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Summary

Summary
Wavelength division multiplexing (WDM) is an attractive technology that enables the
transmission of multiple wavelength channels on the same large-bandwidth optical fiber,
resulting in a huge increase in transmission capacity. For implementation of the next
generation of optical networks to meet the ever increasing demand of the end-users, it is
essential to develop low-cost WDM optical sources with tunable features for flexible
control of the wavelength channels such as the ability to tune the center wavelengths and
the wavelength spacings of the wavelength channels. Considering that the complexity and
cost of the WDM optical sources will increase as the number of wavelength channels (or
subscribers) increases, multiwavelength optical sources capable of simultaneously
generating multiple lasing wavelengths are highly desirable in the WDM networks.
Furthermore, multiwavelength optical sources have other useful applications, which
include fiber-optic sensing, and test and measurement of WDM components.

This thesis documents the design and development of several novel tunable
multiwavelength fiber lasers, such as a tunable multiwavelength fiber laser based on a
fiber Sagnac loop filter, a tunable dual-wavelength fiber laser with tunable wavelength
separation, and a tunable and switchable multiwavelength optical source. Exploring the
elliptical-core feature of a polarization-maintaining erbium-doped fiber (PM-EDF) within
the Sagnac loop filter, room-temperature multiwavelength lasing operation with tunable
center wavelengths was achieved. Also a stable and tunable dual-wavelength fiber laser
based on a fiber Bragg grating (FBG) written on a high-birefringence fiber with strain
modulation was also developed, and dual-wavelength lasing operation with very narrow
ii
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Summary

linewidths of the two lasing lines (~ 2.5 kHz) and wavelength separation of as small as ~
0.05 nm was achieved at room temperature. Using this developed tunable dualwavelength fiber laser, a two-tap microwave photonic notch filter with tunable free
spectral range was also developed. Furthermore, a novel thermally tunable and
switchable comb filter based a linearly chirped fiber Bragg grating was also developed.
Using this tunable and switchable comb filter, a novel switchable multiwavelength
optical source with tunable features was developed.
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Chapter 1 Introduction

1

Introduction

1.1 Background

The discovery of the light amplification process in rare-earth doped fibers dates back
more than 40 years. In fact, research on optical fiber-based lasers has begun shortly after
the famous proposal of the optical maser by Schawlow and Townes [1] in 1958 and the
first demonstration of the laser effect by Maiman [2] in 1960. Due to the large attenuation
of the glasses made at that time, the potential use of optical fibers for communications
was not realized until the important paper published by Kao and Hockham [3] in 1966.
Stone and Burrus [4], [5] reported the first silica-based fiber lasers in the early 1970s. Colinearly pumped with the signal by semiconductor diode lasers and emitting continuously
at room temperature, these fiber lasers showed good promise for fiber-optic
telecommunications applications [6]. Since the discovery of practical rare-earth-based
fiber amplifiers and lasers in the mid 1980s, these fiber lasers and amplifiers have
attracted great interest for fiber-optic telecommunication applications, especially the fiber
lasers based on the erbium ion, which has a radiative transition around 1.55 urn that also
corresponds to the lowest attenuation transmission window in silica fiber. Despite the fact
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that its operating principle is based on a three-level laser system, the erbium ion in silica
can be made into a very potent gain medium when it is implemented in fiber form. The
lasing wavelength of a single-wavelength fiber ring laser can be tuned by adjusting the
intra-cavity optical filter placed within the laser cavity. The erbium-doped fiber laser
(EDFL) has many advantages over a bulk solid-state laser which include [7]:

•

High pump efficiency and power; Since the core of the glass fiber can be made to
only a few microns in diameter, the small mode-field diameter of the waveguided
pump light can yield a much higher pump intensity in a fiber laser than that in a bulk
solid-state device, resulting in a reduction in the lasing threshold.

•

Compact gain medium: Although in fiber form, the doped fiber containing the gain
medium can be quite long depending on the application requirements (e.g. output
power); however, the EDFL is still more compact than the bulk solid-state laser.

•

Reducing cost and system complexity: The fiber-based laser has an additional
advantage over the bulk solid-state laser because it alleviates the need for an
additional delivery fiber, thus reducing the system cost.

•

Low noise: Fiber lasers inherently have very low levels of relative intensity noise
(RIN).

•

Tunability: The tuning range of the EDFLs can be much higher than that of the
semiconductor lasers.

•

Large operation bandwidth: The EDFL can be quite broadband because the erbiumdoped fiber amplifier (EDFA) used in the fiber laser has a broad amplification
bandwidth in the C-band and L-band.

•

Narrow linewidth: A laser linewidth of as small as 750 Hz has been demonstrated [8].

2
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Multiwavelength lasing operation can be achieved by using various approaches such as
those based on semiconductor lasers and erbium-doped fiber technology. Gain-guided
Fabry-Perot semiconductor lasers naturally generate a wavelength spectrum with multiple
lasing lines; however, the output spectrum is not flat. Furthermore, the lasing wavelength
spacing is fixed by the lengths of the cavities during fabrication of the semiconductor
chip. Thus, it is very difficult to obtain accurate lasing wavelength spacing because the
fabrication

process requires a precision of the order of 0.1 urn, although

temperature/current tuning of the laser can be taken into account.

A more direct approach to obtain a multiwavelength lasing operation with a uniform
spectrum is to combine the lights from a laser array into the same fiber. Young et al. [9]
have realised an array of sixteen distributed Bragg reflector (DBR) lasers, with each laser
being followed by an electro-absorption modulator. A 16x1 multiplexer combines all the
lasing signals into a semiconductor-based booster amplifier stage before the output.
However, due to its complexity, this structure has very low yields and is costly.
Furthermore, it can be very difficult to achieve the regularity of the channel spacing when
the channel count is high.

Fiber lasers also offer great possibilities as multifrequency sources. Their ease of
fabrication has yielded many ingenious designs. For multiwavelength fiber laser sources,
they generally have two common characteristics: 1) a means of obtaining gain at several
wavelengths simultaneously and 2) one or more filters are needed to define the lasing
wavelengths. However, the biggest challenge in producing a multiwavelength lasing

3
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output with an EDFL is the fact that the erbium ion saturates mostly homogeneously at
room temperature, preventing stable multifrequency operation. One straightforward way
to solve this problem is to use a single gain medium for every lasing wavelength, but this
will increase the laser source's cost and complexity dramatically when the number of
required lasing wavelengths is high. For the case of a single gain medium, a
straightforward approach to solve the problem of homogeneous gain broadening is to
cool the erbium-doped fiber (EDF) to 77 K with liquid nitrogen, thus rendering the gain
medium inhomogeneous and allowing multifrequency operation to take place. But
cooling the EDF down to 77 K is not practical due to the high cost incurred. Besides
cooling the EDF down to the liquid nitrogen temperature, some other methods [10], [11]
have been reported that can achieve multiwavelength lasing operation at room
temperature. Poustie et al. [10] have achieved multiwavelength lasing output by using a
spatial-mode beating filter to enhance the spatial-hole burning effect within the laser
cavity. However, this method is not effective as the multimode optical fiber section
introduces a large cavity loss to the laser source as the splice loss between the single
mode fiber (SMF) and the multimode fiber is relatively high. Another method to
overcome the EDF's homogeneous broadening at room temperature is to make the laser
cavity inhomogeneous by enhancing the spectral hole burning (SHB) and polarization
hole burning (PHB) [11]. However, liquid nitrogen will still be needed in order to obtain
stable multifrequency lasing lines. Thus, new and stable multiwavelength fiber laser
sources are needed to overcome the disadvantages of the designs mentioned above, and
this forms the main motivation of this research project as described below.
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1.2 Motivation

Multifrequency lasers are of great interest as head-end transmitters in wavelength-routed
local area networks (LANs) [12]. Multiwavelength fiber lasers also have great potential
in testing and measurement of wavelength division multiplexing (WDM) components and
wavelength-selective sub-systems. Specific applications include testing of reconfigurable
optical add/drop multiplexers (ROADMs), photonic switches, and embedded opticalperformance monitors [13]. The multiwavelength laser source also enables per-channel
gain and noise-figure measurements of optical amplifiers, and evaluation of full-channel
system-loading effects [13]. In addition, for applications in research and development,
this source offers significant cost and size reductions when compared to the more
traditional banks of distributed feedback (DFB) lasers. The fact that all the lasing
channels are available simultaneously provides the added advantage of reduced
measurement time when compared to stepping a tunable laser across the channel
spectrum.

Multiwavelength optical sources, especially those capable of emitting light at a number
of well-defined wavelength channels at room temperature, are of great importance for the
next generation of WDM networks. As the required transmission capacity increases, the
number of wavelength channels required in optical communication systems also increases.
The system complexity and cost will increase drastically when the dense wavelength
division multiplexing (DWDM) networks' capacity increases. Multiwavelength fiber
laser sources, which have a number of advantages as mentioned in Section 1.1, have
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recently attracted extensive research worldwide, due to their enormous potential
applications in fiber sensors and optical communications.

To achieve such a multiwavelength fiber laser source, a number of requirements need to
be met. The requirements include a large number of channels over a large wavelength
span, moderate output powers for all the wavelength channels (of the order of 100 uW)
with good optical signal-to-noise ratio (OSNR), spectral flatness, single-longitudinal
mode operation of each lasing line, tuneability and accurate positioning on the
International Telecommunications Union (ITU) frequency grid [14]. However, achieving
all these requirements simultaneously is a very challenging task.

1.3 Objectives
The main objective of this thesis is to design and develop several multiwavelength fiber
laser sources for applications in the optical communication applications. One aim of the
thesis is to develop a multiwavelength fiber laser with both tunable center wavelength
and wavelength spacing. First, a tunable room-temperature multiwavelength fiber laser
based on a Sagnac loop filter is developed and it will be described in Chapter 3 [15]. The
advantages offered by the fiber laser include all-fiber structure, low insertion loss, low
cost and stable room-temperature operation. In order to investigate the effects of stability
and polarization on the performance of the multiwavelength fiber laser, a stable dualwavelength fiber laser with tunable wavelength spacing using an all polarizationmaintaining (PM) cavity is also demonstrated and it will be described in Chapter 4 [16].
Due to its all-PM laser cavity, the dual-wavelength fiber laser is extremely stable under
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room-temperature condition, and has useful application in microwave photonics, that is, a
novel tunable microwave photonic notch filter based on this dual-wavelength fiber laser
is proposed and it will be described in Chapter 5 [17].

Another aim of the thesis is to design and develop a thermally switchable and discretely
tunable comb filter using a linearly chirped fiber Bragg grating (LCFBG) and it will be
described in Chapter 6 [18]. As an important application of this tunable comb filter, a
multiwavelength optical source is developed based on this comb filter as described in
Chapter 6.

1.4 Major Contributions

The original contributions of this thesis are summarized below.
•

A tunable multiwavelength fiber laser source based on a Sagnac loop filter is
developed to realize room-temperature multifrequency lasing generation (see
Chapter 3).

•

A stable dual-wavelength fiber laser with tunable wavelength spacing based on an
all-PM linear laser cavity is also developed (see Chapter 4).

•

Implementation of a novel tunable microwave photonic notch filter with tunable
free spectral range (FSR) based on the dual-wavelength fiber laser as described in
Chapter 4. Development of a multiple-tap microwave photonic filter using a
multiwavelength ring laser is also presented in Chapter 5.

•

Design and development of a new thermally switchable and tunable comb filter

7
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based on a LCFBG (see Chapter 6).
•

Design and development of a novel switchable and tunable multiwavelength
optical source based on the optical comb filter (see Chapter 6).

1.5 Thesis Outline

The introduction of EDFLs and FBGs is given in Chapter 2. First, the physics of
amplification in erbium ions is introduced and the fundamentals of EDFA are described.
Section 2.2 presents the mathematical modeling of EDFAs, which provide the optical
gain in EDFLs. The theory, characteristics, and fabrication of fiber Bragg gratings (FBGs)
are presented in Section 2.3. And the existing techniques of multiwavelength EDFLs
(MEDFLs) are also briefly reviewed.

The lasing wavelengths of the MEDFLs are mainly determined by the wavelengthselection component within the laser cavity and the gain medium used to achieve a broad
amplification bandwidth.

Chapter 3 presents a stable room-temperature multiwavelength fiber laser with tunable
center wavelength using the Sagnac loop filter. The principle of the Sagnac loop filter is
described in Section 3.2. The detailed description of the tunable multiwavelength fiber
laser is presented in Section 3.3. The tunability of the laser's center wavelength and
wavelength spacing is described.

Chapter 4 presents the proposed dual-wavelength fiber laser with tunable wavelength

x
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spacing. The method used to measure the laser linewidth is described in Section 4.2. The
detailed description of the dual-wavelength fiber laser is presented in Section 4.3. The
wavelength-spacing tuning mechanism of the fiber laser is described.

Chapter 5 presents the application of the dual-wavelength fiber laser described in Chapter
4 in the implementation of a novel microwave photonic notch filter. Based on the
proposed dual-wavelength fiber laser, a two-tap microwave photonic notch filter with
tunable FSR is designed and developed and will be described in Section 5.3. The
simulation results are confirmed by the experimental results. The relationship between
the applied strain and the notch filter's FSR is described. Also, a multiple-tap microwave
photonic filter based on a multiwavelength ring laser will be presented in Section 5.4.

Chapter 6 presents the design and development of a new switchable and tunable optical
comb filter. The switching of the filter's transmission peaks and tuning of the wavelength
spacing are described in Section 6.2. The use of heat sinks to improve the performance of
the comb filter is discussed. The bandwidth and switching time of the optical comb filter
are also described. And a multiwavelength optical source based on the proposed optical
comb filter is presented. Section 6.3.2 describes the experimental setup of the
multiwavelength optical source. The tuning and switching of the generated lasing
wavelengths are described in Section 6.3.3.

Finally, Chapter 7 presents a summary of the thesis as well as the recommendations for
future work.

9
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2

Literature Review

In this chapter, the modeling of amplification from an EDF is presented. The physical
process of amplification in the EDF will be described in detail, and the simulation
algorithm will be highlighted. The theory, characteristics, and fabrication of FBGs are
presented, and their applications in fiber lasers are reviewed. The various laser
configurations of EDFLs are briefly introduced. And the existing techniques of MEDFLs
are briefly reviewed. The fundamental background described in this chapter will be useful
for the remaining chapters of the thesis.

2.1 The Physics of Amplification in Erbium-Doped Fiber
The performances of EDFLs and EDFAs are governed by the relevant electronic and
optical characteristics which include the active ion, cross sections, spectral shapes of the
emission and absorption bands, excited state lifetime, ion-ion interaction, as well as the
static and dynamic ion-lattice interactions. Thus, the type of the active ion of the fiber
laser's gain medium is a critical factor that determines the performance of the laser
source. The importance of the erbium ion (Eri+) as an active ion has been recognized
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since the middle of 1980s. One reason for the important characteristic is shown in Fig. 21, which presents the Er3+ luminescence spectrum for a Ge/P-silica fiber [19]. The
emission spectrum shows an optical gain of over 20 dB in the wavelength range of 1530
nm and 1560 nm, which corresponds to the lowest 1550 nm attenuation window in silica
fiber. A critical factor that determines the successful application of EDFAs in optical
communications is the long lifetime of the metastable state, which permits the required
high-population inversions to be obtained under steady-state conditions using modest
pump powers.
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Figure 2-1: Measured emission spectrum of Er3+-doped Ge/P-silica fiber [19].

Erbium is a transition metal of the rare-earth series. In a glass matrix, erbium forms
trivalent ions with a [Xe]4f" 5s2 5p6 electronic structure. All visible and infrared erbium
transitions come from electrons in the 4f layer [20]. Since this layer is partially isolated
by the 5s and 5p layers, the erbium absorption and emission spectra are relatively
unaffected by the type of glass matrix used. As for many rare-earth ions, the metastable
level of erbium is well separated from the lower laser level, rendering non-radiative
n
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transitions difficult and favoring fluorescence [20]. The principal energy levels of the
erbium ion are illustrated in Fig. 2-2, where possible pump wavelengths and the
nomenclature of energy levels in spectroscopic notation along with their lifetimes are
indicated.
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Figure 2-2: Schematic diagram of erbium ion's energy levels with the corresponding
lifetimes [21].

Many different pump band levels exist and all are reachable with a known laser system.
These lasers pump erbium ions from the fundamental level ( 4 I 15/2 ) up to an excited pump
level (e.g. 4I9/2 level for a pump in the 0.8 um wavelength band). From there, ions will
quickly and non-radiatively decay to the metastable level 4 I 13/2 . The very short lifetimes
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of the pump levels relative to those of the metastable levels allow the accumulation of
ions in the metastable level and the formation of a population inversion between the
lower (fundamental) and (metastable) energy levels. However, since the erbium ions
operate on a three-level laser system (i.e. the laser transition is between the metastable
and fundamental levels), there is a need to counteract the signal absorption from the
fundamental level before transparency is obtained. And this is not the case in four-level
systems such as neodymium, where gain is observed at very low pump powers. The
three-level nature also causes the erbium ion to be a gain medium with an optimal length,
as will be discussed in the following sections.

The most direct treatment of the EDFA begins with a pure three-level atomic system [22].
The most important characteristics of the amplifier can be obtained from this simple
model and its underlying assumptions. A detailed model for the simulation of a typical
EDFA will be presented in Section 2.2.

2.2 Modeling of Erbium-Doped Fiber Amplifier
2.2.1 Amplification in Three-level Systems
A three-level system as depicted in Fig. 2-3, with a ground state denoted by 1, an
intermediate state labeled as 3 (into which energy is pumped), and state 2 is considered
here. Since state 2 often has a long lifetime in the case of a good amplifier, it is
sometimes referred to as the metastable level. State 2 is the upper level of the amplifying
transition and state 1 is the lower level. The populations of the levels are labeled Nx, N2,
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and Ni. This three-level system is intended to represent that part of the energy level
structure of £>3+that is relevant to the amplification process. As is well known, in order
to achieve amplification, a population inversion between states 1 and 2 is needed, and
since state 1 is also the ground state, at least half of the total population of erbium ions
needs to be excited to level 2 to achieve the population inversion.
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Figure 2-3: The three-level system used for the amplifier model. The transition rates
between levels 1 and 3 are proportional to the populations in those levels and to the
product of the pump flux (j>v and the pump cross section o p . The transition rates between
levels 1 and 2 are proportional to the populations in those levels and to the product of
the signal flux </>s and the signal cross section o s . The spontaneous transition rates of the
ion (including radiative and nonradiative contributions) are given by r32 and r21 [23].

One can take a particular advantage, in the case of the EDFA, of the fact that the light
fields are confined in the fiber core of very small dimension. The light intensities
confined in the fiber core are thus very high, over long distances, and population
inversion is achieved with relatively small pump powers. In the modeling process within
this thesis, the problem is considered to be one dimensional. That is, the pump and signal
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intensities as well as the erbium ion distribution are assumed to be constant in the
transverse dimensions, over an effective cross-sectional area of the fiber.

The incident light intensity flux at the frequency corresponding to the 1 to 3 transition (in
number of photons per unit time per unit area) is denoted by <f> , which corresponds to the
pump. The incident flux at the frequency corresponding to the 1 to 2 transition (in
photons per unit time per unit area) is denoted by <ps and corresponds to the signal field.
The change in population for each level arises from absorption of photons from the
incident light field, from spontaneous and stimulated emissions, and from other pathways
for the energy to escape to a particular level. Here, the transition probability from level 3
to level 2 is denoted to be7"32. This is the sum of the nonradiative and radiative transition
probabilities, and in practice, for the most typical cases, is mostly nonradiative. r2X is the
transition probability from level 2 to level 1. In the case of the V13 2 (level 2) to
4

/ I5 2 (level 1) transition of the Er3+ ion, rix is mostly due to radiative transitions. This is

due to the fact that there are, for.£V3+, no intermediate states between levels 1 and 2, to
which ions excited to level 2 can relax. Here, the transition probability from level 2 to
level 1 is defined to be r2X = l/r 2 , where r2 is the lifetime of level 2.

The absorption cross section for the level 1 to level 3 transition is denoted to beer , and
the emission cross section for the level 2 to level 1 transition by crs. The absorption and
emission cross sections are assumed to be those for transitions between individual
nondegenerate states and are thus equal. The rate equations for the population changes
are written as [23]
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dN
-± = -r32N3+(Nl-Ni)^pap
dN
—i = -r217V2 + r n JV 3 -(N2 -Nx)<f>s<xs
a/
dN
^1 = r217V2 - (JV, - J V 3 ) ^ + (tf2 - NM,o,

(2.1)

(2.2)

(2.3)

It is important to realize that, even in a simple one-dimensional model of the fiber
amplifier, the transverse shape of the optical mode and its overlap with the transverse
erbium-ion distribution profile are important. In general, this can be parameterized by a
factor known as the overlap factor. Only the portion of the optical mode that overlaps
with the erbium-ion distribution will stimulate absorption or emission from the Eri+
transitions. The entire mode, however, will experience gain or attenuation as a result of
this interaction. For example, for a step index fiber, if the erbium is doped only in the
fiber core, since part of the optical mode extends into the cladding, only that part of the
optical mode that is in the core will experience the effect of the Er3+ presence, which can
be used advantageously. By doping the erbium only in the very center of the fiber core,
the erbium ions will only "see" the very high intensity portion of the optical mode and the
pump can more easily invert the maximum number of £>3+ ions.

In the one-dimensional case, the light field intensities l(z) are derived from the light
field powers P(z) by the following simplified relationship [23]:

W-&FA

(2.4)

eff

where r is the overlap factor, representing the overlap between the erbium ions and the
mode of the light field, Aeff is the effective cross-sectional area of the distribution of
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erbium ions, and z is the distance along the EDF.

In fact, the energy levels of rare earth ions are composed of relatively we 11-separated
multiplets, each of which is made up of a certain number of broadened individual levels.
The pumping level 3 is assumed to belong to a multiplet different from that of level 2,
and there is rapid relaxation from level 3 to level 2. For all practical purposes, the
population in level 3 is then effectively zero and the rate equations involve only the two
levels 1 and 2, with level 3 being involved only via the value of the pump absorption
cross section from level 1 to level 3. In certain pumping configurations, level 3 can be
identical to level 2 in the sense that the upper pump level and the upper amplifier level
belong to the same multiplet.

Having reduced the three-level system to an effective two-level system, the rate equations
involving only the total population densities of multiplets 1 and 2 can be written as [22],
[22]
4L = -r2lN2 + (N,a<f - Nrf')*,

^ L = r2lN2+(N2a(f
where cr^, cr^e), a^,

- (N2a(;> - Nj?»,

-N,G<:>)<l>s-(N{tj<°p>-N2o(;>)<t>p

(2.5)

(2.6)

and a^ represent the signal and pump absorption and emission

cross sections, respectively [24]. The McCumber relationship describes an accurate way
of obtaining the emission cross section from the absorption cross section. Let us consider
the absorption cross section of erbium ions in the 1.5 urn region. The McCumber
relationship between the emission cross section, a(e), and absorption cross section, cr(a),
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is given ascrM(v) = a{a)(o)e{e
4

hu)lkT

, where e represents the mean energy of the4I13/2to

I I5/2 transition, v is the frequency of the light, h is the Planck's constant, k is the

Boltzmann constant, and T is the temperature at which thermal equilibrium is reached.
Note that the total population density N is given by [23]
N = Nl+N2

(2.7)

2.2.2 Modeling of Gain and Amplified Spontaneous Emission
The erbium-ion concentration, the lifetime of the upper state of the amplifier transition,
and the overlap integrals for the pump and signal modes are needed in the model. It is
assumed that, for the present case, a very simple erbium-ion distribution across the fiber
core where the distribution is uniform from r = 0 to r = R, where R is equal to or less
than the core radius. In the so-called confined erbium-doped fibers, R will be smaller than
the core radius. The intensities of the light fields will be averaged from r = 0 to r = R to
obtain an effective intensity that can be used in the one-dimensional model. This
simplification of the transverse variation of the light intensity and the erbium-ion
distribution will allow us to obtain a reasonably accurate model of the spectral shape of
the amplified spontaneous emission (ASE) at the output end of the fiber.

