an optimum
transmitter for next generation access networks. Hence, we start by examining some of the
enhancements that could be made to the proposed device. Subsequently, we look at other
improvements that could be made to satisfy new standards.

6.3.1 Enhancements to eight-section DML transmitter

The existing PIC meets several NGPONZ2 requirements but requires enhancements in various
areas, including improving ER, reducing cross-channel interference and PWNE.

6.3.2.1 Improvement in extinction ratio

Typically, there are many ways to improve the ER. However, the most poignant techniques

that are applicable to the PIC developed in this work are:

6.3.2.1.1 Improvement in the slope efficiency of a laser

In direct modulation, the variation in the power of the optical signal is proportional to the
time varying electrical signal. Hence, the slope efficiency of the laser would directly impact
the extinction ratio achieved. Essentially, a laser with high slope efficiency archives high ER
and vice versa. The slope efficiency relies on internal loss and can be minimized by reducing
non radiative defects, mirror loss, and length of the laser. In the eight-section PIC, an ER of
more than 4dB could not be achieved at each IL operating point because the SL depicts high
internal loss. The ER performance can be improved by developing an eight-section PIC using
a wafer depicting a low non-radiative effect and mirror losses (scattering loss). The mirrors
are implemented as a group of slots so the losses can be lowered by choosing the dimension

of the slot and period order appropriately.
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6.3.2.1.2 Improvement in modulation response

Another reason for low ER in the eight-section PIC is limited modulation response. So, the
ER can also be enhanced by improving the modulation response of the SL. This can be
achieved by reducing the parasitic effects and effective length of the laser. The parasitic

capacitance can be minimized by shortening the contact pads and the relaxation oscillation

peak can be enhanced to v2 times by shortening the cavity length by 50%. In the eight-
section PIC, the SL is implemented as reflector-gain-reflector so the length of the SL can be
minimized by lowering down the period order of the slot reflectors and length of the gain

section.

6.3.2.2 Improvement in OOC PSD

As mentioned in section 5.6, the device OOC PSD for one of the neighboring channels is
slightly higher than the specified limit. High interference occurs because the power of one
of the side modes with high power spectral density spills into the neighboring channel. The
optical spectrum of slave laser (in black) is plotted in Figure 6.3.1. The power in the side
mode L is higher than the side mode R. In the injection locking condition, the peaks of side
mode L and R shift to channel B and C, respectively.
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Figure 6.3.1. Optical spectrum of free running SL and injection locked SL.
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We see a minor suppression of sidemodes when slave laser is injection locked.
However, the power spectral density of side mode L remains higher than the side mode R.
The level of interference further increases in channel B and C when the SOA is directly
modulated with an OOK signal (as depicted in Figure 6.3.2). A time varying current leaks
into the slave reflector, changing the effective refractive index, altering the lasing wavelength
of the SL, and causing distortion in the optical spectrum. The level of interference in channel

B can be minimized by improving the design of the reflectors to improve the suppression of

== ; Burst signal
Bias Tee -@:I_

SOA

the side mode.

Substrate

Figure 6.3.2. Current leakage from SOA supplied with burst signal.
6.3.2.3 Improvement in PWNE

In the current design, a short (230 um) SOA section is integrated to enable fast burst mode
switching and enable/disable the output optical power. However, it does not provide enough
absorption when the SOA is turned off. A longer SOA section could solve this problem but
will not be able to support fast switching. Hence, instead of a long SOA section, we proposed
two electrically isolated short SOA sections (as shown in Figure 6.3.3) for two stage
absorption. This would allow for the PWNE limit to be reached without switching off other
sections of the PIC. When it comes to enabling burst mode, one SOA section can be driven

at transparency and the other can be supplied with the burst signal.
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Figure 6.3.3. Single and double stage absorption in one-section and two-section SOA.

Overall, the successful development of a directly modulated transmitter system
enabled by a multi-functional photonic integrated circuit is presented in this thesis. The
scientific advancements and investigation presented in this thesis may play a vital role in the

realization of a cost-effective transmitter to be employed in future high-capacity PONs.

6.3.2 Enhancement to satisfy new standards.

PON technology is constantly evolving to address the challenges posed by the existing
standards. Presently, one of the most significant challenges in PON technology is the channel
capacity enhancement.

6.3.2.1 Data rate enhancement

The NGPONZ2 specifications were established in 2015, but its commercial development has
been hindered by the need for expensive tunable optical components. As a result, there is a
possibility that its commercialization may be delayed or even abandoned in the future. The
ITU-T has conducted research on next-generation high-speed PON technology, and it is
currently considering the adoption of single-wavelength 50G PON as the primary industry
standard for the next-generation optical access network, following the 10G PON technology.

The 50G PON has the potential to be a game-changer in PON technology, capable
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of providing high data rates to many subscribers. For the seamless transition from 10G PON
to 50G PON and ensure long-term coexistence, the OOK modulation scheme is preferred.
Although, 50G PON chose OOK modulation format because of hardware simplicity
and its cost effectiveness. However, soon the capacity of PON needs to be increased up to
100 Gb/s or further (400 Gb/s). Attaining such a high data rate is impossible with OOK
modulation format. As mentioned in chapter 1, the data rate of OOK modulation scheme is
limited because of limitation in speed of electronic components and dispersion (CD and
PMD) imposed by the fiber. One way to increase data rate is the use of higher order
modulation schemes such as PAM-x, QPSK and m-QAM (advanced modulation format).
Advanced modulation formats provide higher data rate for a given bandwidth in comparison
to OOK signaling. For example, the symbol transmitted at the rate of 6.25 Giga-Samples/s
(GSa/s) using 16-QAM modulation format generates aggregate data rate of 25 Gb/s. In this
modulation technique the symbols are sent either in form of multi-level intensity (for
example PAM-x) or combination of multi-level intensity and phase (also known as symbol).
The extraction of bits from a symbol is done either by coherent detection or direct detection.
A coherent detector in a combination of DSP algorithms portrays mitigation of channel

interference and compensation of fiber dispersion and nonlinearities.

