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ABSTRACT

Wavelength division multiplexing (WDM) optical fibre system is an important
enabling technology to fulfill the demands for bandwidth in the modern information
age. The main objective of this project is to study novel devices with the potential to
enhance the performance of WDM systems. In particular, a novel reflective variable
optical attenuator (RVOA) used for dynamic gain equalization (DGE) and fibre lasers
based on an entirely new type of erbium-doped fibres with ultrawide tuning range

were investigated theoretically and experimentally.

We proposed a new type of RVOA device which could be potentially integrated with
arrayed waveguide grating (AWG) to reduce the cost of DGE substantially. Initially,
fibre-based RVOAs, fabricated with optical fibre components such as fibre coupler
and Faraday rotator mirror, were investigated theoretically and experimentally.
Larger attenuation range up to 22 dB was realized for fibre coupler-based ROVA with
a Faraday rotator mirror and its polarization-dependent loss is about 0.5 dB. Then
polymeric waveguide-based RVOAs were investigated theoretically and
experimentally. Using an epoxy Novolak resin as core material and an UV-cured
resin (Norland’s NOAG61) as cladding material, a polymeric waveguide RVOA was
successfully fabricated. The dynamic 15 dB attenuation range was achieved and the

PDL was less than 0.2 dB. The measured insertion loss of the polymeric waveguide



RVOA was too large (about 18 dB) and was mainly induced by coupling loss, material

loss and poor alignment.

In addition, a novel low-loss waveguide crossing design technique based on MMI
structure was proposed and investigated by simulations using a two-dimensional beam
propagation method. The low-loss waveguide crossing propagation can be achieved
when a slab is introduced to the image reformed region of MMI structure, where any
perturbations immediately outside the waveguide would have little effect to the
propagation of the optical field. The advantage of the new low-loss MMI waveguide
crossing technique is shown by comparing with the common taper width waveguide
crossing technique. The application of MMI structure in small angle intersection
was also demonstrated and angle intersection as small as 20° with low insertion loss
(< 0.15 dB) can be realized with MMI structure technology. This technique is very

useful in the design of compact RVOA array with high channel-count.

In the second part of the study, fibre ring lasers with continuous wavelength tuning
over wide wavelength range and fibre ring lasers with discrete wavelength tuning
were investigated. Tunable lasers are important devices in WDM systems because
they could be employed as reserved sources and therefore avoiding the need to stock
large inventory of lasers to cover the ITU-wavelength grid. In this project, erbium
ions doped bismuth oxide glass fibres instead of the common silicate fibres were used.

Due to the high solubility of erbium ions in bismuth oxide based erbium-doped fibre



(Bi-EDF), a stable and short-cavity fibre ring laser was realized by employing only
0.85 m of Bi-EDF. Ultrawide continuous wavelength tuning range over 100 nm was
obtained by using a tuning MEMS filter or scanning fibre FP filter. A very narrow
linewidth, single-longitudinal mode fibre ring laser, using an unpumped EDF acting
as saturable absorber in the cavity, was realized. The linewidth of the fibre ring laser
was measured by two optical mixing methods and about 1.17 kHz linewidth was

measuring by the delayed self-heterodyne technique.

In addition, two types of wavelength-switchable fibre ring laser based on polarization
wavelength selection were investigated. The principle of polarization wavelength
selection to attain the switchable function was explained. The first type employs an
unbiased FP-LD to act as the polarization and etalon filter. Eight lasing wavelengths
switchable from 1552.98 nm to 1560.80 nm with a separation of 1.1 nm, which is
defined by the FP mode of the FP-LD, were achieved. The second design used only
0.85 m of Bi-EDF as gain medium. Thirty-five switching wavelengths can be
achieved in the range of 1545 nm to 1573 nm with a wavelength separation of 0.8 nm,
which is defined by the free-spectral range of the F-P etalon filter. The laser exhibits
high output power of about 0 dBm, high SMSR better than 45 dB and output power
flatness of 3 dB. Excellent wavelength and power stability of 1 pm and less than

0.15 dB, respectively, were obtained during a 2-hour stability test.
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Chapter 1

Introduction

1.1 Motivation for the Project

In the modern information age, more and more people use the Internet, consuming
large mounts of bandwidth due to increasing data transfers involving voices, images
and videos. At the same time, businesses are relying increasingly on Intranets and
Internets for their day-to-day operations. Furthermore, the ultimate vision of the
information age is that information can be obtained from anywhere at anytime by
anyone [1]. All these factors are driving the demand for networks of higher and
higher capacities but at lower and lower costs.  To fulfill the increasing demands for
bandwidth, a wavelength division multiplexing (WDM) optical system is an attractive
key technology to invariably reduce the cost of bandwidth [2]. Furthermore, the
WDM system provides an economical mean to upgrade its capacity to handle higher

bit-rates.

In WDM systems, data are transmitted simultaneously at multiple carrier wavelengths

over a single fibre. In the last few years, the number of wavelength was increased




Chapter 1 Introduction

significantly from tens to hundreds. Large inventory of laser sources operating at
ITU wavelengths are stored to ensure minimal down time of the service. The most
secure WDM system is “one-to-one” protection. This means that a spare laser is
kept for each channel wavelength. This is not practical due to the overwhelming
cost and large inventory volume. An economical and practical approach is to stock
wide wavelength-tunable lasers instead of fixed wavelength DFB lasers. Moreover,
with the advent of dynamic optical networks requiring wavelength switching and
routing, tunable lasers could play a key role as an enabling technology in optical

networks.

Another issue about WDM system is system reach, which is defined as the distance
between optical-electrical-optical (OEO) regeneration. In the early generation of
WDM systems, system reach is only about five to six spans, which is defined as the
distance between two adjacent optical amplifiers. With the rapid development of the
WDM systems, ultra long-haul (ULH) system (15 to 20 spans) or extreme long-haul
(ELH) system (80 to 100 spans) is needed to reduce the system OEO regeneration [3].
In ULH or ELH systems, many erbium-doped fibre amplifier (EDFA) modules are
needed to compensate for fibre loss, which will induce large power difference
between different channels (wavelengths) due to the non-uniform spectral gain of
EDFA modules.  Consequently, some channels will experience low optical
signal-to-noise ratio (OSNR), limiting the transmission length of the system. Gain

flattening of EDFAs is thus essential to ensure similar OSNR for all wavelength
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channels. Equal OSNR for all channels is difficult to attain, particularly over broad
wavelength range because the noise figures introduced by EDFAs to the different
channels are not equal. In long-haul WDM systems, dynamic gain equalizers (DGES)
are thus required to flatten the gain of EDFAs. DGEs are transmissive optical
devices that alter the attenuation of each individual wavelength channel of a WDM
system. Dynamic gain equalization is a key technology for ULH or ELH systems.
With the advent of dynamic optical networks requiring optical power dynamic control

automatically, DGE could be an important enabling technology [4].

The three main objectives in this project are:

(1) to study and to develop wide wavelength tunable fibre lasers. Emphases were
placed on wide tunable range to cover the C- and/or L-band wavelength range. A
wavelength-tunable fibre ring laser with over 100 nm tuning range was developed in
this project by using novel active fibre that based on bismuth oxide glass fibre doped
with high concentration of erbium ions.

(2) to develop stable wavelength-switchable fibre lasers. By using the polarization
wavelength selection principle, two configurations of switchable fibre ring laser were
developed in this project. One fibre ring laser was made with unbiased Fabry-Perot
laser diode (FP-LD) and exhibit eight switchable wavelengths. The other fibre ring
laser was constructed with polarizer and exhibit 35 switchable wavelengths.

(3) to study and develop a reflective variable optical attenuator (RVOA) that is

compatible to array waveguide (AWG) for the DGE application. Fibre optics
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components and polymer waveguide technologies were used to realize the novel
RVOA. In addition, a novel low-loss waveguide crossing technique was proposed
which could be employed to integrate RVOAs to AWG so as to attain multi-channel

attenuation adjustment within a single chip.

1.2 Original Achievements

The following original findings and developments were achieved in this research

project:

1. Development of a novel RVOA device and its application in DGE. A fibre
coupler RVOA was fabricated and its application in DGE was proposed.
Then a polymer waveguide RVOA, which can be integrated with AWG to
reduce the cost of DGE greatly, was fabricated and its preliminary results

were measured.

2. Propose an entirely new low-loss waveguide crossing technique based on
multimode interference (MMI) structure. A comparison with the common
taper width technique using the two-dimensional beam propagation method
(BPM) simulation revealed that our proposed MMI structure waveguide
crossing technique offers more benefits for the design of waveguide DGE.

Its performance in angle waveguide crossing was also simulated and a small
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crossing angle can be obtained.

3. Development of a wide wavelength tunable range fibre ring laser by using a
short length of bismuth oxide based erbium-doped fibre (Bi-EDF). Over
100 nm of wavelength tuning range was obtained using a tunable MEMS
filter or scanning fibre Fabry-Perot filter in the cavity. A single-longitudinal
mode fibre ring laser was realized by employing an unpumped silica-based
erbium-doped fibre (Si-EDF) as a saturable absorber. The linewidth of the
laser was measured to be about 1.17 kHz by using the delayed

self-heterodyne technique.

4. Development of two configurations of wavelength-switchable fibre ring
lasers by using the polarization wavelength selection principle. The first
configuration used an unbiased FP-LD and the output could be switched
between 8 different wavelengths with 1.1 nm spacing and the second used a
Fabry-Perot etalon filter, a polarizer, a programmable electric-actuated
polarization controller. The laser’s output could be switched between 35
different wavelengths with 0.8 nm spacing. Wavelength switching of the
two types of lasers was achieved by suitably changing the polarization state

inside the cavity.
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1.3 Organization of the Thesis

The thesis is organized as follows:

Chapter 1

Chapter 2

Chapter 3

is the introduction to this research study and thesis. The motivation of
this project and the layout of the thesis are described in this chapter.

Also, the original achievements in this research study are also listed.

covers the studies and experiments of the reflective variable optical
attenuator and its application in dynamic gain equalizer.  The
background review of different planar light-wave circuit (PLC) variable
optical attenuators is explained and then followed by the proposed novel
RVOA and its application in DGE. In the initial stage, fibre
coupler-based RVOAs were demonstrated and measured. Finally, the
design and fabrication of polymer waveguide RVOA and its preliminary

results were given.

describes the proposed low-loss waveguide crossing technique. The
principle of the novel low-loss waveguide crossing design technique is
explained, simulated and followed by the introduction of MMI structure.

The advantages of the novel low-loss waveguide crossing design
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Chapter 4

Chapter 5

technique based on MMI structure are demonstrated by making
comparison to the common taper width structure technique. Also
included at the end of this chapter is its application in small angle
waveguide crossing, which is essential to reduce the premium wafer

space and thus the potential to lower manufacturing cost.

is dedicated to fibre ring lasers and their theoretical modeling and narrow
linewidth measurement. Started with a brief background review of
fibre ring laser, the theoretical modeling of fibre ring laser is explained.
Furthermore the optical mixing techniques to measure the narrow
linewidth of fibre ring laser are introduced and theoretical analyzed.
Two different laser linewidth measurement techniques, namely the
heterodyne method and delayed self-heterodyne method, are explained in

detail.

describes a wide wavelength-tunable fibre ring laser. It begins with a
brief description of the characteristics of bismuth oxide based
erbium-doped fibres and fusion technique of Bi-EDF to silicate fibres.
The experiment and performance of the widely tunable, over 100 nm,
fibre ring laser employing tunable MEMS filter and tunable fibre
Fabry-Perot filter are reported. The principle and performance of

employing unpumped Si-EDF in the ring cavity to realize
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Chapter 6

Chapter 7

single-longitudinal mode operation with a narrow linewidth of about
1.17 kHz, measured by the delayed self-heterodyne technique, are

explained.

describes two types of wavelength-switchable fibre ring laser developed
in this project. With the aid of the Jones matrix approach, the
polarization wavelength selection principle is explained, which is
essential to understand the wavelength switching function. Eight
wavelengths switchable fibre ring laser ring using an unbiased FP-LD
in the cavity is described. Finally, the use of Bi-EDF to realize short
cavity laser that could generates 35 switchable wavelengths is

explained.

outlines the conclusions of this study and several suggestions for further

works.

Since RVOA and fibre ring laser are two distinct topics, their research backgrounds

and technology overviews are dealt with in separate chapters instead of a single

introductory background chapter. The background of RVOA and the work done in

this project are described in chapter 2 and 3. The research backgrounds and

modeling of fibre ring laser are reported in chapter 4 while the works done in this

project are covered in chapter 5 and 6.
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Chapter 2

Reflective Variable Optical Attenuator and Its
Application in Dynamic Gain Equalizer

2.1 Introduction

Variable Optical Attenuators (VOAS) are important optical devices used in optical
systems. They are commonly used to reduce crosstalk in switching networks by
equalizing the signal power levels in wavelength-multiplexed systems to reduce the
optical signal-to-noise (OSNR) deterioration. VOAs are also employed to attenuate
optical power to prevent saturation of photodetectors or protect them from optical
damage [1, 2]. The increasing complexity of wavelength division multiplexing
(WDM) optical networks calls for an increasing need for reliable, low cost VOAs that
can adjust the power level of the optical signals of all wavelength channels,
independently and dynamically, with high accuracy and repeatability. Dynamic gain
equalizer (DGE) modules are particularly important for ultra or extremely long-haul
WDM transmission systems for the equalization of non-uniform channel power levels
of the different wavelength channels. Conventional DGE are usually constructed

with two AWG modules and one VOA array inserted between the AWGs [3]. This is

10
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because most VOAs are transmissive devices. However, if reflective VOASs
(RVOAS) are used, then DGE can be attained by using just one AWG module, which
could greatly simplify the design as well as reduce the cost of DGE. Matching

AWGs are no longer needed and the number of optical connections can be halved.

In this chapter, different kinds of reported VOA designs, especially planar light-wave
circuit, which seems to be a more promising technology in VOA design, are reviewed.
The different structures of the newly proposed reflective variable optical attenuator,
for DGE application will also be described in this chapter. Two kinds of RVOA, i.e.
fibre coupler-based RVOA and polymer waveguide RVOA, were fabricated and their

characteristics were measured.

2.2 Review of the VOA Technologies

Many different approaches have been reported for practical implementation of
variable optical attenuators. These include planar light-wave circuit (PLC) VOA
[4-12], micro-electromechanical systems (MEMS) VOA [13-15], Faraday rotators
VOA [16], liquid crystal VOA [17-18] and acousto-optic VOA [19-20]. Since PLC
VOAs have small footprint and can be integrated with other components, it is a more
promising technology for VOA design. In this section, different VOA configurations
integrated on PLC are reviewed. VOA structures comprising a Mach-Zehnder

interferometer (MZI) [4-6], asymmetric Y-branch waveguide [7-9], bending

11
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waveguide [10-11], and higher mode excitation [12] were reported. PLC VOA is
usually fabricated using polymer or silica on silicon substrates. Polymeric VOA is
particularly attractive due to its low electrical power consumption, low cost and ease

of fabrication.

221 MZIVOA

A common interferometric approach to fabricate VOA involves MZI design based on
directional couplers, since it offers the potential for extremely low power
consumption. By thermo-optically or electro-optically tuning at least one of the
arms to induce a phase shift between the two arms before they recombine, the output
optical power can be accurately controlled.  Using the polymeric OASIC™ materials
from Telephotonics Inc. and using UV photolithography technology, N. S. Lagali
fabricated 8-channel VOA arrays based on the MZI approach [4]. The heater was
fabricated by depositing a gold layer over the waveguide cladding and subsequent wet
etching to define their shape. The chip size for the 8-channel array was 7x20 mm?,
which can be made smaller by designing a more compact MZI structure. Figure 2.1
(@) shows the measured attenuation characteristic for the two outer VOAs. The
fibre-to-fibre insertion loss is 1.4-1.8 dB and a dynamic attenuation range larger than
25 dB, with the best device having a range of almost 30 dB. The power
consumption of 25 dB attenuation is only about 1.5 mW, which is much lower than

MZIl-based VOA made on silica-based planar light-wave circuits which exhibit a

12
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power consumption of 0.9 W to introduce 20-dB attenuation [5]. The attenuation of
the VOAs is spectrally flat to within 1 dB over the C-band at all attenuation levels.
The polarization dependent loss was measured to be 0.1 dB at minimum attenuation
and increases to 1.4 dB at maximum attenuation. The 10%-90% rise and fall
response time of the VOA are 7.7 ms and 8.1 ms, respectively, as shown in Figure 2.1
(b). The response time can in general be further reduced by optimizing the optical
layer thicknesses. L. Eldada reported a polymeric VOA with PDL smaller than 0.25
dB across the entire attenuation range, a value that is lower than that achieved in any

other material system [6].
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Fig. 2.1 (a) VOA attenuation characteristics of two VOAs in an 8-channel array.
(b) Time-dependent switching characteristic of the VOA array. [4]

2.2.2 Y-branch VOA

13
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For more compact functional VOA, S. S. Lee, et al [7] proposed and fabricated an
asymmetric linear Y-branch waveguide VOA and an optical power tap, using
perfluorocyclobutane (PFCB) as cladding material and Benzocylclobutane (BCB) as
core material, as shown in Figure 2.2 (a) and (b). The branching angle of the
asymmetric Y-branch is 0.16°, and the stripe widths of the wide and narrow
waveguides are 6 and 5 um, respectively. The core layer thickness and rib height of
the channel waveguides are 5.5 and 1.5 um, respectively, ensuring single mode
operation. The wide arm waveguide is used for the main output port. The optical
power tap, which is formed by attaching a curved waveguide to the main port to tap a
fraction of its power, serves as an output monitoring port. The tapped power is fed
back to an electrical driving source to maintain a constant optical output [8]. The
narrow arm is connected to a tapered S-bend waveguide to enlarge the distance
between the two waveguides of the branch. With no electrical power, the optical
power launched from the input waveguide is predominantly coupled to the wide arm
of the branch. When electrical power is supplied to the electrode to induce the
thermo-optic effect, the effective refractive index of the wide arm is decreased, and so
the input optical power is transferred gradually to the narrow arm. As a result, the
optical output decreases with applied electrical power enabling an efficient attenuation

of the input optical power.