From Section 2.2.1, the ion population density in the upper level A^2 as a function of the
light-field intensities and the total ion density N is written as [23]

ho,
£

N

s

* ^
ho,

^> hv,
rr—h;

A

'J

hvB "
p
-

Lus

hVj

(2.8)
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where I/v.) is the ASE signal intensity at frequency o. (I/vJ =

——, where A is
A

the effective cross-sectional area of the distribution of erbium ions, PA(v)\s the ASE
power at frequency o; , and ro is the overlap factor of the ASE and the erbium
distribution), h is the Planck's constant, r is the lifetime of the upper level N2(r = 1/T21)
as we have reduced the three-level system into a two level system, and Is (Is - hvs<f>s)
and Ip(Ip = hop(j>p) are the signal and pump intensities, respectively. One signal and one
pump are included here, which can either be copropagating or counterpropagating with
the signal. It is assumed that the fiber is single moded and has the lowest-order mode for
a step index fiber. The ASE is divided into components representing the power present in
bandwidth Av] that is centered at frequency w;.

The population N2 in equation (2.8) can now be written in terms of the field powers [23]
xa°

Ta°

TO-;

rp + y — J - r Vjp {» ) +— p —r P
Ahvr»
> Ahv,
'
Ahvp
l
N2=—
—
^
—-^
-£- —
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v . TK + < )
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(2.9)

''rp + Y — - — — r p (n )+ p—p—r p +1
]

'S.+Lj

Ahv_

I

»/A(VJJ+

Ahv

i„rp+i

where the r, (i.e. rs,Tv ,T ) are the overlap factors between the light-field modes and
the erbium distribution, Ps is the power of the signal (Ps = Ahv^ IT',); and P is the
power of the pump (Pp = Ahvp<pp ITp), and A = KRC2 is the effective area of the erbium
distribution, where Rc is the radius of the fiber core.

Each ASE power, P/Vj), is composed of a forward-traveling ASE component, P*(v ) ,
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and a backward-traveling ASE component, PA(v}), such that [23]
PA(vJ) = P^vJ) + PA(oJ)

(2.10)

The field propagating equations can be written in terms of the field powers. Only that part
of the optical mode that overlaps with the erbium-ion dopant will experience gain and
attenuation so that the overlapping parameters are also included in the propagation
equations. The parameters of the fiber background loss for the pump, signal and ASE are
assumed to be a(°a>, a(f0) and a(°0), respectively. The equations for the pump power P ,
signal power Ps and ASE power, PA(Vj) and PA(v ) can be written as [23]
dP
—L = Qia«) _ Na<°>)f
.

I

2 p

1 p /

p _ a (°»)p
p

p

p

(2.H)
V

p

dP

-f- = (N2a(;> - Nrf> )rsPs - a(f>Ps
dz
,

"PAJVJ)

(2.12)

-a^P+A (v;)

• = (N2a<:> -Nxa<:;)r,P;(Vj) + Nrffrjn/Vj
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r
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,

>

,
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(2.13)

(2.14)

Assume that the same overlapping parameters can be used for both the signal and ASE as
they are both near the 1.5 |am wavelength. The ASE power in the channel centered at
frequency vj propagates as one signal with an input power of 0 at z = 0 for the forwardpropagating ASE and another signal with an input power of 0 at z = L (L is the length of
the fiber) for the backward-propagating ASE. The model becomes more accurate, but it is
more complex to treat numerically, when the frequency channel spacings, Avj are
chosen to be very small such that the cross sections are essentially constant across Av>j.
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The objective of the simulation program is to compute the output spectrum of the EDFA
over the wavelength range from \ to ^ (whereX2 > \) with a spectral resolution oiAvJ.
To do so, the program has been developed to solve these 2 ^ ^ -X))IAv]+NS

+N ],

where Ns and N are the number of signal sources and pump sources used, coupled
differential equations, that is, one differential equation for each spontaneous emission
wavelength over a pre-defined wavelength range, one for each signal wavelength, and
one for each pump, all in the forward and backward directions, as the signal/pump
reflections at EDF ends caused by a reflector or by unwanted reflections are already taken
into account. Since there is no way of knowing in advance the forward (+) and backward
(-) ASE distributions along the fiber, the simulation program must make an assumption
about the backward ASE at the signal input end (z = 0) if the signal is traveling along
with the pump, in order to perform the integration of the equations over the length of the
fiber with steps 8z. Essentially, there are two ways to solve such a two boundary-value
problem, namely the shooting method and the relaxation method. The boundary value
isPA+(z = 0^ = 0 butPA(z = L) is unknown, while P'A(z = L) = 0 and P~(z = 0)is unknown.
The shooting method is a trial and error approach in which the backward ASE spectrum
at z = 0 is first estimated before the system of equations is integrated from z = 0 to L.
Since the backward ASE power must be null at the signal output end (z = L), it is possible
to correct the first guess for P~A(z = 0) and perform iteration until the boundary condition
PA(z = L) = 0 is met. The shooting method involves solving the equations by propagating
the light fields forward and backward along the fiber, using the known boundary
condition and a guess value of the unknown boundary condition for the signal, pump,
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forward ASE and backward ASE, until a self-consistent solution is found. Thus, this
method is not very practical and is very time consuming since its complexity, low
convergence, and the results may be greatly influenced by the estimation method for
solving the backward-ASE spectrum.

The relaxation method makes iterative adjustments to the solution. First, integration of
the equations is performed along the signal propagation direction (from z = 0 to L)
without considering the backward ASE. Then, considering the backward ASE, integration
in the reverse direction (from z = L to 0) is performed using the previously computed
forward ASE distribution, and the first estimate of the backward ASE distribution is
obtained. By performing the iteration this way with the boundary conditions of the
previous iteration, it is possible to obtain a fast and precise convergence to a solution by
the nature of the rate equations involved. The fact that the backward ASE was ignored in
the first integration process overestimates the signal gain and the forward ASE, and
underestimates the backward ASE in the second iteration process. However, in each
iteration, the underestimation of the backward ASE decreases, and the solution is reached
asymptotically, which is contrary to the shooting method that can lead to oscillations
around the actual solution. The iteration process is stopped by adding an accuracy
condition between iterations (e.g. a computed signal gain value changes by less than
0.001 dB).

In this study, the relaxation method has been used to calculate the EDFA gain with the
help of the powerful software (Matlab 6.1), considering a frequency channel Avj to be as
small as 0.2 nm. The erbium-doped fiber's parameters are given as follows: the overlap
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factor are r = 0.40 at 1530 nm and 1550 nm, and F = 0.43 at 1500 nm; the fiber length
is 8 m; the fiber has a concentration of erbium ions of 7V = 9.8xl024m"3; the fiber has a
numerical aperture of 0.23 and a cut-off wavelength of 900 nm. After iterating for about
20 times, the program converged to a solution with a satisfactory accuracy by setting an
accuracy condition between iterations to be as small as 0.001 dB. A small input signal
(-40 dBm) within the whole wavelength range (from X,= 1500 nm to X2= 1600 nm)
was used in the simulation. As an example to demonstrate the effectiveness of the
simulation program, one simulation result of the EDFA is shown in Figure 2.4.
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Figure 2-4: Simulation result of the erbium-doped fiber amplifier.

Finally, only a few adjustments are required to make the EDFA simulation program work
in order to model the erbium-doped fiber laser operation. But a specific type of laser
cavity must be taken into account. As in a linear cavity, instead of using the previously
stated boundary conditions on the ASE distribution, the new boundary conditions would
become P*(z = 0) = Rlx P~(z = 0) and P;(z = L) = R2x P*(z = L) , where #, and R2 are
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the reflectivities of the back and front reflectors, respectively.

2.3 Erbium-Doped Fiber Lasers
2.3.1 Single Frequency Fiber Lasers
An EDFL can be viewed as an EDFA operating in a particular regime, where coherent
oscillation of ASE occurs due to some means of feedback. Thus, the EDFLs and the
EDFAs are defined as follows. EDFLs are used as sources for coherent optical carriers,
while EDFAs are used as traveling-wave amplifiers for coherent optical amplification.
Continuous-wave, single-frequency lasers are required in a wide range of communication,
sensor and spectroscopic applications. In addition, with system integration and
miniaturization being emphasized, device compatibility with fiber and optic waveguide is
essential. Although both semiconductor and miniaturized bulk solid-state lasers are viable
optical sources, they require feedback and alignment insensitive integration into
fiber/waveguide systems. Due to EDFL's inherent advantages which include all-fiber
structure, high efficiency slope, broad operation bandwidth around the 1550 nm
wavelength band, and full compatibility with the fiber-optic networks, EDFLs have
attracted intensive interests all over the world since the early 1990s [44] ,[45]. Generally,
the resonators within the EDFL are categorized into three structures, namely, linear cavity,
ring cavity, and coupled cavity. Next, major developments in single-frequency EDFL
technologies will be reviewed for these three kinds of laser cavities.

1. Linear cavity EDFL
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The linear, or Fabry-Perot, cavity is the most common laser cavity structure. The fiber
laser, in its most elementary form, can be described as a length of EDF enclosed by two
reflectors. This simple resonator configuration is schematically illustrated in Fig. 2-5. In a
forward-pumped linear cavity EDFL, the pump light is injected through a wavelengthdependent reflector (WDR) which is, ideally, perfectly transparent at the pump
wavelength and perfectly reflective at the signal wavelength. The output coupler and the
WDR mirror form the complete linear cavity. Note that the output coupler must be highly
reflective at the pump wavelength to recycle the unused pump power back into the cavity,
thus enhancing the laser's pump efficiency and ensuring no residual pump appearing at
the output port. The output coupler reflectivity in the signal wavelength band can either
be broadband, leading to a lasing wavelength determined by the gain curve of the EDF, or
wavelength-selective, leading to a lasing wavelength selected, and possibly tuned, by the
output coupler. The linear cavity configuration is interesting due to the engineering
simplicity, increased efficiency, improved reliability, and low cost.

EDF
pump
Isolator

output

\

M1

M2

Figure 2-5: Schematic diagram of a linear cavity EDFL. M1: pump WDR mirror, M2:
output coupler [25].

3. Ring cavity EDFL

The ring cavity design is the most common type of EDFL configuration found in the

25

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2 Literature Review

literature. It is a simple cavity to build, and in its simplest form, the output of an EDFA is
fed back into its input using a coupler to form a ring cavity laser as illustrated in Figure 26.

LD
Pump

Optical
Filter

1

PC

WDM
coupler

Isolator

EDF

Output
Coupler

Figure 2-6: Schematic diagram of a typical ring cavity EDFL.LD: laser diode; PC:
polarization controller, WDM coupler: wavelength division multiplexing coupler [25].

Besides its simplicity, a ring cavity that includes an optical isolator has the advantage of
achieving traveling-wave operation, unlike the standing-wave operation of most linear
cavity lasers. The traveling-wave operation is advantageous because it prevents the
spatial hole burning from occurring. When a standing-wave pattern is established in a
laser cavity, it will form a gain grating in the erbium-doped fiber. For the wave that forms
this gain grating, the round-trip gain is reduced because the gain is locally saturated on
the standing-wave pattern. Frequency hopping to other longitudinal cavity modes is
possible since neighboring modes may have a higher (unsaturated) gain. Usually, when
no cavity filters are used, linear cavity lasers are less stable in output power and
frequency than those of ring cavity lasers. Wavelength selectivity can be achieved by
using the optical filter within the ring cavity, using either a tunable optical bandpass filter
or an FBG operating in the reflection mode. Ring cavity EDFLs use the gain provided by
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the EDF more efficiently and have a FSR that is twice as large for the same cavity length,
compared to the linear cavity lasers.

3. Coupled cavity EDFL

A typical coupled-cavity EDFL is the Fox-Smith resonator laser [26] as shown in Figure
2-7. The Fox-Smith resonator is a directional-coupler resonator with three mirrors
creating two coupled cavities. Each of the cavities operating individually will produce a
set of resonances. The first cavity is made of a dielectric mirror rx, which has a high
reflection coefficient at the signal wavelength and is highly transparent at the pump
wavelength, and a dielectric mirror r4. The second cavity is composed of the mirror r,
(the common mirror) and a diffraction grating. The transmission of the complete
resonator is high when both of the constituent cavities are at resonance and low when
only one cavity is at resonance. If the cavity lengths are chosen to be in the ratio of two
integers which are close, but not equal in value, the frequency spacing of the two
transmission peaks will be made to be significantly further apart than the frequency
spacing of either of the transmission peaks of the cavities acting individually. This is an
example of the Vernier effect. When a gain medium, such as erbium dopant, is
incorporated into the fiber, lasing will take place preferentially at frequencies which
simultaneously satisfy the resonance conditions of both cavities. The lasing modes will
then be sufficiently apart that one of them may be selected with the use of the diffraction
grating.
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Figure 2-7: Schematic diagram of a fiber Fox-Smith resonator laser [26].

The lasers described above all lase at a single wavelength, and some of them have the
property of wavelength tuning. However, they are not good enough for applications in the
DWDM lightwave systems because they cannot be directly applied to implement multiwavelength optical sources with all the features as described in Chapter 1, which include
a large number of lasing wavelengths over a broad bandwidth, high output power that is
uniformly distributed across the lasing wavelengths, precise locations of the lasing
wavelengths on the ITU frequency grid, and single frequency operation.

2.3.2 Multiwavelength Fiber Lasers
Room-temperature multiwavelength fiber lasers exploiting only one gain medium are
mainly categorized by the gain medium into three different kinds: 1) multiwavelength
EDFLs, 2) multiwavelength fiber Raman lasers, and 3) multiwavelength semiconductor
optical amplifier (SOA) lasers, and they are briefly described below.
28
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•

Multiwavelength EDFLs: EDFLs that can simultaneously generate multiple lasing
wavelengths have been investigated in order to develop simple compact sources
for evaluation of WDM components [27], [28]. As the required transmission
capacity of optical communication system increases, multiwavelength source
technology becomes more important, considering that the complexity and cost of
the source will increase as the number of WDM channel increases [28]. The laser
cavity of the multiwavelength EDFL (see Fig. 2-8) normally consists of an EDFA
and one or more wavelength-selective components such as fiber Bragg grating
(FBG) based filters. The main advantages are their high efficiency and the broad
amplification bandwidth of EDF in the 1550 nm window, which enable a large
bandwidth (C+L band) for multiwavelength lasing operation and a large tunable
bandwidth of the center wavelength with moderate peak power for each
wavelength channels. The main limiting factor of multiwavelength EDFLs is the
homogeneous linewidth broadening of EDF at room temperature which is the
major barrier for achieving stable simultaneous oscillation of multiple lasing
wavelengths. According to the conventional laser theory, each channel output of a
laser containing a gain medium with homogeneous linewidth broadening becomes
unstable due to the gain competition between the lasing wavelengths, and this is
inevitable when two or more frequency components need to satisfy the laser
oscillation condition [29]. A straightforward way to reduce the homogeneous
linewidth broadening of EDF is to cool the EDF down to about 77 K. However,
currently it is still difficult to achieve this even in the laboratory conditions. It is
preferable to take some measures to make the EDF inhomogeneous or to greatly
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reduce its homogeneous broadening linewidth so as to achieve room-temperature
multiwavelength operation.

I). Chirped Grating F-P
77 K
Grating
6nni
film

Erbium-doped r
fiber

Comb
filter

2). Sampled Grating

Figure 2-8: Multiwavelength EDFL configuration using in-fiber comb filters [28].

• Multiwavelength fiber Raman lasers: Multiwavelength Raman fiber lasers have
been investigated for room-temperature lasing operation because of its
inhomogeneous broadening characteristics. A typical six-wavelength Raman fiber
laser [30] is depicted in Fig. 2-9. The lasing wavelengths of the Raman fiber laser
are determined by the six high reflectivities (-99%) of the FBGs as shown in Fig.
2-10. The most obvious advantages of the multiwavelength Raman fiber laser is
the Raman amplifier's extremely wide gain bandwidth (covering both C and L
telecommunication bands) with the use of several pumps at selected wavelengths
and optical powers [30]. Also the wavelength spacing of the lasing output can be
tuned by changing the physical parameters of the gratings [31]. However, the
laser cavity lengths of most Raman fiber lasers are relatively long due to the low
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nonlinear coefficient of the fiber used (which means a very long length, normally
over 1 km, of fiber is required to generate enough Raman gain). Thus the laser
cavity is relatively sensitive to the environment changes such as temperature,
pressure, etc.
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Figure 2-9: Schematic diagram of the six-wavelength Raman fiber laser [30].

•

Multiwavelength SOA laser. SOA is a competitive candidate for roomtemperature multiwavelength fiber laser operation due to its inhomogeneous
characteristics [32]. A recently reported multiwavelength fiber ring laser
exploiting a SOA [33] is schematically shown in Fig. 2-10. The lasing
wavelengths are determined by the comb filter (which is the delayed
interferometer here) within the ring cavity. The main advantages of the SOAbased multiwavelength fiber laser are simple structure, small cavity length, and
stable room-temperature operation. However, in this structure, normally more
than one optical isolator is required in the ring laser cavity to ensure the
unidirectional operation of the multiwavelength fiber laser, and more importantly
to reduce the noise of the SOA. Due to the large noise caused by the SOA, SOAbased multiwavelength fiber lasers' output lasing lines will have lower signal-tonoise ratios than those of EDFLs. Also it is worth noting that proper splicing
between an SOA waveguide and a fiber patch cord is needed to prevent the Fabry-
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Perot resonance from occurring within the ring cavity.
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Figure 2-10: Schematic diagram of the multiwavelength fiber ring laser using an SOA
[33].

The important performance comparisons of these three kinds of multiwavelength
fiber lasers are summarized in Table 2.1. Among these three kinds of multiwavelength
fiber lasers, the multiwavelength EDFL is the most challenging one to develop due to
the homogeneous linewidth broadening of Er3+ at room temperature, while the other
two gain mediums will saturate inhomogeneously.
Table 2.1: Representative performance comparisons of three different type of
multiwavelength fiber lasers.
Type of lasers
(ref.)

Wavelength
range (nm)

Number of
lasing
wavelengths

Pump

Cooled or
uncooled

Type of comb
filter

EDFL
([28])

7

11

980 nm
300 mW

Cooled

Chirped F-P
filter,
Sampled FBG

Raman laser
([31])

13.5

19

1064 nm
4.8-5.6 W

Uncooled

Cascaded LPGs

SOA laser
([33])

20

-50

125-275 mA

Uncooled

F-P filter
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2.4 Fiber Gratings used in Lasers and Amplifiers
2.4.1 Principle of Fiber Bragg Gratings
The emergence of ultraviolet-written fiber gratings with both short and long periods as a
reliable fiber technology has revolutionized the areas of passive and active fiber devices.
Silica fibers doped with germanium can permanently have their optical properties
changed when they are exposed to intense radiation from a laser operating in the blue or
ultraviolet (UV) spectral region. This process is known as the photosensitive effect which
can be used to induce periodic changes in the refractive index along the fiber length,
resulting in the formation of an intracore FBG (see Fig. 2-11).

Optical Fiber

Period
J A i^
Cladding

1111111111

1 111 111 1
Cladding

Figure 2-11: Schematic illustration of an example of a uniform fiber grating. Dark and
light regions within the fiber core correspond to periodic variations of the refractive index
of the fiber, A is the grating period.

The availability of UV-written fiber gratings [34] has resulted in a variety of important
technological advances in fiber-based devices and systems. Fiber gratings have now
become an enabling technology that provides convenient, cost-effective, and reliable
solutions to a multitude of design problems in fiber systems, where the gratings have
been used for applications such as optical feedback, wavelength control, filtering, sensing,
and dispersion compensation [35]. Due to its inherent advantageous features such as ease
of fabrication, spectral selectivity, low insertion loss, low polarization sensitivity and
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ruggedness, the fiber grating technology has had a particularly strong impact on the
design of active devices. For example, the fiber grating technology enables the
fabrication of highly spectrally selective feedback elements directly into the fiber core,
leading to extremely low loss resonators, a unique feature that many other technologies
can not provide. Fiber gratings can be designed to operate over a wide range of
wavelengths ranging from the ultraviolet to the infrared regions. The wavelength region
near 1.5 um is of particular interest because of its important application in fiber-optic
communications. The fiber grating technology is now a well-developed and promising
technique that can be used for the development of a variety of devices for applications in
sensors and communications. Tunable optical components based on intracore uniform
FBGs are one of the promising applications. To select and manipulate different WDM
wavelength channels, tuning of the Bragg wavelength of the FBG is necessary. The Bragg
wavelength of an FBG is given by
XB=2neffA

(2.15)

where XB is the Bragg wavelength, neff is the effective refractive index of the silica fiber,
and A is the grating period. According to Eq. (2.15), tuning of the Bragg wavelength can
be realized by changing the grating period and the effective refractive index of the optical
fiber. Hence, the change of the grating period and effective index can be achieved by
applying strain to a section of the fiber due to the photoelastic effect. Also, it can be
achieved by heating a section of the fiber that contains a Bragg grating due to the
thermooptic effect of the silica fiber.

A chirped FBG is an FBG with monotonically varying period and/or monotonically
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varying refractive index. Figure 2-12 shows a schematic diagram of a chirped FBG with
length Zgand chirped bandwidth AXchirp. Similar to the uniform FBG described in Eq.
(2.15), the local Bragg wavelength of a chirped FBG is given by
XB(z) = 2neff(z)A(z)

(2.16)

where z is the distance along the fiber. Hence, the total chirp of the grating period, AAchirp,
is related to the chirped bandwidth of the grating as
^rp=^eff[A{L)-A{0)y2neffAAchirp

(2.17)

where A(L)and /f(o)are the grating periods at the end and start positions, respectively.

A

A chirp

.Ai.

Fiber L£

/

Figure 2-12: A schematic diagram of a chirped FBG.

It is worth noting that the Bragg wavelength varies along the chirped FBG according to
Eq. (2.16). That is, different wavelength components of an optical signal will be reflected
at different positions along the chirped FBG.

The development of the long-period gratings (LPGs), which couples discrete wavelengths
of the light into lossy cladding modes with extremely low levels of back reflection, has
provided another useful tool for the design of various active fiber devices. Furthermore,
specially designed FBGs can be used to develop tunable optical filters and even tunable
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wavelength selective components such as tunable comb filters for multiwavelength
generation.

2.4.2 Fabrication of Fiber Bragg Gratings
Since the fiber is doped with photosensitive germanium material, the refractive index of
the fiber core can be changed by exposing it under the irradiation of UV laser light.
Photosensitivity in optical fiber refers to a permanent change in the refractive index of the
fiber core when exposed to light with characteristic wavelength and intensity that depend
on the material of the fiber core. Photosensitivity was first observed in an optical fiber
that was exposed to a 488-nm laser light launched into its core [36]. A transverse
inscription method was later used to fabricate Bragg gratings using a direct excitation
wavelength of 240 nm [34]. It was then discovered that photosensitivity could be
improved by up to two orders of magnitude through hydrogenation of the optical fiber
core before grating inscription [37]. The current consensus explains photosensitivity as
being initiated through the formation of color centers [38] that gives way to compaction
of the UV-irradiated glass [39].

FBGs can be distinguished into three main types depending on the types of fibers used,
on the UV radiation bands, and on the UV radiation power. FBGs formed at low UV
radiation intensities are generally referred to as Type I, which is characterized by a
temporary refractive index change of An > 0 and its instability with temperature.
Protracted UV exposure to Type I grating in some instances may result in complete or
partial grating erasure, followed by the generation of Type IIA grating with a highly
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negative An. When the UV irradiation at energy levels greater than 1000mJ/cm2, the
fiber core may be physically damaged [35], resulting in the generation of a Type II
grating with a large refractive index change (of up to An ~ 10~2). It is known that the Type
II grating is the most stable grating against temperature change in these three types of
FBGs.