6.3.2.1.1 Coherent PON

The Coherent PON (CPON) is known for high-capacity data access achieved via coherent
detection of signal modulated with advanced modulation formats and superior receiver
sensitivity [343] and flexibility in terms of channel selectivity [344]. CPON can be a viable
solution to implement a futuristic PON architecture that can achieve channel capacity beyond
400 Gb/s. In addition, CPON receivers are tolerant to fiber dispersion and nonlinearities that
can be mitigated using digital signal processing and equalization schemes after optical to
electrical conversion through photodetector [345]. In CPON, a coherent receiver is used that
associates a laser acting as local oscillator or a phase reference followed by a balanced
detector to extract both intensity and phase information [346], [347], [348], [349]. The CPON
associate implementation complexity due to requirement of real-time processing units (ADC,

DAC, and FPGA) which is expensive. The direct detection scheme can be a viable
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replacement of coherent detection that can detect multi-level signal. In direct detection the
phase information is first converted to intensity using an interferometry method and then

detected by a photodiode.

6.3.2.1.1.1 DMT modulation

As mentioned, the direct detection scheme exhibits limited data transmission capacity,
however it is popular for its cost effectiveness. In opposite to that multi-level signaling (like
m-QAM) capable of handling high volume of data but require expensive hardware to
implement. The DMT modulation scheme combines both the advantage of direct detection
and high-capacity data transmission. The DMT scheme is based on OFDM multiplexing
technique [350], [351]. The advantage of the DMT over OFDM is, it transmits only intensity
information rather than transmitting intensity along with phase information [352]. The
transmission of intensity information makes it suitable for direct modulation. Hence, we
performed a data transmission experiment by applying DMT signal directly to SG section of
SL in conjunction with DC current. We tested the transmission performance of the PIC by
directly modulating the IL SL with DMT (discrete multitone) signal. The Figure 6.3.4 show
the block diagram of DMT transmitter and receiver.

DMT symbol Current source

generation ‘
4\ DMT signal [ Bias

Tee
MATLAB

a

<
«

Photodiode

Data capture and
Offline processing

Real time ‘\
. —
oscilloscope

MATLAB

Figure 6.3.4. Block diagram of DMT transceiver system.

139



To generate the DMT signal, first the binary data is converted to N complex symbols
of 16-QAM. Then the array of N complex symbols and their hermitic counterpart is formed.
Thereafter, the 2-N point IFFT is calculated for [N, Nnermatic] array that generated DMT
symbol having only real values. Subsequently, the generated DMT symbols are loaded to
arbitrary waveform generator (AWG) that generates output electrical signal at the rate of
6.25 GSa/s. The Figure 6.3.5(a) shows the generated electrical signal. After that, the quality
of electrical signal in back-to-back (b2b) case is investigated. For the investigation the
electrical DMT signal is supplied to real-time electrical oscilloscope and sampled at 100
GSa/s. The sampled signal is then supplied to the receiver implemented on MATLAB and
post-processed to extract 16-QAM symbol. Figure 6.3.5(b) is plot of received 16-QAM
electrical b2b signal. The calculated BER and Error vector magnitude (EVM) are 9.7e~> and

0.076%, respectively.

(a)

. " " »
» %99
. "
. % " »

(b)

Figure 6.3.5. (a) Transmitted 16 QAM symbols. (b) electrical back-to-back and (c) Received
optical back-to-back 16-QAM signal.
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Next, the OIL is achieved to obtain 1533.47 nm IL wavelength. The DMT electrical
signal is mixed with DC current using a bias-tee and supplied to SG section of SL for direct
modulation. The DMT modulated optical signal is collected by a lens fiber and supplied to
wideband photodiode for opto-electronic conversion. The electrical signal is fed to real-time
oscilloscope and electrical samples are collected at 100 GSa/s. Figure 6.3.5(c) shows the
received 16-QAM symbols. The calculated BER and Error vector magnitude (EVM) of
received electrical symbol after optoelectronic conversion are 2.6e”2 and 0.23%,
respectively. The optical b2b signal is degraded because the symbols suffer distortion due to
non-flat modulation response, and noisy electrical input signal. In future, the transmission
performance can be improved by equalizing electro-optic response to reducing the symbol
distortion and reducing noise level of electrical signal supplied to SG section.
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Appendix B

CAMER code for slot optimization

Extraction of reflection coefficient vs slot width and depth

#l/usr/bin/env python2

-*- coding: utf-8 -*-
Created on Wed Mar 18 14:43:00 2020
@author: Ankit Sharma

import numpy as np
import pylab as plt

from camfr import *

# Problem 4b
# Repeat problem 4 but this time choose your grating period based on the Bragg
condition. Refer to ..\papers\p1.pdf for help

