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Abstract

All these years, a lot of attempts to build an unassisted optical microphone have
failed due to the poor acoustic impedances matching of air and fibre. Although there are
theoretical works support that unassisted optical microphones is possible, however not
much experimental work has been published to support the argument. This thesis
presents an unassisted fibre optic acoustic sensor operate based on the fibre laser
dynamic behaviours that overcomes the problem of the acoustic impedance mismatch
between air and fibre.

Fibre laser dynamic behaviours which are sensitive to acoustic waves are chosen
to work as the basic principle of the acousto-optic sensor setup. The behaviours of the
fibre laser dynamic are studied on both theoretical and experimental. The experimental
results show that the fibre laser is sensitive to the acoustic waves where the incident
acoustic waves will cause the fluctuation of the optical output power. The fluctuation
amplitude and frequency of the fibre laser is dependent on the acoustic waves amplitude,
frequency, and the fibre laser parameters such as pump power, gain, and cavity length.
Those relations are studied intensively to understand the operation of the optical
microphone.

As for sensitivity enhancement and noise reduction, dual wavelength fibre laser
is proposed to sense the acoustic waves intensity which below the triggering level of
laser dynamics. Mode competition between two difference wavelengths has further
enhanced the sensitivity level of the design optical microphone. Besides that, the mode
hopping effect due to the mode competition has reduced the high frequency spiking and
noise significantly producing better acoustic signal measurement in low frequency

domain.
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Abstrak

Selama ini, banyak usaha dilakukan untuk membina mikrofon optik tanpa
bantuan diafragma telah menemui jalan buntu disebabkan oleh impedans akustik
sepadan antara udara dengan gentian optic adalah sangat lemah. Meskpun ada hasil
teori yang menyokongkan operasi bagi mikrofon optik tanpa bantuan diafragma, tetapi
tidak banyak karya diterbitkan dalam bentuk eksperimen yang dapat menyokong
penyataan itu. Tesis ini membentangkan sensor akustik gentian optik tanpa bantuan
diafragma yang beroperasi berdasarkan perilaku dinamik gentian optik yang boleh
mengatasi masalah ketidasepadan impedansi akustik antara udara dengan gentian optik.

Dinamik laser gentian optik yang peka pada gelombang akustik dipilih untuk
beroperasi sebagai prinsip asas sensor akusto-optik ini. Tingkah laku dinamik laser
gentian optik dikaji dari segi teori and eksperimen. Keputusan eksperimen
menunjukkan bahawa laser gentian adalah peka kepada gelombang akustik dimana ia
akan menyebabkan perubahan pada jumlah kuasa keluaran optik. Amplitud dan
frekuensi kuasa laser gentian optik adalah bergantung kepada amplitud dan frekuensi
gelombang akustik serta parameter-parameter laser gentian optik seperti pam kuasa,
gandaan kuasa, and panjang rongga. Hubungan antara parameter-parameter ini dikaji
secara mendalam untuk memahami cara optik mikrofon ini beroperasi.

Untuk meningkatkan kepekaan and mengurangkan hingaran, laser gentian optik
dengan dua panjang gelombang telah dicadangkan untuk mengesan kehadiran keamatan
gelombang akustik dibawah tahap pengesanan dinamik laser. Persaingan antara mod
bagi dua panjang gelombang yang berlainan dalam laser telah meningkatkan kepekaan
mikrofon optik. Disamping itu, kelompatan mode juga mengurangkan hingaran
berfrekuensi tinggi apabila pengukuran gelombang akustik berfrekuensi rendah

dilakukan.
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1.1 Acoustic Sensor

Sensors are devices that are used to measure environmental input parameters
and then convert this information into digital or analogue signals that can be read by
observers - or stored in computers for further processing. Therefore, acoustic sensors
can be defined as devices with the capability to detect acoustic waves or mechanical
waves. Acoustic wave sensors have been in commercial use for more than 70 years [1].
The most common application of acoustic sensors is in the telecommunications industry.
Common telecommunication devices like the telephone, the cell phone, and the
microphone all contain sound sensors, which is a category of acoustic sensor that
converts sound waves into electrical signals before transmitting them to their
destination. Certainly, acoustic sensors are not only used for audible sound detection but
also cover a wide frequency spectrum of acoustic wave sensing - from low frequency
mechanical vibration to ultrasound. Recently, the advantages of acoustic wave sensors
such as price competitiveness, inherently rugged design, high sensitivity, and intrinsic
reliability have encouraged applications in other fields - including but not limited to:-
automotive (torque [2] and tire pressure [3] sensors), medical (chemical sensors [4]),
and industrial and commercial (vapour sensors [5], humidity sensors [6], temperature

sensors [7], and mass sensors [8]).

Research in acoustic wave sensing is still active even though the discipline is
almost a century old. As can be seen, the emergence of acoustic sensor applications in
other fields becomes possible through studies of the relationship between environmental
changes and acoustic wave motion, velocity, frequency, or phase characterization.
Table 1.1 shows how acoustic sensors can be used in various applications. All these
advantages and potential and actual applications of acoustic wave sensors have made

them into an important player in sensing research and industry.
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Table 1. 1 Applications of acoustic sensors in various research fields.