Fiber gratings can be fabricated using various techniques, with each having its own
merits and limitations. Among them, two commonly used techniques for fabricating the
fiber gratings will be briefly described in this section, and they are the single-beam
internal technique [36], and the phase mask technique [40].

In the single-beam internal technique, the grating formation is initiated by the light
reflected from the far end of the fiber and propagating in the backward direction. The two
counter-propagating waves interfere and create a standing wave pattern with periodicity
of X/(2n), where X, is the laser wavelength and n is the mode index at that wavelength.
The refractive index of silica is modified locally within the regions of high intensity,
resulting in a periodic index variation along the fiber length. One disadvantage of the
single-beam internal method is that the grating can be used only near the wavelength of
the laser. A dual-beam holographic technique can solve this problem and is presented
below.

The dual-beam holographic technique, as shown schematically in Fig. 2-13, makes use of
an external interferometric scheme similar to that used for holography. Two optical beams
obtained from the same laser operating in the ultraviolet region which make an angle of
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29 with respect to the beam axis, are made to interfere at the exposed core of an optical
fiber. A cylindrical lens is used to expand the beam along the fiber length. Similar to the
single-beam scheme as described previously, the interference pattern causes a change in
the refractive index of the fiber, creating a fiber grating. The most important feature of
the holographic technique is that the grating period A can be varied over a wide range by
simply adjusting the angle 9 (see Fig. 2-13).

Figure 2-13: Schematic illustration of a dual-beam holographic technique [35].

The phase mask technique uses a photolithographic process commonly employed for the
fabrication of integrated electronic circuits. The basic idea is to use a phase mask with a
periodicity related to the grating period. The main advantage of the phase mask method is
that the demands on the temporal and spatial coherence of the ultraviolet beam are much
less stringent than the single-beam internal technique because of the non-interferometric
nature of the technique. The phase mask can also be used to form an interferometer using
the setup shown in Fig. 2-14.
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Figure 2-14: Schematic illustration of a phase mask interferometer technique used for
making fiber gratings [35].

The UV laser beam falls normally on the phase mask and is diffracted into several beams
in the Raman-Nath scattering regime. The two first-order diffracted beams interfere on
the fiber surface and form a periodic intensity pattern. The grating period is exactly onehalf of the phase mask period. There are several advantages of using the phase mask
interferometer technique. The technique is insensitive to the lateral translation of the
incident laser beam and is tolerant to any beam-pointing instability. This non-holographic
scanning technique bypasses the need of a master phase mask and fabricates the grating
directly on the fiber, period by period, by exposing short fiber sections of width w to the
high-energy pulse. The fiber is moved by a distance, A (which is the grating period),
before the next pulse arrives, resulting in a periodic index pattern such that only a fraction
w/A in each period has a higher refractive index. The method is referred to as a point-bypoint fabrication since a grating is fabricated period by period even though the period A is
typically below 1 urn. The point-by-point fabrication method is also suitable for the
fabrication of long-period gratings in which the grating period exceeds 10 um and can
even be longer than 100 um, depending on the application. By using different types of
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phase masks, such as a chirped phase mask or a sampled phase mask in the grating
fabrication, special FBGs, such as a LCFBG or a sampled fiber Bragg grating (SFBG)
can be obtained with the phase mask fabrication technique. In this thesis work, the phase
mask fabrication method is employed for the fabrication of LCFBGs, which are used in
comb filter and fiber laser design in Chapter 6 and 7.

2.4.3 Fiber Gratings Used in Active Fiber Devices
In fiber lasers and amplifiers, fiber gratings are becoming an integral part of fiber systems,
for example, in EDFAs, the fiber gratings can provide practical solutions to a variety of
important problems, such as gain-flattening, pump diode reflection and stabilization. And
in single-longitudinal-mode fiber lasers, a promising alternative to DFB laser or DBR
semiconductor laser, beside fiber grating-stabilized laser diodes, is the short-cavity fiber
laser. The introduction of fiber gratings has greatly simplified the design of singlelongitudinal-mode fiber lasers by reducing the number of required components to a
minimum. Robust single-longitudinal-mode lasing operation can be obtained with a
single phase-shifted grating written over the full length of the rare-earth doped fiber, a
configuration which is similar to that of a DFB laser diode [41]-[43]. Single-longitudinalmode fiber lasers have been shown to have high output power, narrow linewidth, low
noise, and excellent wavelength stability and accuracy.

EDFLs have received a lot of attention because of their obvious compatibility with the
1.55 um-based telecommunications systems. EDFLs can be pumped by 980 nm or 1480
nm laser diodes and can lase over much of the erbium gain band. EDFs, however, are not
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well suited for designing single-longitudinal-mode lasers because of their relatively low
pump absorption per unit length. Compared to other rare-earths, erbium ions have
relatively low absorption cross-sections at the usual pump wavelengths, and they can
only be doped in silica fibers at low concentrations to avoid problems due to clustering
and ion-pair interactions. For the length of fiber required for robust single-longitudinalmode laser operation (normally less than ~ 10 cm [44]), a typical erbium-doped fiber is
only able to absorb a few milliwatts of pump power, which results in a 1.55 urn output
power of a fraction of a few milliwatt. More efficient 1.55 p.m single-longitudinal-mode
lasers have been realized in fibers co-doped with erbium (Er) and ytterbium (Yb) [45],
[46]. Er:Yb fibers are designed so that the ytterbium ions absorb most of the pump light
and resonantly transfer the absorbed energy to erbium. As ytterbium does not suffer from
the concentration-quenching problems experienced by erbium and has a larger absorption
cross-section, it is possible to design fibers that can absorb tens of milliwatts of pump
power using just a few centimeters of Yb-doped fiber. Although Er:Yb fibers are
generally free of germania, it is possible to write strong fiber gratings directly into the
Er:Yb doped fiber [47], which has lead to the development of a DFB fiber laser (Fig. 215). Owing to the availability of the fiber grating technology, single-frequency DFB fiber
lasers with a number of unique features have been achieved. These features include the
wavelength accuracy and stability characteristic of the fiber gratings as well as low noise
and high fiber-coupled output power. Their very narrow laser linewidth, which can be as
small as several kilohertz, also makes them extremely attractive for ultrahigh-resolution
interferometric sensing [48]. However, one important drawback is that the DFB fiber
lasers must be externally modulated due to the long lifetimes of the rare-earth ions.
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Er:Yb fibers
2-3 cm
980 nm
pump
Figure 2-15: A typical design of high-power (> 5 mW) single-longitudinal-mode fiber
lasers at 1.55 urn based on erbium: ytterbium doped fibers [46].

FBG-based filters can also be designed as wavelength-selective components for
multiwavelength fiber laser sources. Chow et al. [28] reported multiwavelength fiber ring
lasers using a transmissive wideband Bragg grating based Fabry-Perot resonator [49] and
a reflective sampled Bragg grating [50]. By incorporating two LCFBGs and a tunable
filter with 6 nm tuning range, a periodic comb-like spectrum was obtained with this
transmissive Fabry-Perot filter [49]. Due to the comb filter's all fiber structure, the
insertion loss of the filter is relatively small, which was measured to be ~ 3dB, compared
with those of the bulk dielectric filters. The other type of comb filter is a reflective SFBG,
which is structurally simple and thus reduces the system complexity and cost. However,
the insertion loss of the SFBG was approximately 7 dB, which is dominated by the
insertion loss of the 3 dB coupler which was used instead of a circulator to enable the
reflective Bragg filter to be used in the ring laser cavity. For both laser configurations
using these two types of grating filters, simultaneous multiwavelength lasing outputs with
different wavelength spacing (0.65-1.8 nm) have been achieved at room temperature [28].
The grating-based comb filter is the key component of a room-temperature
multiwavelength fiber laser source, which defines the center wavelength and the
wavelength spacing of the fiber laser. Gu has proposed a multiwavelength EDFL using
cascaded LPGs [51], where the first LPG couples part of the core mode into a cladding
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mode, and the second LPG combines the two modes, resulting in sharp interference
fringes. By using two cascaded LPGs separated by tens of centimeters as an optical comb
filter, up to 21 equally-spaced lasing wavelengths over a bandwidth of 30 nm were
obtained at room temperature. Thus, by applying the FBG-based techniques into the
design of the optical comb filters, multiwavelength fiber lasers can be designed with
greater flexibility.

2.5 Summary
In this chapter, the physics of the EDF amplification has been discussed. One popular
modeling method of the EDFA has been briefly described. The operating principle and
fabrication process of the FBG have been described. Due to the inherent advantageous
features such as spectral selectivity, low insertion loss, low polarization sensitivity, and
all-fiber structure, FBG technique can be applied to the design and fabrication of active
fiber devices, especially the all-fiber lasers. Several laser configurations of the EDFLs
have been briefly reviewed. And different gain mediums used in the development of
multiwavelength fiber lasers have been summarized. Specially designed optical comb
filters with short or long-period fiber gratings can be used as the wavelength selective
components for multiwavelength lasing operation at room temperature.
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3

Tunable
Multiwavelength
Fiber Laser

In this chapter, a tunable multiwavelength laser source based on a Sagnac loop filter is
proposed and demonstrated experimentally. In this EDFL, the Sagnac loop filter consists
of a segment of polarization-maintaining erbium-doped fiber (PM-EDF) that acts as a
high-birefringent component within the loop filter as well as an optical gain medium for
the laser source. Room-temperature multiwavelength operations with 50 GHz and 100
GHz wavelength spacings have been achieved with this fiber laser. The center
wavelengths of the output lasing lines can be tunable by adjusting the polarization
controller (PC) within the laser cavity. This laser configuration has a simple structure, and
does not require any optical isolators compared to other reported fiber lasers.

Section 3.1 gives a brief literature review on the multiwavelength fiber laser sources.
Section 3.2 introduces the principle of the Sagnac loop filter and presents the
experimental results of the Sagnac loop filter which is used in the fiber laser source. The
experimental results and discussion of the proposed multiwavelength fiber laser source
are presented in Section 3.3. A summary of this chapter is given in Section 3.4. Part of the
work presented here has already been published [15].
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3.1 Introduction
Multiwavelength fiber laser sources, capable of emitting light at several well-defined
wavelengths simultaneously, are useful for WDM optical communication systems,
especially as head-end transmitters in wavelength-routed local area networks (LANs)
[12]. Multiwavelength fiber lasers can be used for this purpose, and several schemes have
been developed [27], [28], [52]-[55] in recent years. Generally, in order to achieve
multiple-frequency lasing operation, multiwavelength fiber lasers must have two
common characteristics: 1) a means of obtaining gains for several lasing wavelengths
simultaneously and 2) one or more filters are needed to define the locations of the lasing
wavelengths. A dual-frequency fiber laser was demonstrated in 1993 by using a coupledcavity configuration [52]. Since then, a fiber laser that can simultaneously generate up to
29 wavelengths has been realized by cooling the doped fiber to 77 K using liquid
nitrogen [27]. The cavity length can be quite small (~ 1 mm or so) since the spacing
between the lasing wavelengths is governed by the longitudinal-mode spacing. A 1-mm
cavity length corresponds to about 100 GHz wavelength spacing. Such fiber lasers
operate as standard multimode lasers. Cooling of the EDF helps reduce the homogeneous
broadening of the gain spectrum to below 0.5 nm. The gain spectrum is then
predominantly inhomogeneously broadened, resulting in multiwavelength lasing
operation through the spectral hole burning (SHB) effect. Long cavities with several
meters of doped fibers can also be used. Wavelength selection can then be made using an
intra-cavity comb filter such as the Fabry-Perot interferometer [28]. In a dual-filter
approach, using a tunable comb filter in combination with a set of fiber gratings enables a
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multiwavelength source to be switchable on a microsecond timescale to precise preselected wavelengths [53]. However, the need to cool the EDF using the liquid nitrogen is
not an effective solution for most practical applications.

3.1.1 Room Temperature Operation of Multiwavelength Laser Sources

To obtain multifrequency lasing operations, there are two main methods. One method
involves the use of multiple independent gain mediums. In a manner similar to
semiconductor laser arrays, it is quite straightforward to create multiwavelength EDFLs
that use a single gain medium for each lasing wavelength [56]-[58]. In 1994, Takahashi et
al. [56] demonstrated a multifrequency ring EDFL oscillating simultaneously over four
wavelengths that were spaced 1.6 nm apart by using an 8 x 8 array waveguide grating
(AWG) and four EDFAs. Later, Miyazaki and his co-workers [57] showed a ring EDFL
that can lase on 15 lines separated by 1.6 nm, and the laser consists of 15 EDFAs placed
between two 16 x 16 AWGs. One interesting scheme using a single-pump laser was
proposed by Kim et al. [58] and is depicted in Fig. 3-1. The light from a 1480 nm pump
laser is evenly distributed to N fiber segments by a \xN broadband coupler. Each
segment is composed of a piece of EDF followed by an optical isolator, a tunable optical
filter and variable attenuator. By adjusting each attenuator, it is possible to establish
multifrequency oscillation in this ring laser cavity. Independent wavelength tuning of
each lasing line is the unique feature of this structure. However, the system complexity
and cost will be high, because multiple gain mediums are needed to achieve
multiwavelength operation.
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Figure 3-1: Schematic diagram of a multifrequency EDFL using a single pump [58].

Another popular method to construct a multiwavelength fiber laser source involves the
use of a single gain medium. The very first attempt [59] to achieve room-temperature
operation of multifrequency EDFLs using a single-gain stage shows great potential of
these sources. Later, Hiibner and his co-workers [60] proved that a multifrequency EDFL
can be obtained by writing a series of DFB fiber gratings in a single erbium-doped fiber.
In their approach, which is similar to the DFB semiconductor lasers, a Bragg grating is
formed directly into the erbium-doped fiber that provides gain. Phase-shifted DFB lasers
have also been made by creating a small region in the middle of the doped fiber without a
grating. Multiple gratings with slightly different Bragg wavelengths can also be formed
into the same doped fiber, resulting in several DFB lasers cascaded together, and this can
provide five lines over a 4.2 nm range. The use of specially-doped fibers has also led to
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very elegant designs. A twin-core EDF was used by Graydon et al. [61] as an
inhomogeneous gain medium in a multifrequency ring EDFL. In this twin-core fiber,
wavelength-dependent periodic coupling between the two fiber cores partially decouples
the available gain for each wavelength, because the two cores interact with a different
subset of erbium ions. Poustie et al. [10] used a multimode fiber to create a periodic
frequency filter based on spatial mode beating to generate four lasing lines that are
spaced by 2.1 nm. In 1992, Abraham et al. [62] showed a multifrequency hybrid laser
that consists of a 980 nm pump laser diode with anti-reflection coating coupled to an
EDF with a fiber mirror, and the laser produced an output spectrum with six lines spaced
by 0.44 nm. In 1997, Zhao et al. [63] demonstrated that the control of optical feedback in
a modified S-type cavity allowed stable multifrequency operation. A very interesting
scheme to realize room-temperature operation of a multifrequency EDFL was
demonstrated by Sasamori et al. [64], where they used an acousto-optic modulator to
prevent the laser from reaching the steady-state operation (see Figure 3-2), which
effectively reduced the homogeneous broadening of the erbium-doped fiber.
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Figure 3-2: Schematic diagram of a multifrequency EDFL based on an acousto-optic
modulator, (a) ring cavity, (b) multiwavelength optical bandpass filter, and high-gain
EDFA [64].

3.1.2 Multiwavelength Erbium-doped Fiber Laser Cooled by Liquid
Nitrogen

For room-temperature operation, the most obvious way to achieve multifrequency
operation from an EDFL using a single-gain medium is to cool the EDF by immersing the
EDF in a bath of liquid nitrogen at a typical temperature of 77 K. At this temperature, the
erbium ions become inhomogeneous, and multifrequency operation can be achieved more
easily. However, this inconvenient and unreliable approach is not practical for many field
applications. Nonetheless, many potent experimental results have been published using
this method [11], [28], [65]. In 1996, Chow et al. [28] published results concerning a
multifrequency ring EDFL using two different types of periodic frequency filters. They
obtained eleven laser peaks spaced by 0.65 nm using a Fabry-Perot filter based on
chirped fiber Bragg gratings [49], and five laser peaks spaced by 1.8 nm with a sampled
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fiber Bragg grating.

That same year, Yamashita et al. [27] proposed a single-polarization linear-cavity
multifrequency EDFL. This laser does not use PM fiber and operates in a traveling-wave
mode, thus preventing spatial hole burning from occurring, since cavity feedback is
provided by a Faraday mirror. Also a Fabry-Perot etalon was used as a periodic frequency
filter. A polarizer and a Faraday rotator were placed on each side of the etalon to prevent
parasitic reflections from happening. With this setup, they obtained simultaneous
oscillation over 17 wavelengths spaced by 0.8 nm. Simultaneous lasing of up to 24
wavelengths has also been demonstrated by Park et al. [11] using controlled polarization
evolution in a ring cavity and liquid nitrogen cooling to enhance SHB, PHB, and
polarization selectivity. A polarizer and a polarization controller were placed before a
piece of PM fiber to form a Lyot filter with a FSR of 1.1 nm. Furthermore, Yamashita et
al. [27] realized a multiwavelength Er:Yb Fabry-Perot micro-laser with 29 lines spaced
0.4 nm apart. But cooling the erbium-doped fiber to the temperature of liquid nitrogen
(77 K) is not practical in most circumstances. Thus, this chapter will present a new
multiwavelength laser configuration using some special EDFs to obtain multiwavelength
lasing operation under room-temperature conditions without the use of liquid nitrogen.

3.2 Sagnac Loop Filter
To obtain multiple wavelength operation, a robust optical filter with low insertion loss
and periodic spectrum is needed to define (and even tune) the lasing wavelengths of the
fiber laser. Several kinds of filters have been constructed (as discussed in Section 2.3.3)
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for the selection of the fiber laser's wavelengths, which include AWGs, Mach-Zehnder
interferometers, in-fiber comb filters, and spatial mode beating filters. This section
presents a fiber Sagnac loop filter with a very wide operation bandwidth and tunable FSR.

3.2.1 Theory of the Sagnac Loop Filter
A fiber-based Sagnac loop filter is based on the Sagnac interferometer and the nonreciprocity of the fiber's birefringence to the polarization states of the light. Compared
with the Mach-Zehnder interferometer-based filters, the Sagnac loop filters are more
tolerant against environmental changes because the two light beams split and then
combined by the fiber coupler travel along the same path.

Figure 3-3 shows the schematic diagram of a fiber Sagnac loop filter which is formed by
connecting a segment of fiber to the two ports of a 3-dB fiber coupler to form a loop. The
input optical power is assumed to be small (e.g. < 30 dBm), so that the filter is operating
in the linear region. If nothing is added into the fiber loop and a normal 3-dB fiber
coupler is used, the Sagnac loop will act as a perfect fiber loop mirror because the
transmittivity will be zero. The loop filter appears to function like a fiber-ring resonator
but it behaves quite differently because of two crucial differences. First, there is no
feedback mechanism in the Sagnac loop filter since the light entering the input port exits
from the resonator after a single round trip. Second, the input optical field is split into two
counter-propagating parts that share the same optical path and interfere at the coupler
coherently. Thus, the fiber Sagnac loop filter is much more stable than the Mach-Zehnder
interferometer-based filter which has two different optical paths.
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input
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<r
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Figure 3-3: Schematic setup of a typical fiber-based Sagnac loop filter.

When a section of high-birefringence (Hi-Bi) fiber (with length L and birefringence B)
and a PC are incorporated into the loop, the filter will generate a periodic comb-like
spectrum which can be used for wavelength selection in EDFLs. The Jones matrix
describing the birefringent elements within the loop is denoted as J. Such configuration is
depicted in Fig. 3-4.
Input Ei

1

fiber

Output E2
Figure 3-4: Schematic diagram of the Sagnac loop filter with J being the Jones matrix
describing the birefringent loop.

For only one input electric-field amplitude £,, the output field amplitude E2 is given by
[66]:
(E2x\
E

\ *y)

{

(2*-1)7,

^-U^-d-k)^

(1-*)Jxy + *yx0 (E \
E
(\-2k)Ja

(3.1)

Here k is the coupling ratio of the fiber coupler, and x, y are the two principle axes of the
Hi-Bi fiber within the fiber loop. It is assumed that the energy in the system is conserved,
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so J

=-J'xy, and k = 0.5 (considering a 3-dB coupler here), then Eq. (3.1) can be

simplified to
(E

\

J J

=\( ,- D

r

\(K\

(3.2)

-1 0 K^yJ

where J* is the complex conjugate of Jxy. The Jones matrix for the loop with a Hi-Bi
fiber can be represented by a product of three matrices, namely, UL, UR and D. The
matrices UL and UR take into account the linear and circular birefringence of the coupler
and orientation of the principal axes of a Hi-Bi fiber at the ports 3 and 4, they can
generally be written as follows:
(3.3)

U=

where U^ and Uxy are complex numbers, and the condition ^U^ + \U \ =1 must be
satisfied. The Jones matrix D describing linear birefringence of the Hi-Bi fiber is given as
f i&P(<D)L/2

D(o>,L) =

0

\

(3.4)

-lAfi(a>)L/2
j

where z = v - l , A/?(<y) = fix(a>)-/3 (co) is the difference between the two propagation
constants of the Hi-Bi fiber that supports two linearly orthogonal fundamental modes,
and co is the angular frequency of the lightwave. For the two linearly orthogonal modes
In
( Px{co) and Py{co) ), the following condition holds fl(co) = — n{co) where X is the
A

wavelength of the light and «(<y)is the refractive index of the Hi-Bi fiber. Thus the
following relationship is obtained
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AB(co) = ^B

(3.5)

A

where the Hi-Bi fiber's birefringence B = nx - n y (nxand ny are the refractive indices of
the Hi-Bi fiber along the two principle axes, respectively). It should be noted that a
common average phase shift of e,/?(<u)/- is omitted in Eq. (3.4) because the Sagnac
interferometer can not distinguish the common phase term for the clockwise (CW)
propagating beam and the counter-clockwise (CCW) propagating beam.
Using Ref. [66] and Eqs. (3.1)- (3.4), the intensity transfer function,^, for the reciprocal
port 1 can be derived as
T,=\-s\n2(AB(co)xL/2)

(3.6)

Because the system is assumed to be energy conservative, the transmittivity of port 2 will
satisfy T2 -1 — 7]. Using Eqs. (3.5) and (3.6), the intensity transfer function of port 2 is
given by

T2=sm2A

(3.7)

A

The spacing of the interfered fringes from the output port 2 of the Sagnac loop filter or
the filter's FSR, AX, is given by
AA= —

(3.8)

BL
According to Eq. (3.7), the output spectrum of the Sagnac loop filter is a periodic comblike profile with a FSR, AX, defined by Eq. (3.8).
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3.2.2 Characterization of the Fiber Sagnac Loop Filter
Figure 3-5 depicts the experimental setup of the fiber Sagnac loop filter, which is based
on the principle of the Sagnac interferometer. The filter consists of a 50:50 single-mode
fiber coupler, a polarization controller (PC), and a 6-m segment of "panda" Hi-Bi fiber.

Figure 3-5: Experimental setup of the fiber Sagnac loop filter with a 50:50 fiber coupler,
a polarization controller (PC) and 6 meter of Hi-Bi fiber (with birefringence B * 5.167x10^
at the wavelength of 1550 nm).

The input light entered the input port is equally split into two counter-propagating beams
(i.e. the CW and CCW beams) by the coupler, and these CW and CCW lightwaves recombine at the coupler after propagating through the whole fiber loop. The Hi-Bi fiber in
the loop introduces a phase difference between the two orthogonally polarized parts of
the two light beams traveling in the loop.
There are mainly two types of PM fiber [67]. One fiber type, such as the tiger PM fiber,
has a non-cylindrical symmetry of the fiber core, making the core elliptical in shape. And
the amount of birefringence created by this technique is typically B ~ 10"6 at the
wavelength of 1550 nm. Another PM fiber type, such as the Panda PM fiber, makes use
of stress-induced birefringence with B ~ 10-4 at the wavelength of 1550 nm. Apparently,
the stress-induced PM fiber has larger birefringence than that of the tiger PM fiber. The
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birefringence value depends on the location and the thickness of the stress-induced
elements. Such fibers are often named after the shape of the stress-induced elements,
resulting in whimsical names such as "panda" and "bow-tie" fibers. Here in this thesis
only the stress-induced birefringent fiber is considered, where the effective index of each
polarization is influenced mainly by the stress alone. Thus, the phase difference between
the two linearly orthogonal modes introduced by the Hi-Bi fiber, S, is given
by 5 - A./3(co)L , where A/? (<y) relates to the model birefringence B as defined by Eq.
(3.5).