# (Try set slot width to 1 and period order m to 37)

STACK
SLAB1 SLAB2 SLAB1 SLAB2
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n0

- ...X5

nl

n2

n3

s=np.arange(0.15,1.55,0.1)
E=np.arange(0.15,1.55,0.1)

r=np.zeros(len(s))

t=np.zeros(len(s))

z = np.zeros((len(s), len(E)))

y = np.zeros((len(s), len(E)))

for j,etch in enumerate(E):
bragg_wavelength = 1.545
# Step O - Set simulation parameters
set_lambda(bragg_wavelength)
set_lower_PML(-0.1)

set_upper_PML(-0.1) # These pml values normally work well.
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set_N(60) # Number of Modes to consider. As we have introduce a perturbation in
the index we can expect some loss.
# As such we need to consider higher order radiating modes to accurately

account for losses.

# Step 1 - Import data.
data = np.loadtxt(“index_profile_new.txt", delimiter = ",", skiprows = 1)
n1 = datal;, 0] # Refractive indexes

d1 = data[;, 1] # Height of each layer

print(n1)
print(d1)

n2 = copy(nT)
d2 = copy(d1)

#etch = E[i]

d2[0] += etch # Add height to air layer

d2[1] -= etch # Remove height from cladding layer
# Step 2a - define SLABT in camfr

layer_n1 = [] # Empty list to contain material objects.

for i in range(len(n1)):

layer_n1.append(Material(n1[i])) # Makes a list of Material objects
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for i in range(len(d1)):
ifi ==0:
slab_list1 = (layer_n1[len(d1)-1](d1[i])) # Sets height of each Material object
(n layer_n.
else:
slab_list1 = slab_list1 + (layer_n1[i](d1[i])) # Sets height of each Material
object in layer_n.

slab1 = Slab(slab_list1) # Make slab object

# Step 2b - define SLABZ in camfr

layer_n2 = [] # Empty list to contain material objects.
for i in range(len(n2)):

layer_n2.append(Material(n2[i])) # Makes a list of Material objects

for i in range(len(d?2)):
ifi==0:
slab_list2 = (layer_n2[il(d2[i])) # Sets height of each Material object in
layer_n.
else:
slab_list2 = slab_list2 + (layer_n2[i](d2[i])) # Sets height of each Material
object in layer_n.

slab2 = Slab(slab_list2) # Make slab object

# Step 3 - Create Stack. (Extend from 1D to 2D in propogation direction)
slab1.calc()
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slab2.calc()

neff1 = slab1.mode(0).n_eff().real
neff2 = slab2.mode(0).n_eff().real

period_order = 42
dp = period_order * bragg_wavelength / (2.0 * neff1) # Period is half integer
multiples of the mode wavelength.
for k,ds in enumerate(s):
print ds,etch
#ds = 14
dw =dp -ds

#print(dp, "Grating period")

#print(dw, "slot")

slot N =10
# slab(d) adds section of length = d. d = 0 projects section to infinity.
stack_pert = Stack(slab1(0) + slot_N*(slab1(dw) + slab2(ds)) + slab2(0))

# Set incident field and calculate stack.
inc = zeros(N())
inc[0] = 1

stack_pert.set_inc_field(inc)

stack_pert.calc()
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# Do some interactive plotting.

#stack_pert.plot()

r[k]=np.abs(stack_pert.R12(0, 0));
t[k]=np.abs(stack_pert.T12(0, 0));

# print scattering parameters of stack.
r0 = np.abs(stack_pert.R12(0, 0));
#print(r0)

t0 = np.abs(stack_pert.T12(0, 0));

z[:j]=r

ylj]=t

np.savetxt('r_data.csv',z,delimiter=",")

np.savetxt(‘t_data.csv',y,delimiter=",")

Extraction of reflectance band

#l/usr/bin/env python2

-*- coding: utf-8 -*-

Created on Wed Mar 18 14:43:00 2020

@author: pilot
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import numpy as np
import pylab as plt

from camfr import *

# Problem 5

# Continuing from problem 5. Create a grating composed of three sub-gratings of
varying dp, each satisfying the Bragg condition for 1.55 microns.

# Calculate the Reflectivity spectrum, including the FSR peaks.

# Refer to ../papers/p2.pdf when doing this. Do you results match up?

STACK
SLAB1 SLAB2 SLAB1 SLAB2
n0

| ...X20

n1

n2

n3
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# Step O - Set simulation parameters
#s=np.array([0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0,1.1,1.2,1.3,1.4])

s=np.array([0.3])

for m,slw in enumerate(s):

print(‘solving for "+str(s[m]))

set_lower_PML(-0.1)
set_upper_PML(-0.1) # These pml values normally work well.
set_N(60) # Number of Modes to consider. As we have introduce a perturbation in
the index we can expect some loss.
# As such we need to consider higher order radiating modes to accurately
account for losses.

set_solver(series) #

# Step 1 - Import data.

data = np.loadtxt("index_profile_new.txt", delimiter = ",", skiprows = 1)
n1 = datal[;, 0] # Refractive indexes

d1 = data[;, 1] # Height of each layer

n2 = copy(n1)
d2 = copy(d1)
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etch = 1.35
d2[0] += etch # Add height to air layer
d2[1] -= etch # Remove height from cladding layer