Applications Measurement Relation
method

Temperature Surface The SAW velocity is temperature dependent and is
Acoustic Wave | determined by the orientation and type of crystalline
(SAW) velocity | material used to fabricate the sensor.

Pressure SAW velocity SAW velocities are strongly affected by stresses
applied to a piezoelectric substrate on which the
wave is propagating.

Torque SAW resonant | Torque causes deformation of the single crystal

frequency substrate of a SAW device - which in turn causes a
change in its resonant frequency.

Mass (Thickness | SAW resonant | The mass sensitivity is related to the structure

and Biosensor) centre geometry and  resonant centre  frequency.

frequency Applications can also be found in areas such as film
thickness monitoring, liquid media chemical sensing,
and bio sensing.

Humidity SAW resonant | The mass loading effect in mass sensors and the

centre elasticity changes due to swelling caused by humidity
frequency absorption (i.e. changes in the viscoelastic properties

of a thin film)
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1.2 Acousto-Optic Sensors (AOS)

Research interest in the field of optics can be traced back to at least as early as
300BCE in the works of Euclid, Heron and Claudius Ptolemy in Alexandria on the
behaviour of light, the laws of reflection, refraction, and optical aberrations. Since then
research work in optics has been evolving - and optical devices have become more and
more important, slowly replacing some electrical devices - especially in
telecommunication and sensors. Replacement of copper wires with optical fibre in
telecommunications networks is one of the successful examples of optical technology
development - while AOS is one of the active research fields into which optical

technology has emerged.

The first known AOS that involved interaction between acoustic waves and
optics was invented by Alexander Graham Bell in 1880 and patented as the
“photophone” [9]. The “photophone” converted sound waves or acoustic waves into a
vibrating light beam by vibrating a mirror that was used to reflect the light beam. The
vibrating light beam was then transmitted to the receiver which converted the vibrating
light beam back to sound waves. However, A.G. Bell stopped further research on this
invention due to the strong interference from atmospheric conditions. More precisely, it
was due to the lack of two important optical technologies at that time. These are the
LASER (Light Amplification by Stimulated Emission of Radiation) and the optical

fibre or optical waveguide.

The successful implementation of many modern optical devices relies on the
laser, which was first demonstrated experimentally by Theodore Maiman [10] on 16
May 1960 at Hughes Research Laboratories in Malibu, California. The intense light
beam generated by a laser allows it to interact with other mediums or energy and be

transmitted without losing the information which is being carried. The invention of
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optical fibres further boosted the use of the laser, by providing a low loss transmission
medium with the ability to guide the light beam, which meant that the light could now
be “bent” easily using guidance in the optical fibre. The combination of both
technologies has also led to the realization of fibre lasers, which are an important area

of current research and development activity.

1.2.1 Fibre lasers

A fibre laser uses optical fibre doped with active ions as the gain medium.
Typical active gain media are generally doped with rare-earth elements such as erbium,
ytterbium, neodymium, dysprosium, praseodymium, and thulium. Depending on the
laser wavelength, different rare-earth elements will be doped into the optical fibre.
Combinations of different rare-earth dopants are also useful. The use of fibre lasers

carries advantages that include:

e The laser beam is generated in a physically flexible fibre, which means that the
laser beam can easily be delivered in any direction, anywhere.

e High output power can be obtained by using multiple kilometre-long rare-earth
doped fibres. The efficient cooling that is possible because of the high surface-
to-volume ratio of the fibre allows it to deliver continuous high power output.

e High optical quality can be obtained due to the guiding properties of optical
fibres that reduce the thermal distortions in the optical path.

e Compact size and reliability.

e Efficient pump-signal overlap, due to the guiding nature of optical fibre -

ensuring high pump conversion efficiency.

In fact, fibre lasers have become the premier choice of light source for many

applications.
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1.2.2  AOS operating methods

All this while, conventional acoustic sensors or electrical microphones have
been utilizing the membrane displacement caused by the acoustic vibration to generate
an electrical signal. In contrast to electrical microphones, optical microphones utilize
the displacement of the membrane to modulate the optical signal in the fibre. Hence, a
laser source or suitable LED (Light Emitting Diode) is always needed in AOS. There
are at least three properties of the light from a laser that can be modulated: the intensity,
the phase, and the polarization. However, it is quite typical that phase and polarization
are eventually reduced or converted into intensity modulation. This is due to the
limitation of photodiodes which only respond to changes in optical intensity. To
perform the reduction or conversion to varying intensity, phase modulations require an
interferometer while polarization modulations need a polarizer or bire-fringent element.

Figure 1.1 shows a classification of optical microphones according to different

modulation approaches and techniques.

( Optical Microphone )

|
Intensity Polarization Phase
Modulation Modulation Modulation
| | | |
Radiated Evanescent Grating Interferometric\
Wave Wave )

/ e Moving Grating
o Level
e Cantilever
Qacrobend

e Liquid Crystal
e Differential
Index Shifter

e Microbend
e Coupled
Waveguide

Fabry Perot
Michelson

Mach Zehnder
2 Mode Fibre

Figure 1.1: Optical microphone classification [9].
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1.2.3 Advantages and disadvantages of AOS

Optical fibre sensor technology has matured to the point where there are more
than 60 different types of sensor that have been developed over the past few years [11].