The slow and fast axes of the Hi-Bi fiber are denoted as x axis and y axis, respectively.
The polarization controller is set to produce a rotation of 90° in relation to the principle
axes of the Hi-Bi fiber for beams coming from both directions. Thus, the x-axis
component of the CW propagating beam is changed to the v-axis component by the
polarization controller and then travels through the Hi-Bi fiber as the fast mode. On the
other hand, the x-axis component of the CCW propagating beam after traveling through
the Hi-Bi fiber as the slow mode will change to the v-axis mode as the fast mode after
passing through the PC. The x-axis components of the two counter-propagating beams
will interfere when they are recombined at the 3 dB coupler, with the phase difference S,
and then exit the coupler. The same interference mechanism applies to the v-axis
components of the two beams. This mechanism suggests that the transmittivity of the
Sagnac loop filter depends on the phase difference S and is therefore a periodic function
of wavelength, X, according to Eq. (3.7).

The transmittivity of the Hi-Bi fiber loop filter is independent of the state of polarization
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of the input beam as described above [66]. And maximum contrasts of the interfered
fringes from the output port of the coupler can be achieved when the PC is adjusted to
rotate the linearly polarized components of the two counter-propagating beams by 90°. If
the rotational angle is not set to 90°, only part of the beams will interfere and the contrast
of the fringes will decrease.

3.3 Tunable Multiwavelength Fiber Laser
3.3.1 Spectral Response of the Fiber Sagnac Loop Filter
Figure 3-6 shows part of the spectral response of the loop filter which was characterized
with a tunable laser source (ANDO AQ4321D), and measured with an OSA. The laser
source was set at 0 dBm, and was tunable through the whole 100 nm wavelength range
(from 1520 to 1620 nm). From Fig. 3-6, it can be seen that the insertion loss of the filter
was around 5 dB, which was mainly caused by the losses of the 3-dB fiber coupler and
the two splice points between the single-mode fiber and the Hi-Bi fiber. The figure also
shows that the extinction ratios of the spectral peaks are about 25 dB, and that the
transmission spectrum is very flat within this 10 nm range. The spacing between the
spectral peaks, AA , is about 0.85 nm, which can be determined from Eq. (3.8)
(where i = 6m) with the birefringence B = XILB (where LB is the beat length of the PM
fiber and B ~ 5x10^ at A = 1550nm).
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Figure 3-6: Measured spectral response of the Sagnac loop filter from 1540 nm to 1550
nm within the C-band using a tunable laser source.

Figure 3-7 shows the measured spectral response of the loop filter from 1520 nm - 1620
nm). Figure 3-7 (a) shows the spectral response of the multiwavelength comb filter within
the C-band (1520 nm - 1570 nm), where the power variation in the entire 50 nm
wavelength range is very small (within 1 dB).
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Figure 3-7: Measured spectral responses of the filter with a FSR of about 0.85 nm: (a) In
the whole C-band (from 1520 nm to 1570 nm), (b) In the wavelength range of 1590 nm1600 nm, (c) In the whole L-band (from 1570 nm to 1620 nm).

Figures 3-7 (a), (b) and (c), show that, within the entire 100 nm wavelength range, the
spectrum of the Sagnac loop filter is a periodic comb-like grid with very small power
variation (less than 1 dB) and

an extinction ratio of over 25 dB, thus these filter

characteristics are very suitable for the implementation of multiwavelength fiber lasers.
This kind of fiber Sagnac loop filter has many advantages such as all-fiber geometry, ease
of connection with other fiber-optic components and optical communication systems,
large operating band (> 100 nm), very low insertion loss, polarization independence, and
stability.

The center wavelengths of the spectral peaks of the periodic comb-like spectrum can be
tuned by changing the state of the polarization controller manually. This method allows
the spectral peaks of the comb filter to be precisely set on the ITU frequency grid,
however, at the same time the extinction ratio of the filter spectrum also changes when
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the center wavelengths of the spectral peaks of the filter are tuned. Thus, with this filter
and fine adjustment of the PC within the loop, a periodic comb-like spectrum with a
frequency separation or FSR of ~ 100 GHz or 50 GHz can be achieved, and this is
required in DWDM optical communication systems. The FSR of the filter can be reduced
by increasing the length L of the Hi-Bi fiber (see Eq. (3.8)). With this tunable feature, the
Sagnac loop filter is very suitable for use in the design of multiwavelength fiber laser
sources with lasing wavelengths precisely set on the ITU frequency grid.

3.3.2 Experimental Setup of the Proposed Multiwavelength Fiber
Laser

Figure 3-8 shows the experimental setup of the proposed multiwavelength fiber laser
using the Sagnac loop filter. The laser cavity is formed by a fiber loop and a fiber mirror
as a reflector, and consists of a 3-dB fiber coupler, a 1480/1550 nm WDM coupler, and
two polarization controllers (PCI and PC2). The fiber mirror has a reflectivity greater
than 96% at 1550 nm and 15 m of PM-EDF. The PM-EDF is an elliptical-core EDF with
a numerical aperture of 0.26, a birefringence of B « 2.40x10"* at 1550 nm and an erbium
ion concentration of 3xl024m~3. The pump laser is a stable laser diode with a power of
180 mW at 1480 nm. As the PM-EDF also has the property of high birefringence, the
fiber coupler, PCI and the PM-EDF form a fiber Sagnac loop filter [68], [69]. The
birefringence of the PM-EDF produces a wavelength-dependent phase difference
between the fast and slow components of the CW and CCW beams propagating in the
loop, namely, 5 - {1KBL)I X, where B is the modal birefringence of the PM-EDF and L
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is the length of the PM-EDF, and X is the operation wavelength. This is because the two
counter-propagating light waves travel along different axes of the PM-EDF when PCI is
set to generate a 90° rotation of the polarization state of the light in both directions. Note
that this Sagnac loop filter is much less sensitive to environmental changes since both the
counter-propagating lights travel in the same optical path before being recombined at the
fiber coupler. As the phase difference between these two counter-propagating light waves
is wavelength dependent, the intensity transfer function of the loop is described by Eq.
(3.7). The wavelength separation (or FSR) between two transmission peaks of the Sagnac
loop filter's spectrum depends on the modal birefringence B and length L of the PM-EDF,
A2
which is given by AA = —according to Eq. (3.8). Thus, the spacing between two
BL
transmission peaks can be changed by using different length of the PM-EDF within the
laser cavity or using the method described in Section 3.2.1. The total cavity length is
about 20 meters and the total cavity loss is about 6 dB, which is mainly caused by the
loss of the 3-dB fiber coupler.
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Figure 3-8: Schematic diagram of the proposed multiwavelength fiber laser based on the
Sagnac loop filter.

Figure 3-9 shows a photograph of the proposed multiwavelength EDFL. Here the PMEDF serves as the active gain medium in the laser cavity as well as the Hi-Bi fiber in the
Sagnac loop filter due to the high birefringence of the PM-EDF. Thus the laser cavity and
the Sagnac loop can be coupled together with a fiber mirror to provide feedback of light
in the cavity. As the PM-EDF being explored here is an elliptical-core EDF [69], [70], it
can support single-mode operation along the minor axis and multimode operation along
the major axis. And this can generate multiple lasing wavelengths in a very simple
manner under room temperature conditions. By changing the setting of the PC2 to adjust
the polarization-dependent loss and polarization state of the light within the cavity,
tunable multiple lasing lines can be obtained from the output port of the fiber coupler.
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Figure 3-9: A photograph of the proposed multiwavelength EDFL.

3.3.3 Experimental Results and Discussion
The output spectrum of the proposed multiwavelength EDFL measured with an ANDO
OSA is shown in Fig. 3-10, where the two lasing lines are generated at 1557.22 nm and
1558.52 nm, with a wavelength spacing of 1.3 nm (~2 AA,). Here the wavelength spacing
of the fiber Sagnac loop filter is given by A/i, « 0.667 nm, when the length of the PMEDF is 15 m according to Eq. (3.8). The power levels of the lasing lines are both about
300 uW.
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Figure 3-10: Two lasing wavelengths generated at the output port of the fiber laser.

By tuning the PC2 within the laser cavity, which effectively changes the polarization state
of the fiber laser, multiwavelength lasing operation with three lasing lines (Fig. 3-11 (a)),
five lasing lines (Fig.3-11 (b)), six lasing lines (Fig. 3-11 (c), and seven lasing lines (Fig.
3-11 (d)) can be achieved. Figures 3-1 l(a)-(d) show the monitored spectra of different
number of lasing lines at different settings of PC2. Figure 3-11 (a) shows three lasing
lines at 1557.04 nm, 1558.34 nm and 1559.64 nm, with separation of 1.3 nm (-2AAJ.
The 3-dB linewidth of each lasing line is less than 50 pm, which is restricted by the
resolution of the OSA. Figure 3-11 (b) shows simultaneously five lasing lines at 1555.76
nm, 1557.06 nm, 1557.71 nm, 1558.37 nm and 1559.01 nm, and the wavelength spacings
between the lines are 1.3 nm (~2 AA,), 0.65 nm (~ AA,), 0.66 nm (~ AA,), 0.64 nm (~ AA,),
respectively. Figure 3-11 (c) shows six lasing lines at 1555.13 nm, 1555.78 nm, 1556.43
nm, 1557.73 nm, 1558.38 nm and 1559.68 nm. Through carefully changing the setting of
the PC2 to adjust the state of polarization and the total loss of the laser cavity, seven
simultaneous lasing wavelengths can be also obtained as shown in Fig. 3-11 (d). The
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OSNRs of all these lasing lines are very large (over 30 dB). And all the lasing lines have
an optical power greater than 100 |aW.
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Figure 3-11: Measured spectra of the multiwavelength fiber laser with different settings
of the PC. (a) Three lasing lines with a wavelength spacing of ~1.3 nm. (b) Five lasing
lines (the four lasing lines on the right side have a wavelength spacing of ~ 0.65 nm). (c)
Six lasing lines (the center three lasing lines have a wavelength spacing of -0.66 nm). (d)
Seven lasing lines (the six lasing lines on the right side have a wavelength spacing of ~
0.64 nm).

Figure 3-12 shows stable lasing output spectra measured over 30 minutes with different
wavelength spacings by changing the setting of PC2 at room temperature. The power
fluctuation of the lasing lines within half an hour is very small (less than 1 dB), showing
the laser stability. The OSNRs of all the lasing lines are greater than 40 dB. And the laser
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linewidths of all the lasing lines are ~ 50 pm.
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Figure 3-12: Stable lasing lines from the multiwavelength fiber laser, (a) Two lasing lines
at 1557.17 nm and 1559.13 nm. (b) Three lasing lines at 1557.17 nm, 1558.50 nm and
1559.80 nm. Both measurements were taken at a regular interval of 30 seconds.

It is worth noting that the gain medium we used in the proposed multiwavelength fiber
laser is an elliptical-core erbium-doped fiber, which has polarization anisotropic gain
effects [25]. The elliptical-core erbium-doped fiber has two principle polarization axes. If
the polarization of the pump is appropriately adjusted, it can support single mode
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operation along the minor axis and multimode operation along the major axis. Thus,
stable multiple wavelength lasing operation could be achieved under room temperature
conditions.
The wavelength spacing of the multiwavelength fiber laser can be changed by using
different length of the PM fiber within the fiber Sagnac loop filter. In Figures 3-10, 3-11,
and 3-12, the length of the PM-EDF within the laser cavity is 15 m. When using a longer
length of the PM-EDF, the separation between two neighboring lasing lines will decrease
according to Eq. (3.8). In Figures 3-13(a) and (b), a longer length of 25 m of the PM-EDF
was used within the laser cavity. As shown in Figure 3-13 (a), two nearest lasing lines
have a wavelength separation of- 0.8 nm (~2 AAj). Here the wavelength spacing of the
fiber Sagnac loop filter is given as AAj ~ 0.4 nm, when the length of the PM-EDF is 25 m
according to Eq (3.8). And in Fig. 3-13 (b), the number of lasing lines increases to eight,
while the smallest wavelength spacing between two neighboring lasing lines is about 0.4
nm (-A/lj). Because the wavelength spacing depends on the physical parameters of the
PM-EDF, such as the length and the birefringence of the PM-EDF, the longer the length
of the PM-EDF, the smaller the channel spacing of the generated lasing wavelengths will
be.

Note that the wavelength spacings of all the output lasing lines shown in Figures 3-10, 311, 3-12 and 3-13 are not uniform mainly due to the intense mode competition of the
EDF at room temperature, which could prevent a certain wavelength from lasing. Thus
the obtained wavelength spacings of the output lasing lines are not always uniform and,
in some cases, they could be a multiple of the fiber Sagnac loop's wavelength spacing or
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FSR, which is defined in Eq (3.8).
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Figure 3-13: Measured output spectra of the multiwavelength fiber laser with a longer
length of PM-EDF (i.e. L = 25 m). (a) Three lasing lines at 1559.95 nm, 1561.87 nm and
1562.67 nm. (b) Maximum number of lasing lines.

Compared with the reported work [27], the proposed multiwavelength fiber laser using
the polarization-maintaining Sagnac loop filter has several unique advantages such as
stable room-temperature operation without the need to cool the EDF with liquid nitrogen,
tunable lasing wavelengths, simple structure with less optical components compared with
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reference [28] due to the fact that the PM-EDF functioned as both the gain medium and
the PM fiber within the Sagnac loop filter at the same time, and changeable wavelength
spacing by using different length of the PM fiber within the Sagnac loop filter. A similar
approach has been reported in reference [71], in which a fiber-grating-based Sagnac loop
filter was used as the wavelength-selection component in the laser cavity. However, the
center wavelengths of the lasing lines were all fixed and liquid nitrogen was also required
to cool the EDF to 77 K to ensure stable room-temperature operation. The disadvantage
of the proposed multiwavelength fiber laser is that the wavelength separations of the
output lasing wavelengths are not always uniform due to the EDF's mode competition at
room temperature.

3.4 Summary
A novel tunable multiwavelength EDFL based on a fiber Sagnac loop filter has been
presented. The elliptical-core PM-EDF placed within the Sagnac loop filter provides
optical gain for the laser cavity and can also be used as the wavelength-selective
component of the multiwavelength EDFL. By changing the setting of PC2 within the
laser cavity, two, three and four stable lasing lines in the C-band, and five, six, seven and
even eight lasing lines were obtained at room temperature. Wavelength spacings of 0.8
nm or 0.4 nm (i.e. 100 GHz or 50 GHz) can be achieved by using different length of PMEDF within the laser cavity's Sagnac loop filter. The linewidth of the lasing lines is as
small as 50 pm. The output lasing lines from the multiwavelength EDFL was found to be
fairly stable for an observation over an hour under room temperature conditions, without
using any additional measures to stabilize the fiber laser. The OSNR of all the lasing lines
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are greater than 40 dB and the total output power of the fiber laser is over 3 mW. This
laser configuration has many unique advantages such as simple structure, low cost,
without the need to use optical isolators and multiple lasing wavelengths with changeable
wavelength spacing. Using different length of the PM-EDF, both C-band and L-band
lasing operations can be achieved.
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4

A Stable DualWavelength Fiber
Laser with Tunable
Wavelength
Spacing

This chapter presents the proposed design and development of a stable dual-wavelength
fiber laser with tunable wavelength spacing using a polarization-maintaining (PM) linear
cavity. This fiber laser with an all-PM linear cavity can generate two stable lasing lines
with both tunable center wavelengths and variable wavelength spacing at room
temperature. Due to the two orthogonally polarized reflection peaks generated by the PM
fiber Bragg grating (PM-FBG) in the laser cavity, two stable lasing lines with a
wavelength separation of 0.22 nm are obtained. By stretching the PM-FBG, dualwavelength lasing operation with a wavelength separation of as small as 0.05 nm is
achieved. This laser configuration has such unique advantages as stable roomtemperature lasing operation, very narrow linewidth, small variation of the lasing
wavelengths, small power fluctuation of the lasing lines, low cavity loss, and simple allfiber structure compared with many other techniques.

Section 4.1 gives a brief review on dual-wavelength fiber lasers and their applications.
Section 4.2 describes the commonly used measurement methods for laser linewidth
measurements. And Section 4.3 presents the proposed dual-wavelength fiber laser and the
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experimental results. A summary of the chapter is given in Section 4.4. Part of the work
presented here has already been published [16].

4.1 Introduction
Dual-wavelength and multiwavelength lasers that can generate short pulses have attracted
much interest over the years because of their important applications such as in timedivision-multiplexed optical based communication systems [73]-[78], Actively modelocked EDFLs such as multiwavelength lasers with tunable wavelength features using
fiber gratings are reported in [73]-[77]. However, for such a laser to operate stably,
special means of overcoming mode competition between the lasing lines due to the large
homogeneous broadening of the EDF (such as using temporal-spectral multiplexing of
the pulses [75] and separately pumped EDF cavities [77]) must be utilized, which
inevitably increases the complexity and cost of the laser.

External-cavity semiconductor lasers using FBGs have been proposed as stabilized
continuous-wave laser sources, and as tunable laser sources [79]. These lasers have
narrow linewidths (~ 50 MHz) and could be a viable cost-effective alternative to DFB
laser diodes and DBR laser diodes. Dual-wavelength lasers have also been the subject of
considerable research interest as sources capable of producing beat signals at microwave
frequencies, which is desirable for wide band electronic signal-processing systems [80][82]. Beat signal frequencies in the microwave and millimeter range have been
previously demonstrated using separate laser cavities [81]-[82]. However, these systems
employing separate cavities can suffer from phase noise and phase drift, thus making a
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single-cavity dual-wavelength preferable for producing stable beat signal frequencies.
Furthermore, a dual-wavelength fiber laser source can also generate solitons with high
repetition rate [83]. One recently reported technique proposes the use of a continuous
wave signal from two frequency modes of two separate lasers for the generation of a
soliton pulse train at a repetition frequency in the gigahertz range [83], [84]. The
transformation of the generated beat signal from the laser into a train of solitons and
subsequent soliton compression results from nonlinear effects in a fiber with slow
amplification or dispersion decreasing along the length, where the frequency period of
the generated soliton pulse train is the frequency difference between the two modes [83],
[84]. Theoretical analysis has shown that, using this technique, a continuous wave train of
high-quality and sufficiently separated soliton pulses can be generated with extremely
small pedestal components in the pulses. Thus, a stable and simple single-cavity dualwavelength fiber laser will be useful for the generation of the beat signal frequencies
which can be used in various applications as described above.

It is preferable that a dual-wavelength fiber laser source has the following important
features:
•

Stable room-temperature operation;

•

Narrow laser linewidth;

•

Only two longitudinal modes to ensure stable room-temperature operation;

•

Tunable center wavelengths of the two lasing lines;

•

High output power (of the order of tens of milliwatts);

•

Simple design, easy construction and low cost;
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•

Large OSNR;

•

Tunable wavelength separation (if possible).

Till to date, most reported dual-wavelength fiber lasers do not meet all the described
features listed above. The proposed dual-wavelength fiber laser with tunable wavelength
spacing is presented in Section 4.3 in detail.

4.2 Laser Linewidth Measurement
In this section, several methods for laser linewidth measurement and characterization of
fiber lasers are introduced. Laser linewidth is often defined in terms of the full width at
half maximum (FWHM) of the optical intensity power spectrum. Grating-based OSAs do
not offer the measurement resolution required for the measurement of small laser
linewidth, thus alternative characterization methods must be used to measure the very
narrow linewidths of fiber lasers. These alternative methods include the optical
heterodyne method, the delayed self-homodyne method, and the delayed self-heterodyne
method [85]. These methods can provide extremely high resolution required for laser
linewidth measurements. The delayed self-heterodyne method was used for the
measurement of the proposed dual-wavelength fiber laser's linewidth and it is described
below.

The delayed self-heterodyne technique provides a simple way to perform laser linewidth
measurements without the requirement of a separate local oscillator (LO) laser, which is
needed in the other two methods as described above. Taking advantage of the large
optical delays provided by the optical fiber, Okoshi and co-workers demonstrated that
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linewidth measurements could be performed with a simple optical interferometer [86].
The delayed self-heterodyne concept is shown in Fig. 4-1 (a), where an incident light is
split into two paths by the interferometer. The optical frequency of one arm is offset with
respect to the other. If the delay, r0, of one path exceeds the coherence time, rc, of the
source, the two combining beams will interfere as if they were originated from two
independent lasers with a frequency offset or shift by Su as shown in Fig. 4-1(b). Thus
the system performs similarly to the optical heterodyne measurement method [85]. The
beat tone produced is displaced from 0 Hz by the frequency shifter by Su . An electrical
spectrum analyzer (ESA) displays the beat tone which is broadened by the laser linewidth.
The translation of linewidth information from optical frequencies to low frequencies
where electronics instrumentation operates is shown in Fig. 4-2. As with the optical
heterodyne case [85], the spectrum displayed by the ESA is a result of the convolution of
the individual power spectra of the interfering waves (see Fig. 4-2).

(a)

(b)

Figure 4-1: Delayed self-heterodyne method, (a) Optical measurement setup, (b)
Equivalent circuit when the delay time of the interferometer is larger than the coherence
time of the signal.
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Figure 4-2: The delayed self-heterodyne mixing of the laser field with a frequency shifted
replica.

When the incoherent mixing requirement is satisfied, the photocurrent spectrum of the
delayed self-heterodyne method (which is similar to the case of the optical heterodyne
method) consists of two parts. One part is the direct detection and the other is the selfheterodyne spectrum, which is the desired mixing product which is given as [85]:
S/(/)*9l2{srf(/) + 2[5I(u-&)®5I(-u)]}

(4.1)

(ESA => direct direction + self-heterodyne spectrum)
where Sv is the frequency shift applied to the field traversing one arm of the
interferometer, v is the frequency of the laser under test, <8> denotes the convolution
operation, Sd ( / ) is the ordinary direct detection that could be measured with just a
photodetector and ESA, S, ( / ) is the interfered detection, Ss (v) is the self-heterodyne
spectrum, and 91 is the detector responsivity. Since the mixing term is essentially the laser
spectrum under test convolved with itself (see Fig. 4-2) and displaced in frequency by Sv,
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the displayed lineshape will always be symmetrical, even if the original lineshape had
important asymmetries.

Laser sources exhibiting frequency jitter will yield larger measured linewidths in a
similar way as the heterodyne technique [85]. In this case, the measured linewidth will
vary with the interferometer delay [87], and a larger delay will yield a larger linewidth.
For Lorentzian lineshapes, the 3-dB linewidth must be inferred from measurements taken
further down on the displayed lineshape as with the heterodyne case. The relationship
between the measured FWHM linewidth using the delayed self-heterodyne method and
the actual laser linewidth (AL>) is shown in Table 4.1, assuming that the optical field of
the laser under test has a Lorentzian profile.

Table 4.1: Linewidth relations using the delayed self-heterodyne method.
Measured Full-Width Point

Corresponding Actual Laser Linewidth

-3dB

2Ao

-10 dB

2^9Au

-20 dB

2^99AD

-30 dB

2V999AD

4.3 Proposed Dual-Wavelength Fiber Laser with Tunable
Wavelength Spacing
Dual-wavelength fiber lasers are very suitable for the generation of soliton pulse trains in
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an optical fiber [88], generation of beat signals at microwave frequencies for electronic
signal processing systems [89], generation of optical millimeter wave [90] and
multiwavelength differential-absorption-lidar (DIAL) measurement of trace gases [91]. In
recent years, several multiwavelength EDFLs have been reported using, for example,
cascaded FBG cavities [92], polarization-dependent-loss elements [93], and multimode
fibers [94]. To overcome the homogeneous broadening of the EDF at room temperature,
the EDF was cooled to 77 K with liquid nitrogen [28] and the effect of polarization-hole
burning could also be used to make the gain medium inhomogeneous [95]. However, all
the previously reported on EDFLs are polarization dependent and thus polarization
controller(s) (and hence the high cost incurred) were usually used to minimize the system
instability. In addition, most of the previously reported EDFLs have a fixed wavelength
separation and are thus limited in applications.