# Step 2a - define SLABT in camfr

layer_n1 = [] # Empty list to contain material objects.
for i in range(len(n1)):

layer_n1.append(Material(n1[i])) # Makes a list of Material objects

for i in range(len(d1)):
ifi==0:
slab_list1 = (layer_n1[il(d1[i])) # Sets height of each Material object in
layer_n.
else:
slab_list1 = slab_list1 + (layer_n1[il(d1[i])) # Sets height of each Material
object in layer_n.

slab1 = Slab(slab_list1) # Make slab object

# Step 2b - define SLABZ2 in camfr

layer_n2 =[] # Empty list to contain material objects.
for i in range(len(n2)):

layer_n2.append(Material(n2[i])) # Makes a list of Material objects

for i in range(len(d2)):
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ifi ==0:
slab_list2 = (layer_n2[i](d2[i])) # Sets height of each Material object in
layer_n.
else:
slab_list2 = slab_list2 + (layer_n2[i](d2[i])) # Sets height of each Material
object in layer_n.

slab2 = Slab(slab_list2) # Make slab object

# Step 3 - Create Stack. (Extend from 1D to 2D in propogation direction)
bragg_wavelength = 1.545

set_lambda(bragg_wavelength)

slab1.calc()
slab2.calc()

neff1 = slab1.mode(0).n_eff().real
neff2 = slab2.mode(0).n_eff().real

#period_order = np.array([37, 42, 47])
period_order = np.array([42])
slot_width = np.array([slw])

slot_N = [10]

dw = np.zeros(len(period_order), dtype=np.float64)
ds = np.zeros(len(period_order), dtype=np.float64)
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dp = np.zeros(len(period_order), dtype=np.float64)

for i in range(len(period_order)):
dpli] = (period_order[i]) * bragg_wavelength / (2.0*neff1)
ds[i] = slot_width[i]
dwl[i] = dpli] - ds]i]

wavesweep = np.linspace(1.50, 1.60, 100)
r_array = np.zeros_like(wavesweep)
t_array = np.zeros_like(wavesweep)s
fo=1]

for i in range(len(slot_N)):

f_append(slot_N[i] * ( slab1(dw[i]) + slab2(ds[i])))
stack_pert = Stack(slab1(0) + sum(f_) + slab1(0))
for i, wave in enumerate((wavesweep)):

print i, wave

set_lambda(wave)

# slab(d) adds section of length = d. d = 0 projects section to infinity.

stack_pert.calc()

r_array[i] = np.abs(stack_pert.R12(0, 0))
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t_array[i]= np.abs(stack_pert.T12(0, 0))

plt.plot(wavesweep, r_array)

g_spetra=[wavesweep,r_array, t_array]

g_spetra=np.transpose(g_spetra)

dir=r'C:\Users\ASharma\Desktop\grating_order_37_0.3um\\'

np.savetxt(dir+str(sim])+'um_gspectra.csv’,g_spetra,delimiter=",")

plt.plot(wavesweep, t_array)

plt.xlabel("Wavelength micorns™)

plt.ylabel("Amplitude")
plt.show()
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Appendix C

MATLAB code of rate equation model

Code

clear all

close all

clc

format short
Fs=4el1;
%tsam=1e-12;
tsam = 1/Fs

NFFT = 2712;%2e11

%tfinal=1e-8;
tfinal=NFFT*tsam;

tspan = [0 tfinal]
ts=linspace(0,tfinal, NFFT/2);

%p_mw=6.62607015e-34*3e8*W*d*ng*cf/1.550e-6;
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1=30*1e-3; % supply current

L=380e-4; % dimension in cm

%y0=[0000000000000000];

y0 =[1e-9 1e-9 1e-9 1e-9 1le-9 1le-9 1le-9 1e-9 1e-9 1e-91e-9000 0 0];

[t,y] = oded5(@(t,y) reqm13(t,y,l,L tsam), ts, y0);

disp(‘first interation complete’);

y0 = [1e-9 1e-9 1e-9 1e-9 1e-9 1e-9 1e-9 1e-9 1e-91e-91e-9000 0 0];
for k=7:11

p=polyfit(ty(:,k),1);

yO(k+5)=-p(2);

yO(k)=-p(2);

end

[t,y] = oded5(@(t,y) reqm13(t,y,l,L tsam), ts, y0);

plot(t,y(:,1),"-,'Linewidth',2)

% plotting time trace of photons

figure

subplot(5,1,1)
plot(t,y(:,2),-",'Linewidth',2)
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subplot(5,1,2)
plot(t,y(:,3),-,'Linewidth',2)

subplot(5,1,3)
plot(t,y(:,4),"-,'Linewidth',2)

subplot(5,1,4)
plot(t,y(:,5),-','Linewidth',2)

subplot(5,1,5)
plot(t,y(:,6),-','Linewidth’,2)

%ylim=[0 2e15];