14
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Cr-Cu Curved waveguide
Electrode

Upper Cladding U
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PFCB (n=1.487) ~%— Lower Cladding

Si substrate Asymmetric
Y-branch waveguide

S-bend waveguide

(a) (b)
Fig. 2.2 (a) Cross-section of the Y-branch VOA. (b) Structure of the Y-branch VOA. [7].

By utilizing the modal evolution effect in asymmetric branches, the attenuator has
enhanced fabrication tolerance and reduced wavelength sensitivity. As shown in
Figure 2.3 (a), the attenuator exhibited a dynamic range of more than 20 dB at 1550
nm with an electrical power of 200 mW. By etching away the silicon substrate under
the asymmetric Y-branch waveguide, which increases the temperature gradient in
waveguide, the electrical power consumption can reduce to 25 mW [9]. The
polarization dependent loss (PDL) was negligibly small when no electrical power was
applied and increased up to 2 dB for the attenuation of 10 dB. However, by using an
electronic feedback control, the slowly changing input polarization on attenuation
setting can be reduced from 2 dB to 0.9 dB. Figure 2.3 (b) shows that rise time of
about 1 ms can be achieved and the wavelength uniformity was less than 1.2 dB over

the range of 1530-1560 nm.

15
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0
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Fig 2.3 (a) Attenuation vs. electrical power consumption for TE and TM polarizations.
(b) Optical response of the attenuator to an electrical square wave. [7]

2.2.3  Bending Structure VOA

S. M. Garner and S. Caracci reported a compact VOA [10], which is based on
modified waveguide bends as shown in Figure 2.4 (a). It consists of a curved
waveguide with an electrode heater deposited above it. Light propagates through the
bend with low loss when no electrical power is applied to the heater. When
electrical power is applied, due to the negative thermo-optic coefficient of polymer,
the refractive index of the cladding nearer the heater is reduced more than that close to
the substrate, resulting in a vertical index gradient. This vertical index gradient
pushes the optical mode away from the upper cladding to the lower cladding. The
waveguide bend itself distorts the mode horizontally. The overall effect reduces the
optical mode confinement within the core and results in radiation loss. In effect, the
controllable thermal gradient produces a variable loss coefficient throughout the bend
length.  Further enhancement of the attenuation response can be achieved by

reducing the waveguide width in the curved region (bend width). Figure 2.4 (b)

16
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shows the experimental attenuation results of 5 mm bend length waveguides for
different bend widths. When an electrical power of 250 mW is applied, the
attenuation of the 3 um bend width device is more than 40 dB, which is greater than
the attenuation of 5 um and 7 um bend width devices by about 20 dB. When no
electrical power is applied, the fibre-to-fibre insertion loss and PDL are 1.57 dB and
0.12 dB, respectively. No PDL change was observed when electrical power was
applied. However, the wavelength dependence of the mode confinement causes
wavelength dependence in attenuation. At an average attenuation level of 15 dB,
there is a 4-dB response difference between wavelengths of 1530 nm and 1570 nm,

which restrict the device to operate in single wavelength channel.

Output W Radiated
Power Power An=0.5% )
& Width
Waveguide Bend T - 3um.
 (variable width) = ;
N S o bum
Electrode Heater pode N4~ Taper Transition = A?UI‘I‘I!
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Input Electrical Power (mW)
Power
(a) (b)

Fig. 2.4 (a) Top view and cross section of a VOA design reported in [10].  (b) Attenuation
response for varying bending widths [10]

Y. T. Lu, et al [11] proposed a bending polymer waveguide VOA with an S-shaped
structure. Its double bending design, incorporated with the thermal-optical property

of polymer, provides optimal optical attenuation within a small waveguide length.
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Figure 2.5 (a) shows the cross section of the S-shaped waveguide VOA. The
operating principle of the optical loss mechanism in such a buried-type S-shaped
waveguide VOA is based on the index variation of the core under a change in
temperature, which is different with the vertical index gradient principle bending
VOA reported by Garner and Caracci [10]. The effective index of the fundamental
mode will be changed when the refractive index of the core is varied. Consequently,
the field distribution of the mode inside the core is changed. The tuning range of the
thermal-dependent index of the polymer determines the variation of the mode field.
The bending design of the waveguide provides sufficient attenuation to meet the
requirements of WDM networks. The design of the S-shaped structure is shown in
Figure 2.5 (b). Its attenuation range in the optical communication windows of 1.31
and 1.55 um are 20 and 30 dB, respectively and the PDL was very small.

Heater
Buffer layer

* Output port

- —_—
Polymer core n,(T) I7 um
- R
M 160 pm
Input port ;
2000 pm
(a) (b)

Fig. 2.5 (a) Cross section of the waveguide VOA reported in [11]. (b) S-shaped waveguide
structure, where R is the radius of the bending curvature [11]

2.2.4  Higher Order Mode Excitation and Filter VOA
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Y. O. Noh, et al [12] fabricated a novel VOA based on higher order mode excitation
and single mode filtering mechanisms. It consists of input and output single mode
waveguides, two tapering regions, a multimode waveguide region, and an electrode
deposited on the multimode waveguide with an angle « as shown in Figure 2.6.
The core and cladding are made of polymeric materials and are sold by ZenPhotonics
Co. under the trade name of ZP1010™ and ZP2145™, respectively. The refractive
index difference between the core and the cladding is 0.7%. The cross-section of the
waveguide is 7x7 um? which supports single mode operation. The multimode
waveguide width is 40 um, which supports at least six waveguide modes. At first
the light is expanded adiabatically from the single mode waveguide into the
multimode waveguide. Due to the negative thermo-optic effect of the polymer, the
refractive index under the heater becomes lower and reflects some of the propagating
light at an angle of 2« with respect to the horizontal axis. The reflected light is
coupled to the higher-order guiding modes. These higher order modes are
successively filtered out by the output tapering region and single mode waveguide,
which induce the attenuation. As the applied voltage increases, the amount of

reflected light increases, leading to larger attenuation.
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Fig. 2.6 Schematic diagram of higher mode excitation VOA [12]

The length, the width and the angle of the heater are optimized to give a maximum
attenuation for a given temperature change and are selected as 3,800 um, 7.2 um, and
1.6°, respectively. Using the beam propagation method (BPM), the attenuation
characteristics of the VOA was calculated and is shown in Figure 2.7 (a), at the
operating wavelength of 1550nm. The solid line is the attenuation characteristic of
the TE mode and the dotted line is that of the TM mode. The attenuation curves for
both modes are almost the same, with a difference of less than 1 dB even at 30 dB
attenuation. The measured attenuation characteristics of the fabricated devices are
shown in Figure 2.7 (b). When an electrical power of 80 mW was applied, the
attenuation of the device was about 30 dB. The measured characteristics were in
good agreement with the simulation results. However, the polarization dependence
is less than 0.2 dB at 0-dB attenuation and 1 dB at 10-dB attenuation, which is higher
than the simulated results. Such discrepancy may arise from a slight difference in

the confinement factors of the TE and TM modes in the fabricated devices. The rise
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and fall times were measured to be about 5 ms and the insertion loss of the device was

less than 2 dB.

attenuation, dB
attenuation, di
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“o 20 a0 50 80 100
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e

@ (b)

temperature, K

Fig. 2.7 (a) Calculated result of attenuation characteristics against temperature. (b) Measured
attenuation characteristics against applied electrical power. [12]

2.3 Novel Reflective Variable Optical Attenuator

We proposed a novel reflective variable optical attenuator, which works in reflection
mode and therefore has only one port that serves as the input as well as the output.
RVOA can be used in some special devices to simplify their design and to reduce their
cost. A dynamic gain equalizer used to equalize non-uniform channel power levels
of ultra or extreme long haul WDM systems could benefit by using RVOA. Figure
2.8 (a) shows a conventional DGE that employed two AWG modules and a VOA array.
One AWG module is used to demultiplex the WDM signal and then each signal
passing through the VOA array is independently attenuated to attain the same output

power and the second AWG module is used to multiplex all wavelength channels into
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a single output. Figure 2.8 (b) shows a proposed DGE design using RVOA, one
AWG and a circulator. In this approach, the demultiplexed WDM optical signals are
attenuated independently and then reflected back to the same AWG module, where
they are multiplexed and then routed to the output via the circulator. This approach
eliminates the need for two matching AWGs and reduces the number of
VOA-to-AWG couplings by half, leading to a simpler DGE module design which is
potentially low cost. Furthermore, if the RVOA is implemented using waveguide
technology, it opens the possibility of integrating RVOA and AWG on a single wafer.
This would eliminate the costly VOA-to-AWG couplings, leaving only one optical
coupling between the circulator and the DGE module. The cost reduction of DGEs
that adopt this approach should be quite substantial, particularly for large channel

count.

In this work, we investigated two types of RVOA. One is based on fibre coupler and
the other is based on polymer waveguide. The polymer waveguide RVOA offers
many advantages over the fibre coupler RVOA. Polymeric waveguide-based RVOA

also requires lower electrical power consumption and potential of mass production.
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2§
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Fig. 2.8 Dynamic gain equalizers for WDM systems: (a) Conventional design using two
AWGs and a VOA array. (b) A proposed design using a novel RVOA array, one
AWG and a circulator.
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2.3.1 Fibre Coupler-based RVOA

Portl

Fig. 2.9 Structure of the proposed fibre coupler-based RVOA

Figure 2.9 shows the fibre coupler-based RVOA, which consists of two 3-dB couplers
and one piezoelectric transducer (PZT) for stretching one arm of the 3-dB coupler to
alter the optical path length. The device behaves as a Mach-Zehnder interferometer
as well as a reflector. When signal is launched to the input of the RVOA, the optical
power is divided into two beams of equal intensity by the first 3-dB coupler. Both
beams are then reflected back by the second 3-dB coupler, which functions as a fibre
loop reflector [21]. The two reflected beams interfere in the first 3-dB coupler and
the output is taken from the same input port. The optical attenuation is varied by

altering the arm length with different voltages applied to the PZT.

We also proposed another configuration of RVOA as shown in Figure 2.10 (a) to
achieve large adjustable attenuation range. This is because the beams interference

twice, the dynamic attenuation range of the RVOA is doubled. The PDL of fibre
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coupler-based RVOA is expected to be large, because normal fibre coupler has
birefringence as a result of fibre twisting and tapering during the fabrication of fused
fibre couplers. The PDL, however, could be reduced if a Faraday rotator mirror was

employed, as shown in Figure 2.10 (b).

3 dB Coupler

3 dB Coupler

3 dB Coupler

(@)

Faraday
rotator
Mirror

3 dB Coupler 3 dB Coupler

(b)

Fig. 2.10  (a) Large attenuation range fibre coupler-based RVOA. (b) Low PDL fibre
coupler-based RVOA by using a Faraday rotator mirror.

2.3.1.1 Theoretical Modeling of the Fibre Coupler-based RVOA

In analyzing the fibre coupler-based RVOA, it is assumed that the state of polarization
remains constant throughout the device and that the loss through the fibre is so small
that it can be neglected. The transfer matrix method described in Ref. [22] was used

to analyze the optical fibre coupler. Using this approach, seven linear matrix
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equations can be set up to establish the relationships between the sixteen complex
electric fields propagating in both sides of the couplers, which are described by
Equation 2.1. The coupling ratio and excess coupling loss of the couplers are

denoted by Kj and x, where i=1, 2.

Using the nomenclature shown in Figure 2.9 and the transfer matrix formulation, the

relationships between the sixteen complex electric fields are given by: [22]
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And
I =(E)E") (2.2)

From (2.1) and (2.2), we obtain

I arB-Cc)y?—aaE —C)sin2(§)+4B*Csin2(5), (2.3)

0
| i
1

where ¢ is the phase difference between the two arms of lengths L; and L, and is

given by:

Conz(L, - L)
=S (2.4)

o

The constants A, B and C are given by:

A=201-2K )K" 1-K)Y21-7,)?, (2.5a)
B =2K,"*(1-K,)"*(1-K,)L-,)1-7,), and (2.5b)
C = 2K, K, (1- K,)"* (L= 7)L-7,) . (2.5¢)

Since both K; and K; are equal to 1/2.  So the RVOA equation is given by:
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b @) ) sin(d). (26)

Il

It can be seen from Equation 2.3 and Equation 2.5 that coupler with unequal splitting
ratio will introduce excess coupler loss in the RVOA. However, nowadays the
splitting ratio error of fused fibre couplers can be made very small, resulting to a

small reduction in both the insertion loss and the adjustable attenuation range.

Equation 2.6 is obtained under the assumption that the state of polarization of two
split beam is equal and remains constant throughout the device, and complete
interference occurs. This assumption can not be realized in reality for fused fibre
couplers. Complete interference of the two split beams does not occur and therefore

the RVOA equation can be rewritten as:

0
Il

n
I

= (- 7.)* - 7,)*[@-m)sin® () + 1), (2.7)

where 7 is the non-interference part of the input light and attributes to the reduction

in the adjustable attenuation range of the RVOA.

In the case of the RVOA shown in Figure 2.10, the signal passes through the

Mach-Zehnder interferometer twice and the equation can be written as:
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Y-yt rfa-msint@4) +f

I , (2.8)
(L= 7)) A7) [a -y sin* (94) + 7]

where y, is the reflection loss of the mirror shown in Figure 2.10 (b). The main
difference of the RVOAs in Figure 2.9 and Figure 2.10 (a) and (b) is that the light
passes through the unbalanced arms twice but the beams interfere only once for the
RVOA shown in Figure 2.9. However, for the two RVOASs shown in Figure 2.10 (a)
and (b), the beams interfere twice. Consequently, the RVOAs in Figure 2.10 (a) and

(b) exhibit larger attenuation range than the RVOA in Figure 2.9.

2.3.1.2 Measurement Setup of the Fibre Coupler-based RVOA

Circulator

(1) 000

Polarization
Controller

Photodiode
Detector

Fig. 11  Measurement setup of the RVOA.

The experimental setup used to measure the performance of the fibre coupler-based

RVOA is shown in Figure 2.11. The polarization controller (PC) is used to vary the
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polarization of the input light to evaluate the PDL of the RVOA. Light from the
laser diode with wavelength of 1550.64 nm and output power of 0 dBm is launched
into the RVOA via port 1 and port 2. The light propagated in the RVOA and then
reflected back to the port 2 of the circulator and output from port 3. The power of
the light reflected from the RVOA is measured with an optical power meter to
determine the adjustable attenuation of the RVOA. The optical bandwidth of the

RVOA can be measured with a LED or tunable laser.

2.3.1.3 Results and Discussions

The measured relationship of the attenuation loss and the voltage of Faraday rotator
mirror RVOA, 3-coupler RVOA and 2-coupler RVOA is shown in Figure 2.12 by the
diamond dots, the triangle dots and the circle dots, respectively. It is clearly shown
in Figure 2.12 that the RVOA with Faraday rotator mirror and the 3-coupler RVOA
have almost double the attenuation range than the 2-coupler RVOA. The simulation
results of those RVOAs are also shown in Figure 2.12 by solid lines under the
assumption that 10% of the input light energy did not interference due to
non-polarization-maintained coupler and fibre. The 2-coupler RVOA resembles the
log(sin®) function and the Faraday rotator mirror RVOA and 3-coupler RVOA
resemble the log(sin*) function according the Equation 2.7 and 2.8. An exact
log(sin®) and log(sin®) function cannot be produced because the linear expansion of

the PZT is not linearly proportional to the applied voltage. The peaks of the Faraday
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rotator mirror RVOA and 3-coupler RVOA occurring at different voltages are due to
the different initial phase differences of the input test signal, which is induced from
the different polarizations of the test input signal. The insertion loss of 2-coupler
RVOA, 3-coupler RVOA and Faraday rotator mirror RVOA is about 0.7 dB, 2.2 dB
and 2.5 dB, respectively, which is due to the unequal splitting ratio and excess loss of
couplers and Faraday rotator mirror. The attenuation range is about 9 dB for the
2-coupler RVOA, which is adequate for use in dynamic gain equalizer for WDM
systems, and is about 22 dB for the 3-coupler RVOA and Faraday rotator mirror

RVOA.

Attenuation (dB)

0 20 40 60 80 100
Voltage (V)

* Faraday rotator mirror RVOA 4 3-coupler RVOA * 2-coupler RVOA

Fig. 2.12  Measured results of the three designs of fibre coupler-based RVOAs. Solid lines are
calculated results.

Using the tunable laser to replace the LD in Figure 2.11, we can measure the

operation bandwidth of the RVOA, which is inversely proportional to the optical path

31



Chapter 2 RVOA and Its Application in DGE

difference of the Mach-Zehnder interferometer and can be deduced from Equation 2.7.
For example, when the optical path difference is 1 mm, the RVOA bandwidth is about
0.2 nm and when the optical path difference changes to 0.1 mm, the bandwidth is
about 2 nm. By accurately controlled the optical path difference, the bandwidth of
this kind of RVOA can be made large enough to be used for single optical wavelength
attenuation.  But it cannot be used to attenuate many WDM wavelengths

simultaneously.

The polarization dependent loss (PDL) of the RVOA is also measured by varying the
polarization of the input light. The PDL of the 2-coupler RVOA and 3-coupler
RVOA is about 5 dB. This is because normal fibre coupler has birefringence
because of twisting of the fibre when tapering the fibre coupling. Using a Faraday
rotator mirror to rotate the polarization of the reflected optical signal by 90-degree to
compensate the birefringence of the 3-dB coupler and fibre, the PDL decreased to

about 0.5 dB.