This work describes the proposal and experimental demonstration of a stable and
wavelength-spacing tunable dual-wavelength fiber laser with an all-PM linear cavity,
which is formed by a uniform PM-FBG and a PM linearly chirped FBG (PM-LCFBG).
The wavelength separation between the two lasing lines can be tuned from 0.22 nm down
to 0.05 nm by applying an axial strain on the PM-FBG through stretching. A stable dualwavelength lasing output with a 3-dB linewidth of as small as ~ 2.5 kHz was obtained at
room temperature as described below.

4.3.1 Experiment Setup of the Proposed Dual-Wavelength Fiber Laser

The experimental setup of the proposed dual-wavelength fiber laser is depicted in Fig. 480
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3. Pump light from a 980-nm pump laser is coupled into the laser cavity through a
980/1550 nm WDM coupler. The linear laser cavity consists of an 8-m long PM-EDF, a
uniform PM-FBG with a section of strain modulation and a PM-LCFBG, both of which
were fabricated on the Hi-Bi fiber. The PM-EDF with a birefringence of 2.4x10"* at
1550 nm and a concentration of erbium ions of 3xl024m~3 is spliced (instead of using
connectors to reduce the cavity loss) to the PM-FBG and PM-LCFBG The Hi-Bi fiber
used to fabricate the PM-FBG and PM-LCFBG were hydrogen-loaded for two weeks to
increase their photosensitivity.
PM-EDF
9 8 0 / 1 5 5 0 . nm

3D stage applied strain (f%
X — ^ Mill _ ^ » X ^ ^

splice

_.. _

_

splice

K

PM-LCFBG
H44W

0SA

splice

PM-rBG
980 nm pump
Figure 4-3: Experimental configuration of the proposed stable all-PM dual-wavelength
fiber laser with tunable wavelength spacing.

The PM-FBG fabricated with a phase mask method has two reflection peaks at 1544.54
nm and 1544.76 nm with over 30 dB reflectivity. The 60-mm long PM-LCFBG fabricated
with a phase mask (with a chirp rate of 2.25 nm/cm) has a stopband of about 17 nm in the
transmission mode, which is centered at 1545.5 nm and has a reflectivity of ~90%.
Instead of using a bulk dielectric mirror, the PM-LCFBG used here can be easily spliced
with other components, thus making the laser cavity an all fiber structure. As the linear
laser cavity is formed by the PM-FBG and PM-LCFBQ the lasing wavelengths are
defined by the reflection peaks of the PM-FBG It is worth noting that, except for the
WDM coupler, the whole fiber laser cavity is all PM. The polarization state of the light
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within the laser cavity can thus be maintained, resulting in stable lasing wavelengths at
the laser output under room temperature conditions. And Fig. 4-4 shows the photograph
of the proposed dual-wavelength fiber laser source.

Figure 4-4: photograph of the proposed dual-wavelength fiber laser source.

4.3.2 Principle of the Proposed Dual-Wavelength Fiber Laser

Polarization properties are important features of fiber lasers. Birefringence properties of
the fibers and components used in the laser cavity have to be considered in order to
understand the characteristics of the fiber laser. Bragg gratings used as mirrors in the
laser cavity are ideal components for the realization of all-fiber and compact devices that
can be pumped with pigtailed laser diodes. When Bragg gratings are used as reflectors in

82

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 A Stable Dual-Wavelength Fiber Laser with Tunable Wavelength Spacing

a fiber laser cavity, the oscillating frequency of the laser is fixed by the resonance
wavelength of the grating, which is related to the refractive index of the fiber by the
Bragg condition (described in Chapter 2). The PM-FBG used in the proposed laser cavity
has two reflection peaks in the reflection mode, with orthogonal polarization states,
separated by the strain-optic effect in the Hi-Bi fiber due to its high birefringence [96],
[97]. The Bragg wavelength kB of the PM-FBG is given by Eq. (2.15) as described in
Chapter 2, where neff is the effective refractive index of the fiber core and A is the
grating pitch. The normalized birefringence of the Hi-Bi fiber is given by B = nx-n

,

where nx and ny are the refractive indices of the fiber's slow and fast axes, respectively.
From these expressions of XB and B, the wavelength separation of the two reflection
peaks of the PM-FBG is given as
^X = 25A

(4.2)

This laser configuration exploits the difference in the wavelengths of the Bragg reflection
of lights propagating along orthogonally linearly polarized axes of the Hi-Bi fiber. The
PM-FBG (with A = 1.045 urn) written on a segment of the Hi-Bi fiber with a
birefringence of 5 = 2.2xl0"4 at 1550 nm has two reflection peaks with a wavelength
separation of-0.23 nm (as calculated from Eq. (4.2)).

Both ends of the PM-FBG are mounted and fixed on a 3D stage, and the axial strain is
applied to the PM-FBG by stretching the fiber with a micrometer. When the axial strain is
applied to the PM-FBG, the grating pitch A is elongated, resulting in the shift of the
reflection peaks to the longer wavelength range. When the PM-FBG is stretched, the
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birefringence of the Hi-Bi fiber is also reduced due to the deformation of the fiber core,
which is changed from an elliptical core to a circular core. In general, the normalized
birefringence of the Hi-Bi fiber, B, comprises of a stress anisotropy component Bs and a
waveguide shape component BG that is proportional to the ellipticity of the fiber [98].
When the Hi-Bi fiber's ellipticity is reduced due to the applied axial strain, the waveguide
shape component^ also decreases. Using the applied strainE = ALIL, where L is the
length of the fiber and AZ is the change of the fiber length due to stretching, and Eq.
(4.2), the wavelength spacing after stretching can be derived as

A2 = 0.22

\-bla

100/?
1+100*

(4.3)

where a and b represent the lengths of the fiber core's long axis and short axis,
respectively. Neglecting the effect of temperature change, it is assumed that when the
PM-FBG is stretched, the volume of the stretched fiber does not change and thus the
ellipticity of the fiber core decreases accordingly. Therefore, the birefringence B of the
Hi-Bi fiber decreases and the wavelength separation between the two lasing lines is
reduced according to Eq. (4.2).

4.3.3 Dual-Wavelength Fiber Laser with Tunable Wavelength Spacing

The output spectrum of the fiber laser was measured using an OSA with a resolution of
0.01 nm. Figure 4-5 shows two simultaneous lasing lines at 1544.54 nm and 1544.76 nm
with a wavelength separation of 0.22 nm at a pump power of 85 mW when no strain was
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applied to the PM-FBG The OSNR of each lasing line is over 40 dB.

1542.5 1543 1543.5 1544 1544.5 1545 1545.5 1546 1546.5 1547 1547.5
Wavelength (nm)

Figure 4-5: Measured laser spectrum showing two lasing lines centered at 1544.54 nm
and 1544.76 nm which are separated by AX = 0.22 nm. The pump power used was 85
mW. No strain was applied to the PM-FBG.

The FWHM linewidth of the dual-wavelength fiber laser was measured using the delayed
self-heterodyne technique, which has been discussed in Section 4.2. Since the gratingbased OSAs can not provide the measurement resolution required for laser linewidth
measurement and the proposed dual-wavelength fiber laser has a very small linewidth
(which is much smaller than the resolution of the OSA), an alternative characterization
method must be employed. There are three commonly used methods for the measurement
of laser linewidth (see Section 4.2): 1) the optical heterodyne method, 2) the delayed selfhomodyne method, and 3) the delayed self-heterodyne method. However, the first and
second laser linewidth measurement methods are not suitable for our application. That is
because the optical heterodyne method needs a LO with a linewidth much smaller than
that of the laser under test, which is not available in our laboratory, and the photodetector
in our laboratory has a weak response from 0 to 1 GHz. The optical setup for the
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linewidth measurement of the proposed fiber laser using the delayed self-heterodyne
method is schematically shown in Fig. 4-6. The laser output from the dual-wavelength
fiber laser was filtered out by a tunable bandpass filter to select only one lasing
wavelength for linewidth measurement. And then the filtered light was split into two
optical paths with the same optical power by a 3 dB optical coupler. In one arm, the fiber
delay zB was introduced to the light through an 80-km single-mode fiber (SMF) to ensure
the incoherent mixing of the light in two arms, and one PC was used to optimize the state
of polarization (SOP) of the incident light. And, in the other arm, an acousto-optic
frequency shifter (AOFS) was used to introduce a 100 MHz frequency shift to the light.
Another 3 dB coupler was used to form the interferometer, and the mixed optical signal
was fed into a 25 GHz photodetector (New Focus IR photodetector 1414) followed by an
ESA (Agilent E4470B) to display the beat tone, from which the actual laser linewidth can
be determined.

— \ / photodetector

Figure 4-6: The experimental setup for the laser linewidth measurement of the proposed
dual-wavelength fiber laser using the delayed self-heterodyne technique [85].

The measured beat tone is shown in Fig. 4-7, which has a 3 dB FWHM linewidth of
about 5 kHz. According to the relationship of the measured FWHM linewidth using the
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delayed self-heterodyne method and the actual laser linewidth as shown in Table 4-2, the
laser linewidth of the dual-wavelength fiber laser is half of that of the FWHM linewidth
displayed in the ESA. Thus, the actual linewidth of each lasing line is -2.5 kHz, which is
much smaller than the linewidths of most DFB lasers.
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Figure 4-7: Measured beat tone of the linewidth of one lasing wavelength of the dualwavelength fiber laser using an ESA with the optical delayed self-heterodyne technique.

Tuning of the wavelength separation of the dual-wavelength fiber laser is implemented
by applying an axial strain to the PM-FBG within the laser cavity. When applying the
axial strain to the PM-FBG, the center wavelengths of the lasing lines will shift to the
longer wavelength region due to the elongated grating pitch as explained in Section 4.3.2.
The tunable range of the lasing lines' center wavelengths is about 2-3 nm. The total
output power of the fiber laser is about 0.25 mW, and the oscillation or output efficiency
is 0.33%, which is limited by the low transmission of the PM-LCFBG

Compared to the case with no axial strain applied to the PM-FBG where the wavelength
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separation is 0.22 nm (see Fig. 4-5), when an axial strain was applied to the PM-FBG,
Figures 4-8 (a) and (b) show that the wavelength separation between the two lasing lines
can be reduced to 0.15 nm and 0.076 nm, respectively. By stretching the PM-FBG further,
a stable dual-wavelength lasing output with a wavelength spacing of as small as 0.05 nm
was obtained (see Fig. 4-9 (d)).
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Figure 4-8: Output spectra of the dual-wavelength fiber laser with different wavelength
spacings, when different amount of axial strain was applied to the PM-FBG. (a)
Wavelength spacing is AA. = 0.15nm. (b) Wavelength spacing is AX = 0.076nm.
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To the author's knowledge, this is the smallest wavelength separation of a stable dualwavelength fiber laser at room temperature that is ever achieved. The stability of the
dual-wavelength fiber laser was studied by performing repeated scanning of the fiber
laser's output spectra as shown in Fig. 4.9, where the power fluctuation of the lasing
wavelengths was estimated to be < 0.5 dB, and the frequency variation of the lasing
wavelengths was estimated to be < 0.01 nm, which is limited by the resolution of the
OSA.
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Figure 4-9: Spectra of a stable dual-wavelength lasing output with a wavelength spacing
of (a) 0.22 nm; (b) 0.124 nm; (c) 0.079 nm; (d) 0.050 nm when different amount of axial
strain was applied to the PM-FBG. The measurements were taken at one-minute
intervals over half an hour.

PHB effect, whose origin is due to the polarization dependence of the emission cross
section of the erbium ions in the silica host, leads to polarization hole-burning with a hole
depth which depends on the degree of amplifier compression. Note that the laser cavity of
the proposed dual-wavelength fiber laser consists of all PM components (except for the
WDM coupler). The enhanced polarization-hole-burning effect will increase the
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inhomogeneous loss of the laser cavity, which leads to multiwavelength lasing operation
at room temperature. Furthermore, the cavity length of the linear laser cavity is small,
which makes it less susceptible to environmental changes. Therefore, stable roomtemperature dual-wavelength lasing operation can be achieved with the proposed fiber
laser.

The Hi-Bi fiber, on which the PM-FBG was fabricated, has an elliptical fiber core, and
when it is being stretched, the birefringence of the Hi-Bi fiber will change due to the
deformation of the fiber core under axial strain. When the fiber is stretched, the ellipticity
of the fiber core will decrease, which causes the birefringence of the Hi-Bi fiber to
decrease. Hence, the wavelength separation between the two lasing wavelengths will
decrease as a result of a reduced fiber birefringence because the birefringence of the HiBi fiber is proportional to the ellipticity of the fiber core [98]. Thus, the wavelength
separation of the two lasing lines is inversely proportional to the applied axial strain (in
microstrain), according to Eq. (4.2).

The experimental results agree well with the simulation results as calculated from Eq.
(4.3) (see Fig. 4-10). The wavelength separation between the two lasing lines can be
tuned from 0.22 nm down to 0.05 nm (as shown in Fig. 4-5 and Fig. 4-9 (d), respectively).
This relationship between the wavelength separation and the axial strain has potential
applications in fiber-optical strain sensors, which has an obvious advantage due to the
high OSNR of laser-based fiber sensors.
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Figure 4-10: The relationship between the wavelength separation of the two lasing lines
and the applied axial strain on the PM-FBG. The solid line and the data points are the
simulation result and experimental result, respectively.

As the laser cavity is an all-PM linear cavity, the output spectrum from the fiber laser is
very stable. Figures 4-9 (a)-(d) show the repeated scans of the laser output spectra with
different wavelength spacings at one-minute intervals over half an hour. The power
fluctuation of the two lasing lines is very small (less than 0.5 dB) and the wavelength
shift is within 0.002 nm. From Fig. 4-9, it is apparent that the dual-wavelength operation
is very stable at room temperature even with wavelength separations smaller than 0.5 nm
[29], due to the enhanced polarization hole burning of the laser cavity. In this all-PM
linear laser cavity structure, the two lasing lines oscillate along two orthogonally linearly
polarization modes which are separated by the reflection peaks of the PM-FBG, and this
greatly reduces the mode competition between the lasing lines.
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One of the important applications of the proposed dual-wavelength fiber laser is to
generate a high frequency microwave signal by beating the two output lasing
wavelengths [90], [99]. Therefore, a 25-GHz photodetector and an ESA were employed
to optically heterodyne the two amplified output lasing wavelengths, and the schematic
diagram of the measurement setup is shown in Fig. 4-11. The output spectrum from the
proposed dual-wavelength fiber laser was split by a 10/90 fiber coupler, whereby 10% of
the output spectrum was monitored by an OSA, while the remaining 90% of the output
laser spectrum was fed into a 25-GHz photodetector (which is followed by an ESA) to
monitor the generated beat signal. An EDFA was used to boost the lasing wavelengths'
output power before it was fed into the photodetector.

980/1550 nm

PM-EDF
3D stage

applied strain

-*

PM-LCFBG
m

Figure 4-11: Schematic diagram of the measurement setup of the beat signal generated
by the proposed dual-wavelength fiber laser.

Since the two lasing wavelengths are generated from the same laser cavity, the relative
phase fluctuations between the two lasing wavelengths are low because two wavelengths
will change simultaneously with the environmental changes. The dual-wavelength fiber
laser operation was found to be stable with a maximum peak power difference of the two
lasing wavelengths of < 0.5 dBm. Note that this power difference between the two lasing
wavelengths is due to the unequal reflectivities of the PM-FBG's two reflection peaks,
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which determines the lasing wavelengths of the fiber laser. However, this power
difference between the two lasing wavelengths can be reduced by inserting a PC (with an
optimized setting) in the laser cavity.

Fig. 4-12 (a) shows that the frequency of the beat signal generated by the two lasing
wavelengths was measured to be -9.41 GHz when the wavelength separation of the dualwavelength fiber laser was -0.076 nm. This is as expected because the optical
heterodyning method requires that the wavelength difference between the two lasing
wavelengths corresponds to the frequency of the generated beat signal. Similarly, Fig. 412 (b) shows that, when the wavelength separation of the two lasing wavelengths was
-0.15 nm, the frequency of the beat signal generated by the dual-wavelength fiber laser
was measured to be - 18.03 GHz. Thus the proposed technique provides a unique
advantage in that the frequency of the generated beat signal can be tuned to a desired
value in practice to meet practical application requirements by adjusting the wavelength
spacing between the two lasing wavelengths. In Fig. 4-12, the 3-dB beat linewidths were
both estimated to be < 50 MHz, and the frequency drifts of the two beat signals (which
were measured over 10 minutes) were estimated to be < 5 MHz, which was limited by the
resolution of the ESA.
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Fig. 4-12: Measured beat signal of the proposed dual-wavelength fiber laser, (a) when
the wavelength separation is ~ 0.076 nm; (b) when the wavelength separation is ~ 0.15
nm.

The phase noise of the beat signal (close to the carrier frequency) is ~ -58 dBc/Hz. The
beat signal has a relatively large phase noise and a relatively broad 3-dB linewidth
because the phases of the two lasing wavelengths were not correlated with each other.
However, the phase noise of the beat signal can be greatly reduced by phase-locking the
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two lasing modes [99]. Note that the microwave power of the generated beat signal is
relatively low, which was probably caused by the low response of the photodetector and
the non-uniform power levels of the two lasing wavelengths.

4.4 Summary
A novel wavelength-spacing tunable dual-wavelength fiber laser with an all-PM linear
laser cavity structure has been presented. Taking advantages of the PM-FBG, two stable
lasing lines with a wavelength separation of 0.22 nm were obtained. By stretching the
PM-FBG, the two lasing lines' center wavelengths can be tuned and different wavelength
spacing (of as small as 0.05 nm) can be obtained. The maximum tunable range of the
laser's center wavelength is about 3 nm. And the wavelength separation of the two lasing
lines can be tuned from 0.22 nm down to as small as 0.05 nm, which is the smallest
wavelength separation ever achieved, to the best of the author's knowledge, for a roomtemperature dual-wavelength fiber laser source. The OSNRs of the two lasing
wavelengths are over 40 dB. This dual-wavelength fiber laser configuration has such
unique advantages as stable lasing operation at room temperature, very narrow linewidth
(~ 2.5 kHz), very small wavelength variation (< 0.01 nm) and power variation (< 0.5 dB),
low cavity loss, and simple structure compared with many other techniques. The
developed dual-wavelength fiber laser has potential applications in many areas such as
fiber-optic strain and temperature sensors, generation of high bit-rate soliton trains and
generation of microwave beat frequency. In particular, the proposed dual-wavelength
fiber laser has useful applications in the implementation of tunable microwave photonic
notch filter (see Chapter 5).
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5

Microwave Photonic
Filters Using Multiwavelength Laser
Sources

Using the developed dual-wavelength fiber laser with tunable wavelength spacing as
described in Chapter 4 and a multiwavelength semiconductor optical amplifier (SOA)
ring laser, this chapter presents the development of multiple-tap microwave photonic
filters. Exploiting the incoherent operation of the lasing lines coming from the stable
room-temperature multiwavelength laser source, two microwave photonic filters are
implemented with a phase modulator and a segment of single-mode fiber (SMF) as a
dispersive device. For the two-tap microwave notch filter, when stretching the PM-FBG
to tune the wavelength separation of the two lasing lines from the dual-wavelength fiber
laser, a tunable microwave photonic notch response with a rejection ratio greater than 35
dB was achieved. This kind of filter has several unique advantages such as the use of a
single laser source to implement a multiple-tap microwave photonic filter, tunable FSR
(for the two-tap microwave filter), elimination of the need to use fiber delay lines or fiber
Bragg gratings in the filter part to achieve tunability, and reconfigurability.

Section 5.1 gives a general introduction of microwave photonic filters. The operating
principle of the proposed tunable two-tap microwave photonic notch filter is presented in
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Section 5.2. The simulation and experimental results of the proposed tunable microwave
photonic notch filter are presented in Section 5.3. And Section 5.4 describes the multipletap microwave photonic filter. Part of the work presented here has already been published
[17].

5.1 Introduction
Microwave photonic filters, see for example, references [100]-[106], are photonic
subsystems designed to perform equivalent functionality to that of a conventional
microwave filter within a radio frequency (RF) system or link, because they can provide
supplementary advantages that are inherent to photonics technologies such as low
attenuation, large bandwidth, immunity to electromagnetic interference (EMI), tunability,
reconfigurability, and light weight. A simple example of the concept of a microwave
photonic filter is presented here.

Figure 5-1 depicts a typical application of a microwave photonic filter in a moving target
identification (MTI) ground radar system [107]. The MTI radar exploits the Doppler
effect to separate the targets of interest from a clutter (such as land, sea water, and rain).
To achieve this objective, the radar sends a pulse sequence with pulse width T and interpulse period PRI=1/PRF, where PRF is the pulse repetition frequency. Any moving
object will generate a Doppler frequency shift Av from the radar's signal central
frequency f0 according to its speed (dR/dt),

where R(t) designates the time-varying

distance from the target to the radar. The spectral signature of each object repeats
periodically in the spectrum with a period given by the PRF, which obviously sets the
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limit on determining an unambiguous Doppler shift.

Figure 5-1: Example of a microwave photonic filter used in a ground MTI radar [107].

Thus, it is sufficient to obtain all the information of the moving targets and the clutter by
focusing on a spectral region from f0 to fo + PRF. Signal processing on the detected
signal is normally needed to filter out the clutter and noise (the unwanted signals) from
the target(s). This signal processing process is usually performed, as shown in Fig. 5-2 (a),
by frequency down-converting the detected signal to a baseband signal, which is then
converted to a digital signal by an analog-to-digital converter (ADC). In order to
distinguish the small signal reflected from the target and the large signal generated by the
fixed objects, high-performance ADCs (with 14-bit to 18-bit resolution) are normally
required, which is a major bottleneck in the system. If the clutter can be removed before
the down-conversion frequency process, then the high-resolution requirements on the
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ADCs can be removed, but this process is difficult to achieve and is costly in the
microwave domain. However, this difficult and costly process can be easily overcome if
the RF signal is modulated onto an optical carrier and then processed directly in the
optical domain by using a microwave photonic filter (see Fig. 5-2 (b)).
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A/D
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Figure 5-2: (a) A typical signal processing configuration in an MTI radar system, (b)
Modified and efficient signal processing configuration with a microwave photonic filter
prior to the down-conversion process [108].

A modified and more efficient signal processing method of the RF signal is illustrated in
Fig. 5-3. The detected signal from the RF antenna is modulated onto an optical carrier,
and is then directly processed in the optical domain by a microwave photonic filter based
on fiber-optic or integrated-optic devices, which offer a number of unique advantages
such as large bandwidth, low attenuation and immunity to EMI as described in Section
5.1. This more efficient photonic's method by using microwave photonic filters is to
replace the traditional RF signal processing approach (see Fig. 5-4), where the RF signal
from an antenna is directly fed to an RF processing circuit, which is usually at an
intermediate frequency band after the down-conversion operation.
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Figure 5-3: Schematic diagram of the signal processing configuration of the RF signal
using a microwave photonic filter [108].
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Figure 5-4: Schematic diagram of the traditional RF signal processing configuration [108].

Obviously, by adding more photonic components, the system complexity will increase,
however, the photonic technologies using fiber delay lines or FBGs can provide many
unique advantages [109]-[112]. Optical delay lines have very low attenuation, very large
time-bandwidth products, are immune to EMI, lightweight, and can provide very short
delays that can result in very high-speed sampling frequencies. And the use of FBGs can
also provide tunability for the microwave photonic filters. Furthermore, photonic
approaches provide the possibility of achieving parallel signal processing in the spatial
and wavelength domains using WDM techniques.