% plotting time trace of phase

figure

subplot(5,1,1)
plot(t,y(:,7),-",'Linewidth’,2)

subplot(5,1,2)
plot(t,y(:,8),-,'Linewidth',2)

subplot(5,1,3)
plot(t,y(:,9),-,'Linewidth',2)

subplot(5,1,4)
plot(t,y(:,10),-','Linewidth’,2)

subplot(5,1,5)
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plot(t,y(:,11),"-','Linewidth’,2)

a=sqrt(y(:,2)).*exp(*y(:,7));

b=sqrt(y(:,3)).*exp(*y(:,8));

c=sqrt(y(:,4)). *exp(*y(:,9));
d=sqrt(y(:,5)).*exp(*y(:,10));
e=sqrt(y(:,6)).*exp(*y(:,11));

k=[0.7744 0.7815 0.7733 0.7879 0.7714]; % 0.3um slot
%k=[0.6168 0.6280 0.6044 0.6385 0.5821]; % 1.0um slot
%k=[0.7 0.7 0.7 0.7 0.7];

a=a.*k(1);
b=b.*k(2);
c=c.*k(3);
d=d.*k(4);
e=e.*k(5);

X1=abs(fftshift(fft(a, NFFT)));
X2=abs(fftshift(fft(b,NFFT)));
X3=abs(fftshift(fft(c,NFFT)));
X4=abs(fftshift(fft(d, NFFT)));
X5=abs(fftshift(fft(e, NFFT)));
%

X1=X1.*conj(X1);
X2=X2.*conj(X2);
X3=X3.*conj(X3);
X4=X4.*conj(X4);
X5=X5.*conj(X5);

%
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Xa=abs(X1)./max(abs(X1));
Xb=abs(X2)./max(abs(X1));
Xc=abs(X3)./max(abs(X1));
Xd=abs(X4)./max(abs(X1));
Xe=abs(X5)./max(abs(X1));

df=linspace(-Fs/2,Fs/2,length(Xa));
%

figure

hold on

plot(df,Xa, Linewidth’,3);
plot(df,Xb, Linewidth’,3);
plot(df,Xc, Linewidth’,3);
plot(df,Xd, Linewidth',3);
plot(df,Xe,'Linewidth’,3);

%

set(gca, FontSize',20,'LineWidth',3,'FontWeight','Bold");

hold off

n_dbm_0 =10.*log10(abs(Xa));
n_dbm_m1 = 10.*log10(abs(Xb));
n_dbm_pl = 10.*log10(abs(Xc));
n_dbm_m2 = 10.*log10(abs(Xd));
n_dbm_p2 = 10.*log10(abs(Xe));

figure

plot(df,n_dbm_0,'Linewidth’,1);

xlabel('Frequency (GHz)','FontSize',20,'LineWidth',3,'FontWeight','Bold’);
ylabel('Power (dBm)','FontSize',20,'LineWidth',3,'FontWeight','Bold");
set(gca,' FontSize',20,'LineWidth',3,'FontWeight','Bold");
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xlim([-Fs/2 Fs/2]);

hold on

plot(df,n_dbm_m1,'Linewidth',1);

xlabel('Frequency (GHz)','FontSize',20,'LineWidth',3,'FontWeight','Bold’);
ylabel('Power (dBm)','FontSize',20,'LineWidth',3,'FontWeight','Bold");
set(gca, FontSize',20,'LineWidth',3,'FontWeight','Bold");

xlim([-Fs/2 Fs/2]);

plot(df,n_dbm_p1,'Linewidth',1);

xlabel('Frequency (GHz)','FontSize',20,'LineWidth',3,'FontWeight','Bold’);
ylabel('Power (dBm)','FontSize',20,'LineWidth',3,'FontWeight','Bold");
set(gca, FontSize',20,'LineWidth',3,'FontWeight','Bold");

plot(df,n_dbm_m2,'Linewidth',1);

xlabel('Frequency (GHz)','FontSize',20,'LineWidth',3,'FontWeight','Bold’);
ylabel('Power (dBm)','FontSize',20,'LineWidth',3,'FontWeight','Bold");
set(gca, FontSize',20,'LineWidth',3,'FontWeight','Bold");

xlim([-Fs/2 Fs/2]);

plot(df,n_dbm_p2,'Linewidth',1);

xlabel('Frequency (GHz)','FontSize',20,'LineWidth',3,'FontWeight','Bold");
ylabel('Power (dBm)','FontSize',20,'LineWidth',3,'FontWeight','Bold");
set(gca,'FontSize',20,'LineWidth',3,"FontWeight','Bold");

xlim([-Fs/2 Fs/2]);
% SMSR calculation

smsr1=10*log10(y(end,2)/y(end,3))
smsr2=10*log10(y(end,2)/y(end,4))
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smsr3=10*log10(y(end,2)/y(end,5))
smsr4=10*log10(y(end,2)/y(end,6))

Function

function dy = regm13(t,y,l,L,tsam)

dy = zeros(16,1);

dwc0=y(12);
dwcl=y(13);
dwc2=y(14);
dwc3=y(15);
dwc4=y(16);

e=1.6e-19;
N0=2.05e18;
€=2.99792458e10;

L=350e-4;

W=2e-4;

d=0.03e-4;

V=L*W*d;

ng = 3.19;
mode_spacing=(c/2*ng*L);
vg =c/ng;

R1=0.95;
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%R1=0.3;

e =1.6E-19;
%alphain = 30;
alphain = 40;

gain=[2.1382e-17 2.1181e-17 2.1000e-17 2.0842e-17 2.0705e-17];

%gain=[9e-16 8.9e-16 8.9e-16 8.8e-16 8.8e-16]; % modal gain coefficient; % modal gain

coefficient

gama=0.05;%
beta=3.2e-5;
%beta=0.2e-3;
eta=5e-17,
%tp=2e-12;