2.3.2  Polymeric Waveguide-based RVOA

Polymeric waveguide-based RVOA offers the advantages of small size and
compatibility to AWGs. We proposed and designed a novel waveguide RVOA based
on polymeric waveguide. The tunable coupler structure instead of the non-balanced

MZ structure was used to realize the RVOA function due to its short length feature.
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2.3.2.1 Waveguide Design

The material employed for the core of the waveguide is a negative tone epoxy
Novolak resin (ENR) polymer from MicroChem Corp. ENR is more than a hundred
times more sensitive to electron-beam exposure than poly(methylmethacrylate)
(PMMA) and the polymeric material used for the cladding layer is the UV-cured resin
Norland Optical Adhesive 61 (NOA61). In this work, the ENR strip waveguides
were fabricated by e-beam exposure. Figure 2.13 shows the cross-section of a
waveguide in the ROVA device structure. A silicon wafer was used as the substrate
to provide mechanical support.  To fabricate the waveguide, a 2.5-um-thick SiO, was
grown on the substrate to form a spacer between the substrate and waveguide core.
A layer of 6-um-thick NOA61 was first spin-coated on the substrate to form a
cladding layer. The thickness of the layer is determined by the speed of the spinner.
The lower cladding layer was made thick enough to prevent light in the core layer
from coupling into the silicon substrate. It was then cured for 10 min using UV light
at 365 nm wavelength. To improve the adhesion, the sample was baked at 50 °C for
12 hin an oven. Then a 2.7-um thick core ENR polymer was spin-coated on top of
the lower cladding layer. A pre-bake time of 5 min at 90 °C was applied to all
samples before exposure to electron-beam to write the waveguide. All the pattern
exposures were performed using a Leica EBL-100L nanowriter system at 50 KeV.
The beam current was measured by a Faraday cup and kept at 40 pA and the

electron-beam spot diameter was 70 nm.  The post-exposure bake time was fixed at 3
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min. After exposure and post-exposure baking, the ENR was developed for 20 s in
propylenglygol-monomethylether—acetate (PGMEA) and then rinsed in fresh
PGMEA again to form the stripe channel waveguides. The width of the waveguide
is 2.7 um. Finally, a 4-um thick UV-cured NOAG61 layer was spin-coated on top of
the core layer to form the upper cladding. The refractive indexes of ENR and
NOAG61 at the 1550 nm wavelength are 1.575 and 1.54, respectively. Under these

conditions, the waveguide supports single mode operation.

-—1— NOAG61: 4 um

ENR: 2.7 um

_NOA6I:6um

Silica: 2.5 um

Silicon substrate

Fig. 2.13  Cross-section of the polymeric waveguide-based RVOA

The directional coupler can be made in different kinds of design, such as close
position coupling [23], Y-branch power splitter [24] and multimode interference
structures [25]. For simplicity, we choose the close position coupling method to
make the 3-dB coupler. The waveguide separation distance is 5 um. Using BPM
simulation, the coupling waveguide region length was calculated to be 1.694 mm for 3
dB coupling at 1550 nm wavelength. Because of the large refractive index contrasts

of 2.2% between the core and cladding materials, the radius of the curve waveguides
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can be as small as 2 mm, yet introduce insignificant micro-bending loss. The total
effective area occupied by the RVOA is about 4x7 mm? The detail pattern is

illustrated in Figure 2.14 (a) and a photograph of the RVOA is shown in Figure 2.14

(b).

Variable coupler

(b)

Fig. 2.14  The pattern structure of the polymer waveguide-based RVOA: (a) The designed
pattern of the RVOA. (b) Photograph of the RVOA.
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2.3.2.2 Theoretical Analysis

The proposed polymeric waveguide-based RVOA can be considered as a tunable
coupler with its two output ports connected. Ignoring the coupling loss of the fibre
and waveguide and applying the same principle as the fibre coupler-based RVOA, we
can obtain the relationship of the output, I°, vs. input, I', for the waveguide-based

RVOA as follows [22]

I 0o

T=4K(1— K)(1-y)?, (2.9)

where K :cosz(zd_) and y are the coupling ratio and excess coupling loss of the
waveguide coupler, respectively. L is the length of coupling waveguide and « is
the mode-coupling coefficient, which is determined by the core and cladding
refractive index, waveguide width and separation distance. The refractive index of
the polymer material is sensitive to temperature (typical value of ENR is
—-1.6*107*/°C) and the mode-coupling coefficient x also varies with temperature,
which subsequently induces change in the output power. Using the BPM simulation,
we can obtain the x value for different temperatures, therefore the output loss versus

temperature of the waveguide-based RVOA can be obtained by using Equation 2.9.
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2.3.2.3 Preliminary Measurement Results

Figure 2.15 shows the power distribution of light in the RVOA waveguide. Figure
2.15 (a) is image of the output signal from the same cross section line waveguide
taken with an IR camera and Figure 2.15 (b) is the simulation result using BPM

technique. The power distribution of light in the waveguide confirms single mode

operation.

Computed Transverse Mode Profile (m=0.n_.=1.552367)

Vertical Direction (um)

4 € 4 2 0 2 4 6 8
Horizontal Direction (um)

(@) (b)

Fig. 2.15 The (a) measured and (b) simulated power distribution of the waveguide

The measured relationship of the RVOA attenuation versus temperature is shown in
Figure 2.16. The calculated insertion loss of the RVOA under the different
temperatures is also shown in Figure 2.16 by solid lines using the BPM simulation
without including the coupling loss and material loss. Index-matching liquid with
refractive index between the refractive index of the SMF and waveguide is needed

when measuring the insertion loss to reduce the facet reflection. We select the 1.512
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refractive index matching liquid. The minimum insertion loss of the waveguide
RVOA is about 18 dB, which is quite large and is attributed to many factors. One is
the coupling loss between the waveguide and single mode fibre due to the mode
mismatching and in our case, the coupling loss is about 3.5 dB, which can be reduced
greatly by using a tapered waveguide. The other is the propagation loss due to the
ENR material (about 0.5 dB/cm) and in our case the propagation loss is about 2 dB.
Misalignment between the SMF and the core waveguide can also induce additional
coupling loss. The dynamic range of waveguide RVOA is about 15 dB, which is
adequate for DGE module. When changing the polarization condition with a PC, we

measured the PDL which is less than 0.2 dB.

20 335
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S 15 285 =
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Temperature (degrees)

Fig. 2.16  Measured insertion loss of the RVOA at different temperatures. Solid line is the
calculted results.
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2.4 Chapter Summary

In this chapter, the background of different types of VOA designs, especially one with
a planar light-wave circuit, which appears to be a more promising technology in VOA
design were reviewed. Our proposed reflective variable optical attenuator (RVOA)

and its application in DGE are described.

The theoretical analysis of the fibre coupler-based RVOA was given and the
experiment results of three different fibre coupler-based RVOAs were presented.
The attenuation range is about 9 dB for 2-coupler RVOA and is more than 22 dB for
3-coupler RVOA and Faraday rotator mirror RVOA. Fibre couplers exhibit
birefringence due to the twisting and tapering of the fibre during fabrication, leading
to large PDL of up to 5 dB. However, this can be reduced to about 0.5 dB by using

the Faraday rotator mirror in the configuration.

Another proposed RVOA based on polymeric waveguides was also investigated in
this work. A polymeric waveguide-based RVOA was fabricated with negative tone
ENR polymer as the core material and UV-cured resin NOA61 polymer as the
cladding layer material. The cross section of the RVOA was 2.7x2.7 um® and
support single mode operation. The total effective area occupied by the RVOA is
about 4x7 mm?. A dynamic range of 15 dB attenuation was achieved and the PDL

was measured to be less than 0.2 dB. The insertion loss of waveguide is about 18 dB,
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which is too large and is mainly due to coupling loss, rough edges of waveguide and

misalignment between the waveguide and fibre pigtail.
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Chapter 3

Low-loss Waveguide Crossing Technique

3.1 Introduction

In Section 2.3 of the previous chapter, we introduced a novel single-channel
waveguide-based RVOA fabricated with polymeric materials. A multi-channel
RVOA or RVOA array is more attractive for gain equalization of EDFAs in DWDM
systems. This could be implemented more readily with the polymer
waveguide-based RVOA approach rather than with the fused fibre coupler approach.
However, to fabricate RVOA array with high channel count, the waveguides will
inevitably intersect each other. Therefore, it is important to study the effect of
crossing waveguides and the associated insertion loss.  As wafer space is a premium,
the size of the crossing waveguides will be translated directly to device cost. Ideally,
the structure of a crossing waveguide technique should occupy small wafer space and
has low insertion loss. Taper width technology [1] is often used for designing
waveguide crossing structures.  Recently, Stuart [2] introduced multimode
interference (MMI) lenses in waveguides to achieve low-loss slab propagation.

Although the self-imaging properties of MMI are well-known and commonly
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employed in planar lightwave circuits [3] to make compact power splitters [4,5],
combiners, and Mach Zehnder interferometers [6] with good tolerance to fabrication
errors, the application of MMI structures to attain low-loss waveguide crossing has

only recently been studied.
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Fig. 3.1 A 9 um-wide feed waveguide couple to a 14 um-wide MMI waveguide and then back
to a 9 um-wide waveguide [2]. In the right of the picture, the power distribution
along the waveguide is shown.

In Stuart’s reported technique, a nearly ideal 2-D focusing Gaussian beam is realized
by using the fundamental mode and the next higher even mode with 1:/0.058
power ratio and -0.73x phase difference in a MMI structure as shown in Figure 3.1.
Then this focusing Gaussian beam propagates along the MMI waveguide through
focusing before the focal length (or centre) and diverging after the focal length. The
cross slab can be introduced in the centre of waveguide without interfering the

Gaussian beam. In this technique, strong relationship exists between the index delta,
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MMI waveguide length, MMI waveguide width and the slab width for low-loss slab
propagation and therefore presents a restriction to the slab width for a given index

delta.

In this chapter, we introduce an alternative design technique also using MMI
structures to attain low-loss slab propagation to relax the aforementioned restriction.
The self-imaging property of the MMI structure will be explained and the simulation
results showing the evolution of the 1/e width of the optical field propagation along
the MMI length using the Rsoft® BeamProp’s two-dimensional beam propagation
method (BPM) [7, 8] will be described. Then the proposed new design technique
using MMI structures for the realization of low-loss waveguide crossing and the
simulation results will be presented to demonstrate its advantages over the taper
technique. Finally, the application of the proposed technique to realize low-loss

small angle intersection will be described.

3.2 MMI Structure and Its Application in Waveguide Crossing

The self-imaging property of the multimode interference (MMI) waveguide means
that an input field profile can be reproduced in single or multiple images at periodic
intervals along the propagation direction of the guide [3]. With this effect, MMI
structure can be used to realize the low-loss waveguide crossing when the waveguide

crossing is in the self-imaging place of the MMI waveguide, as shown in Figure 3.2.
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Consider the waveguide shown in Figure 3.2, with a cladding refractive index, ng, of
1.5 and index delta (Ncore - Nci)/Nci OF 2%, where neore IS the core refractive index, at a
wavelength of 1.55 um. The initial waveguide has a width of 5 um, which connects
abruptly to the MMI region and excites the higher order modes. The width of the
MMI region is 7.5 um and supports the three lowest TE modes. However, a
fundamental mode propagates from the initial waveguide to the MMI region only
excites the even modes, i.e. TEy and TE,, due to the structure symmetry. Using
overlap integral for the modes of the initial waveguide and MMI region, the coupling
efficiency from the TE, of the initial waveguide to the TEy, and TE, modes of the
MMI region were found to be 95% and 4.8%, respectively. The total coupling
efficiency from the initial waveguide to the MMI region is therefore 99.8%, indicating
a loss of only 0.009 dB to the unguided modes. The effective refractive index of the
TE; and TE; modes in the MMI waveguide is 1.5277 and 1.5100, respectively.
Therefore, for 1.55 um wavelength light, the beat length, Lg, between the two even
modes of the MMI waveguide is given by 27(f — /) and in our case is 87.6 um.
As a consequence of the self-imaging properties of multimode waveguides, the two
modes would reform the image of the excitation mode periodically at mLg, where m is

an integer, behaving similar to that of a self-focusing graded index waveguide.
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Fig. 3.2 A5 um-wide feed waveguide couple to a 7.5 um -wide MMI waveguide and then
back to a 5 um -wide waveguide [A-B]. In the middle of the MMI waveguide, a
crossing waveguide [C-D] is inserted.

Figure 3.3 shows the 1/e width of the optical field propagating in the single mode
waveguide and the MMI waveguide as shown in Figure 3.2, obtained using
two-dimensional BPM simulations [7]. The length of the initial waveguide is 50 um
and the length of the MMI waveguide is 175.2 um (2 times of Lg). The 1/e width of
an optical field changes periodically, which increases and then decreases to the
smallest value in the middle of the MMI waveguide, which is the single image
reformed position. The smallest 1/e width of the optical field is 5.19 um, which is
slightly larger than the 5.08 um, the 1/e width of the optical field in the initial 5 pm
width waveguide, but is more than 44 % smaller than the width of the MMI
waveguide. At that position, the waveguide width (i.e. the MMI structure width) is
larger than the 1/e width of the optical field and little optical power exists around the
sides of the waveguide. Therefore, any perturbations immediately outside the
waveguide around this region would have little effect to the propagation of the optical
field and low-loss slab propagation could be achieved when a slab is introduced to

this region. If we assume optical field with 1/e width less than the MMI structure
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width could propagate through the middle region of MMI waveguide with negligible
loss, even though there is no lateral guiding mechanism, then a slab region introduced
into this region could have widths of up to about 50 um, as observed from Figure 3.3,

which can be used to realize low —loss waveguide crossing.
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Fig. 3.3 Evolution of the 1/e width optical field propagating from A to B of the waveguide
shown in Figure 3.1

3.3 Waveguide Crossing Using MMI Structure

According to our proposed new waveguide crossing technique, which use an MMI
structure, low-loss crossing can be achieved by placing the cross waveguide in the
position where the 1/e width of the feed optical field is smallest, i.e. at mLg, as shown
in Figure 3.3. To make short waveguide length, the Lg length position (i.e. m = 1) of
the MMI is selected for intersection. Figure 3.4 shows the two-dimensional BPM
simulation results which indicates that low-loss slab crossing of less than 0.1 dB can

be achieved even with slab width as wide as 80 um. However, for slab crossing
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without the MMI structure, loss of more than 0.1 dB would occur even with slab
width of 8 um.  This simulation results show that the slab width can be varied over a

fairly large range without introducing significant insertion loss.
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Fig. 3.4 Insertion loss of the feed waveguide [A-B in Figure 3.1] versus slab waveguide
widths with (triangle dots) and without (diamond dots) the MMI structure.

The additional loss incurred by the introduction of the MMI structure to the crossing
waveguide was also evaluated using two-dimensional BPM simulations. Figure 3.5
shows the insertion loss of the crossing waveguide of different widths with (triangle
dots) and without (diamond dots) the MMI structure. The additional loss introduced
to the crossing waveguide is less than 0.01 dB when its width is greater than 9 um.
However, for slab width less than 9 um, the insertion loss increases rapidly. This
problem can be overcome by introducing an MMI structure to the crossing waveguide

as well.  Coupling loss is induced by radiation mode coupling at the
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MMI-waveguide junctions and it increases when the MMI width increases. In this
study, the slab width is chosen to be equal to the MMI width as shown in Figure 3.3
and varied between 7 um to 9 um. The results presented here are also true for
waveguides with different refractive index delta, except that low index delta

waveguide has longer focus length.
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Fig. 3.5 Insertion loss of the crossing waveguide [C-D in Figure 3.1] versus slab waveguide
widths with (triangle dots) and without (square dots) MMI structure.

The wavelength dependent loss of the complete structure was also simulated and the
result is shown in Figure 3.6. In this case, the width of the crossing waveguide is the
same as the MMI width. Increase of the insertion loss with wavelength is expected
because the 1/e width of the optical field is larger for longer wavelength. The loss
increase from 1530 nm to 1570 nm is less than 0.015 dB, indicating that this structure

is fairly wavelength-independent.
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Fig. 3.6 Insertion loss of the MMI structure shown in Figure 3.1 versus transmission wavelength.

Moreover, the MMI width used for waveguide crossing can also be changed. Table
3.1 lists the beat length, coupling loss and slab loss of MMI structures with width
between 7 um to 9 um. In all cases, the length of the MMI structure is kept at twice
of that of the beat length and the width of the feed waveguide and index delta are 5 um
and 2 %, respectively. The slab loss, which is mainly induced by the radiation mode
coupling at the MMI-waveguide junctions increases slightly when the width of MMI
structures is changed from 7 um to 8.5 um. This simulation results also show that a
nearly ideal Gaussian beam [2] is not necessary to attain low-loss, thus permitting

larger tolerance in the length of the MMI structure.
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Table 3.1 Insertion loss of MMI structures for low-loss slab crossing
(The slab length is 2 times the beat length.)

. . Slab Loss (dB)
MMI width (um) Beat length (um) | Coupling loss (dB) . .
(slab width = MMI width)
7 79.5 0.016 0.018
7.5 87.6 0.018 0.019
8 96.2 0.018 0.019
8.5 105.6 0.020 0.024
9 1154 0.024 0.031

3.4 Comparison of the MMI Structure with the Taper Width Structure

In the following section, we compare the performance of the MMI cross-slab structure
as shown in Figure 3.7 (a) with one that employed the taper width technology [1]
which is commonly used to minimize intersection loss in waveguides. It uses two
tapers to taper up to a wide waveguide and then taper down again to a narrow
waveguide. The schematic of a cross waveguide using taper width technology to

reduce loss is shown in Figure 3.7 (b).
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Fig. 3.7 (a) The structure of a cross waveguide with MMI structure to improve insertion loss.
(b) The structure of a cross waveguide using taper width technology.

Using the same index delta as described in the previous section, we first determine the
insertion loss at the intersection of crossing waveguides without an MMI structure or
tapering. The insertion loss was calculated to be 0.058 dB for 5 pm-width
waveguides and is indicated in Figure 3.8. We used the same slab width, Ws, for the
waveguides at the intersection region for both cases (refers Figure 3.6 (a) and (b)) to
minimize the insertion loss. In the tapered case, a taper length, L+, of more than 140
pum was employed so as to achieve adiabatic coupling and the slab length, Ls, was
chosen to give the least loss (for example, Ls = 52 pym for Ws = 7.5 um). The
insertion loss of waveguide intersections that employ a MMI structure or taper width
structure with difference slab widths are shown in Figure 3.7. The simulation results
show that the insertion loss is smaller for a taper width structure if the slab width is

greater than about 8.5 um.  With a narrower slab width, however, the MMI structure
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offers a lower insertion loss and could be 100 % better than the taper width case when

the slab width is about 7 um.
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Fig. 3.8 Insertion loss of the cross waveguide [A-B or C-D in Figure 3.6] versus slab

waveguide widths with MMI (circle dots) and with taper (diamond dots) structure.