However, it is important to reduce the complexity and hence cost of the microwave
photonic filter by using, for example, a simple optical source as the optical carrier in the
system (see Fig. 5-3). This chapter presents a novel two-tap tunable microwave photonic
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notch filter using a simple dual-wavelength fiber laser which has been presented in
Chapter 4. The tunable microwave photonic notch filter has a tunable FSR. In the
proposed approach, RF signal processing is achieved without increasing the filter
complexity (or adding additional photonic components) by using the dual-wavelength
fiber laser source (see Chapter 4) as the optical carrier in the RF signal processing system.
This filter configuration has many advantages such as simple structure, less number of
optical components, multiple-tap response with one single optical source, tunable FSR,
and low cost. The system configuration is described in Section 5.2. And the simulation
and experimental results are presented in Section 5.3.

5.2 Configuration and Principle of Proposed Tunable
Microwave Photonic Notch Filter
5.2.1 Experimental Setup of the Proposed Tunable Microwave
Photonic Notch Filter

The experimental setup of the proposed tunable microwave photonic notch filter based on
a tunable dual-wavelength fiber laser (as presented in Chapter 4) is depicted in Fig. 5-5.
In the tunable dual-wavelength fiber laser, pump light from a 980-nm laser diode is
coupled into the laser cavity through a 980/1550 nm WDM coupler. The linear laser
cavity consists of an 8-m long PM-EDF, a uniform FBG with a section for strain
modulation and a LCFBG, both of which were fabricated on the Hi-Bi fiber (see Chapter
4 and Ref. [16]). The PM-EDF with a birefringence of 2.4x10" at 1550 nm and a
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concentration of erbium ions of 3xl024m~3 are spliced (instead of using connectors to
reduce the cavity loss) to the PM-FBG and the PM-LCFBG The Hi-Bi fiber, with a beat
length of 4 mm at 1550 nm, was hydrogen loaded for two weeks to enhance its
photosensitivity before fabrication of the PM-FBG and PM-LCFBG The PM-FBG was
fabricated with a uniform phase mask (with a grating pitch of 1.045 um), and has two
reflection peaks near 1545 nm. The 60-mm long PM-LCFBG was fabricated with a phase
mask (with a chirp rate of 2.25 nm/cm), and has a stopband of about 18 nm in the
transmission mode which is centred at 1546.5 nm (see Fig. 5-6).

980/1550 nm

4
V

PM-FBG

PM-LCFBGJ

^,980 nm pump

Tunable dual-wavelength fiber laser
50 km SMF

PD

Figure 5-5: Experimental setup of the proposed tunable microwave photonic notch filter.

The measured transmission spectra of the PM-LCFBG and PM-FBG are shown in
Figures 5-6 (a) and (b), respectively. Instead of using a bulk dielectric mirror, the PMLCFBG used here can be easily spliced with other fiber-optic components, thus making
the laser cavity an all-fiber structure. As the linear laser cavity is formed by the PM-FBG
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and the PM-LCFBG, the lasing wavelengths are defined by the reflection peaks of the
PM-FBG The wavelength separation of the PM-FBG's two reflection peaks is
determined by the birefringence of the Hi-Bi fiber used as described in Chapter 4.
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Figure 5-6: Monitored transmission spectrum of (a) the PM-LCFBG, (b) the PM-FBG
used in the tunable dual-wavelength fiber laser.

It is worth noting that, except for the WDM coupler, the whole laser cavity is all PM. The
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polarization state of the light within the laser cavity is thus maintained, resulting in a
stable lasing operation from the laser's output port under room temperature conditions.
The two output lasing wavelengths from the dual-wavelength fiber laser are then
amplified by an EDFA, and the amplified laser light goes into a 10/90 fiber coupler which
is monitored by an OSA.

The proposed tunable microwave photonic notch filter is implemented by modulating the
amplified light from the tunable dual-wavelength fiber laser (as described in Chapter 4)
using a 10 GHz phase modulator (see Fig. 5-5). The photonic microwave bandpass filter
proposed here is realized by eliminating the baseband resonance using the 10 GHz phase
modulator. The phase modulated light then goes through a 50 km segment of SMF as a
dispersive device to eliminate the basement resonance of the notch filter as well as to
introduce a time delay to the optical signal. The output from the SMF is then fed into a 12
GHz photodetector (PD) (New Focus 1544B), which is followed by a vector network
analyzer (Anritsu 37369C). The phase modulator is driven by the microwave signal to be
processed by the photonic filter. As the tunable dual-wavelength fiber laser source, which
can generate two lasing wavelengths with tunable wavelength separation, is used as the
optical source, a two-tap transversal microwave photonic notch filter with tunable FSR
can be achieved. Note that the two lasing wavelengths from the tunable dual-wavelength
fiber laser are uncorrelated with each other, thus the proposed tunable microwave
photonic notch filter is free from coherent interference or is operating in the incoherent
region.
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5.2.2 Principle of the Proposed Tunable Microwave Photonic Notch
Filter

The input optical field (E, (com)) and the output optical field (E0 (a>m)), as shown in Fig.
5-3, are linearly related to each other by

where H0[com) is the transfer function of the microwave photonic filter depicted in Fig.
5-5, which can be shown to be given by
H.M*

In Eq. (5.2), fm(fm

sinf^

+ )2f L
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(5.2)

= —SL) denotes the modulating frequency of the microwave signal,
2n

D and L represent the chromatic dispersion parameter (D = 17 ps/nm/km here) and the
length of the SMF (L = 50 km here), Ar is the time delay due to the 50 km SMF, \ and
X2 are the two lasing wavelengths (A2 > \ ) of the dual-wavelength fiber laser, and c is
the speed of light in vacuum. The time delay (or sampling period) Ar of the microwave
photonic notch filter can be expressed as
Ar - DLAA

(5.3)

where AA = A^ - \ is the wavelength separation between the dual-wavelength fiber
laser's two output lasing wavelengths. The corresponding FSR of the microwave
photonic notch filter is given by
FSR = 1/AT

(5.4)

Using Eqs. (5.2) and (5.3), the simulation results of the microwave photonic notch filter's
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amplitude response using two different values of AX ( AX = X2-Xi = 1553.909
nm-1553.78 nm = 0.129 nm and AX = X2-\

= 1544.76 nm-1544.54 nm = 0.22 nm)

are shown in Figures 5-7 (a) and (b), respectively. From Figures 5-7 (a) and (b), it can be
seen that, by applying some axial stain to the PM-FBG within the dual-wavelength fiber
laser (see Fig. 5-5) to tune the wavelength separation AX of the two lasing wavelengths,
the FSR of the proposed tunable microwave photonic notch filter can be tuned. According
to Eqs. (5.3) and (5.4), the smaller the wavelength separation Ar, the larger the FSR of
the microwave photonic notch filter will be. When the wavelength separation is
AX-0.129 nm, the calculated microwave photonic notch filter's FSR is 9.2 GHz (see
Fig. 5-7 (a)); and when the wavelength separation is tuned up to AX = 0.22 nm, the
calculated FSR is 4.72 GHz (see Fig. 5-7 (b)). When no axial strain was applied to the
PM-FBG (i.e. AA = 0.36nm), the calculated frequency response with an FSR of 3.22
GHz is shown in Fig. 5-8. Thus, by tuning the wavelength separation of the dualwavelength fiber laser's two lasing lines, a two-tap microwave photonic notch filter with
tunable FSR can be achieved as shown in Figures 5-7 and 5-8. The experimental results
of the tunable microwave photonic notch filter are presented in Section 5.3.2.
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Figure 5-7: Simulated amplitude response of the microwave photonic notch filter for two
different wavelength separations AX. (a) AX = \2-\=
1553.909 nm-1553.78 nm =
0.129 nm and the filter's FSR is 9.2 GHz; (b) M = X2 -Xt =1544.76 nm-1544.54 nm =
0.22 nm and the filter's FSR is 4.72 GHz.
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Figure 5-8: Simulated amplitude response of the microwave photonic notch filter when
dual-wavelength fiber laser's wavelength separation is AX = 0.36 nm and the filter's FSR
is 3.22 GHz.

It is worth noting that, in the proposed microwave photonic notch filter, a phase
modulator instead of an intensity modulator was used. When implementing the
microwave photonic notch filter using an intensity modulator, the modulated signal at the
output will have two sidebands in phase. However, when using a phase modulator to
implement a microwave photonic notch filter, the output signal will have two sidebands
that are n out of phase. If the phase modulated signal is directly detected using a
photodetector, the microwave signal cannot be recovered since the beating of the carrier
and the two out-of-phase sidebands would cancel out with each other. Thus, a certain
length of the SMF was placed after the modulator to serve as a dispersive device so as to
effectively rotate the two sidebands of the phase modulated signal to make them in phase
by using the dispersion of the SMF. Then the phase modulated signal may be recovered
when this dispersive optical signal is fed to a photodetector.
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5.3 Microwave Photonic Notch Filter Based on the DualWavelength Fiber Laser
5.3.1

Dual-Wavelength

Fiber

Laser

with

Tunable

Wavelength

Separation
The monitored output spectra of the tunable dual-wavelength fiber laser source are shown
in Fig. 5-9. Two lasing wavelengths with a wavelength separation of AA ~ 0.36 nm are
shown in Fig. 5-9 (a), when no strain was applied to the PM-FBG in the laser cavity. The
OSNR of these two lasing lines are more than 45 dB. When some axial strain was applied
to the PM-FBG within the laser cavity, Fig. 5-9 (b) shows that dual-wavelength lasing
operation with a reduced wavelength separation of AX = 0.22 nm was obtained as
described in Chapter 4. By further stretching the PM-FBG, the wavelength separation of
the dual-wavelength fiber laser can be tuned down to AX = 0.129 nm (see Fig. 5-10) and
even as small as AX = 0.05 nm (see Chapter 4). For all the lasing wavelengths shown in
Figures 5-9 and 5-10, the OSNRs are very large (i.e. > 40 dB), and the laser linewidths
are ~ 2.5 kHz as described in Chapter 4.
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Figure 5-9: Output spectra of the dual-wavelength fiber laser monitored by the OSA. (a)
Without stretching the PM-FBG and AX = 0.36 nm. (b) The wavelength separation was
reduced to AX. = 0.22 nm when some axial strain was applied to the PM-FBG.
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Figure 5-10: Measured output spectrum of the dual-wavelength fiber laser when the PMFBG was further stretched to reduce the wavelength separation to AX = 0.129 nm.

Due to the homogeneous broadening of the EDF, it is normally difficult to achieve a
stable dual-wavelength lasing operation with wavelength separation smaller than 0.5 nm
under room temperature conditions [29]. However, in the design described here, due to
the enhanced PHB and SHB in the saturated PM-EDF, stable room-temperature dualwavelength operation with a small wavelength separation was achieved. The dualwavelength lasing operation was observed to be very stable over one-hour duration. The
repeated scan of the laser output is shown in Fig. 5-11 over half an hour at 60 second
intervals.
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Figure 5-11: Repeated scan of the dual-wavelength fiber laser's output spectrum for half
an hour when the wavelength separation is 0.129 nm.

5.3.2 Tunable Microwave Photonic Notch Filter

The measured amplitude responses of the tunable microwave photonic notch filter with
different FSRs are shown in Figures 5-12 (a)-(c) when the dual-wavelength fiber laser's
wavelength separation was adjusted by stretching the PM-FBG as described in Section
5.3.1. From the simulation results (see Fig. 5-7 and Fig. 5-8) described in Section 5.2.2, it
can be seen that the corresponding experimental results agree well with the simulation
results. That is, compare Fig. 5-7 (a) with Fig. 5-12 (a), Fig. 5-7 (b) with Fig. 5-12 (b),
and Fig. 5-8 with Fig. 5-12 (c), where the simulation and experimental results are similar.
The notch rejection ratios of the microwave filter with three different FSRs are all greater
than 35 dB (see Figures 5-12 (a)-(c)). The wavelength separations between the two lasing
lines are 0.129 nm, 0.22 nm and 0.36 nm as shown in Figures 5-9 (a), (b) and Fig. 5-10,
respectively, and the corresponding measured filter responses with three different FSRs
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of 9.46 GHz, 4.952 GHz, and 3.175 GHz, when different amount of strain was applied to
the PM-FBG, are shown in Figures 5-12 (a)-(c), respectively. To the author's knowledge,
this is the first proposal of a dual-wavelength fiber laser with tunable wavelength spacing
that is used to implement a tunable microwave photonic notch filter.
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Figure 5-12: Measured filter responses of the tunable microwave photonic notch filter
with a vector network analyzer for different wavelength separation AA.of the two output
lasing wavelengths from the dual-wavelength fiber laser, (a) AX = 0.129nm. (b)
AX. = 0.22nm. (c) AX = 0.36nm. (The low frequency part of Fig. 5-12 (c) is not very clear
due to the weak response of the 12 GHz photodetector from 0-2 GHz.)

The simulation results and the experimental data of the tunable microwave photonic
notch filter's time interval Ar (according to Eq. (5.3)), the applied strain to the PM-FBG
e (see Chapter 4), and the dual-wavelength fiber laser's wavelength separation AX are
shown in Fig. 5-13. The experimental results shown in Fig. 5-13 (where • represents the
measured notch filter's time interval Ar (or 1/FSR) and A represents the axial stain
applied to the PM-FBG) clearly show that they agree well with the simulation results
(solid lines in Fig. 5-13). When the strain applied to the PM-FBG increases, the
birefringence of the PM-FBG will decrease, and this results in a reduction of the
wavelength separation of the dual-wavelength fiber laser [98]. According to Eqs. 5.3 and
5.4, the smaller the wavelength separation AX, the smaller the microwave notch filter's
time interval Arwill be, and this, in turn, results in a larger FSR of the filter. Thus, a
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tunable two-tap microwave photonic notch filter with tunable FSR can be achieved by
adjusting the wavelength separation of the tunable dual-wavelength fiber laser.
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Figure 5-13: Simulation results (solid line) of the relationships among the notch filter's
time interval AT, applied axial strain e to the PM-FBG within the laser cavity and the
wavelength separation AX of the dual-wavelength fiber laser. Measured experimental
results of Ax and e are shown in • and A, respectively.

Taking advantage of the tunable dual-wavelength fiber laser described in Chapter 4, the
proposed microwave photonic notch filter has several unique features such as simple
structure with very few optical components in the filter part compared with [104], [105],
the use of only a single and yet tunable dual-wavelength fiber laser source instead of a
number of DFB lasers [104], and the filter's FSR can be easily tuned through tuning the
wavelength separation of the dual-wavelength fiber laser.

5.4 Microwave Photonic Bandpass Filter Using a
Multiwavelength Ring Laser
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An all-optical microwave photonic bandpass filter is proposed and demonstrated using a
multiwavelength semiconductor optical amplifier (SOA) based ring laser, an optical
phase modulator, and a segment of single-mode fiber (SMF). Experimental results show a
multiple-tap bandpass microwave filter by using the multiwavelength SOA ring laser
with equalized output power as the optical source. Two laser configurations, one with a
linearly chirped fiber Bragg grating (LCFBG) to compensate for the dispersion of the
laser cavity and one without the LCFBG, are used to compare their multiwavelength laser
outputs and the corresponding microwave filters' responses. The maximal main to
secondary sidelobe ratio (MSSR) of the microwave filter is over 10 dB.

5.4.1 System Configuration and Operating Principle
The experimental configuration of the proposed microwave photonic bandpass filter is
shown in Fig. 5-14 (a), which basically consists of two parts, namely, the
multiwavelength SOA ring laser (the left side of the figure), and a microwave bandpass
filter. The multiwavelength ring-cavity laser consists of a SOA (Kamelian OPA), two
polarization-independent fiber isolators, one polarization controller (PC), one 10:90 fiber
coupler, and a 3-port circulator with a sampled linearly chirped fiber Bragg grating
(SLCFBG) connected to one of the circulator's ports. The two isolators within the laser
cavity ensure the unidirectional operation of the ring laser, and the PC is used to optimize
the state of polarization (SOP) of the light within the ring laser as the SOA is polarization
dependent. The SLCFBG combined with the 3-port circulator serves as the wavelengthselective component in the ring laser. The SLCFBG was designed to generate a high
channel-count comb in the C-band and its transmission spectrum is shown in Fig. 5-14
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(b). And the measured wavelength spacing of the SLCFBG is about 100 GHz. The
SLCFBG with high channel-count comb is achieved by choosing a chirp phase mask with
an appropriate values as well as an amplitude mask in the grating fabrication process
[113]. To obtain lasing wavelengths with equalized peak power level from the ring laser,
a LCFBQ whose transmission spectrum is shown in Fig. 5-14 (c), is connected with the
SLCFBG to serve as a bandpass filter to limit the wavelength range of the SLCFBG and,
more importantly, to compensate for the dispersion induced by the SLCFBG so as to
reduce the power differences of the output lasing wavelengths. The output lasing
wavelengths from the SOA ring laser are then amplified by an in-line EDFA (OptolinkMP) to compensate for the loss of the dispersive SMF in the microwave filter. An RF
signal (with modulating frequency of 500 MHz to 10 GHz) drives a phase modulator
(Avanex), which is used to modulate the amplified lasing wavelengths of the
multiwavelength SOA ring laser after having passed through the inline EDFA and a PC.
The phase modulated optical signal is launched into a 60 km or 40 km SMF, which is
then fed into a photodetector (PD) and followed by a network analyzer (Anritsu). The
working principle of the multiple-tap microwave photonic filter described here is quite
similar to that of the two-tap microwave photonic notch filter as described in Section 5.2.
The amplified optical signal is modulated by the phase modulator, and delayed by a
segment of SMF before it is being monitored by a network analyzer. Taking advantages
of the multiwavelength SOA ring laser's simultaneous multiwavelength lasing operation,
the number of optical components required within the microwave photonic filter part is
reduced.
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Figure 5-14: (a) Experimental configuration of the microwave photonic bandpass filter
based on the multiwavelength SOA ring laser (60 km SMF). (b) Measured reflection
spectrum of the SLCFBG. (c) Measured transmission spectrum of the LCFBG. PC:
polarization controller; SOA: semiconductor optical amplifier; PD: photodetector; SMF:
single-mode fiber.

5.4.2 Experimental Results and Discussion

The photosensitive fiber was hydrogen loaded at 80 °C for more than two weeks to
increase its photosensitivity before grating fabrication. The SLCFBG was UV written
using a 5 cm long chirped phase mask (with a chirp rate of 4.8 nm/cm) together with an
amplitude mask. When the reflective LCFBG (which serves as a bandpass filter) was not
connected to the SLCFBG (see Fig. 5-14 (a)), seven lasing wavelengths between 1557
nm and 1563 nm with wavelength spacings of about 0.8 nm were generated from the
output port of the ring laser as shown in Fig. 5-15 (a). By adjusting the PC to change the
polarization state of the light within the ring laser, four lasing lines ranging from 1560 nm
to 1563 nm with ~ 0.8 nm wavelength spacing, an OSNR greater than 40 dB, and small
peak power difference are obtained as shown in Fig. 5-15 (a). The output lasing
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wavelengths of the SOA ring laser are very stable at room temperature over a 30-minute
repeated scan.
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Figure 5-15: (a) Measured output spectrum from the multiwavelength SOA ring laser
when the LCFBG was not connected in the laser cavity, (b) Measured bandpass filters'
response with 40 km SMF as the dispersion component.
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As each of the lasing wavelengths is used to implement only one tap of the microwave
photonic filter, there is no correlation among the different taps, so there is no limitation
on the minimum time delay or maximum FSR. By feeding these lasing wavelengths to
the phase modulator and a 40-km SMF as a dispersive device (see Fig. 5-4 (a)), a four-tap
bandpass filter is then obtained, as shown in Fig. 5-15 (b) as the multiwavelength ring
laser generates four lasing wavelengths within the 3 dB spectrum bandwidth. The FSR of
the four-tap microwave bandpass filter is about 1.85 GHz.

In order to generate more lasing wavelengths from the multiwavelength ring laser (within
the 3 dB spectral bandwidth) and hence achieve a microwave photonic filter with more
taps (and hence narrower bandwidth), a reflective LCFBG was spliced to the SLCFBG as
a bandwidth-limiting filter to limit the wavelength range of the SLCFBG's comb-like
spectrum and, more importantly, to compensate for the dispersion in the SLCFBG in
order to flatten the output power levels of the multiwavelength ring laser's output lasing
lines. The 6-cm long LCFBG was fabricated with the phase mask method, and has a ~ 25
dB deep stopband from 1546 nm to 1564 nm (see Fig. 5-14 (c)). The chirp phase mask
has a chirp rate of 2.25 nm/cm and a grating pitch of 1067 nm. As shown in Fig. 5-16 (a),
with the reflective LCFBG, a larger number of lasing wavelengths with more uniform
peak power levels were generated from the multiwavelength SOA ring laser. Seven lasing
wavelengths within the 3 dB spectral bandwidth and channel spacings of ~ 0.8 nm are
obtained between 1549 nm and 1559 nm at room temperature. The OSNRs of the seven
lasing lines are all above 40 dB. By appropriately adjusting the PC within the laser cavity,
a maximum number of eight lasing wavelengths within the 3 dB spectral bandwidth
between 1549 nm and 1558 nm were achieved at room temperature as shown in Fig. 5-16
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(a). The power flatness of the eight lasing lines is within 1 dB. The linewidths of all the
lasing lines, which are determined by the 3 dB bandwidths of the SLCFBG's passbands,
were measured to be ~ 5 GHz, which is large enough to enable the microwave filter to
operate in the incoherent regime. Since each of the lasing wavelengths is used to
implement only one tap of the microwave photonic filter, an eight-tap microwave
bandpass filter (here the length of the SMF is 60 km) was developed and the measured
filter's response by the network analyzer is shown in Fig. 5-16 (b). The FSR of the eighttap microwave photonics filter is about 1.26 GHz. Comparing the results of the two SOAbased ring laser configurations (with the LCFBG and without the LCFBG), we observe
that the number of lasing lines from the SOA ring laser with the LCFBG is much larger
than that of the SOA ring laser without the LCFBG The reason is that the LCFBG
compensates for the dispersion of the SOA ring laser considerably, which will improve
the output performance of the multiwavelength SOA ring laser, and this will hence
improve the performance of the multiple-tap microwave filter. This is because the
performance of the microwave filter such as the number of taps, phase noise, and sidemode rejection ratio is mainly affected by the output of the multiwavelength SOA-based
source.
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Figure 5-16: (a) Measured output spectrum from the multiwavelength SOA ring laser
when the LCFBG was connected to the SLCFBG. (b) Measured bandpass filter's
response with 60 km SMF as the dispersive component.

Two multiple-tap microwave photonic filters based on a multiwavelength SOA ring laser,
a phase modulator and a segment of SMF have been presented. By adjusting the setting
of the PC within the multiwavelength SOA ring laser, multiwavelength operation with
four and eight lasing wavelengths was obtained, which were used for the implementation
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of four-tap and eight-tap microwave photonic bandpass filters with FSRs of ~ 1.85 GHz
and ~ 1.26 GHz, respectively.

5.5 Summary
In this chapter, two multiple-tap microwave photonic filters using multiwavelength laser
sources

have

been

presented.

Stable

room-temperature

dual-wavelength

and

multiwavelength lasing operations have been achieved using the dual-wavelength fiber
laser and the multiwavelength SOA-based ring laser, respectively. Based on the linearcavity dual-wavelength fiber laser, a two-tap microwave photonic notch filter with
tunable FSR was implemented. The light from the dual-wavelength fiber laser and from
the multiwavelength SOA-based ring laser goes into a phase modulator (followed by a
dispersive device) to form a microwave photonic notch filter. The FSR of the two-tap
microwave photonic notch filter can be tuned from 3.175 GHz to 9.46 GHz by changing
the wavelength separation between the dual-wavelength fiber laser's two lasing
wavelengths. The rejection ratio of the notch is greater than 35 dB. Also a multiple-tap
photonic bandpass filter was demonstrated using a multiwavelength SOA ring laser. Fourtap and eight-tap microwave photonic bandpass filters with FSRs of ~ 1.85 GHz and ~
1.26 GHz were achieved.