%tp= 1/vg/(alphain + 1/(2*L)*log(1/(R1*R2))); % photon lifetime
R2=[0.2738 0.2228 0.2251 0.1285 0.1228]; % 0.3 um slot
%R2=[0.2714 0.2130 0.2331 0.1159 0.1912];%1.0um slot
%R2=[0.30.30.30.30.3];

tpl= 1/vg/(alphain + 1/(2*L)*log(1/(R1*R2(1))));
tp2= 1/vg/(alphain + 1/(2*L)*log(1/(R1*R2(2))));
tp3= 1/vg/(alphain + 1/(2*L)*log(1/(R1*R2(3))));
tp4= 1/vg/(alphain + 1/(2*L)*log(1/(R1*R2(4))));
tp5= 1/vg/(alphain + 1/(2*L)*log(1/(R1*R2(5))));

alpha_h=2;
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AA=gain.*vg.*49;%49
%AA=gain;

% Ak =0.06E9;
% Bk =1.4E-10;
% Ck=1E-28;

Ak =0.1E9;
Bk = 1E-10;
Ck = 3.5E-29;

lambda=1550e-7;
h=6.62607015e-34;

nu=h*c/lambda;

Nk= Ak*y(1) + BK*y(1)"2 + Ck*y(1)"3;

Rsp=gama*beta*Bk*y(1)"2;

Dppl1=Rsp*y(2); % this is strength of the noise associated to photon density, please have
a look in Section 1.5 of the Eq_v2.pdf

Dnn1=Dppl/gama+Nk/V; % Langevin force for the carriers

Dphil=Rsp/(4*y(2)); % last one for the phase

Dpp2=Rsp*y(3); % this is strength of the noise associated to photon density, please have
a look in Section 1.5 of the Eq_v2.pdf

Dnn2=Dpp2/gama+Nk/V; % Langevin force for the carriers

Dphi2=Rsp/(4*y(3)); % last one for the phase
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Dpp3=Rsp*y(4); % this is strength of the noise associated to photon density, please have
a look in Section 1.5 of the Eq_v2.pdf

Dnn3=Dpp3/gama+Nk/V; % Langevin force for the carriers

Dphi3=Rsp/(4*y(4)); % last one for the phase

Dpp4=Rsp*y(5); % this is strength of the noise associated to photon density, please have
a look in Section 1.5 of the Eq_v2.pdf

Dnn4=Dpp4/gama+Nk/V; % Langevin force for the carriers

Dphi4=Rsp/(4*y(5)); % last one for the phase

Dpp5=Rsp*y(6); % this is strength of the noise associated to photon density, please have
a look in Section 1.5 of the Eq_v2.pdf

Dnn5=Dpp5/gama+Nk/V; % Langevin force for the carriers

Dphi5=Rsp/(4*y(6)); % last one for the phase

%% multimode laser rate equation

dy(1) = l/(e*V)...
-AA(L)*(y(1)-NO)*(y(2)/(1+eta*y(2)))...
-AA(2)*(y(1)-NO)*(y(3)/(1+eta*y(3)))...
-AA3)*(y(1)-NO)*(y(4)/(1+eta*y(4)))...
-AA(4)*(y(1)-NO)*(y(5)/(1+eta*y(5)))...
-AA(5)*(y(1)-NO)*(y(6)/(1+eta*y(6)))...
-NkK...

+sgrt((2*Dnnl/tsam)+(2*Dnn2/tsam)+(2*Dnn3/tsam)+(2*Dnn4/tsam)+(2*Dnn5/tsam))*ra
ndn;

% +(sgrt(2*Dnnl/tsam)...

% +sgrt(2*Dnn2/tsam)...

% +sgrt(2*Dnn3/tsam)...
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% +sqrt(2*Dnn4/tsam)...
% +sqrt(2*Dnn5/tsam)...

% )*randn;

dy(2) = AA(1)*gama*(y(1)-N0)*(y(2)/(1+eta*y(2)))-y(2)/tpl +
gama*beta*Nk+sqrt(2*Dppl/(tsam))*randn;

dy(3) = AA(2)*gama*(y(1)-NO)*(y(3)/(1+eta*y(3)))-y(3)/tp2 +
gama*beta*Nk+sqrt(2*Dpp2/(tsam))*randn;

dy(4) = AA(3)*gama*(y(1)-N0)*(y(4)/(1+eta*y(4)))-y(4)/tp3 +
gama*beta*Nk+sqrt(2*Dpp3/(tsam))*randn;

dy(5) = AA(4)*gama*(y(1)-N0)*(y(5)/(1+eta*y(5)))-y(5)/tp4 +
gama*beta*Nk+sqrt(2*Dpp4/(tsam))*randn;

dy(6) = AA(5)*gama*(y(1)-N0)*(y(6)/(1+eta*y(6)))-y(6)/tp5 +
gama*beta*Nk+sqrt(2*Dpp5/(tsam))*randn;

dy(7) = 0.5*alpha_h*(AA(1)*gama*(y(1)-N0)-1/tp1)+ dwcO +
sgrt(2*Dphil/(tsam))*randn; % phase equation for mode 0

dy(8) = 0.5*alpha_h*(AA(2)*gama*(y(1)-N0)-1/tp2)+ dwcl +
sqrt(2*Dphi2/(tsam))*randn; % phase equation for mode 0

dy(9) = 0.5*alpha_h*(AA(3)*gama*(y(1)-N0)-1/tp3)+ dwc2 +
sgrt(2*Dphi3/(tsam))*randn; % phase equation for mode 0