The mechanism of the propagation for the optical field crossing the waveguide for the
MMI structure and taper width structure are quite different. The optical field in the
MMI structure is refocused in the centre of the intersection of the waveguides and has
a narrow optical field, whereas in the taper width structure, the mode field is
expanded and some optical power is lost to the crossing waveguide. Therefore
losses mainly occurred in the waveguide-MMI junction for the MMI structure case
but in the taper width case, it occurred in the intersection region. The taper length is
also fairly long (>140 um in our case), so the taper width structure shown in Figure

3.7 (b) is about four times that of the MMI structure shown in Figure 3.7 (a). In
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practice, a narrower slab width and smaller structure size are preferred as they provide
a saving in the premium substrate estate. In our analysis, we did not consider any
material absorption loss; however, because of the much longer taper length, the taper

width structure will suffer even more loss in comparison to the MMI structure case.
3.5 Angled Intersection with the MMI Structure

Low-loss waveguide crossing with angle of intersection of less than 45° is crucial for
increasing the density of planar light-wave circuits. In this section, we demonstrate
that MMI structures could be employed in small angle crossing to improve the loss
performance. Figure 3.9 (a) and (b) show the cross waveguides with an intersection

angle of #° without and with the 7.5 pm-wide MMI structure, respectively.

2

Fig. 3.9 (a) Crossing waveguides intersect at an angle of &. (b) Crossing waveguides with
MM structure intersect at an angle of &°.
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Results obtained from wide-angle two-dimensional BPM simulations [8, 9] for the
two cases are shown in Figure 3.10. As expected, the loss increases with decreasing
6°, because more power is coupled to the adjacent waveguide. Without the MMI
structure, the insertion loss is about 0.12 dB when é° is decreased to 40°. However,
with the aid of the MMI structure, the performance improved significantly and for the
same loss the angle can be decreased to as small as 23°.  Another concern in crossing
waveguide is the crosstalk. Simulation results in Figure 3.10 show that crosstalk of
better than 30 dB is achievable when the intersection angle is greater than 17° and this
is increased to about 37 dB when the angle is 23°. These results show that MMI
structures provide a practical solution for waveguides with an angle of intersection as

small as 20°.
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Fig. 3.10  Slab propagation loss and crosstalk versus cross angle for the cases shown in Figure
3.9 (a), indicates by diamond dots and in Figure 3.9 (b), indicates by triangle dots.
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3.6 RVOA Array Design with MMI Structure Crossing Technique

As shown in Section 3.5, the minimal crossing angle for two MMI structure crossing
waveguides can be as small as 20 degree for good crosstalk and acceptable insertion
loss, therefore high channel-count waveguide-based RVOA array (refers to Figure
2.14 of Chapter 2) can be integrated in one chip to reduce the premium wafer space
using the MMI structure crossing technique. An example is shown in Figure 3.11.
We assumed that the dimensions of the RVOAs in the array are equal and they are
arranged such that the position of the next RVOA is displaced by -R/3 in the x- and
y-direction, where R is the radius of curvature of the loops. In this case, for any
number of channel-count, the maximum number of overlapping will be 9 channels.
In Figure 3.11, a 9-channel waveguide-based RVOA array is shown and the total
occupied area is not much greater than that of a single RVOA. In the following, we
will calculate the variation of insertion loss and channel crosstalk among the 9

channels.
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Ch.6

Ch. 7

Ch. 8
Ch. 9

Fig. 3.11 The designed RVOA Array using MMI structure crossing technique

The total insertion loss in each channel is mainly due to waveguide crossing loss and
waveguide loss which is directly proportional to the length of the waveguide.
Channel 1 of the RVOA array intersects with 4 RVOAs in the array at 8 positions as
shown in Figure 3.12. There are two crossing points (labeled as 1 and 8) between
channel 1 and channel 2 and the crossing angles at points 1 and 8 are denoted as angle
A and B, respectively, as shown in Figure 3.12. Since L;=L,=R/3, it is easy to

determine angle A and B as

A= arccos( R _RLlj =48.2°, and (3.1)

2 2
L
B= 2arcsin[%} ~27.3". (3.2)
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The insertion loss due to waveguide crossing can be obtained from Figure 3.10. The
insertion loss at points 1 and 8 are about 0.02 dB and about 0.06 dB, respectively.
We assume an insertion loss of about 0.02 dB for crossing angle larger than 40°.
Similarly, we obtain the crossing angles at crossing points 2, 3, 6, 7 and they are 70.5°,
90°, 90°, and 56.3° respectively. Therefore, the insertion losses at these points are

0.02 dB each.

Ch.
Ch. 2
Ch. 3
Ch. 4
Ch.5

Fig. 3.12  Crossing points of channel 1 in the RVOA array. For clarity, the MMI structures at
waveguide crossings are not shown in the figure.

The crossing angle (C) at points 4 and 5 are equal and can be calculated as

C= 2arccos[\/(4l_1)22; (4L,)" } =38.9°. (3.3)
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As determined from Figure 3.10, the insertion loss at points 4 and 5 is about 0.023 dB.
Therefore the total excess insertion loss of channel 1 caused by the 8 crossings is
about 0.206 dB. The calculated waveguide crossing loss of the 9 channels is listed in
Table 3.2. The total insertion loss and total channel crosstalk for each channel are
listed in the last 2 columns of Table 3.2. It can be seen that the variation of the
insertion loss and channel crosstalk among the 9 channels are 0.206 dB and 3 dB.
These values are quite small and thus the uniformity of the RVOA array is quite good

in terms of insertion loss and channel crosstalk

Table 3.2 Total excess insertion loss and crosstalk of the channels in a 9-channel RVOA array.

. Insertion loss due to
RVOA Number of crossing . . Total crosstalk (dB)
waveguide crossing (dB)
Ch.1 8 0.206 ~42
Ch.2 10 0.286 ~39
Ch.3 12 0.326 ~39
Ch.4 14 0.366 ~39
Ch.5 16 0.412 ~39
Ch.6 14 0.366 ~39
Ch.7 12 0.326 ~39
Ch.8 10 0.286 ~39
Ch.9 8 0.206 ~42
Maximum insertion loss and channel
L 0.206 3
crosstalk variations
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3.6 Chapter Summary

In this chapter, the self-imaging properties of MMI structures and the negligible
effects of the absence of lateral guiding mechanism around the region, where the 1/e
width of an optical field in the image reformed region is smaller than that of the MMI
region, was explained. A novel design technique exploits this property of MMI

structure to achieve the low-loss waveguide crossing was also described.

Then the waveguide crossing using the MMI structure and the width taper structure
was compared in orthogonal waveguide intersections. Simulation results show the
advantages of the MMI structure technique over the width taper structure technique in

terms of structure size and insertion loss.

Finally the application of the MMI structure technique in small angle intersection,
which is crucial for increasing the density of planar light-wave circuits, is presented.
Simulation results show that MMI structure technology could be employed to
decrease the angle of intersection while at the same time providing low insertion loss.
The design of a RVOA array with nine channels using the proposed technique was

also demonstrated.
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Chapter 4

Erbium-doped Fibre Ring Laser

4.1 Introduction

Wavelength division multiplexing (WDM) systems consisting of up to several
hundreds wavelength channels in one fibre is an attractive approach to realize
high-capacity optical fibre communication systems demanded by the recent explosive
growth in the internet traffic [1]. Reserve laser sources for each of these channels
are required to reduce system down time in the event of a primary laser failure.
Although each transmitter source does not represent a major cost on its own, it is
impractical to stock one or two lasers for each wavelength channel, particularly for
WDM systems with high channel-count due to the overwhelming cost and large
inventory, which could be many hundreds of lasers. These issues could be
circumvented by stocking much lower number of tunable laser sources whose
wavelength cover the entire operating wavelength range of the WDM systems.
Furthermore, with the advent of dynamic optical networks requiring wavelength
switching and routing, tunable lasers may play a key role as an enabling technology in

these systems [2]. Since fibre ring lasers (FRL) exhibit wide tunable range, narrow
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linewidth and could be tuned at high speed allowing fast component characterization,

more and more research is being done on fibre ring laser in recent years [3-21].

In this chapter, the background review about the fibre ring laser will be given, follows
by the explanation of the theory of fibre ring laser, which is essential to understand the
mechanism in fibre ring laser. Finally, linewidth measurement techniques to

measure the narrow linewidth of fibre ring laser will also be described.

4.2 Background Review of FRL

Fibre ring laser has a ring configuration in which some of the output light is feed back
to its input. The gain medium in a fibre ring laser can be provided by a section of
excited rare-earth ions doped fibre or current-driven semiconductor optical amplifier
or a combination of both [22].  Different rare-earth ions, such as erbium, neodymium,
and ytterbium, can be used to make fibre ring lasers capable of operating over a wide
wavelength range extending from 0.4 to 4 um. For optical fibre communications
applications, erbium doped fibre ring lasers (EDFRL) are of interest because they
operate in the 1.55-um spectral region, which coincides with the low-loss region of
silica fibres. EDFRLs are pumped at 0.98 or 1.48 um wavelength because of the
absence of excited-state absorption at these wavelengths. The choice between 0.98
and 1.48 um pump is not always clear since each pumping wavelength has its own

merits. Both have been used for developing practical EDFRLs with excellent
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performance characteristics.

Fibre ring laser can be broadly divided into continuous wavelength output fibre ring
laser and pulsed output fibre ring laser. We focus on the continuous wavelength
output fibre ring laser. Wide tunable wavelength range and narrow spectral width

are two main important features of EDFRLSs.

4.2.1 Tunable Range of FRL

In the early development of fibre ring laser, the wavelength tuning range was focused
on the C-band and the largest tunable range was less than 60 nm using EDF pumped
with 1480 nm laser diode [3]. With the demand of more information bandwidth and
thus more wavelength channels, the wavelength range of fibre ring laser was extended
to the L-band by using longer length of EDFs [23]. In 2001, Yamashita et al. report
about 80 nm (1520-1600 nm) broad tuning range, covering the entire C-band and
L-band, using 50-m length of 650 ppm erbium doped EDF pumped with 84 mW of
1480 nm laser diode [4]. In the same year, Bellemare et al [5] reported that the
tunable range of fibre ring laser can be broadened if the cavity loss is reduced and had
experimentally demonstrated a fibre ring laser with about 112 nm (1506.4- 1618.6 nm)
tuning range using 27-m length of 6.8x 10 ions/m* erbium doped EDF pumped with
180 mW from a 980 nm laser diode. The loss-loss cavity was achieved by the

integration of optical components as shown in Figure 4.1. As a result of the low
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cavity loss (less than 5 dB), the gain required in the laser cavity is therefore small.
Since flat-gain over wide wavelength range can be obtained in the deeply saturated

EDFA, large tunable range can be obtained in the laser.

Diode laser pump EDF

Output

10 %

PC
Polarizing

Filter isolator

— (1 f1S)—

Optomechanical mount

Fig. 4.1 Schematic diagram of the broadly tunable erbium-doped fibre ring laser [5].

Recently X. Y. Dong et al. [6] investigated the effects of erbium-doped fibre length
and pair-induced quenching (P1Q) on the tunable range of fibre ring laser and realized
about 102 nm (1514 - 1618 nm) of tunable range by active fibre length switching
method, as shown in Figure 4.2. One length of erbium-doped fibre (17.5 m) can be
switched into the ring cavity by using a 1x2 fibre-optic switch. Since longer active
fibre length extends the lasing wavelength into the longer wavelength, the total output
tuning range is broadened. The main drawback of this technique is that wavelength

tuning is not entirely continuous.
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Fig. 4.2 The laser configuration reported in [6] to extend wavelength tuning range by
EDF length switching.

4.2.2 Switchable FRL

Discretely wavelength tunable fibre lasers with emission light centred at the ITU
frequency grid are useful for WDM systems. They can be realized by step-tuning an
optical filters or inserting a comb filter in the laser cavity. T. Haber et al. [7]
reported a thermally controlled fibre Fabry-Perot interferometer with 50-GHz ITU
frequency grid in the cavity to realize the discretely tunable function and 50 nm
tunable ranges was obtained with 0.4 nm wavelength spacing. C. H. Yeh et al. [8]
reported a laser whose output wavelength could be tuned with 1.12 nm steps by

inserting a FP-LD in the laser cavity and 31.36 nm tunable ranges was obtained.

Y. W. Lee et al. [9] realized a two switchable-wavelengths output by using a

long-period fibre grating written in the polarization maintaining fibre, as shown in
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Figure 4.3. Due to the birefringence of the polarization maintaining fibre and the
codirectional mode coupling of the long-period fibre grating, the long-period
polarization maintaining fibre grating device (LP-PMFG) has different
wavelength-dependent loss band at different polarization states and the two resonant
wavelengths can be obtained at the orthogonal polarization conditions. Using
another two FBG filters of these resonant wavelengths in the cavity, one wavelength
laser output can be obtained by adjusting the polarization controller to introduce large
insertion loss at the other wavelength. However, the number of switchable

wavelengths attained with this laser is limited.

EDF

980nm
pump

Isolator
ou Sy

coupler

Circulator

L—HlilllF—lHllIl Light absorber

FBG1 FBG2

Fig. 4.3 Configuration of the two wavelengths switchable FRL using LP-PMFG [9].

M. Delgado-Pinar et al. [10] realized a wavelength-switchable fibre ring laser using a
fibre Bragg grating modulated with an acoustooptics superlattice modulator

(FBG-AOSLM). The laser configuration is shown in Figure 4.4. Since the
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extensional acoustic wave propagating along the grating produces the periodic
stretching and compression of the FBG, which modulated the index profile of the FBG,
additional sidebands reflection appear on both sides of the original wavelength. The
wavelength shifts of the different order sideband reflections are determined by the
acoustic frequency and the peak reflectivity depends on the amplitude of the acoustic
wave. Wavelength switching was achieved by controlling the amplitude of the
acoustic wave and the wavelength spacing can be adjusted by changing the frequency
of the RF signal. Three wavelengths-switchable outputs with 0.14 nm spacing were
obtained under three different amplitudes of the 1.017 MHz acoustic frequency. But
the spacing range is limited by the low coupling efficiency of RF signal at high
frequency and the reported maximum wavelength shift for the first-order sideband is 3

nm [11].

Output

90:10

Piezoelectric

supply

Fig. 4.4 Configuration of the wavelength-switchable FRL using FBG-AOSLM [10].

Recently L. Su et al. [12] realized a wavelength-switchable fibre ring laser using
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multi-mode FBG (MMFBG), as shown in Figure 4.5. The fibre laser is able to
switch between 31 wavelengths ranging from 1532.62 nm to 1556.43 nm with 0.8 nm
spacing and the signal-to-ASE noise ratio is greater than 40 dB. The emission
wavelength is determined by the effective refractive indexes of two adjacent mode
groups. Since the distribution of the reflected power at different wavelengths is
determined by the spatial distribution of the MMF modes, different wavelength
spectra can be obtained by varying the launching position of the single-mode fibre
against the multimode fibre Bragg grating. The main drawback of this laser is that it

is very sensitive to the axial displacement between the SMF and the MMF.

= 980nm
- Pump LD EDF Dl’.
/- WDM L Ve AT T OSA
/ Coupler A -~ S
,- \ 10 — i —
1 3 N A
Aliso - e
/ SMF \ / MMF
/ Coupler Ly
SMF  SMF PC MMFBG

Fig. 4.5 Configuration of wavelength-switchable fibre ring laser based on MMFBG [12].

4.2.3  Single Longitudinal Mode FRL

Generally, the output of fibre ring lasers is multi-longitudinal mode because of the

long cavity length. FRL would need to operate in single-longitudinal mode if narrow

linewidth spectrum is required. One way to realize single-longitudinal mode
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operation is to use a very narrow optical bandpass filter with bandwidth narrower than
the wavelength spacing of the longitudinal modes. Another laser configuration to
realize single-longitudinal mode operation is using a compound-ring cavity, as shown
in Figure 4.6 [13]. Due to small ring length, dual-coupler fibre ring (DCFR) acts as
a small FSR etalon filter, which combines with the tunable optical bandpass filter to

select one longitudinal mode.

- 980-nm
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Fig. 4.6 Configuration of an SLM compound-ring laser [13].

Many co-workers reported [14-18] single-longitudinal mode operation of FRLs by
using unpumped EDF as saturable-absorber based narrow-band filter. Different fibre
laser configurations using unpumped EDF to realize single-longitudinal mode
operation, such as combining with mirror [14], FBG filter [15-17] and 3-dB coupler
[18], have been demonstrated. The principle of unpumped EDF acting as a

narrow-band reflection filter is shown in Figure 4.7 [19]. When the frequency
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difference is smaller than the cutoff frequency of the erbium-ion dynamics (including
zero), these two frequency sources cooperatively form an interference pattern in the
unpumped EDF which results in spatial hole burning (SHB). Since EDF exhibits
absorption saturation effect, the absorption coefficient is smaller at the higher
intensity parts of the interference pattern than that at the lower-intensity parts and the
net absorption become minimum when two frequencies is equal. Therefore, the
standing-wave saturation effects in the unpumped EDF can be used to form
narrow-band reflection filter, which confines the lasing wavelength to a

single-longitudinal mode.

Uniform intensity (uniform absorption coefficient)

e~

(2)

Higher intensity (lower absorption coefficient)

Lower intensity (higher absorption coefficient)
(b)
Fig. 4.7 Frequency dependent intensity distribution in unpumped EDF [19]. (a) Larger net
absorption without SHB (frequency difference larger than the cutoff frequency). (b)
Smaller net absorption with SHB (frequency difference smaller than the cutoff
frequency)
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L. Xu et al. [20] demonstrated single-longitudinal mode operation FRL by inserting a

SOA in a ring cavity, as shown in Figure 4.8. SOA can acts as a high-pass optical

filter [21] because of its relatively fast carrier recovery rate and the gain saturation

effect. Since the beating noise frequency related to the longitudinal modes is

primarily in low-frequency region due to the long cavity length and hence narrow

frequency separation between the different modes, the introduction of SOA in the ring

cavity can dramatically suppresses the low-frequency induced by longitudinal modes

beating and realizes the single-longitudinal mode operation.