The proposed microwave photonic filters have several unique advantages compared with
other approaches. First, the filters have a simple structure with less optical components
required. Second, the filters do not require two or more tunable DFB lasers [104], [105],
[114], which increase the complexity and cost of the filters Moreover, another advantage

125

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Microwave Photonic Filters Using Multiwavelength Laser Sources
of the proposed tunable microwave photonic notch filter is that the wavelength separation
of the dual-wavelength fiber laser can be easily tuned by stretching the PM-FBG;
allowing the implementation of a tunable microwave photonic notch filter.
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6

Tunable Comb
Filter and Tunable
Multiwavelength
Optical Source

This chapter presents the design and fabrication of a switchable and tunable comb filter
based on a thermally-induced linearly chirped fiber Bragg grating (LCFBG). The
proposed technique involves writing a LCFBG with a depth of over 30 dB in the
stopband from 1537 nm to 1554 nm. By using a heated resistance wire in contact with a
particular point on the LCFBG, perturbation to the fiber's refractive index was introduced
at that point. When the LCFBG was heated, a transmission spectral peak appeared within
the stopband of the LCFBG operating in the transmission mode, and the location of the
spectral peak was determined by the position of the heating point on the LCFBG
Through the application of multiple controllable resistance wires to heat the LCFBG at
different points, a tunable and switchable comb filter was achieved. To demonstrate the
effectiveness of this comb filter, multiple transmission peaks with different wavelength
spacings were obtained.

This chapter is organized as follows. Section 6.1 gives a literature review on various
kinds of tunable optical bandpass filters (TOBFs) and comb filters. The proposed tunable
comb filter is presented in detail in Section 6.2. Section 6.3 presents the tunable
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multiwavelength optical source based on the proposed tunable comb filter. A summary of
this chapter is given in Section 6.4. Part of the work presented here has already been
published in Ref. [18].

6.1 Introduction

With the advanced developments of WDM technology in recent years, there is a strong
increasing demand for the large bandwidth for the transmission of exponentially
increasing internet traffic. The next generation of reconfigurable optical networks that are
capable of dynamically selecting and manipulating WDM channels is thus of great
interest. In particular, there is considerable

interest in the development of

multiwavelength optical sources for the next generation of optical networks, see for
example, references [71], [115]-[119]. Several multiwavelength erbium-doped fiber lasers
have been reported using various types of optical filters, such as a sampled chirped fiber
Bragg grating (SCFBG) [115], a Mach-Zehnder interferometer [116], a Fabry-Perot filter
with an acousto-optic frequency shifter [117], a Sagnac loop filter [71], a segment of
polarization-maintaining (PM) fiber based on the concept of polarization mode coupling
[118], and superimposed chirped fiber Bragg gratings [119]. However, these optical
filters cannot meet all the requirements of a multiwavelength fiber laser source, which
include tunable center wavelengths, tunable wavelength spacings, switchable wavelength
channels, and narrow bandwidths of the spectral peaks.
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6.1.1 Tunable Optical Bandpass Filters Based on Fiber Bragg
Gratings

One possible solution to meet some of the requirements of a multiwavelength fiber laser
as mentioned above is to utilize one or more flexible wavelength-selection components
such as tunable optical bandpass filters (TOBFs). FBG is one of the most promising
components used for the development of optical filters due to its inherent advantages
such as all-fiber geometry, low polarization sensitivity, low insertion loss, flexibility in
tuning of the reflective Bragg wavelength, small size and low cost. In reference [28], a
Fabry-Perot filter combined with a bandwidth-limiting filter was used for the generation
multiple spectral peaks, however, the wavelength channels can neither be tuned nor
switched. Moreover, using an additional optical filter will introduce more insertion loss
and increase the complexity and cost [28]. A sampled chirp fiber Bragg grating (SCFBG)
together with a 3-dB fiber coupler working in the reflection mode has only a limited
number of wavelength channels from the laser [115]. Wavelength tuning is achieved by
tuning the strain gradient of the SCFBG, which is surface-mounted at a slant onto one
lateral side of a plate so that each spectral peak of the SCFBG will experience an equal
strain increment when an external force is applied to the plate. However, an FBG
operating in the transmission mode is a band-rejection filter, and it thus needs to be
combined with an expensive optical circulator or fiber coupler which introduces insertion
loss to operate in the reflection mode. Thus, an optical comb filter with flexibility for
adjusting the wavelength channels is desirable for the development of the next generation
of multiwavelength optical sources.
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Figure 6-1: The experimental setup of the tunable multiwavelength fiber ring laser [115].

6.1.2 Optical comb filters

Another filtering method used in the development of multiwavelength fiber laser sources
is to use an optical comb filter (or multiwavelength filter) as a wavelength-selection
component within the laser cavity. Three main kinds of optical comb filters have been
reported in the literature as described below.

(1) Sagnac loop filter and Mach-Zehnder filter
The Sagnac loop filter normally consists of a four-port 3-dB fiber coupler, a polarization
controller (PC), which is set to generate a 90° rotation of the two lights traveling in two
opposite directions within the fiber loop, and a segment of PM fiber (which is also known
as a high-birefringence fiber) with length L and birefringence B, see Fig. 6-2 (a). As the
two counter-propagating lights on different polarization axes experience different optical
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path lengths due to the setting of the PC, wavelength-dependent spectrum is obtained at
the output port of the 3-dB coupler. According to the theory of the Sagnac loop filter as
described in Chapter 3 (assuming the optical power of the light within the fiber loop is
below 30 dBm, that is, the filter is operating in the linear region), the FSR the Sagnac
loop filter's transmission spectrum is AX = X11 (BL), where X is the filter's operating
wavelength. The operating bandwidth of the Sagnac loop filter is determined by the 3-dB
optical coupler's bandwidth. By using a wideband 3-dB coupler, an operating bandwidth
of over 100 nm can be easily achieved with good periodicity.

From Fig. 6-2 (b), the Mach-Zehnder filter is formed by connecting two four-port 3-dB
fiber couplers to form two different optical paths (i.e. Lx * L2 and L2 > Lx), and this
results in the filter's transmission spectrum being wavelength dependent. And the FSR of
the filter's transmission spectrum is given asAA = A 2 /(«AI), where X is the operating
wavelength, n is the effective refractive index of the fiber, and AL = L2 - L, is the
difference of the two optical paths. Also the filter's operating bandwidth is mostly
determined by the bandwidths of the two 3-dB fiber couplers. Due to the two different
optical paths, the stability of the Mach-Zehnder filter is not as good as that of the Sagnac
loop filter in which two optical signals travel through the same optical path.
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Figure 6-2: Schematic diagrams of the optical comb filters, (a) Sagnac loop filter [120],
where CW and CCW stand for clockwise and counter clockwise, respectively, (b) MachZehnder filter [116].

These two kinds of optical comb filters with similar working principle have the merits of
periodic spectrum with a wide operating bandwidth, polarization independence, tunability
of center wavelength and large extinction ratio (> 25 dB). Furthermore, the filter's
wavelength spacing (or FSR) can be changed by using PM fiber with different length for
the fiber Sagnac loop filter and by changing the optical length difference for the MachZehnder filter. However, the bandwidth of each spectral peak of these filters is very large,
which is about half of the FSR (i.e. AA/2). This is because the bandwidth and FSR of
these two filters' output spectra are all determined by the product of the birefringence and
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PM fiber's length for the Sagnac filter and by the optical path difference for the MachZehnder filter. However, it is difficult to make the spectral peaks of these comb filters
switchable.

(2) Acousto-optic tunable filter
Acousto-optic frequency shifters (AOFSs) can also be used to form an optical comb filter
by connecting two AOFSs with a segment of two-mode fiber (TMF) [121]. As shown in
Fig. 6-3(a), two AOFSs are separated by a TMF with length L . Due to the fiber's
different refractive indices of the two modes, LP0Iand LPU within the TMF, a periodic
wavelength-dependent transmission spectrum can be obtained.
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Figure 6-3: (a) Schematic diagram of the optical comb filter [121]. (b) All-fiber comb filter
with tunable comb-spacing. (TMF: two-mode fiber; FS: frequency shifter; MS: mode
stripper; MC: mode converter)

When the coupling efficiencies of the two AOFSs are set to 50%, the filter operates just
like a Mach-Zehnder interferometer. Tunable wavelength spacing (comb spacing) can be
achieved by placing two mode converters (MCs) at two particular positions of the TMF
to flexibly control the optical path length difference (LI + L3-L2), as shown in Fig. 6-
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3(b). And the center wavelength of the comb filter can be tuned by changing the
frequency of the RF signal that drives the AOFS. The rejection ratios of the transmission
peaks are more than 24 dB. However, the operating bandwidth of this kind of comb filter
is as small as ~ 35 nm, and the bandwidth of each transmission peak is as large as ~ 0.3
nm.

(3) Long period grating pairs

A pair of LPGs (which is also known as cascaded LPGs) can also be used to generate
comb-like transmission spectrum. As shown in Fig. 6-4, two LPGs are inscribed on two
different locations of the fiber core that are separated by a distance of D. The first LPG
couples part of the core mode of the incoming optical signal to the cladding, then the two
modes (core and cladding modes) will interfere at the second LPG, and spectral fringe
patterns are generated. Thus, by exploiting the optical path difference between the core
mode and the cladding mode, a periodic transmission spectrum can be obtained. The
advantages of this kind of optical comb filter are all-fiber structure, low insertion loss,
simple structure, and tunable wavelength spacing by controlling the separation D between
the two LPGs, grating length, and refractive index of the fiber cladding between the two
LPGs. However, LPGs are very sensitive to the environmental temperature change,
which makes this kind of comb filter unstable. Also the bandwidth of each generated
spectral peak is relatively large (typically > 0.4 nm). Besides, it is difficult to make this
type of optical comb filter switchable, and spectral peaks' center wavelengths tunable,
and the filter also has a limited operating bandwidth.
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Figure 6-4: Schematic diagram of the optical comb filter based on a pair of LPGs [31].

Other comb filter techniques including Fabry-Perot filter [28], PM fiber combining with a
polarizer [118], and delayed interferometer [33] are also capable of generating multiple
transmission peaks simultaneously. But these techniques do not provide the flexibility for
manipulating the wavelength spacing (or FSR) and the center wavelengths of the
generated wavelength channels, thus, these kinds of filters can only have
multiwavelength lasing operation with fixed wavelength spacing and fixed center
wavelength. The performance comparisons of various optical comb filters are shown in
Table 6.1. Thus, a more flexible and versatile comb filter is needed to for the design of a
tunable multiwavelength laser source.
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Table 6.1: Performance comparisons of various optical comb filters.

Type of comb
filters

Operating
bandwidth (nm)

Bandwidth of
„
. .
.
spectral peak
(nm)

Sagnac loop filter

>100

Mach-Zehnder
filter

I

_ .
Rejection ratio
' .._.

Insertion loss
(dB)

FSR

(dB)

>0.2

>30

-3.5

tunable

>80

>0.4

>25

6-7

tunable

Acousto-optic
filter

35-40

>0.3

-24

2-3

tunable

Cascaded LPG
pairs

25-30

>0.1

-13

1-2

difficult to tune

Fabry-Perot filter

>150

>0.25

15-20

<1

fixed

6.2 Thermally Switchable and Tunable Comb Filter

This section presents the issues involved in the design and development of a switchable
and tunable comb filter based on a LCFBG The issues include the thermally-induced
temporary phase shift, the grating used in the filter design, the heat-insulated stage, and
means to induce multiple temporary phase shifts and the heat sinks used to reduce the
heat conduction.

6.2.1 Temporary Phase Shift in Fiber Gratings
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A temporary phase shift can be introduced into an FBG by various means such as heating
[122], applying tension [123], and applying pressure [124]. The temporary phase shift
created can be removed from the FBG when the external disturbance is removed. The
principle of temprorary phase shift is presented in this section.

Due to the elastic-optical effect, the refractive index of the fiber changes with the applied
external strain. Hence, the external strain applied to a small section of the fiber by means
of stretching introduces a phase shift at that point. Using this technique, Xu have
demonstrated a TOBF based on a phase-shifted FBG, in which a piezoelectric stack was
used to change the local strain in order to introduce a temporary phase shift at different
points along the LCFBG, which in turn results a tunable transmission peak within the
grating's stopband [123]. But their filter cannot be continuously tuned in wavelength, and
the control mechanism is complicated and expensive. Moreover, the rejection ratio of
their filter is only 10.6 dB. These disadvantages make it unsuitable for use in
multiwavelength optical laser sources.

Similarly, heating a small region of the FBG will introduce perturbation to the spectrum
of the grating since the refractive index of the fiber changes with temperature [125]. The
fiber's refractive index in this small heated region will be perturbed when the fiber is
heated at this point due to the thermo-optical effect. When heating the fiber at a certain
point, the change in the fiber's length can be neglected compared with the thermallyinduced phase shift because the thermal expansion coefficient is much smaller than the
thermal-optical coefficient of the fiber [126]. Due to the thermo-optical effect, the
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refractive index of the fiber will change when a phase shift is introduced at this heating
point. The thermally introduced phase shift, </>, is given as [124]
t = ^ff]AT

(6-1)

A

where L is the length of the heated region, AT is the temperature change, A is the
operating wavelength, and /? is the thermo-optical coefficient (-S^xlO^K - 1 for silica
fiber). Theoretically, a 100% transmission peak within the stopband of the fiber grating
operating in the transmission mode can be obtained with a tp-n- phase shift. For a
LCFBG, the Bragg wavelength will shift linearly with the heating position along the
LCFBG [35]. The simulation results of the heated LCFBG are shown in Fig. 6-5. It can
be seen that the center wavelengths of the transmission peaks are determined by the
positions of the heating points, where the phase shifts are introduced. By simultaneously
heating the LCFBG at different points, multiple transmission peaks will be created within
the stopband of the LCFBG (see Fig. 6-5(b)). Furthermore, if the thermally-induced
perturbations to the LCFBG can be independently controlled, a switchable and tunable
comb filter will be developed.
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Figure 6-5: Simulation results of (a) reflection spectrum and (b) transmission spectrum of
a 6-cm long LCFBG with a n phase shift at five different points of the LCFBG. This
figure is obtained from reference [125].

To introduce a thermally-induced temporary phase shift on a LCFBG, it is important to
control the heating temperature because a high temperature of over 600 K can create a
permanent phase shift in the grating which is not a reversible process as reported in
reference [122]. To investigate the effects of temporary phase shift and permanent phase
shift on the grating performance, a 28-mm long FBG was put inside a tightly fitted loop
of NiCr wire with a diameter of 250 urn, which was used as the heating element. The
grating was then thermally bonded to a Peltier-effect heat pump, which was used to keep
the unprocessed region of the fiber grating at a constant temperature. For a temperature of
less than 570 K, no permanent changes in the FBG's reflection spectrum were observed,
even after hours of continuous heat treatment. But, for temperature > 600 K, permanent
changes were observed in the grating spectrum, and for temperature approaching 1000 K,
the change in the spectrum was rapid and saturated within minutes. In summary, to
achieve a reversible or non-permanent temporary phase shift to the FBG, the applied
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temperature change must be less than 570 K.

6.2.2 Linearly Chirped Fiber Bragg Grating

As described above, a bandpass filter can be achieved by introducing a phase shift into
the uniform FBG when the FBG operates in the transmission mode. However, this
method creates some unwanted transmission outside the stopband of the FBG In WDM
communication systems, the unwanted transmission may introduce significant crosstalk
between the operating wavelength channels. And in laser applications, the unwanted side
modes might not be easily eliminated from the laser output. Based on this consideration,
a grating filter with a high rejection bandwidth and a large stopband is highly preferred.
Among all the different types of fiber gratings, the LCFBG (as described in Chapter 2)
has a large stopband in the transmission mode, which can be as large as 100 nm by using
a phase mask with longer length and larger chirp rate in the grating fabrication.

More importantly is that the local Bragg wavelength of the LCFBG in the transmission
mode monotonically relates to the position of the grating. Exploiting this advantageous
feature of LCFBQ tuning of the generated transmission peak's center wavelength can be
achieved by changing the heated position of the grating at which the temporary phase
shift is created. Thus, tunable multiple transmission peaks can be easily obtained by
adjusting the individual heating positions on the LCFBG. Moreover, a LCFBG with a
local Bragg wavelength linearly related to the grating position is desirable for the
development of flexible wavelength-selection components with simple tuning mechanism.
The local Bragg wavelength relates to the position of a LCFBG is given as [127]
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XB(z)=2neffA(z) = 2n^(AB+Aiz)

(6-2)

where A(z) is the local period of the grating as a function of the grating position z, neff is
the effective refractive index of the fiber, A0\s the grating period at the beginning of the
LCFBG, Ax is the chirp rate, and z is the distance along the fiber.

The photosensitive fiber used for grating fabrication was hydrogen loaded for over three
weeks at 80°to increase the fiber's photosensitivity. The 6-cm long LCFBG has a ~ 18.6
nm stopband, in which the depth is over 25 dB when operating in the transmission mode
as shown in Fig. 6-6. A deep stopband of the LCFBG is desirable in order to obtain
transmission peaks with higher rejection ratios. Due to the long length (6 cm in this
design) of the LCFBG (and hence larger width of the stopband), which was fabricated
using a phase mask with 2.25 nm/cm chirp rate, it is easier to introduce multiple
temporary perturbations to the grating. And different wavelength spacings (comb
spacings) can also be possibly achieved with the proposed filter based on the 6-cm long
LCFBG as described below.
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Figure 6-6: Measured transmission spectrum of the 6-cm LCFBG.

6.2.3 Design of Optical Comb Filter

The LCFBG (as described in Sections 6.2.1 and 6.2.2) was designed to be a tunable and
switchable comb filter. A stage, which is made of heat-insulated materials, was designed
to mount the LCFBG with the resistance wires in contact with the LCFBG at multiple
positions in a controllable manner. A photograph of the stage (25 cm * 33 cm) mounting
the tunable and switchable comb filter is shown in Fig. 6-7. Two electric connector arrays
are placed on the top and bottom of the stage. In the center of the stage, there is a
platform with forty (40) V-grooves, where the LCFBG and all the resistance wires are
fixed in the grooves. The horizontal center groove in the middle of the platform is used to
fix the LCFBG with two fiber holders. 40 V-grooves (with each having a diameter of 0.3
mm) separated by 1.25 mm are used to hold the resistance wires as external perturbations
to the LCFBG Two fiber holders on the two sides of the platform are used to hold the
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LCFBG so that the grating is in complete contact with the resistance wires. In this
particular design, nine NiCr resistance wires, with each having a diameter of 0.2 mm, are
fixed in the V-grooves of the stage to heat the grating at nine points.

Figure 6-7: Photograph of the stage for mounting the proposed tunable and switchable
comb filter.

The schematic diagram of the filter design is shown in Fig. 6-8. The heating element
consists of nine 0.2 mm thick, ~8 cm long resistance wires, with each wire having a
resistivity of 37.5 Q/m. Each of the resistance wires is connected to a variable resistor (0100 kQ.) for independent control of the electrical power consumed by the resistance wire,
which in turn controls the temperature change at each of the heating points. By tuning the
variable resistor to its minimum or maximum resistance value, the transmission peaks
within the stopband of the LCFBG can be switched on or off, respectively.
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Electric connector array

40 V-grooves

Figure 6-8: Schematic diagram of the proposed thermally switchable and tunable comb
filter based on a LCFBG with multiple heated resistance wires. OSA: optical spectrum
analyzer.

Also, the center wavelengths of the generated transmission peaks within the stopband of
the LCFBG can be changed by moving the resistance wires to different V-grooves in
order to heat the grating at different positions. This is because the center wavelength of
the transmission peak varies linearly with the position of the heating point (as described
in Section 6.2.2). In this design, the V-grooves on the stage are spaced 1.25 mm apart,
which corresponds to a ~ 0.4 nm wavelength difference between the center wavelengths
of the transmission peaks. With this method, the center wavelengths and the wavelength
spacings of the transmission peaks can be discretely tuned in steps of 0.4 nm over the
whole stopband of the LCFBG Fig. 6-9 shows the relationship between the allowable
wavelength spacing of the generated transmission peaks and the distance between the two
resistance wires. The slope of the line shown in Fig. 6-9 is ~ 0.32 nm/cm according to Eq.
(2.17) as shown in Chapter 2. The tunable range of the comb filter is only limited by the
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bandwidth of the LCFBG's stopband, which can be increased by using a longer phase
mask with a higher chirp rate during the grating fabrication.
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Figure 6-9: Relationship between the thermally induced transmission peak's wavelength
spacing and the corresponding separation between the two resistance wires (solid line is
the simulation result, the dotted points "•" is the experiment result).

6.2.4 Testing of Tunable Comb Filter

A broadband source (C+L band) was used as the light source to measure the spectrum of
the comb filter, which was monitored by an OSA. When heating all the nine resistance
wires, all of which are separated by 5 mm, nine transmission peaks with a wavelength
spacing of- 1.6 nm were obtained within the stopband of the LCFBG as shown in Fig. 610.
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Figure 6-10: Measured transmission spectrum of the switchable and tunable comb filter,
which shows nine spectral peaks within the stopband of the LCFBG.

All the thermally-induced transmission peaks have a rejection ratio of more than 25 dB.
The power flatness of all the transmission peaks is within 1 dB, which can be controlled
by adjusting the electric power applied to the corresponding resistance wires. The
transmission losses of the peaks are all ~ 5 dB due to the deep stopband of the LCFBG
(see Fig. 6-10). The current of the power supply is less than 2 A, and the electrical power
consumed is less than 8 W.

Each of the transmission peaks can be switched on and off by controlling the current
supplied to the corresponding variable resistor which is connected to each resistance wire.
When the resistance of the fourth resistor was adjusted to its maximum value to remove
the thermal perturbation at the fourth heating point, eight transmission peaks (with the
fourth transmission peak switch off) with wavelength separations of 1.6 nm and 3.2 nm
within the stopband were achieved as shown in Fig. 6-11. Using this method, a
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switchable optical comb filter with switchable transmission peaks can be achieved.
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Figure 6-11: Measured transmission spectrum of the tunable comb filter when eight
resistance wires were heated simultaneously.

When heating a small section of the LCFBG without using heat sinks, due to heat
conduction (the length of the heating region is equal to the resistance wire's diameter,
which is about 0.2 mm), the fiber region along the two sides of the resistance wire will
also be heated, which will then change the temperature of the fiber in this small region.
As the fiber grating is very sensitive to temperature changes, the Bragg wavelength at this
relatively broad heated section will also shift to the long-wavelength range. As a result,
some broad spectral disturbance will appear in the spectrum of the grating. This
undesirable broad spectral perturbation will broaden the bandwidth of the spectral peak,
which will degrade the performance of the comb filter. Thus, it is important to reduce the
heat conduction in order to generate transmission peaks with a very narrow bandwidth. In
the design, heat sinks are placed along the fiber's two sides of each resistance wire to
dissipate the unwanted heat that causes the spectral perturbations in the short-wavelength
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range (see Fig. 6-12).
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Figure 6-12: Schematic diagrams showing the temperature distribution along the fiber
grating that is heated by resistance wires without heat sink (a) and with heat sinks (b).

When the heat sink was not placed along the two sides of each resistance wire, the
measured filter's transmission spectrum is shown in Fig. 6-13 (a). It can be seen that
some broad spectral perturbations occur in the short-wavelength side of the generated
transmission peak due to the heat conduction. When heat sink was used to reduce the heat
conduction from each resistance wire, the broad spectral perturbation was significantly
reduced. Hence, the bandwidth and the rejection ratio of the generated transmission peak
are greatly improved as shown in Fig. 6-13 (b). The rejection ratio of the transmission
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peak was greater than 25 dB with the use of the heat sink, but the rejection ratio was only
16 dB when no heat sink was used.
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Figure 6-13: Measured transmission spectra of the tunable comb filter when only one
resistance wire was heated, (a) Without using the heat sink, (b) With the heat sink.