dy(10) = 0.5*alpha_h*(AA(4)*gama*(y(1)-N0)-1/tp4)+ dwc3 +
sqrt(2*Dphi4d/(tsam))*randn; % phase equation for mode 0

dy(11) = 0.5*alpha_h*(AA(5)*gama*(y(1)-N0)-1/tp5)+ dwc4 +
sgrt(2*Dphi5/(tsam))*randn; % phase equation for mode 0

end
%%
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Appendix D

RF Generator design and implementation

RF generator unit is designed to achieve multiple objectives such as modulation and gain
switching. The gain switching is a renowned technique to generate ultrashort optical pulses
by supplying high power (typically 25 dBm) RF signal. When considered in the frequency
domain, the generated optical pulses correspond to an optical frequency comb (OFC). This
RF unit can generate frequency signal from 100 MHz to 28 GHz at power of 30 dBm. The
high-quality RF signal (spur of -90dBc) for gain switching is critical for generation of high-
quality OFC.

0.1-30GHz DC-28GHz DC-28GHz

0.1-8GHz
DC-34GHz DC-34GHz
16-32GHz @30dBm
—)

BT-0034SMG HMC797 BT-00345MG

Figure D.1. Block diagram of RF generator unit.

Figure D.1 shows the block diagram of the manufactured RF unit. First, a frequency
synthesizer integrated circuit having phase lock loop (PLL) and voltage controller oscillator
is used. It has three output channels, and each port can be access through differential RF
signal pins of IC. Channel-1, channel-2, and channel-3 have output frequency ranges 100
MHz to 8 GHz, 8 GHz to 16 GHz, and 16 GHz to 32 GHz, respectively. The output frequency
and power of the channel are defined by firmware. The power level can be set to -4 dBm, -1
dBm, 2dBm, and 5 dBm. To initialize the chip, a 64-byte word need to be transferred through
the serial peripheral interface (SPI) and to update the frequency, 9 bytes must be loaded to
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specific addresses of the chip’s flash memory. The following formula is used to calculate the

frequency of the generated signal:

FRACI+ PR‘_M'z f
ferour = INT + : MOD2 « PED
" MODI RF Divider

fm-'n = REFnx ((1 + D)/(Rx (1+ T)))

where: -
frrouT IS the RF output frequency.
INT is the integer division factor.
FRACL is the fractionality.
FRAC?2 is the auxiliary fractionality.
MOD1 is the fixed 25-bit modulus.
MOD?2 is the auxiliary modulus.
REFIN is the reference frequency input.
D is the REFIN doubler bit.
R is the reference division factor.
T is the reference divide by 2 bit (0 or 1).
To obtain a single port capable of operating over the entire frequency range, a 4-way
RF switch ADRF5044 shown in Figure D.2 and operating from the DC to 30 GHz, is used.
A microcontroller is connected to handle the operation of SPI transfer and control RF switch.
The operation of digital switch is described in Table D.1 and a schematic diagram is shown

in Figure D.3.

ADRF5044

%EDD 500

500 S00
- = 13 | GND

7 L] ] 10 11 12

(2}
z
o
- @ - w *) -

zzzzzz

Figure D.2. Architecture of RF switch.
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Digital Control Input RF Paths
\'A| V2 RF1 to RFC RF2 to RFC RF3 to RFC RF4 to RFC
Low Low Insertion loss (on) Isolation (off) Isolation (off) Isolation (off)
High Low Isolation (off) Insertion loss (on) Isolation (off) Isolation (off)
Low High Isolation (off) Isolation (off) Insertion loss (on) Isolation (off)
High High Isolation (off) Isolation (off) Isolation (off) Insertion loss (on)

Table D.1. Description of operating condition of RF switch
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Figure D.3. Schematic diagram of ADRF5044.

The output signal of the switch is then amplified, using two stage power amplifiers

(DC-28 GHz) with +15 dB to achieve an output power up to 30 dBm. The two-stage amplifier
is built by cascading two HMC994 IC provided by Analog devices. The schematic of
amplifier is shown in Figure D.4.
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Figure D.4. RF power amplifier.
The BT used at the output stage of the amplifier is BT-0034SMG. The bandwidth of the bias

is from 500 kHz to 34 GHz. A combined schematic is created in the Altium software as
shown in Figure D.5. Subsequently, the PCB is design lay out is generated on Altium
software. The PCB drawing is divided into three main sections: power supply for digital and
RF circuits, USB communication circuit for PC interface, and RF circuits. A four-layer stack

of the board is used to design circuit to enable shortest path for ground and VCC signal.
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Figure D.5. Schematic diagram of RFGU.
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Appendix E

Development of in-house chip packaging system

The bare PIC is tested by biasing all the sections, and a lens fiber collects the optical signal.
In traditional testing, the tungsten probes connected to the current source are landed on the
contact pads of the PIC. These probes are manually aligned and positioned to supply the
current on the respective sections. Operating a bare chip on a traditional test station is time-
consuming. Therefore, the chips are packaged to reduce the testing time and effort. In the
packaging process of the PIC, the chip is wire-bonded to the contact pin of the packaging
case, and the output facet is fiber coupled. The standard packaging of the PIC is expensive
and requires a longer lead time. Hence, this project aimed to establish an in-house chip
packaging facility to enable quick testing of bare chips at a reduced cost. The chip packaging

process involves three main steps: subcarrier preparation, fiber coupling, and metal casing.