10:90

Coupler

Isolator
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Polarization
controller

/"
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Fig. 4.8 Configuration of an SLM FRL with SOA [20].

4.3 Theoretical Modeling of FRL

In this section, the theoretical background of FRL will be explained.

Output

A schematic

diagram of a fibre ring laser using bandpass optical filter is shown in Figure 4.9,
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which has both forward and backward pumps that may be of the same or different
wavelengths. The amplification medium in fibre ring laser is usually a piece of
erbium-doped fibre, made from different glasses that act as hosts for erbium ions.
The most common host is silica, but fluoride, tellurite and bismuth-based glasses are
also used. These hosts and co-dopants may provide additional benefits, such as
higher bandwidth, flat gain or gain in other wavelength regions. Co-doping with
Yb* ions (ytterbium) can improve energy transfer from the pump to the signal for 980

nm pumping wavelength.

EDF
s a3
N Pl
. ™ Fusion Splice ~
WDM WDM
Pump | Pump 2
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=] s— Fitier |-
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Output

Fig. 4.9 A general configuration of fibre ring laser.

Many theoretical models are use to simulate fibre ring lasers. The erbium-doped
fibre theoretical model adopted in this work is based on the Reference [24] used for
modeling erbium doped fibre amplifiers. The EDFRL is described in an (r, f, 2)

cylindrical coordinate system with the z axis as the fibre axis. In this model, erbium
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ions are described in a homogeneous two-level system approximation: the ground
state, “l15, and the upper laser level, *l13,.  For pumping into the 980-nm absorption
band, if the rapid transfer of the pump population to the excited state 2, the pump
level 3 of the 3-level system remains nearly empty, i.e., the population in the *l11
manifold is negligible; hence a 2-level system can be considered. This assumption is
valid for Si-EDF and Bi-EDF systems whereby the ion lifetime at the pumping level

is much shorter than that at the metastable level.

To achieve high gain in silica glass fibre, high erbium ions concentration in Si-EDF
was developed. But unfortunately, erbium ions are not very soluble in silica fibres
and at such high erbium concentrations, ion clustering occurs. Therefore in high
erbium-concentration silica-based fibres, the distance between erbium ions is small
and electric dipole—dipole interactions between the different ions take place. The
interaction strength is proportional to 1/r°, where r the distance between two erbium
ions [25]. Due to the interactions of erbium ions in the EDF, high erbium
concentration EDF results in reduced gain. Consequently, high erbium concentration
EDFs are susceptible to gain quenching or concentration quenching. Several
mechanisms of interaction are possible, such as upconversion between independent
dopant ions, pair-induced quenching (P1Q), excited state absorption (ESA) etc. [26].
The upconversion process, also referred to as cross relaxation [27 - 29], is a result of
nonradiative energy transfer owing to electric multipolar interactions, as shown in

Figure 4.10. It starts with two erbium ions in the excited state, as shown in Figure
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4.10 (a). As an effect of the interaction, one of the ions transfers its energy to the
other promoting it to a higher energy state while the original ion decays to the ground
state, as shown in Figure 4.10 (b). The ion that has transferred to the higher state
rapidly relaxes down to the metastable state again where it can be used for
amplification, as shown in Figure 4.10 (c). Only about 1/10,000 of the upconverted
ion decay radioactively to the ground state, which is sufficiently small and can
therefore be neglected in the theoretical model [27]. This process is much faster
(one to tens us [28]) than the pump rate, so the net result of the upconversion is that
only one of two initially excited ions remains in the metastable level and can be used
for amplification. This obviously leads to a loss in the population inversion and
hence causes a decrease in the EDF’s gain. \ery efficient cooperative upconversion
can occur when two (or more) ions form a pair (or cluster); resulting in almost
immediate interaction of ions once both of them are excited. This is referred to as
pair-induced quenching [30-32], which is confirmed by the observations that even at
very high pump powers, there remain an unstable absorption at the pump wavelength,
so a full inversion can not be achieved. To explain this, it is assumed that not all
ions are independent, but some coupled in pairs. All the erbium ions exist as two
distinct species: single ions (non-interacting with one another) and clustered ions.
Of the ions that are coupled in pairs, only two states are possible. Either both ions
are in the ground state (state 1) or one ion is in the excited state and the other is in the
ground state (state 2), and two ions coupled in pair can never be in the excited state

together. Therefore the net result is a lower gain because a full inversion is not
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achievable. Usually it is assumed that the maximal number of the interacted ions is
only two, which is valid when the doping concentration is under 5.5x10% ions/m?,
otherwise the behavior of the absorption should be interpreted with larger ion-pair
clusters model [33]. When an erbium ion is already excited to the metastable level,
it can still absorb a pump or signal photon and be promoted to higher energy levels
[34-36]. This process is called excited-state absorption (ESA) and results in a loss of
pump or signal power. ESA can be avoided by choosing the right pump wavelengths.
For example, pumping at 980 nm and 1480 nm, do not exhibits ESA. Furthermore,
in low erbium concentration doped-fibre, upconversion, pair-induced quenching and

excited-state absorption can be disregarded.

"

A
/

(@) (b) (©

Fig. 4.10  Upconversion process between two erbium ions: (a) initial state, (b) ion interaction,
(c) final state

Ignoring the interactions of erbium ions in EDF, the effects of pump, signals and ASE
intensities on the atomic population densities N; and N, (averaged over EDF cross
section) at the ground and metastable energy levels are described by the population

rate equations and by the population conservation law [24]:
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oN,(z,1) _ —Msa (Z)+Wp(z)]Nl(z,t)+ [Wse (z)+ %

pr ZJNZ(z,t), (4.1)

N, (z,1)

D= W)+ 3 N0+ )+, @) .0, anc (4.2)

N,(z,t) + N,(z,t) = N; =const., (4.3)

where Nr is the total erbium dopant concentration in fibre. z,, is the spontaneous
emission lifetime of the metastable level. Ws,, Ws and W, are the stimulated
absorption, emission of the signal and transition rates of the pump respectively. The

subscripts of the cited parameters indicate the involved transition levels.

W, (Z) = L J.: O-lﬁ\EV)[PASB (Z’ V) + Pase- (Z’ V)]U(V)dv (4.4)

\Po (2)+P; (2) ! Iwan(v)r

thAeﬁ My A, % hy |Pase -+ (Z,V)+ PASE—(Z’V)]ﬂ(V)dV
(4.5)
W, (2)= o p)Pg(Z)+ P () (4.6)

Where o,, and o,, are the emission and absorption cross section of the erbium
doped fibre, respectively. h is Planck’s constant. P;(z) and P,g.(z,v) are the
pump powers and ASE power at the frequency o in a frequency interval év and the
longitudinal fibre coordinate z, respectively. The + and - superscripts indicate the
forward and backward direction, respectively. Ag is the effective fibre core area,

n(v) is the overlap integrals between the LPo; mode intensity distribution and the
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erbium doping density function p(r).

_ J‘OO;)(F)|E(r,V)|2rdr

4.7
I:|E(r,v)2rdr @

n(v)

In Equation 4.7, the overlap between optical mode and excited ions is assumed to be
independent on optical power and equal to the overlap between the mode and total
dopant distribution.  This effective overlap approximation is generally valid since the
dopant ions are well confined to the center of the optical mode and the intensity
changes insignificantly over the transverse dopant profile. Otherwise in the full
approach, the transverse distribution of the inversion must be calculated from the
radial distribution of the intensity and dopant ion concentration at first, then the

overlap between the optical mode and inverted ions is calculated exactly.

In practice, we only consider the stable operation of the fibre ring laser. So it means

the ion distribution does not change with time, i.e., % =0,i=12. Therefore

(4.8)

Nl(z): N, _Nz(z) (4.9)

Equations 4.8 and 4.9 describe how the population inversion depends on the signals

and pumps propagating in the EDF. In order to describe the evolution of both
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pump+ and ASE+ powers (denoted by P,, and P, ), along the active fibre, the

wavelength spectrum is divided into small frequency slots and the following standard

propagation equations applied:

i )y 2R @) -1, P, (@) and (410
Uy dPAS;zﬂ 2 =74 (2,V;) = 76 (2,V)Puse.i (2) + mho Sy (2, V) - I(Vi )PASEii (2) '

(4.11)

where I(vi) is the background loss of the fibre without doping. ouv; is the width of
the ith slot centered at frequency v and P,...(z) is the power of the amplified
spontaneous emission (ASE) or output laser in the frequency interval centered around
v with v, bandwidth.  m is the number of guided modes propagating at the signal
wavelength, usually m = 2. y,(z,v,), 7.(z,v;) and y,(z,v;) represent the pump
absorption, signal absorption and emission coefficients, respectively, determined from

the emission and absorption cross sections and the overlap integral between the mode

and ground states [24].  y,(z,v,), 7,(z,V;) and y,(z,v;) are defined as

7D(Z’Vp):n(vp)asa(vp)Nl(z) (4.12)
7.(z,v)=1(v)o, (V)N,(z), and (4.13)
Va(2.V)=0(v)oa (VN (2). (4.14)

In accordance with the setup schematically shown in Figure 4.9, appropriate boundary

82



Chapter 4 Erbium-doped Fibre Ring Laser

conditions are imposed at the beginning and at the end of the active fibre (z=0,L) on
the co- and counter- pump power and the individual spectral components of forward

and backward propagating ASE powers generated within the EDF.

p (4.15)
Pisei(2=0,v)=
Pisei(z=L.v;)

Equation 4.10 and 4.11 are a set of coupled differential equations that can be solved
numerically by means of an iterative procedure based on the fourth-order
Runge-Kutta algorithm whose convergence speed is influenced by the width and
hence by the number of slots used for the spectrum discretization [37]. In common
amplifier simulation, a uniform step, for example AA = 0.2 nm, is chosen. However
in fibre ring laser, nonuniform spectrum subdivisions, i.e., outside laser wavelength
with large slot width, for example AA = 0.2 nm, and near laser wavelength with small
slot width, for example A4 = 0.002 nm, can be used to reduce the simulation time

and increase the wavelength resolution.

In order to model the ring laser operation, the output forward and backward ASE
signals of the doped fibre amplifier become the boundary condition of the next
amplifier iteration run, i.e. the feedback mechanism for the laser configuration [4 - 6,

38, 39]. According to the setup of fibre ring laser shown in Figure 4.9, the
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counter-clockwise propagating (-) ASE power is suppressed by the optical isolator,
while the clockwise propagating ASE (+) ASE is filtered, attenuated by the loss of the

ring resonator and part of it is output via a directional coupler.

, (4.16)

where kin Py, denotes the iteration step. /A(v) represents the total loss of the ring
resonator which take into account the insertion loss of all the splicing and passive
component, including optical filter, in the ring cavity except the EDF section. /[ IS
the isolation of the optical isolator. At the output of each loop, the wavelength
spectrum is compared, slot by slot, with the input one; the highest relative difference
is assumed as the current convergence error. The procedure stops as soon as this
error is lower than a given tolerance. After a few iterations, around 10 steps,
depending on the EDF length and z-step used in propagation, convergence can be
reached and the spectral component corresponding to the resonant frequency of the
ring cavity is selected from the initial wideband amplified spontaneous emission noise

spectrum.

4.4 FRL Linewidth Measurement Technologies

Laser linewidth is often defined by the full-width half-maximum (FWHM) of the

optical field power spectrum and is an important parameter of the laser. A typical
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grating-based commercial OSA can only measure 1550 nm spectrum with 0.01 nm
wavelength resolution.  Wavelength measurement using wavelength meter can
achieve better than 1 pm accuracy but wavelength resolution is limited. However,
typical linewidth of fibre ring laser is very narrow and can be less than 1 kHz, which
is about one million times narrower than the resolution of the typical grating-based
OSA. Therefore alternative measurement methods must be used. The alternative
methods include the optical heterodyne method [40-42] and the delayed
self-heterodyne method [43-45]. These optical mixing methods are capable of
obtaining extremely high wavelength resolution required for laser linewidth

measurement.

4.4.1 Power Spectrum of Two Stationary Uncorrelated Sources

Suppose two statistically uncorrelated laser sources with different optical carrier

frequencies vy and v, are detected by the photodiode. The two electric fields of the

lasers can be written as:

E,(t)= Re{E; (D} = Re{A (Dexp(j2mv )}, =12, (4.17)

where Ifi’(t) and 5: (t) are complex parameters. Thus the detector photo-current

I D(t) can be obtained by lower-pass filtering the mean square total electric field:
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1°(t) = 1(t) ®hy (1)
= ﬂ{[El(t) +E, (t)][El(t) +E, (t)]}® hD (t), (4.18)
=120+ 1, (1) +12(1)

where 7 is the conversion efficiency of photo-detector and hp(t) is the detector
impulse response. The transfer function associated with this impulse response is
assumed to have a cutoff frequency which is much lower than the optical frequency.
1°(t) (i =1,2) is the direct intensity detected by photo-detector and 1°(t) is the

heterodyne mixing cross-term intensity detected by photo-detector.

1 ©o O 1 © O .
1P =7E O ®h, (1) =S 7EOE () = JnAMA (M),  1=12 (4.19)
(U : ’ '
1. (1) = 27[E, (D E, ()] ® hy (1) = 7 Re{A (1) A, (t) exp(j2(AV))}
where the high frequency terms are removed due to the lower-pass filter of the

detector impulse response and Av = v; — v, is the frequency difference between the

two laser sources.

According to the Wiener-Kintchine theorem [46], the power spectrum of the
photodetector current, which can be measured with an electrical spectrum analyzer
(ESA), is the Fourier transform (FT) of its autocorrelation. The autocorrelation of

the photodetector current (Equation 4.18) is
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I'(r) =< 1°(t+7)1°(t) >
=L(0)+ L)+ T (o) + < 1Pt +2) 10 () >+ < 12 (t+2)10(t) >
+< P+ )12 >+ < 12(t+2)12(1) >

+<1I2(t+) M) >+< 12 (t+2)12 () >

, (4.20)

where the first three terms are the autocorrelations of the direct terms and cross-term:

L) =<2t +2)I1°(1)> i=12x. (4.21)

Since E; and E; are independent (statistically uncorrelated), i.e. the mean of a product
of functions of random independent processes may be expressed as the product of the
means, and <E;> (i = 1, 2) equal to zero, the last four terms of equation 4.20 can be
removed. Due to stationary statistical result, evaluating a mean at t + zhas the same
result as evaluating it at t, the middle two terms turns out to be equal. So Equation

4.20 can be rewritten as:

(r) =T,(r) + T, () + T (1) + 2 < 12 (1)) >< 12 (1) > (4.22)

Taking a Fourier transform of Equation 4.22 and using the convolution theorem, we

obtain the expression of the power spectrum of the photocurrent below [41]:

S(f)=FT{[(2)}=S,(f)+S,(f)+S,(f)+2<1°><12>5(f),and (4.23)
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S,(f)=FT{[,()}=FT(<IP(t+2)IP(t)>), i=12
S,(f)=FTi{[,(r)}=4Sg (f)®Sg (f) '

(4.24)

where S;(f) and S,(f) are the ordinary direct optical spectrum detection and Sy(f) is the
useful heterodyne mixing product which is the convolution of two laser source
spectrum. The convolution originates from the multiplication of time-varying local
oscillator field with the signal field in the photodetector. Multiplication in the time
domain is equivalent to convolution in the frequency domain. Equation 4.23 is the
main result for the power spectrum of the photocurrent due to uncorrelated stationary

optical field mixing on the photodetector.

4.4.2 Optical Heterodyne Method

A typical setup for optical heterodyne linewidth measurement of fibre ring laser is
illustrated in Figure 4.11. In this setup, the tunable laser serves as the local oscillator
(LO) to provide a stable, narrow linewidth optical source. Initially, its wavelength
must be tuned close to the tested fibre ring laser wavelength, which is due to the finite
detection bandwidth decided by the photodetector and the finite analysis bandwidth
offered by the ESA. A coarse wavelength tuning of the LO is performed using an
OSA and usually the LO wavelength is tuned higher than the FRL wavelength under
test. Then its optical frequency is fixed during the measurement. Light from the
local oscillator (LO) is combined with the tested FRL signal using a 3-dB coupler and

the polarization state of the LO light is aligned to the same polarization state of the
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tested FRL signal using the polarization state controller placed in the LO path. The
photodetector converts the interference beat tone of the combined lights to the

electrical signal, which is detected and displayed in the ESA.

Fiber Ring Laser Photodetector

ISO

ESA

3 dB Coupler

Tunable Laser OSA

Fig. 4.11 Optical heterodyne setup for measuring laser linewidth.

According to the Equation 4.23, the displayed beat frequency (mixing term) ESA

spectrum is given by:

S(f)«Sg (f)®Se (f) (4.25)

Therefore the lineshape of the laser, including any asymmetries, is replicated at a low
frequency set by the optical frequency difference between the two lasers. If the LO
laser linewidth is much smaller compared to the FRL under test, the lineshape

spectrum of the local oscillator, SE"LO(f) is approximated with a Dirac- A function:

PLodf—flo). Thus from Equation 4.25 the ESA will display:

S(f) o PoSe (f —f,) (4.26)

89



Chapter 4 Erbium-doped Fibre Ring Laser

Thus the ESA gives a measure proportional to the actual laser power spectrum
Sgs(l)—l),_o) translated to low frequencies which is easily measured using ESA.
The key to the exceptional sensitivity of the heterodyne method is evident in Equation
4.26 where the detected spectrum amplitude increases with local oscillator power, P o.
Larger local oscillator power translates to better sensitivity. Therefore the optical
heterodyne method can characterize nonsymmetrical spectral lineshape and offer
exceptional sensitivity and resolution, due to the narrow linewidth and large optical

power of the LO.