Using heat sinks to reduce the heat conduction, a tunable optical comb filter with a
transmission peak's bandwidth of as small as ~ 10 pm was achieved. By changing the
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positions of the resistance wires (which are separated by about 2.5 mm) on the stage, the
smallest wavelength spacing of this comb filter is found to be ~ 0.8 nm as shown in Fig.
6-14.
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Figure 6-14: Measured output spectrum of the tunable comb filter with two transmission
peaks separated by 0.8 nm.

When only two of the resistance wires, which were separated by 5 mm in the center of
the stage, were switched on, two transmission peaks with a wavelength separation of ~
1.6 nm were obtained as shown in Fig. 6-15. Through this way, the comb filter's
wavelength spacing can be discretely tuned from 0.8 nm to as large as 16 nm. Note that
this tunable range can be increased by using a LCFBG that is fabricated with a phase
mask with longer length and higher chirp rate.
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Figure 6-15: Measured transmission spectrum of the tunable comb filter when only two
resistance wires, which were separated by 5 mm, were heated.
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Figure 6-16: Transmission spectrum of the tunable comb filter when only one resistance
wire was heated.

Furthermore, the number of generated transmission peaks can be flexibly controlled by
adjusting the resistances of the variable resistors. When only one variable resistor was
adjusted to its minimum resistance value, the resistance wire was heated and one point on
the LCFBG was perturbed externally by the temperature change. Thus, a single
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transmission peak was generated within the stopband of the LCFBG as shown in Fig. 616. When two, three, and even nine resistance wires were switched on by adjusting the
variable resistors, two, three and nine transmission peaks were obtained as shown in Fig.
6-17 (a), (b) and Fig. 6-10, respectively. Using this technique, the number of transmission
peaks of the tunable optical comb filter can be adjusted or controlled.
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Figure 6-17: Measured transmission spectra of the tunable comb filter, (a) When two
resistance wires were heated, the wavelength separation is ~ 1.6 nm. (b) When three
resistance wires were heated, the wavelength separation is ~ 1.6 nm.
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6.3 Tunable Multiwavelength Optical Source Using
Tunable Comb Filter
This section reports a novel, switchable and wavelength-spacing tunable multiwavelength
optical source using the developed tunable comb filter as presented in Section 6.2. By
using the tunable comb filter to slice a broadband light source, eight switchable
wavelength channels with tunable wavelength spacing were achieved. The proposed
tunable multiwavelength optical source has the unique advantages of simple structure,
switchable wavelength channels, tunable wavelength spacing, narrow lasing linewidth,
stable room-temperature operation, and low cost.

Section 6.3.1 briefly reviews several methods used in the development of the
multiwavelength optical source. Section 6.3.2 describes the principle and experimental
setup of the proposed tunable multiwavelength optical source. Experimental results and
discussion of the tunable and switchable multiwavelength optical source are presented in
Section 6.3.3.

6.3.1 Introduction

Technologies of multiwavelength fiber lasers have advanced significantly in recent years
due to their enormous potential applications such as in optical communications [117],
fiber-optic sensors [128], implementation of microwave photonic filters [129], [130]
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measurement of fiber chromatic dispersion [131], measurement of the polarization mode
dispersion of the fiber [132], and optical sources for the passive optical networks [133],
[134]. A number of approaches using a single-gain medium such as EDFAs [29], [115],
[135], [136] and SOAs [137], [138] to achieve multiwavelength lasing operations have
been demonstrated in the past few years. However, it is more difficult to develop EDFAbased multiwavelength lasers that can operate stably under room-temperature condition
due to the intrinsic homogeneous gain broadening of the erbium ion of the EDF, unless
cooling of the erbium-doped fiber down to 77 K with liquid nitrogen [11] is employed,
which is not practical. And the SOA-based multiwavelength ring lasers require at least
one optical isolator, which increases the complexity and cost of the system, to ensure
unidirectional operation in the ring laser cavity. Furthermore, the SOA-based ring lasers
have such disadvantages as small operating bandwidth, polarization dependence, large
noise figure, and large cavity loss due to the non-fiber structure. Moreover, most of the
multiwavelength lasers reported so far lack the flexibility to allow simultaneous
tunability of the wavelength spacing as well as switching of the individual wavelength
channels to be achieved, which is one of the most important desirable features of
multiwavelength lasers.

Multiwavelength optical sources can also be developed using various filtering techniques
in the laser cavity which include the use of FBGs operating in the reflective mode [129],
arrayed waveguide gratings (AWGs) to slice the broadband optical source [130], [133], or
wavelength grating router [8]. The multiwavelength source reported in reference [129]
consists of a broad-band superluminiscent LED (SLED) with a 40-nm bandwidth, two
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fiber gratings (FBG1 and FBG2), and a 2X2 fiber coupler. Both FBGs were fabricated
using the phase mask technique, and one of the FBGs was mounted on a stage to achieve
strain modulation. Two wavelength channels with tunable wavelength separation were
achieved with this optical source by tuning the Bragg wavelength of one of the FBGs by
applying strain on the FBG By adding the number of uniform fiber gratings connecting
to the fiber coupler, more wavelength channels can be generated with this technique.
However, the 3-dB fiber coupler connecting the fiber gratings has a high insertion loss,
and only a limited number of wavelength channels can be obtained with this method.
Furthermore, the generated wavelength channels cannot be made to be switchable and the
tuning mechanism employed is not flexible.

In [130], the generated wavelength channels can be switchable and the wavelength
spacing can also be made to be tunable, but the center wavelengths of the wavelength
channels cannot be tuned. Also, the insertion losses of the AWGs are very large, ~ 12 dB,
which is obviously undesirable for the multiwavelength optical source. Besides the use of
the AWGs in the design of multiwavelength optical sources increases the cost and
complexity of the optical source, high insertion losses of AWGs also lead to low output
power, which in turn requires the use of optical amplifiers such as EDFAs and SOAs (and
hence increasing the cost and complexity) to boost the power of the generated
wavelength channels.

This section presents the review of two existing techniques used in the development of
the multiwavelength optical sources. The performances of these two types of optical
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sources are compared. In the following sections, a novel switchable multiwavelength
optical source with tunable wavelength spacing based on a thermally tunable comb filter
with a LCFBG (as presented in Section 6.2) is presented.

6.3.2 Principle and Experimental Setup of Multiwavelength Optical
Source

The experimental setup of the proposed multiwavelength optical source is schematically
shown in Fig. 6-18. The multiwavelength slicing optical source consists of a broadband
light source (which is centered at 1555 nm and has a 40 nm bandwidth), a thermally
tunable comb filter based on a LCFBG (LCFBG2 in Fig. 6-19) as described in Section
6.2 and Ref. [18], a 3-port circulator, and a LCFBG1. The output spectrum of the
multiwavelength optical source is monitored by an OSA. The two chirped gratings
(LCFBG 1 and LCFBG2) were fabricated with the phase mask technique, where the phase
mask has a grating spacing of 1.067 urn, and a chirp rate of 2.25 nm/cm. The
photosensitive fiber (Fibercore PS 1500) used in the grating fabrication was hydrogenloaded at 80° for over three weeks to increase its photosensitivity. The transmission
spectrum of the LCFBG2 as depicted in Fig. 6-19 shows a stopband with a rejection ratio
of over 30 dB from 1536.56 nm to 1555.38 nm. The LCFBG1, which has an identical
transmission spectrum as that of LCFBG2, is combined with the 3-port circulator to form
a bandwidth-limiting filter to suppress any broadband light outside the stopband of the
LCFBG2. It is worth noting that LCFBG 1 and LCFBG2 are placed in opposite directions
with each other in order to cancel out the dispersions introduced by these two chirped

156

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Tunable Comb Filter and Tunable Multiwavelength Optical Source
gratings (i.e., the grating spacing of the LCFBG1 increases along its length while the
grating spacing of the LCFBG2 decreases along its length).
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Figure 6-18: Schematic diagram of the proposed tunable multiwavelength optical source.
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Figure 6-19: Measured transmission spectrum of the fabricated LCFBG2 with an OSA.

The tunable comb filter, as described in Section 6.2, is formed by a 6-cm long LCFBG
(LCFBG2 in Fig. 6-18), which is fixed in the middle of a stage that is made of a heatinsulated material as shown in the inset of Fig. 6-18. The tunable comb filter also has
eight independently controlled resistance wires (with each having a diameter of 0.2 mm),
which are connected to two electric connector arrays on the top and bottom sides of the
stage, which are used to heat the LCFBG2 with controlled flexibility. The tunable comb
filter is used as a flexibly controlled filter in the multiwavelength optical source. The
heating element consists of eight 0.2 mm-thick, ~ 8-cm long resistance wires, with a
resistivity of 37.5 QJm each. Each of the resistance wires is connected to a variable
resistor (0-100 k£l) for independent control of the electrical power supplied to the
resistance wire, which in turn controls the temperature change at each heating point.

Due to the thermo-optical effect, the refractive index of the fiber changes with the
temperature change. Hence, the temperature change in a small section of the fiber will
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introduce a phase shift at that heating point. In the experiment, when the variable resistor
connected to the resistor wire was adjusted to 0 Q, a phase shift was introduced into the
LCFBG2 due to the temperature change. The value of the phase shift, <f>, created at a
heating point due to the thermo-optical effect can be determined by Eq (6.1). When the
created phase shift is equal to ^ = n, a transmission peak will appear within the stopband
of the LCFBG2. As long as Afis less than 570 K, the heating of the LCFBG2 is a nondestructive process because the spectral thermal disturbance is not permanent within the
stopband of the chirped grating [124]. When each variable resistor is tuned to its
maximum value of 100 kQ (i.e. smallest power supplied to the resistance wire), the
temperature change will be negligible and the passband peak will disappear. Thus, by
appropriately controlling the variable resistors connected to the resistance wires,
switchable transmission peaks can be obtained within the stopband of the LCFBG2. The
V grooves on the stage are spaced at 1.25 mm apart, which corresponds to a ~ 0.4 nm
wavelength difference between two adjacent transmission peaks. With this method, one
can tune the center wavelengths of the generated wavelength channels and also discretely
tune the wavelength spacing between the channels by controlling the electric power
applied to the resistance wires as described in Section 6.2. Combining this tunable comb
filter with a bandwidth-limiting filter (i.e. the circulator and LCFBG1) to filter out the
unwanted transmission spectrum outside the stopband of the LCFBG2, a tunable
multiwavelength optical source with switchable lasing wavelengths and tunable
wavelength spacing can be achieved and its experimental results are presented below.
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6.3.3 Tunable and Switchable Multiwavelength Optical Source

Figures 6-20 (a) and (b) show the output spectra of the proposed multiwavelength optical
source when only two resistance wires were heated at two different V-grooves. In Fig. 620 (a), two wavelength channels were obtained with a wavelength separation of ~ 4 nm,
an OSNR of ~20 dB, and a peak power of over 0.1 mW when no heat sinks were placed
on the LCFBG2. From Fig. 6-20 (a), it can be seen that there are some broad spectral
perturbations in the short-wavelength side of the main spectral peaks. This is because
when the LCFBG2 was heated at a certain point; both sides of this point (due to the 0.2
mm finite diameter of the resistance wire) were also heated due to heat conduction. Since
the LCFBG2 is sensitive to the temperature change, the reflected Bragg wavelength at the
heating point will shift to the long-wavelength range.

As a result, broad spectral perturbations will be introduced into the short-wavelength side
of the main spectral peaks [126]. By placing heat sinks on the two sides of each
resistance wire, the broad spectral perturbations of the spectral peak in the shortwavelength range can be reduced (as shown in Fig. 6-20 (b)). The wavelength separation
between the two wavelength channels shown in Fig. 6-20 (b) was also tuned to a smaller
value of- 1.6 nm by just changing the position of one of the resistance wires. The SNRs
of the two wavelength channels are improved to over 25 dB, the 3 dB linewidth of each
wavelength channel is reduced to as small as ~ 10 pm, which is defined by the bandwidth
of the tunable comb filter's passband.
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Figure 6-20: Output spectra of the multiwavelength optical source, (a) When two
resistance wires spaced 12.5 mm apart (without heat sinks) were switched on, and the
wavelength separation is ~ 4 nm. (b) When two resistance wires spaced 5 mm apart
(with heat sinks) were switched on, and the wavelength separation is ~ 1.6 nm.

Figure 6-21 (a) shows the output spectrum of the multiwavelength optical source when
four of the eight resistance wires were switched on. Each of the four wavelength channels
has a peak power of ~ 0.1 mW and an OSNR of over 20 dB, and the wavelength spacings
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among the four lasing lines are ~ 1.6 nm. Figure 6-21 (b) shows the output spectrum of
the multiwavelength optical source when all the eight resistance wires were heated, and
eight wavelength channels with a wavelength spacing of- 1.6 nm, a peak power of ~ 0.1
mW, and a SNR of more than 20 dB were achieved.
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Figure 6-21: Measured output spectra of the multiwavelength optical source, (a) When
four resistance wires (with 5 mm separation) were tuned on. (b) When eight resistance
wires (with 5 mm separation) were tuned on.
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The current of the power supply used was less than 2 A, and the electrical power
consumed was ~ 8 W, when all the eight resistance wires were switched on. The power
levels of all the generated lasing wavelength peaks shown in Figures 6-21 (a) and (b) are
almost identical. The power fluctuation is very small of- 1 dB. Moreover, increasing the
width of the LCFBG2's stopband by using a phase mask with a longer grating length and
larger chirp rate will enable the number of wavelength channels to be increased.

The switching time of the multiwavelength optical source is mainly determined by the
switching time of the tunable comb filter as described in Section 6.2. The switching time
of the tunable comb filter is about 0.5 second, which is relatively large due to the time
required to heat up the resistance wire. Furthermore, the center wavelengths of the
generated wavelength channels can also be tunable by changing the positions of the
LCFBG2[18].

6.4 Summary

A novel thermally switchable and tunable comb filter based on a LCFBG that used
controllable multiple heated resistance wires has been experimentally demonstrated. With
the use of nine resistance wires, which were controlled by nine variable resistors that
were powered by a DC power supply and were attached to the V-grooves of the stage,
nine switchable and tunable transmission peaks with a very narrow bandwidth of ~ 10 pm
were obtained within the stopband of the 6-cm LCFBG. Heat sinks were placed on the
two sides of each resistance wire to reduce the heat conduction. This tunable and
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switchable comb filter has many unique advantages, which include switchable
transmission peaks, tunable center wavelengths, variable wavelength spacings, narrow
bandwidth of each spectral peak, low polarization sensitivity, low power consumption,
simple structure with few optical components, and low cost. The proposed tunable comb
filter has many potential applications such as a tunable wavelength-selective device for
use in multiwavelength fiber laser sources, wavelength division multiplexing networks,
and implementation of microwave photonic filters with multiple taps.

The tunable comb filter described here was also used as a wavelength-selective device in
the laser cavity of a multiwavelength optical source as described in Section 6.3. Based on
a thermally tunable comb filter together with a bandwidth-limiting filter, eight
wavelength channels with a wavelength spacing of ~ 1.6 nm were achieved at room
temperature with the tunable multiwavelength optical source. By changing the positions
of the resistance wires on the tunable comb filter, multiple wavelength channels with
tunable wavelength spacing (1.6 nm - 9.6 nm) were achieved. By controlling the
temperature changes at certain points on the tunable comb filter with the variable
resistors, the wavelength channels can be made to be switchable. The 3-dB linewidth of
each wavelength channel is very small (~ 10 pm). The heat conduction effect can be
effectively removed by placing heat sinks on both sides of each resistance wire. Table 6.1
summarizes the important parameters of the tunable multiwavelength source presented in
this chapter. The proposed tunable multiwavelength optical source has great potential for
such applications as in wavelength-division multiplexing systems, fiber-optic sensors,
implementation of microwave photonic filters, and measurement of the chromatic
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dispersion and polarization-mode dispersion of the fiber.

Table 6.2: Performance parameters of the developed multiwavelength optical source.

Switchable
wavelength
channle

Tunable
wavelength
spacing range

OSNR

3 dB Linewidth

Tunable center
wavelength

Yes

1.6nm-9.6nm

25 dB

- 1 0 pm

Yes
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7

Conclusions and
Recommendations
for Future Work

This chapter presents conclusions of the thesis with special emphasis on the results.
Some suggestions on future work are also given.

7.1 Conclusions

This thesis has presented the investigations of several multiwavelength and dualwavelength fiber lasers based on various filtering techniques, which include fiberbased Sagnac loop filter, PM-FBG with strain modulation, SCLFBG, and thermally
tunable comb filter. To demonstrate the effectiveness of the proposed laser
configurations, several room-temperature multiwavelength fiber laser sources have
been developed and tested and they are listed below.

•

A tunable multiwavelength fiber laser based on the Sagnac loop filter

•

A tunable dual-wavelength fiber laser with tunable wavelength spacing

•

A tunable multiwavelength optical source using the thermally tunable comb filter
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•

A two-tap microwave photonic notch filter with tunable FSR using a dualwavelength fiber laser

•

A multiple-tap microwave photonic bandpass filter based on the multiwavelength
ring laser

In Chapter 2, the basic theory of the ED FA and the characteristics of FBGs have been
presented, and the existing technologies of EDFLs and multiwavelength lasers have
been briefly discussed.

In Chapter 3, a novel tunable multiwavelength EDFL based on a fiber Sagnac loop
filter has been presented. By adjusting the setting of PC2 within the laser cavity, two,
three and four stable lasing lines in the C-band, and five, six, seven and even eight
lasing lines with different wavelength spacings were obtained at room temperature.
Wavelength spacings of 0.8 nm or 0.4 nm (i.e. 100 GHz or 50 GHz) can be achieved
by using different length of PM-EDF of the Sagnac loop filter within the laser cavity.
The output lasing lines from the multiwavelength EDFL were found to be fairly stable
over an hour under room temperature conditions, without using any additional
measures to stabilize the fiber laser. The OSNR of all the lasing lines are greater than
40 dB and the total output power of the fiber laser is over 3 mW. This laser
configuration has several unique advantages such as simple structure, low cost, no
optical isolators are needed, and multiple lasing wavelengths with tunable wavelength
spacings.
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In Chapter 4, a novel wavelength-spacing tunable dual-wavelength fiber laser with an
all-PM linear laser cavity structure has been presented. Taking advantages of the PMFBG, two stable lasing lines with a wavelength separation of 0.22 nm have been
obtained. By stretching the PM-FBG, the two lasing lines' center wavelengths can be
tuned, and dual-wavelength operation with different wavelength spacings (of as small
as 0.05 nm) can be obtained. And the wavelength separations of the two lasing lines
can be tuned from 0.22 nm down to as small as 0.05 nm, which is the smallest
wavelength separation, to the best of our knowledge, ever achieved for a roomtemperature dual-wavelength fiber laser source. The OSNR of the lasing wavelength
is over 40 dB. This fiber laser configuration has the advantages of stable lasing
operation at room temperature, very narrow linewidth (3 dB FWHM linewidth of ~
2.5 kHz), very small wavelength variation (< 0.002 nm) and power variation (< 0.5
dB), low cavity loss and simple structure compared with many other techniques.

In Chapter 5, a novel two-tap microwave photonic notch filter with tunable FSR using
the wavelength-spacing tunable dual-wavelength fiber laser has been presented. Based
on the linear-cavity dual-wavelength fiber laser, a two-tap microwave photonic notch
filter was implemented. The FSR of the tunable microwave photonic notch filter can
be tuned from 3.175 GHz to 9.46 GHz by changing the wavelength separation
between the dual-wavelength fiber laser's two lasing wavelengths, and the rejection
ratio of the notch is greater than 35 dB. The proposed tunable microwave photonic
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notch filter has many advantages compared with other approaches, which include
simple structure with less optical components in the filter part, two or more tunable
DFB lasers are not needed (and thus reduce the system's cost), and easily tunable
wavelength separation of the fiber laser by stretching the PM-FBG.

In Chapter 6, a novel thermally switchable and tunable comb filter based on a LCFBG
that uses controllable multiple heated resistance wires has been presented. With nine
resistance wires, which are controlled by nine variable resistors powered by a DC
power supply and are attached to the V-grooves of the stage, nine switchable and
tunable transmission peaks with a very narrow bandwidth of ~ 10 pm were obtained
within the stopband of the 6-cm LCFBG Heat sinks were placed in the fiber region to
reduce heat conduction of the resistance wires. This tunable and switchable comb
filter has many unique advantages, which include switchable transmission peaks,
tunable center wavelengths and wavelength spacings, narrow bandwidths of the
spectral peaks, low polarization sensitivity, low power consumption, simple structure
with few optical components, and low cost. Section 6.3 presents a novel
multiwavelength slicing optical source with switchable wavelength channels and
tunable wavelength spacings based on the thermally tunable comb filter (as described
in Section 6.2) together with a bandwidth-limiting filter. Eight wavelength channels
with a wavelength spacing of ~ 1.6 nm were achieved at room temperature with the
multiwavelength optical source. By changing the positions of the resistance wires on
the tunable comb filter, multiple wavelength channels with tunable wavelength
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spacing (1.6 nm - 9.6 nm) were achieved. By controlling the temperature changes at
certain points on the tunable comb filter with the variable resistors, all the wavelength
channels can be made to be switchable. The 3-dB linewidth of each wavelength
channel is less than ~ 10 pm. The heat conduction effect can be effectively removed
by placing heat sinks on both sides of each resistance wire. This multiwavelength
fiber laser has the unique advantages of simple structure, switchable wavelength
channels, tunable wavelength spacing, very narrow linewidth, stable roomtemperature operation, and low cost.

7.2 Recommendations for Future work

The multiwavelength fiber laser presented in Chapter 3 utilized the fiber Sagnac loop
filter as the wavelength-selective component within the laser cavity. However, the
fiber loop length and the birefringence of the PM fiber are sensitive to environmental
changes (e.g. changes with the temperature and pressure). One suggested
improvement is to use other type of PM fibers that are not sensitive to the outside
temperature changes, and this will improve the temperature stability of the
multiwavelength fiber laser source.

In Chapter 4, a dual-wavelength fiber laser with tunable wavelength spacing has been
presented. One interesting point to note is that the proposed linear laser cavity can
show the relationship between the amount of applied axial strain and the wavelength
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separation of the fiber laser. Note that the Bragg wavelength of the PM-FBG is also
influenced by the temperature change. The proposed dual-wavelength fiber laser, after
appropriate implementation, can thus be used as a simultaneous strain and
temperature fiber sensor. Due to its high OSNR, this fiber laser based optical sensor
will be useful in remote sensing applications. As the optical source and the sensor part
are all integrated in one laser cavity, the number of components required for the
sensor system will be reduced.

A tunable optical comb filter based on a LCFBG has been presented in Chapter 6.
Using the currently available phase mask, the total tunable range of the filter is
limited by the bandwidth of the LCFBG's stopband, which is ~ 16.5 run. Using a
longer phase mask or a phase mask with a larger chirp rate, a tunable comb filter with
larger tunable range of the wavelength spacing can be developed. By fixing the
resistance wires' positions while moving the LCFBG in the longitudinal direction, a
comb filter with continuous tunable spectral peaks can be obtained. Furthermore, by
precisely controlling the DC voltage applied to the resistance wires, the attenuation of
the spectral peaks can be adjusted.

In Chapter 6, a novel multiwavelength optical source with tunable wavelength spacing
and switchable wavelength channels has also been presented. The proposed
multiwavelength fiber laser can be used for the measurement of the chromatic
dispersion of the optical fiber based on the time-of flight (TOF) or pulse-delay
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technique. Due to its simplicity and high speed, the TOF measurement method is an
interesting application for the measurement of dispersion in already-deployed fiber
links. While the TOF measurements obtained so far are fairly accurate, the complexity
associated with the multiwavelength source and the lack of tunability of the
wavelength spacing are the main limiting factors. It should be noted that the proposed
multiwavelength optical source is very suitable for this kind of application due to its
stability and tunability of the wavelength spacing.
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