Subcarrier preparation

The subcarrier PCB is designed using two layered fiber reinforced-4 (FR-4) material. The
subcarrier is divided into three regions: DC, RF, and thermal sensing. The DC section
comprises DC track and DC contact pads. DC pads and tracks are designed to supply DC to
PIC. The DC tracks are drawn on the top copper layer of the PCB (as shown in Figure E.1.1).
A ribbon-copper wire is soldered on the DC contact pads and connected to the DC source to
supply current. In the second section, a 50 Q ground-signal-ground (G-S-G) RF track and
pad are implemented for supplying RF signal. To design a 50 Q G-S-G track, the width of
the track and the gap between the ground and signal are determined using Spok online
calculators. After that, the design is fabricated using an external PCB fabrication lab. To
finalize the subcarrier, an SMA connector at one end and a matching resistance at another

are soldered. In the last section, a thermal pad on the PCB is designed to maintain the
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temperature of PIC. The PIC is epoxied on the thermal pad. The PCB is placed on top of the
cold surface of the thermos-electric cooler (TEC). In addition, a thermistor is placed near the
thermal pad is soldered to monitor the temperature of the PIC. Finally, the contact pads of
the epoxied PIC are wire bonded to the contact pad of the subcarrier. Figure E.1.2 and Figure
E.1.3 show the wire bond connecting the contact pad of the PCB to the PIC and finalized

version of the subcarrier PCB.

Figure E.1.3. Finalized version of the subcarrier.
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Fiber alignment and coupling

In the next stage, the fiber alignment and coupling setup is built to align and couple the fiber.
As shown in Figure E.2.1, the setup is divided into four blocks: camera, ultra-violet lamp,
TEC mount, and fiber mount. First, the camera is mounted on an ‘x’ and ‘y’ linear translation
stage to see the top view of the subcarrier-mounted chip. Next, the ‘z’ height of the camera
is manually adjusted. Next, the UV lamp is placed near the fiber mount to flash the light on
the UV-activated glue to cure it. The third part of the setup is the TEC mount, where the
subcarrier is screwed. The TEC mount can be moved in the X, y, and z directions with the
help of the three-axis translation stage. Finally, a fiber mount is designed to mount and align
the fiber. The fiber mount is prepared by placing a fiber holder (specially designed metalwork

for mounting a fiber) on top of the three-axis stage.

Figure E.2.1. Fiber coupling setup.
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Figure E.2.2. Fiber supporters.

Initially, the fiber alignment and coupling, a fiber supporter (depicted in Figure
E.2.2), was first fabricated on Perspex material. The fiber supporter protects the fiber from
any stretch and strain forces. In addition, fiber supporter allows multiple attempts for fiber
alignment without damaging the fiber. The Perspex material is preferred because the material
Is transparent, lightweight, and has an excellent thermal isolator. UV light passes through the
material due to the transparency of Perspex. In addition, the thermal isolation property
reduces the effect of thermal expansion/contraction that restricts fiber movement due to

temperature changes.

/ Fiber holde

Figure E.2.3. Fiber mounting and alignment.
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Initially, a high numerical aperture (HNA) fiber pigtail is mounted on the V-groove of the
fiber supporter. The fiber facet is placed 2 mm ahead of the front corner of the fiber supporter
(as shown in Figure E.2.3). Then, the fiber is glued on the fiber supporter by a UV-cured
epoxy resin. After that, the fiber supported mounted with fiber is clamped on the fiber holder.
On the other side, the subcarrier with mounted and wire-bonded PIC is screwed on the copper
plate of the TEC mount. Next, the current is supplied to the PIC, and the lasing is confirmed
by using an infrared detector card. Subsequently, the fiber is aligned by adjusting the X, v,
and z-axis positions. An optical power meter monitors the maximum power coupled through
the high NA fiber. The fiber's X, y, and z position is kept stationary, and the low shrinkage
glue is dispensed into the gap between the subcarrier baseplate and the fiber supporter.
Finally, the glue is slowly cured by shining toggled (on-off) UV light. The duty cycle of the
on-off UV lap is set to 30%. Then the fiber-coupled subcarrier is removed from the TEC

mount (as shown in Figure E.2.4).

Figure E.2.4. Fiber coupled subcarrier.

Packaging case

A metal case is designed to protect the fiber-coupled subcarrier from damage in the next
phase. An aluminum metal case is designed on Solid Works software. Figure E.3.1 (a) and
(b) is the picture of a hollow metal case designed on Solidworks where the fiber-attached
subcarrier can be placed. The subcarrier can be screwed on the four M2.5 threaded holes. A
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cutout at the right wall of the metal case is given to keep the RF connector outside of the

package. A multi-pin connector is screwed at the left wall of the case for the DC connection.

Figure E.3.1. (a) and (b) are designs made on Solidworks. (c) and (d) are fabricated metal
works.

Figure E.3.1 (c) and (d) shows manufactured aluminum metal case. First, a thermal
paste is applied under the subcarrier and screwed it on the metal case. The ribbon cable
supplying DC current and RF connector is placed at the left and right side of the metal case.
The fiber is pulled out from the front wall of the case. Finally, the metallic cover is screwed

on the top to close the package shown in Figure E.3.2.

Figure E.3.2. Packaged subcarrier.
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