4.43  Delayed Self-heterodyne Method

In the absence of a stable, narrow linewidth tunable local oscillator laser, the delayed
self-heterodyne technique provides a simple way to perform linewidth measurement,
as shown in Figure 4.12. The output beam of the fibre ring laser source is split into
two paths by the coupler. One beam passes though the long length of fibre acting as
the time delay and another beam passes though the frequency shifter. Then the two
beams combine together using 3-dB coupler. If the delay time z, of one path
exceeds the coherence time zc of the source, the two combining beams interfere as if
they originated from two independent laser offset in frequency by év. The beat tone
produced is displaced from 0 Hz by the shifted frequency Jv and displayed in the

electrical spectrum analyzer.
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Fiber Ring Laser ESA Photodetector

Coupler 3 dB Coupler

(O

fiber delay
Fig. 4.12 Configuration of the delayed self-heterodyne method

In the delayed self-heterodyne technique, the frequency shifter is required for shifting
the beat frequency away from the zero frequency. Shifting the beat frequency from
DC is useful to avoid instrumental limitations such as the DC response and more
importantly to minimize the 1/f noise. It is important that the shifted frequency in
the frequency shifter must be larger than the optical spectral bandwidth of the laser
under study, otherwise fold over effects near zero frequency will distort the observed
spectrum. Frequency shift can be attained by using either acousto-optic frequency
shifters, phase modulators, or intensity modulators. Since the shifted frequency does
not depend on the laser source, the delayed self-heterodyne methods are less sensitive

to slow wavelength drift.

The requirement for incoherent mixing sets a minimum delay requirement of the

interferometer with respect to the laser’s linewidth, z, > s When this condition
1%

is satisfied, the mixing becomes independent of the phases of the interfering light,

leading to a more stable measurement. For a linewidth of 1 MHz, the minimum
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required differential time delay will be about 100 ns. This corresponds to
approximately 200 m of single mode optical fibre. Note that given the large optical
delays afforded by low-loss single mode optical fibre, linewidth measurements below

1 kHz are possible.

According to the Equation 4.23, the delayed self-heterodyne shifted frequency

(mixing term) ESA spectrum is given by:

S(f)oc S (f —60)®Sg (1)} (4.27)

Since the mixing term is essentially the test laser spectrum convolved with itself and
displaced in the frequency by ov, the displayed lineshape will always be symmetrical
even if the original lineshape is asymmetrical. In the case of a Lorentzian-shaped
spectrum, the displayed ESA spectrum retains the Lorentzian shape and the FWHM

linewidth will be twice of the actual FWHM linewidth.

4.4.4  Frequency Jitter

In both the heterodyne method and delayed self-heterodyne method, laser sources
exhibiting frequency jitter or 1/f noise will yield larger measured linewidth [43].
The effects of frequency jitter on the linewidth measurement can be reduced by

measuring further down on the displayed lineshape and transforming the measured
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result into the correct FWHM linewidth. The advantages of the measuring further
down on the lineshape can be understood by considering the effect of frequency jitter

on the power spectrum [47]. The Lorentzian-optical power spectrum centered at f,

with the frequency jitter can be written by:

1

{f - f0+éf(t)T

Se(f,t)ac (4.28)

Af /2

where Af is the FWHM linewidth and f is the optical frequency. When f —fy is larger
than &, the magnitude of the optical power spectrum depends more on the value of f —
fo and less on the effect of &f. Thus the error due to frequency jitter decreases as the
measurement is made further down the lineshape, such as 10 dB or 20 dB down.
The correspondence between the measured bandwidth of the specific power and the
FWHM linewidth of the Lorentzian-shaped spectrum is shown in Table 4.1. This
technique assumes that the noise contribution at the 20-dB or 30-dB level is
insignificant.

Table 4.1 Optical mixing technique linewidth relations

Measured Full-Width | Displayed width measured by | Displayed width measured
Point delayed self-heterodyne method by heterodyne method
-3dB 20V ov
-10dB 2+/950 J9sv
-20dB 249960 J99sv
-30dB 2~/9996v A/9996v
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4.5 Chapter Summary

In this chapter, the background of the fibre ring laser is reviewed. Different fibre
ring lasers are introduced and explained. It is then followed with the theoretical
modeling of the fibre ring laser, which is very useful to understand the mechanism of
the fibre ring laser. The spectral behavior of the fibre ring laser can be simulated

from the emission and absorption cross sections of the active fibre.

Furthermore, due to the narrow linewidth of the fibre ring laser, the theory and
principle of optical mixing measurement is introduced. The different configurations
are explained including the heterodyne method and self delayed self-heterodyne

method.
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Chapter 5

Fibre Ring Laser with Wide Tuning Range

5.1 Introduction

In Section 4.2, several wavelength-tunable fibre ring laser configurations were
introduced. These include the technology of pumping the erbium-doped fibre (EDF)
to deep saturation regime [1], and the use of optical switch to alter the length of EDF
in a fibre ring laser cavity [2]. Most fibre ring lasers employ silica-based
erbium-doped fibres (Si-EDFs) as gain medium, however, pair-induced quenching and
clustering effects [3] limit the concentration of erbium ions that can be doped into
silicate fibre and therefore long length of Si-EDF is normally needed in the
construction of fibre ring lasers. The long cavity length makes them more
susceptible to environmental influence. Furthermore, fibre ring lasers based on

Si-EDF is difficult to tune to wavelength beyond 1610 nm.

In this chapter, a new type of active fibre based on bismuth oxide glass will be
introduced and its application in fibre ring laser will be described. The

characteristics of erbium-doped bismuth oxide based fibre, Bi-EDF, will be outlined.
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The design of a fibre ring laser using a short length of Bi-EDF, achieving an
extremely large tuning range over 100 nm using tunable MEMS filter or scanning
fibre Fabry-Perot filter will be described. Finally, a single-longitudinal mode fibre
ring laser realized by using an unpumped EDF saturable absorber will be described.
The laser linewidth of single-longitudinal mode fibre ring laser was measured to be

about 1.17 kHz by the delayed self-heterodyne technique.

5.2 Bismuth Oxide Based Erbium-doped Fibre

Recently developed Bi-EDF by Asahi Glass Corp. of Japan, offers many advantages.
The main advantage of Bi-EDF over Si-EDF is its high solubility to erbium ions,
permitting high erbium ion concentration doping in bismuth oxide fibres and therefore
leading to the realization of very short-length optical fibre amplifiers [4, 5]. Due to
the pair-induced quenching and clustering effects of erbium ions, the doped
concentration of erbium ions in silica-based fibre can not be very high (typical less
than 1,000 wt-ppm). However, Bi-EDF can be highly doped with erbium ions up to
26,000 wt-ppm, which is more than one order of magnitude higher than that in
Si-EDF, without suffering from the pair-induced quenching and clustering effects.
The reason is that the bismuth oxide can extend the distance between erbium ions and
reduce the concentration quenching significantly [6] due to its high solubility to
erbium ions. Consequently, shorter fibre-length of Bi-EDF will be needed to attain

similar amplification of the much longer silica-based erbium-doped fibres. In
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addition, the normalized emission intensity of Bi-EDF is higher than that of Si-EDF,
particularly in the L-band, as shown in Figure 5.1 [7]. This implies that Bi-EDF
provides broader optical gain bandwidth than Si-EDF.  Another advantage is that low
nonlinearity optical amplifiers based on Bi-EDF can be constructed [8]. Although
the intrinsic nonlinear refractive index n, of bismuth oxide based fibre is 12 times
higher than that of the silica fibre [9], due to its very short fibre length the total

nonlinearity of Bi-EDF is smaller than Si-EDF under similar gain condition.

1.2

_Suggesting broad gain
in"C band
. Bismuth

oxide

Suggesting broad
‘gain in L band

Silica

Normalized emission inte
o
(]

1400 1500 1600 1700
Wavelength (nm)

Fig. 5.1 Normalized emission intensity of the Bi-EDF and Si-EDF [7].

The major problem of Bi-EDF is fusion splicing to standard silica fibres. The
melting point of Bi-EDF (~600 deg C) is much lower than that of Silica fibre (>1000
deg C) and therefore commercial fusion splicers can not be used to fusion splice
Bi-EDF to standard telecommunication fibre. Furthermore, the refractive index of
the core and cladding of Bi-EDF are ~2.03 and ~2.02 while the refractive index of the

core and cladding of the silica single mode fibre (SMF) are ~1.45 and ~1.44.
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Consequently, joining of Bi-EDF to standard singlemode fibre will introduce Fresnel
reflection loss of ~2.8% (~0.12 dB). Angled splicing is thus needed to reduce

reflection back to the fibres.

Reflected light \ . Bi-EDF

Transmitted light

Incident light 59 _Tp,- ¢,

Fig. 5.2 Angled splicing configuration between Bi-EDF and SMF [7].

The configuration of angled splicing between Bi-EDF and SMF is shown in Figure
5.2. We assume light propagates along the optical fibre axis. To avoid reflected

light back to the fibre, the incident angle, &, must be greater than &, given below [10].

0 = 45° —%arcsin(ncﬂ]

ncore

(5.1)

From equation 5.1, we obtain the incident angle 6, >3.36° in SMF and the
refractive angle 6, >2.84° in Bi-EDF. However, the incident angle can not be too
large as it would increasing splicing loss and induce large polarization-dependent loss
(PDL) between the SMF and Bi-EDF. For simplicity, we assume no extra coupling

loss is introduced between the couplings of two fibres. According to the Fresnel
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Equations, the transmittance of light through a interface can be expressed as [10]:

7 -1 (_M) and 52)
sin(6,+6,)

T, :1_(t_ar_1£92—_¢91)] , (5.3)
tan(&,+6,)

where 7, and T, are the transmittance of the light in parallel and perpendicular

direction respectively. 6 and 6 are the incident angle in SMF and the refraction

angle in Bi-EDF, respectively. 6, and 6) must satisfy the Snell’s Law as follow.

n,sin(6,) = n, sin(6)), 5.4

where n; and n; are the refractive index of the core of silica fibre and bismuth fibre,
respectively. From Equation 5.2 - 5.4, we obtained the relationship between the light
transmittance and incident angle, as shown in Figure 5.3. The diamond line is the
parallel component transmittance versus different incident angles and the triangle line

is the perpendicular component transmittance.
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90% 0.4

Transmittance
TE-TM Power (dB)

85% 0.2

80% 0

0 10 20 30 40 50 60

Incident angle (degrees)

—%— the perpendicular component transmittance
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Fig. 5.3 Transmittance and TE-TM power difference versus incident angle.

It can be seen clearly from Figure 5.3 that when the incident angle is less than 50
degrees, the parallel component transmittance increases with the incident angle,
whereas the perpendicular component decreases with the incident angle. Therefore
the TE-TM power difference (i.e. PDL) increases with the incident angle, which
should be small in practical application and is about 0.01 dB when the incident angle
is 10 degrees. Therefore the incident angle should be less than 10 degrees, i.e.
6, <10°, to ensure that PDL is less than 0.01 dB. Thatis 3.36° <4, <10°. Itwas
found experimentally that &, =8.2° and 6, =6° is the optimum, as shown in

Figure 5.4 [7].
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01 =6.0°, 62 = 8.2" is the optimum

Fig. 5.4 Optimum fusion angles between Bi-EDF and SMF [7].

In the above analysis, mode mismatch between the fibres was not considered. The
diameter of the core of Bi-EDF and SMF are 4.0 um and 9.0 um, respectively,
therefore it will introduce large coupling loss due to the large different in mode field
diameter. To reduce the coupling loss, the Bi-EDF was angle spliced to a short
length of high numerical aperture fibre (Corning H1980), which was then spliced to
SMF-28 fibre, providing better mode field diameter matching, as shown in Figure 5.5
[7]. By applying the aforementioned technique, splicing loss less than 0.2 dB for

one angled splice and return loss (reflection loss) larger than 60 dB were achieved.
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Fig. 5.5 Splicing detail of the pigtailed Bi-EDF [7].

5.3 Wide Wavelength Tuning Range FRL

The configuration of a traveling wave tunable fibre ring laser constructed with
Lanthanum-codoped Bi-EDF is shown in Figure 5.6. Lanthanum was doped in
Bi-EDF to increase the solubility of erbium ions in bismuth glass. The Bi-EDF was
pumped by 1480 nm semiconductor laser diode via port 1 of a four-port optical
circulator, which exhibits a fairly flat pass-band in the wavelength range of 1460 nm
to 1630 nm. Of course the pump laser diode can also enter cavity via the 1480 nm
port of the wideband thin-film wavelength-division multiplexer (WDM) filter, which
has flat pass-band in the signal port for wavelength ranges from 1520 nm to 1630 nm,
as used in Figure 5.6 to monitor the unabsorbed pump power. If the backward pump
energy is not enough, the pump monitor can also used to add 1480 nm semiconductor
laser diode to cavity as the forward pump source. The length of the Bi-EDF was
84.6 cm long. The erbium concentration in the Bi-EDF is 6,470 wt-ppm and the

Lanthanum concentration is 4.4 %wt. The peak absorption of the Bi-EDF at 1480
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nm and 1530 nm are 167 and 267 dB/m, respectively. The circulator (from port 3 to
port 2) and the optical isolator were used to reduce the reflection from the filter back
to the Bi-EDF as well as to ensure unidirectional operation of the ring laser.
Reflection from the input end of the filter was employed for the laser output and exit
from port 4 of the circulator. A 20 % fused fibre taper was included in the laser

cavity to provide a second laser output.

Pump

Fusion Splice . Bi-EDF A\ Output 1
3 p PR -

oY)

Angled Spliccé': Circulator
1480/1550 nm
WDM
X
Pump %
Monitor [solator Taper

Filter |-

<% ¥
¥|::</ <
Output 2

Fig. 5.6 Configurations of the Bi-EDF tunable fibre ring laser.
5.3.1 Experimental Results with MEMS Filter

A narrowband, wide tunable range MEMS filter was employed to tune the laser
wavelength. By varying the input voltage from 10 V to 32 V, the MEMS filter can
be tuned over 120 nm, from 1630 nm to 1510 nm respectively. The MEMS filter

also exhibits very high scanning speed (greater than 100,000 nm/s). The 3-dB
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optical bandwidth of the MEMS filter is about 20 pm (~2.5 GHz) and the typical
transmission and reflection spectra are shown in Figure 5.7, which the wavelength is
fixed at 1564.02 nm. The insertion loss of the MEMS filter at the peak of the
pass-band is less than 1.5 dB and the out-of-band reflection from both ends of the

MEMS filter is very high (> 95 %).
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Fig. 5.7 The typical transmission and reflection spectra of the MEMS filter.

Figure 5.8 (a) and (b) show the output spectra of the fibre ring laser obtained from
port 4 of the circulator and taper respectively, which is measured with an optical
spectrum analyzer (OSA) with 0.1 nm resolution. The fibre ring laser was pumped
with 120 mW of optical power. By varying the pass-band of the MEMS filter, the
laser wavelength was tuned from 1520 nm to 1626 nm, exhibiting a large tuning range
of 106 nm. From the output 1 fibre ring laser, over the C-band region (from 1530
nm to 1570 nm), the extinction ratio is over 45 dB and the output power is greater

than +7 dBm. Outside the C-band, both the output power and the extinction ratio
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reduce. The ASE in both outputs increase when the lasing wavelength is tuned away
from the wavelength range where the Bi-EDFA provides higher optical gain. It is
more pronounced for output 1 because of the extremely high out-of-band reflection of
the MEMS filter which reflects virtually all the ASE to output 1 whereas in output 2,
the ASE is filtered by the MEMS filter. Note that the 106 nm tuning range was
achieved without the 20% taper inside the laser cavity. With the inclusion of the
20% taper, the cavity loss was slightly increased and both the output power and

wavelength tuning range from output 1 were reduced slightly to 104 nm.
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Fig. 5.8 Laser output spectra measured with an OSA with 0.1 nm resolution. (a) From port 4
of the circulator of the tunable fibre ring laser. (b) From the 20 % taper of the
tunable fibre ring laser.

The laser output from the taper exhibits very high extinction ratio of better than 60 dB
throughout the entire 104 nm wavelength tuning of the fibre ring laser. The

improvement in the extinction ratio is because the laser output was taken from the
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output of the MEMS filter which filters the out-of-band ASE. Whereas in the former
case, the output was taken from the reflection at the input of the MEMS filter which
reflects both the lasing wavelength as well as the out-out-band ASE. The low optical
output power from the taper is induced by the nonlinear behaviour of the MEMS filter.
The taper output power will not increase greatly but the linewidth of spectrum
becomes wider when the pump power is increased. This is a fully reversible process
(reversed by the reduction of power) and according to the manufacturer this nonlinear
behaviour is related to the temperature increase in the cavity. Figure 5.9 shows the
different output spectra of the laser at the different pump powers. The diamond dots,
the triangle dots and the cross dots lines were measured by OSA with 0.01 nm
resolution at pump power of 80 mw, 110 mW and 140 mW, respectively from the

taper port.
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Fig. 5.9 Output spectra of the fibre ring laser tuned at different pump power.
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5.3.2  Experimental Results Using Scanning Fibre F-P Filter

Due to the low output power of the taper port using the MEMS filter, a scanning fibre
F-P filter (manufactured by Micron Optics) was employed to tune the laser
wavelength. The optical bandwidth of the scanning fibre F-P filter is about 0.09 nm
(~ 11.68 GHz) and the FSR is 61 nm (~ 7630 GHz). The finesse of this fibre F-P
filter (~ 700) is lower than that of the MEMS filter (~ 10,000) and thus can handle
large input power before the onset of the filter’s nonlinear behaviour. The insertion
loss of the scanning fibre F-P filter at the peak of the pass-band is about 1.8 dB.
Since the FSR is 61 nm, a C-/L-band WDM filter is added in the cavity to attain
single wavelength lasing. The output wavelength is in the C-band when the
scanning fibre F-P filter is connected to the C-band port of the C-/L-band WDM filter,
which exhibits an insertion loss of 0.14 dB in the wavelength range from 1500 nm to
1562 nm. The output wavelength is in the L-band when the scanning fibre F-P filter
is connected to the L-band port of the C-/L-band WDM filter, which exhibits an
insertion loss of 0.27 dB in the wavelength range form 1570 nm to 1640 nm, as shown

in Figure 5.10.

C-band port

Combo port

—— Fibre F-P Filter p——:

C/L band WDM filter
L-band port

Fig. 5.10 Combined filter for C+L tunable range.
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Figure 5.11 show the total C- and L-band output spectra of the fibre ring laser
obtained from the taper port, which is measured with an optical spectrum analyzer
(OSA) with 0.1 nm resolution. The fibre ring laser was pumped with 82 mW of
optical power. By varying the pass-band of the F-P filter, the minimal lasing
wavelength in C-band is 1517 nm and the maximum lasing wavelength in L-band is
1621 nm, exhibiting a large tuning range of 104 nm. The laser output exhibits very
high extinction ratio of better than 60 dB throughout the entire 104 nm wavelength
tuning of the fibre ring laser and the output power is greater than 0 dBm. A larger
tunable range and higher output power can be obtained if the pumped power is
increased. Since the reflection of the scanning fibre F-P filter is small, the output

power from port 4 of the circulator is less than -20 dBm.
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Fig. 5.11 Laser output spectra measured with an OSA with 0.1 nm resolution.

A typical lasing spectrum was measured by an OSA using 0.01 nm resolution and is
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shown in Figure 5.12. The asymmetric shape of the laser is mainly caused by the
optical spectrum analyzer response. The centre wavelength is 1574.45 nm and the 3

dB bandwidth is about 0.02 nm, limited by the resolution of OSA.
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Fig. 5.12 Typical output spectra measured with an OSA with 0.01 nm resolution.

5.3.3  Single Longitudinal Mode Operation and Linewidth Measurement

Due to the long ring cavity length, the output of the laser is multi-longitudinal mode.
Single longitudinal mode can be attained by modifying the laser configuration slightly,
as shown in Figure 5.13. Comparing to Figure 5.4, ports 3 and port 4 of the optical
circulator were reconfigured. A 2.5-m long un-pumped Si-EDF, whose peak
absorption at 1480 nm is about 3 dB/m, was spliced to port 3 of the circulator and the
other end of the Si-EDF was spliced to an FC/PC connector which was gold coated to
serve as a mirror. The purpose of this additional arm in the ring cavity is to produce

a periodic spatial hole burning by the light passing into and out of the Si-EDF, thereby
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generating an intra-cavity narrow-band filter [11].

Fusion Splice Bi-EDF Circulator
k /, ’, x
4 N
Angled Splices

1480/1550 nm
R'r
WDM 2.5-m Si-EDF

Pump x Mirror
Monitor [solator Taper
Filter |—

\—| <‘,:I= e a3
</ \
Output 1

Fig. 5.13 Single-longitudinal mode output fibre ring laser.

A typical RF spectrum of the fibre ring laser with and without un-pumped Si-EDF
was measured with a 25 GHz Newfocus photodiode detector together with a RF
electrical spectrum analyzer, as shown in Figure 5.14 (a) and (b) respectively. In this
case, ~ 10 MHz beat frequency component means ~ 15 m ring cavity length. Figure
5.14 (a) has many frequency components, which is generated by the beating effect of
the multi-longitudinal modes. The minimum beat frequency component is decided
by the longitudinal mode spacing, which depends on the ring cavity length. The
absence of the tones in Figure 5.14 (b) implies that all the side modes are suppressed,
which means only one longitudinal mode operating in the ring cavity. Due to the
large insertion loss induced by the un-pumped EDF, both the output power and

tunable range are reduced.
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Fig. 5.14 RF spectrum of the fibre ring laser (a) without and (b) with the saturable absorber

The laser linewidth at this single-longitudinal operation condition was also measured
by heterodyning the ring laser with a tunable external cavity laser (manufactured by
Agilent). The measure setup is same as that shown in Figure 4.11 of Chapter 4.
Figure 5.15 shows the beating tone generated by these two lasers and the Inset of

Figure 5.15 shows the expanded spectrum. The linewidth of the fibre ring laser is
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measured to about 280 kHz, which is limited by ~ 300-kHz linewidth of the external

cavity laser. The actual linewidth of the fibre ring laser should be much narrower

than this value.
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Fig. 5.15 Measured laser linewidth of the single-longitudinal mode fibre ring laser

Since no narrower linewidth tunable laser source can be available, we use the delayed
self-heterodyne technique to measure the linewidth of the fibre ring laser. By using
the two diffracting beam outputs of the acousto-optic frequency shifter (AOFS), the
delayed self-heterodyne method can be simplified to Figure 5.16. The 1st order
diffracting beam will have the frequency shifter and the power is higher than the zero
order transmitted beam. The 25 km delayed fibre is placed in the path of the 1st
order diffracting beam and the polarization controller (PC) is placed in the path of the
zero order diffracting beam. The two beams are combined by a 3-dB coupler and

detected by 1 GHz photodiode detector which is connected to an RF electrical
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spectrum analyzer.
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Fig. 5.16 Configuration of the self-heterodyne laser linewidth measurement

A typical linewidth measurement result of the single-longitudinal mode fibre ring
laser is shown in the Figure 5.17, which is the result of 10 average spectra.
Assuming that the laser spectrum is Lorentzian-shaped, the 3-dB linewidth of the fibre
ring laser is about 1.17 kHz, which is calculated from the 7 kHz of the 10-dB

linewidth from Figure 5.17 using the relationship shown in the Table 4.1 of Chapter 4.
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Fig. 5.17 Measured laser linewidth of the single-longitudinal mode fibre ring laser
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5.4 Chapter Summary

In this chapter, the advantages of Bi-EDF, especially over Si-EDF, were explained.
Due to the large difference with SMF in refractive index and numerical aperture,
special fusion angle splicing between Bi-EDF and SMF is theoretically analyzed. A
high numerical aperture fibre is added between Bi-EDF and SMF to provide better
mode field diameter matching to achieve low insertion loss, small PDL and high

reflection loss connection.

Then a short-cavity fibre ring laser by employing only 84.6-cm long Bi-EDF and a
broad wavelength tunable MEMS-based filter was demonstrated.  Ultra-wide
continuous wavelength tuning of up to 106 nm was obtained. A second laser output
extracted from a 20% taper in the laser cavity exhibits very high extinction ratio of
better than 60 dB but with much lower output power and slightly reduced tuning
range of 104 nm. A scanning fibre Fabry-Perot filter with 61 nm FSR combined
with C-/L-band WDM filter in place of the MEMS filter to construct a tunable fibre

ring laser was also investigated. Large tunable range of over 100 nm was attained.

To obtain narrower linewidth, a single-longitudinal mode operation laser was also
demonstrated by using a 2.5-m unpumped Si-EDF as saturable absorber. The
linewidth of the fibre ring laser was measured by two optical mixing methods and

1.17 kHz linewidth was measured with the delayed self-heterodyne technique.
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Chapter 6

Wavelength-switchable Fibre Ring Laser

6.1 Introduction

Ultrawide wavelength-tunable fibre ring laser were introduced in Chapter 5. Due to
the need of continuous wavelength tunable outputs in many applications such as
sensing and optical component characterization, the filter used in ring cavity must be
continuously tunable. However, in certain applications such as DWDM systems, a
discrete-wavelength tunable laser is sufficient. In this case, less costly filters can be

used to realize wavelength-switchable fibre ring lasers.

Different filter devices including cascaded fibre Bragg grating (FBG) cavities [1],
FBG written in birefringent fibre [2], long-period fibre grating written in polarization
maintaining fibre [3] and Sagnac loop reflector [4], have been used to realize the
oscillating wavelength switching in the fibre laser. However, all these reported
lasers require additional wavelength selective elements that match the
switchable-wavelengths of the laser, therefore, the configuration of these lasers are

complicated and hence, the number of switchable wavelengths is also limited.
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In this chapter, we present new kinds of wavelength-switchable fibre ring laser using
the polarization wavelength selection principles. The theoretical background of
polarization wavelength selection, which is essential to understand the wavelength
selection mechanism in a switchable fibre ring laser, will be explained. Then two
new kinds of wavelength-switchable fibre ring laser are present. The first laser is
based on an unbiased Fabry-Perot laser diode (FP-LD) and its output can be switched
between 8 different wavelengths with 1.1 nm spacing. The second laser design
consist of a Fabry-Perot etalon filter, a polarizer, a programmable electric-actuated
polarization controller and its output can be switched between 35 different
wavelengths from 1545 to 1573 nm with 0.8 nm spacing. Wavelength switching of
the two kinds of wavelength-switchable lasers was achieved by suitably changing the

polarization state inside the cavity.

6.2 Polarization Wavelength Selection in Wavelength-switchable Laser

In this section, the theoretical background of polarization wavelength selection will be

explained based on the Jones matrix calculus [5, 6].

6.2.1  Principle of Polarization Wavelength Selection

The light propagation in ring laser cavity can be represented by a system shown in
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Figure 6.1. It includes two polarizers (to represent the effect of one polarizer in the
ring cavity), one polarization controller, one fibre with birefringence index due to
fibre bend and one etalon filter. The first four optical devices together behave as an
“etalon filter” whose FSR depends on the fibre length [7, 8] and is different from the
real etalon filter used in the cavity. The two etalon filters with different FSR
combine together forming a narrow bandpass filter. The peak wavelengths of the
first “etalon” can be altered by adjusting the polarization state of the polarization
controller. Consequently, the combination of the first “etalon” and the second etalon
formed a wavelength-switchable filter with its peak wavelength located at one of the

transmission peaks of the second etalon filter.

Z
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Fig. 6.1 Schematic diagram to illustrate the principle of polarization wavelength selection.

6.2.2  Jones Matrix Analysis of Polarization Wavelength Selection

We assume that the optical axis of the polarizer is align to the x-axis, i.e. the

polarization of output light after passing through the polarizer is linear polarized in the
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x-direction. The two polarizers shown in Figure 6.1 are actually the same polarizer
and thus their optical axes are parallel. For x direction linear polarizer, its Jones

transition matrix can be written as:

10
JLPXZ(O 0]- (6.1)

The polarization controller used in Figure 6.1 consists of two quarter waveplates and
one half waveplate as shown in Figure 6.2. This type of polarization controller can
transform any arbitrary input state of polarization (SOP) into any arbitrary output SOP
[9, 10]. All the waveplates are endlessly rotatable, and Fred Heismann shown that
endless polarization transformations between any two general polarization states can
be achieved by rotating the second QWP synchronously with the first QWP in the
crossed position, i.e. §=90°, as shown in Figure 6.2 [11, 12]. This offset reduces the
number of control variables, while still providing access to all polarization states. In
Figure 6.2, although any angle is possible for &,, its functional range is from 0° to

180°. Similarly, the functional range for &,and ¢ is from 0° to 180°.
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Fig. 6.2 Operation of a 3-waveplates polarization controller.

Consider a waveplate with its fast axis aligned at an angle @ with the x-axis, its Jones

transition matrix can be written as: [6]

cosd -sind\ % o cosd sin@
‘]WP = .. _-A(// .
sing cosd 0 e 72)\-sind cosd
A LA A ‘A
% cos? g +e "% sin? 0 (e’ % gl %)sin ecoseJ

' (6'2)
A A A ‘A
(e’ % gl %)Siné’COSH e sin?9+e "7 cos? 0

cos(*?4) + jsin(*94 ) cos 26 jsin(*94)sin 20
jsin(A%)sin 20 cos(A%) - jsin(A%) cos 26

where Ag is the total phase shift between the fast and slow axes of the waveplate [6].
A phase shift of 360 degrees retards the slow axis by one wavelength with respect to
the fast axis. [Equation 6.2 can be used to model quarter waveplate and half
waveplate by setting the phase shift angle to 90 degrees and 180 degrees, respectively.
The Jones transition matrix of quarter-wave plate and half-wave plate can be written,

respectively, as:
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1 J J .
— +—=C0s260 —=sin 26
Jgu(0) =| V2 2 V2 ,and (6.3)
J sin20 i—icosze
J2 2 2
jcos260  jsin260
Jou (@) =] "7 _ . (6.4)
jsin26 — jcos260

Using Equation 6.3 and Equation 6.4, the Jones transition matrix of the polarization

controller shown in Figure 6.2 can be written as:

Jpe = JQW (01 +0)J HW (ez)JQw (01)

_(A+jB C-jD 65)
-C-jD A-jB '

v ; L
[cos@em1 smHe”’zJ

—sing'e’* cosge
where A=—cosycosd, B=sinysin(26,+0), C=-cosysing,
D =sinycos(26,+6), y=26,-20,+5, 6 =arccos(~A* + B?),

¢ = arccos(A/«/ A’ +B?),and ¢, = arccos(C/\/C2 +D?).

From Equation 6.5, we can see that the polarization controller can change the
amplitude and phase difference between the two orthogonal polarizations of input
SOP. Ag¢ = ¢ ,—¢', is the phase shift between the wave components in the two
orthogonal x- and y-axes. cosd and sin & are the splitting ratio to x- and y-axes,

respectively.
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In Figure 6.1, we assume the fibre has a beat length of L, and the fast fibre optical

axis is aligned at an angle &; with the x-direction, so its Jones transition matrix can be

written as:

cosd, -sing,\ "% o | cosé, sind,
Jtiver =| . 2/ ) , (6.6a)
sing, coso, 0 e 72)(—sind;, cosdo,

where A¢ is the linear phase shift between two main orthogonal polarization

components and can be expressed as:

AL, L
Ap=2m(1-=5) = (6.6)

S b

Therefore the total transformation is given by:

J

total — J Y ﬁber‘J PC J Lpx
B (cos(e' +6,)cos G,/ #*292) _sin(9' + 6,)sin G,e %242 0] : (6.7)
0 0

Consequently, the total power transmission, T, of the cavity is given by

T[* = cos? (6 + 8,) cos? 6, +sin*(6 + 6,)sin’ 6,

1 . | 6.8)
+ Esin 2(0' + 6,)sin26,cos(Ag + Ag)
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6.2.3  Explanation of the Polarization Wavelength Selection

From Equation 6.8, one can see that the power transmission of the laser cavity
depends on the phase shift between the two polarization components introduced by
the polarization controllers and the fibre birefringence. The peak transmission
depends on the & —6; and #; Since the phase shift is different for different
wavelengths, as indicated in Equation 6.6b, different wavelength has different power
transmission in the cavity when all the optical devices are fixed. Figure 6.3 shows
the curves of optical power transmission versus wavelength shift A4 for different L/L,
at fixed polarization, for example, A¢' =0, L/Lp,=0.1. It shows that the linear system
transmission is a periodic function of A4, which is the same as the FSR of the etalon
filter. The period of the system transmission can be changed with L/L, and the

shorter length of fibre will have larger FSR.
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Fig. 6.3 System transmission of the ring cavity versus wavelength detuning (solid line for L/Lp,=1
and dotted line for L/L,=0.1).
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For ease of explanation, in the case of fixed L/Lp, we assume the polarization
controller does not change the splitting ratio of the orthogonal polarization
components but only induces a phase shift, A¢', between them, and would shift their
peak wavelengths as shown in Figure 6.4 (a). Therefore, if a different FSR etalon
filter is added in the setup, under different phase shift of the polarization controller,
then different single wavelength, which is the peak wavelength in both filter

spectrums, will be selected, as shown in Figure 6.4 (b).
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Fig. 6.4 Operation principle of the polarization wavelength selection.
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6.3 Wavelength-switchable FRL Using the Unbiased FP-LD

As explained in Section 6.2.3, polarization wavelength selection requires the
polarization effect plus etalon or Fabry-Perot cavity. Fortunately, FP-LD possesses
both functions. Since the FP-LD consists a linear gain cavity with a pair of end
mirrors, which act as an F-P etalon filter. The output spectrum of the FP-LD can be
seen as the etalon filter spectrum plus optical gain of the device materials, as shown in

Figure 6.5 [13].

-10

-20

-30

-40

-50

-60

Spectral density (dBm/0.1 nm)

-70

-80
1545 1547 1549 1551 1553 1555

Wavelength (nm)

Fig. 6.5 Typical spectrum of a FP-LD.

The double-channel planar-buried heterostructure of FP-LD favors the TE mode and
the power of the TM mode is less than 0.1% [14]. Figure 6.6 (a) and (b) show the
output spectra of the FP-LD when injected by a TE and a TM polarized signal,

respectively. The minimum and maximum loss occurs when the injected signal is
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spectrally aligned with a longitudinal mode of the FP-LD in TE and TM mode,

respectively. Therefore, for any injected signal that is spectrally aligned with a

wavelength at which the TE and the TM modes of the FP-LD coincide, the TE

component of the injected signal will be amplified with its intensity clamped and

stabilized by injection locking if the power of the TE component is above the

injection-locking threshold. The TM component, however, is always suppressed.

As a result, an injection-locked FP-LD acts as a linear polarizer [14], only allowing

TE-polarized light to pass through, as well as an etalon spectral filter.
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Fig. 6.6 The output spectra of FP-LD when injected with laser light of different wavelengths.
(a) TE polarized. (b) TM-polarized CW signal [14].

6.3.1 Experimental Setup

Figure 6.7 shows the experimental configuration of the wavelength-switching fibre

ring laser using an unbiased FP-LD. An 11-m long silica-based erbium-doped fibre
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(Si-EDF) was employed as the gain medium. The peak absorption of the EDF at 980
nm and 1530 nm are 4.8 and 6.7 dB/m, respectively. The EDF was
backward-pumped by one 980 nm semiconductor laser via the 980 nm port of a
wavelength-division multiplexer (WDM) constructed with fused taper fibre. The
optical circulator in the cavity couples light to the unbiased FP-LD via port 2 and then
couples light from the FP-LD back to the cavity via port 3. The optical circulator
also ensured unidirectional operation of the ring cavity. The polarization controller
was used to adjust the polarization state of the light in the fibre laser to inject into the
unbiased FP-LD to select the different lasing wavelengths. The lasing output of the
fibre laser was obtained from a 3-dB fused fibre coupler inserted in the fibre laser
cavity. An optical spectrum analyzer (OSA) and a polarization analyzer (PA) were
used to record the laser output and the states of polarization (SOP) for different

tunable lasing wavelengths.

11-m EDF 980/1550 nm WDM
Output Fusion Splice \
Pump T
3-dB B o o Polarization
coupler [=0 B Controller g
Circulator
2

Fig. 6.7  Configuration of the switchable fibre ring laser with an unbiased FP-LD.
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6.3.2 Performance and Discussions

Figure 6.8 shows the superimposed output spectra of the fibre ring laser using an
unbiased FP-LD at eight different polarization states by adjusting the polarization
controller. The spectra were measured with an optical spectrum analyzer (OSA)
with 0.1 nm resolution. The fibre ring laser was pumped with 100 mW of optical
power and only single wavelength is excited in this pump power level. If the pump
power is lower, the laser cannot be excited because of insufficient gain.  On the other
hand, if the pump laser diode power is too large, many FP-LD modes will be excited,
and multi-wavelength lasing will occur. In our experiment, the threshold of FP-LD
is about 11 mA and the FP-LD was temperature stabilized at 22 °C, to prevent

wavelength drift.

The unbiased FP-LD, which acts as a linear polarizer [14] and an etalon filter,
strongly favours light that is TE-polarized and with wavelength that matches one of
the etalon’s FP modes. The combination of the polarization controller (PC) and the
FP-LD serve as the wavelength selection device in the lasing cavity. Wavelength
separation between the different wavelengths at different polarization states depends
on the FP-LD mode spacing which in our case is 1.1 nm. According to the
polarization wavelength selection principle, the wavelength-dependent cavity loss is

determined by the fibre bend birefringence and the scalar product polarization state of
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all the optical devices in the cavity. Therefore, the light with its wavelength close to
one of the longitudinal modes of the FP-LD and its TE-polarization component
experience the least loss will lase. If the polarization state of the PC is changed, the
wavelength-dependent cavity loss will change and a different wavelength which is
close to a different FP-LD longitudinal mode and its TE-polarization component
experience the least loss will lase, resulting in wavelength switching in the laser

output.

Spectral density (dBm/0.1nm)

-60
1545 1550 1555 1560 1565 1570
Wavelength (nm)

Fig. 6.8  Superimposed output spectra of the eight lasing wavelengths.

Laser with output switches among eight different wavelengths spaced at 1.1 nm apart
(from 1552.98 nm to 1560.84 nm) was achieved by varying the polarization controller.
The number of lasing wavelengths is limited by the gain profile of the ring cavity
which is mainly determined by the EDF and the insertion loss of unbiased FP-LD.

The output power is about -7 dBm and the SMSR of this fibre ring laser is larger than
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30dB. The measured 3-dB linewidth of this fibre ring laser using an OSA with 0.01
nm resolution is about 0.02 nm. The polarizations of the laser outputs corresponding
to the eight lasing wavelengths were measured with a polarization analyzer and
displayed in Poincaré sphere profile as shown in Figure 6.9. Due to the polarization
introduced by the optical path between the output of the FP-LD and the input of the
polarimeter is fairly constant during the measurement period (this is confirmed by the
relatively small size of the spot on the Poincaré sphere), the results show that eight
polarization states were injected into the FP-LD to produce the eight different lasing
wavelengths. The polarizations in Figure 6.9 show the stable polarization operation
for different lasing wavelengths and the results is not a point which is mainly due to
the vibration of the test environment and the non-polarization maintained coupler
whose polarization is sensitive to wavelength. Two other important parameters that

determined the performance of the laser are wavelength stability and output power

stability.
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Fig. 6.9  Measured polarization states of the eight different output lasing wavelengths.
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Figure 6.10 shows the measured wavelength variation and the peak power
fluctuation of the fibre laser when its output was switched and maintained at one
lasing wavelength for a period of 2 hours. The wavelength fluctuation is about 0.03

nm, measure with an OSA with 0.01 nm resolution and the peak power fluctuation is

about 0.8 dB.
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Fig. 6.10 Measured wavelengths and peak power fluctuation of the fibre ring laser over 2 hours.

6.4 Wavelength-switchable FRL Using Polarizer and F-P Etalon Filter

Due to the large insertion loss of the unbiased FP LD, the output power is low. In
addition, because of the pair-induced quenching and clustering effects occurring in
silica-based erbium-doped fibres (Si-EDF) [15], much longer length of Si-EDF, about
11 m, is required in the construction of switchable fibre ring laser. However,

bismuth oxide-based glass fibre can extend the distance between erbium ions and
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reduce the concentration quenching significantly [16], only a short length of bismuth
oxide based erbium-doped fibre (Bi-EDF), less than 1 m, is enough because of higher

concentration of erbium ions in Bi-EDF.

In the following section, we present a new kind of wavelength-switchable fibre ring
laser whose output can be switched between 35 different wavelengths in the range
from 1545 to 1573 nm with a 0.8 nm spacing using only a Fabry-Perot etalon filter, a
polarizer, a programmable electric-actuated polarization controller and a short length
of Bi-EDF. The Bi-EDF used in the ring laser is about 84.6-cm long and doped with
very high concentration of erbium ions due to negligible ion quenching effect.
Wavelength switching of the laser is achieved by suitably changing the polarization
state inside the cavity, since no additional component is required, fast switching speed

and excellent wavelength stability are demonstrated.

6.4.1 Experiment Setup

Figure 6.11 shows the configuration of the wavelength-switchable Bi-EDFRL. The
Bi-EDF is pumped by one 1480 nm semiconductor laser diode via port 1 of the
circulator, which exhibits a fairly flat pass-band in the wavelength range from 1460
nm to 1630 nm. The length of the La-codoped Bi-EDF was 84.6 cm long. The
erbium concentration in the Bi-EDF is 6,470 wt-ppm and the La concentration is 4.4

%wt. The peak absorption of the Bi-EDF at 1480 nm and 1530 nm are 167 and 267
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dB/m, respectively. Both ends of the Bi-EDF was first angle spliced to high
numerical aperture fibre (Corning HI980) before splicing to port 2 (SMF-28 fibre) of
the circulator and to the signal port (SMF-28 fibre) of the isolator, providing better
mode field diameter matching. The splicing loss attained was less than 0.2 dB for
the angled splices. The angled splices reduce the reflection in the laser cavity to less
than 60 dB. The F-P etalon filter used in the configuration has a free spectral range
of 100 GHz. The insertion loss and bandwidth of the wavelength peaks of the
etalon filter are less than 1 dB and about 0.1 nm, respectively. The linear polarizer
and the programmable polarization controller are employed to switch the lasing
wavelengths. The programmable polarization controller of General Photonics®
contains three fibre squeezers that are driven by three applied voltage signals and can
be programmed separately to alter the birefringence of the fibres and subsequently
change the polarization states of the light passing through the fibres. The extinction
ratio of the linear polarizer is larger than 30 dB and its insertion loss is less than 1 dB.
The circulator (from port 3 to port 2) and the optical isolator were used to ensure
unidirectional operation of the fibre ring laser. The 20% port of a fused fibre taper

was added to the laser cavity to provide the laser output.
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Fig. 6.11 Configuration of wavelength-switchable Bi-EDFRL.

6.4.2 Performance and Discussions

The fibre ring laser was pumped with 67 mW of optical power from a 1480 nm
semiconductor pump laser. By manually adjusting the three voltages applied to the
polarization controller, the laser wavelength was switched from about 1545 nm to
1573 nm, exhibiting 35 different wavelengths. In order to characterize the
wavelength-switchable laser, the polarization controller and the OSA were
programmed such that each voltage applied to the actuators is increased at a step of 1
V, and the OSA performed a single measurement sweep. Figure 6.12 (a) shows the
superimposed output spectra of fibre ring laser measured by the OSA with 0.1 nm
resolution in maximum hold mode. The measured 3-dB linewidth of this fibre ring
laser using the OSA with 0.01 nm resolution is about 0.02 nm, this moderate
coherence laser is suitable for test and measurement applications [17]. The output

power of the laser is quite uniform across the entire switched wavelength range
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(variation less than 3 dB) and has an average value of about 0 dBm. The laser output

power can be increased by increasing the pump power. However, if the pump power

is too large, multiple wavelength lasing was observed. The typical output spectrum

of the fibre ring laser correspond to one applied voltage setting measured with 0.1 nm

resolution is shown in the Figure 6.12 (b). The side mode suppression ratio (SMSR)

of the laser is greater than 45 dB.

Fig. 6.12
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(a) Superimposed output laser spectra (35 lasing wavelengths) measured with an OSA
with 0.1 nm resolution.  (b) One output laser spectrum measured by OSA with 0.1

nm resolution.
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The combination of the linear polarizer and polarization controller in the fibre ring
laser functions as a wavelength selective element. The lasing wavelength is
determined by the peak wavelengths of the F-P etalon filter as well as by the gain
bandwidth of the Bi-EDF. The roundtrip loss of the cavity experience by different
wavelength mainly depends on the loss of the linear polarizer which is proportional to
the scalar product between the polarization of the incoming wavelength beam and the
polarization of the polarizer. Therefore, by adjusting the polarization controller, only
light having its wavelength matches one of the peaks of the etalon filter and its

polarization state most closely aligned to the linear polarizer will lase.
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Fig. 6.13  (a) Laser output power variation during wavelength switching. (b) Expanded view
of relaxation oscillation during wavelength switching.

The wavelength switching speed of the laser was evaluated by applying a 500 Hz
square wave with voltage levels at (28, 0, 0) V and (61.4, 0, 0) V to drive the
polarization controller. The corresponding lasing wavelengths generated at these
two voltages are 1555.175 nm and 1555.985 nm. The laser output was monitored by

a 1 GHz photo-detector which was connected to a 200 MHz sampling oscilloscope.
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Figure 6.13 (a) shows the voltage generated by the photo-detector under this
switching condition; the laser becomes stable after a short period of relaxation
oscillation. Figure 6.13 (b) shows that the relaxation oscillation time is around 100
us, this implied that the maximum switching frequency of the laser is ~10 kHz. The
wavelength stability and output power stability of the wavelength-switchable fibre
ring laser were also evaluated. Figure 6.14 shows the measured wavelength and
power fluctuation of the laser operating at 1561.708 nm for 2 hours. The measured
wavelength stability is around 1 pm (display resolution of the OSA). The initial
wavelength decrease in the first 10 minutes was due to the warm-up time of the OSA.
The power stability was measured to be better than 0.15 dB. It is worth noting that
the experiment was conducted under a laboratory environment and no precautions
were taken to isolate the setup from thermal and vibration perturbations, therefore

better stability is expected if the short-cavity fibre ring laser is properly packaged.
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Fig. 6.14  Wavelength and peak power variations of the fibre ring laser versus time over a
2-hour period
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6.5 Chapter Summary

In this chapter, the operating principle of polarization wavelength selection is
explained with the aid of the Jones matrix approach. In addition, a simple model

was proposed to explain the mechanism of polarization wavelength selection.

An Unbiased FP-LD can behave as a polarization as well as an etalon filter. A new
and simple fibre ring laser configuration by inserting an unbiased FP-LD in an
erbium-doped fibre ring cavity was successfully demonstrated. The laser can switch
its output wavelength among one of eight lasing wavelengths in the range from
1552.98 nm to 1560.80 nm with a separation of 1.1 nm, which is defined by the FP
mode of the FP-LD. The output power is about -7 dBm and the SMSR of the ring
laser was better than 30 dB. The wavelength variation and peak power fluctuation of
the relatively long-cavity laser were measured to be about 0.03 nm is about 0.8 dB in

a 2-hour stability test.

A short-cavity wavelength-switchable fibre ring laser using bismuth oxide based
erbium-doped fibre was also successfully demonstrated. The lasing wavelength can
be switched to one of 35 wavelengths in the range of 1545 nm to 1573 nm with a
wavelength separation of 0.8 nm. The laser exhibits high output power of about 0

dBm, high SMSR better than 45 dB and output power flatness of 3 dB. The laser is
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capable of switching at 10 kHz. Excellent wavelength and power stability of 1 pm

and less than 0.15 dB, respectively, were observed during a 2-hour stability test.
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Conclusion and Future Work

7.1  Conclusion of the Research Project

This thesis reports the works and results of the investigations on fibre ring lasers with
a wide wavelength tuning range and discretely-tunable or wavelength-switchable fibre
ring lasers with more switchable wavelengths to cover the ITU wavelength grids of
WDM systems.  Three kinds of fibre ring laser configurations, one with wide tunable
range of over 100 nm and the other two were discretely-tunable lasers, were
investigated theoretically and experimentally. The basic principle of the operation of
the fibre ring lasers and the narrow linewidth measurement techniques of the fibre
ring laser were presented. In addition, novel reflective variable optical attenuators
(RVOA) based on fibre coupler and polymer waveguide were also studied and its
application in dynamic gain equalization (DGE) of WDM systems was proposed. A
novel low-loss waveguide crossing technique was also proposed for the design of
waveguide-based RVOA array which has the potential to integrate to array

waveguides, economically.
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In the project an entirely new type of bismuth-oxide based erbium-doped fibres were
studied for the construction of wide wavelength tunable range fibre ring lasers.
Bi-EDF can be highly doped with erbium ions without suffering from pair-induced
quenching and clustering effects, just 0.85-m of Bi-EDF was used, resulting in highly
stable operation due to its short-cavity. An ultrawide 106 nm continuously tunable
Bi-EDF ring laser was achieved with the aids of a tunable MEMS filter. Due to the
onset of the nonlinear behaviour of the MEMS filter at low handling optical power,
the output power of the ring laser is quite low. High output power was attained by
replacing the MEMS filter with a scanning fibre Fabry-Perot filter.
Single-longitudinal mode fibre ring laser with very narrow linewidth was realized by
using a piece of unpumped EDF which acted as a saturable absorber in the laser cavity.
The linewidth of the fibre ring laser was measured by two optical mixing methods and

a linewidth of 1.17 KHz was measured by the delayed self-heterodyne technique.

Two kinds of wavelength-switchable fibre ring laser based on polarization wavelength
selection were also investigated and demonstrated experimentally. One laser
employed an unbiased FP-LD which behaves both as a polarizer and as an etalon filter,
and eight lasing wavelengths switching was achieved. The wavelengths of the laser
output are from 1552.98 nm to 1560.80 nm with a separation of 1.1 nm, which is
defined by the FP mode of the FP-LD. The wavelength variation and peak power
fluctuation of the relatively long-cavity laser were about 0.03 nm and 0.8 dB,

respectively, in a 2-hour stability test. The second configuration of wavelength-
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switchable fibre ring laser employed a short length (about 0.85 m) of Bi-EDF as the
gain medium to realize a short cavity. Thirty-five switchable wavelengths were
achieved in the range of 1545 nm to 1573 nm with a wavelength separation of 0.8 nm,
which is defined by the peaks of an F-P etalon filter. The laser exhibited high output
power of about 0 dBm, high SMSR better than 45 dB and output power flatness of 3
dB. The switching frequency of this fibre ring laser was measured to be as high as
10 kHz. Excellent wavelength and power stability of 1 pm and less than 0.15 dB,

respectively, were observed during a 2-hour stability test.

In the research of RVOA, two types of RVOA were demonstrated. One type was
based on fibre couplers. The measured attenuation range was about 9 dB for the
2-coupler RVOA and about 22 dB for the 3-coupler RVOA as well as for the coupler
RVOA with a Faraday rotator mirror. Typical PDL of the fibre coupler RVOAs was
about 5 dB, which can be reduced to 0.5 dB by using the configuration with a Faraday
rotator mirror. The second type of RVOA investigated in this project was fabricated
with polymer waveguide. The negative tone epoxy Novolak resin (ENR) polymer
was used as the core waveguide material and UV-cured resin Norland Optical
Adhesive 61 (NOA61) polymer was used as the cladding layer material. The design
cross section of RVOA was 2.7x2.7 um?, which support single mode operation, and
the total effective area occupied by the RVOA is about 4x7 mm? A dynamic range
of 15 dB attenuation range was achieved and the PDL was less than 0.2 dB. The

measured insertion loss of waveguide was about 18 dB, which was too large and it
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was mainly caused by coupling loss, unsmooth edges of waveguide and imperfect

position alignment.

In this project, an entirely new design technique based on MMI structure for the
construction of low-loss waveguide crossings was proposed. The technique was
verified by the two-dimensional beam propagation method. Waveguide crossings
designed with the new technique and that with the width taper structure were
compared in orthogonal waveguide intersections. Simulation results showed some
advantages of the MMI structure technique over the width taper structure technique.
The application of MMI structure in small angle intersection, which is crucial for
increasing the density of planar lightwave circuits, was also demonstrated and the
small angle intersection with low insertion loss can be realized with MMI structure

technology.

7.2 Future Work

During the course of this investigation, some promising directions have been

identified but could not be followed due to the time limit and the lack of equipment.

We have the following suggestions for future work.

1.  Reduce the insertion loss of the polymer waveguide RVOA.

The insertion loss of the designed polymer waveguide RVOA was very high,
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which can be reduced by using a taper structure in waveguide design.
Moreover, inverse taper structure [1] can also be used to reduce the insertion
loss greatly, but high precision fabrication is needed which was not available

during the course of the project.

2.  Reduce the effective area of the polymer waveguide RVOA.

The radius of the designed curve waveguides was about 2 mm, which could be
reduced if larger refractive index material was used. The recent emergence
of the interest in photonic band-gap (PBG) material suggested that even
smaller waveguides could be achieved with this technology. Linear defects
waveguides in PBG can transmit electromagnetic waves efficiently through

sharp corners without appreciable losses [2].

3. Add heat electrode on the top of RVOA waveguide

In this project, the RVOA coupler region was heated through the substrate
from the thermoelectric cooler. This is a slow process and the power
consumption is large. It is more effective and faster if a metalized electrode

is deposited on top of the polymer waveguide to heat it directly.

4.  More RVOA integrated with AWG to realize the DGE in one chip.
The ultimate goal of the polymeric RVOA array is integrate them to AWG.

Future work on this front would require a good fabrication facility.
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5. Wavelength-switching based on phase-changed device in the cavity.

A polarization controller was wused in the laser cavity to realize
wavelength-switching, but the polarization controller is difficult to select the
wavelength of the laser because the polarization controller varies both the
polarization state and phase difference simultaneously. According to the
polarization wavelength selection principle, wavelength switching in fibre ring
laser can be realized by the phase change in two orthogonal waves. It would
be more easily to switch the wavelength if a phase-changed device is

employed in the cavity.
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