Generally, fibre sensors offer advantages such as:

(a) higher sensitivity over existing techniques,

(b) geometric versatility - where the sensor can be configured into many different

shapes according to requirements,

(c) a common technology base for sensing of different physical perturbations,

(d) dielectric construction that allows it to be used in high voltage, electrically noisy,

high temperature, and corrosive environments, and

(e) inherent compatibility with the fibre based telecommunication network.

These advantages have allowed the access of optical acoustic sensors to
application in harsh environments filled with explosive gases or materials or within

medical tools such as equipment for magnetic-resonance imaging (MRI).

However, when compared with conventional acoustic sensors or microphones,
AOS is more complicated in its transduction [9]. Conventional microphones consist of
two stage transducers: (1) acoustic pressure to membrane displacement which describes
the mechanical behaviour of the microphone and (2) membrane displacement to
electrical signal conversion, which depends on the electrical properties. On the other
hand, AOS involves at least three transduction stages: (1) acoustic pressure to
membrane displacement, which describes the mechanical behaviour - as in a
conventional microphone, (2) membrane displacement to modulate the optical intensity

that describes the mechanic-optical transduction process, and (3) optical intensity to
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electrical signal transduction, which describes the opto-electrical signal conversion
process. Phase and polarization modulating transducers are more complicated, because
an extra step is needed within the second step, splitting it into (2a) and (2b): (2a) being
the membrane displacement that generates phase shift or polarization state changes and
(2b) being the phase shift or polarization state changing the modulated optical intensity.
The more transducer steps there are, the more is the potential for noise and uncontrolled

fluctuation to be present, increasing the difficulties of the optimization of the devices.

1.2.4 Limitations and difficulties in current AOS

In 1977, Culshaw et al. had proposed an optical microphones that used
unassisted optical fibre as the sensing element [12] and carried out theoretical work on
the idea. The basic sensing mechanism was based on the change in refractive index, n of
optical fibre when interacting with incident acoustic waves that will cause a certain
amount of phase shift in the optical signal. However, it is known that the fibre
sensitivity to airborne sound is poor, due to the acoustic impedance mismatch between
air, fibre-jacket and fibre [9]. Thus, a transducer in the form of a membrane or other low
mass structure is needed in optical microphones to mediate the differences in impedance.
In the end, optical fibres have been found to be a better conduit for sound-modulated

light, rather than being used as a sensing medium.

Adding a membrane to the optical setup not only increases the number of
transducer stages involved in the set-up but also adds difficulty in the fabrication
process - and limits the sensing points in a single set-up. As an example, the
interferometric hydrophone requires that the sensor heads are located in a very small
dimension holder, together with a rather complex readout system when multiplexed [13].
In most optical microphone set-ups, stringent alignment conditions and limited sensing

points have caused the fabrication cost to be very high. To overcome the limited sensing
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point issue, research in distributed optical microphones has been actively carried out, in

the past few years [13-15].

1.3 Research Objective

As the idea of using unassisted fibre as a sensing element proposed by Culshaw
et al. 35 years ago has not been successful realize, it has become a great motivation in
the present research work. Hence, the objectives of this research work are to develop an

optical acoustic sensor design with:

(a) the capability to sense airborne acoustic waves or sound waves using an
unassisted optical fibre as sensing element, without involving any stringent
alignment or complicated set-ups,

(b) “unlimited” sensing points that are able to perform large area sensing with
sensor that can distribute out for more than 10 m length and point sensing with
sensing head which is not larger than 6 cm of diameter, and

(c) different sensing application capabilities such as vibration sensors, optical
microphones which have frequency band from 100 Hz to 20kHz, and
ultrasound sensors which cover frequency band from 20 kHz up to 100 kHz

under a common base principle with sensing threshold of 65 dBA.

The achievement of these objectives can be divided into four stages. The first
stage is to find a suitable optical set-up that is sensitive to acoustic waves and can be
modulated by the weakly coupled acoustic waves. The second stage involves basic
characterization of the set-up to study the sensitivity, operating bandwidth, and response
to the acoustic wave modulation. This work is to be followed by enhancement and
optimization of the AOS set-up. Finally, the results obtained above are used to design a

universal set-up for different sensor application purposes.
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1.3.1 Proposed method

The method proposed in this research is the utilization of fibre laser dynamics as
the basic configuration, as well as utilizing a dual wavelength fibre laser in order to
enhance the sensitivity. Laser dynamics is one of the laser behaviour discovered in the
early days of laser (1960) [16]. The dynamic behaviour of a laser may become
extremely sensitive to acoustic waves, which generate erratic intensity fluctuations in
the laser beam under small perturbations. Hence, the fibre-laser dynamic behaviour has
been chosen for use as the basic structure of the AOS setup. The proposed method can
be considered currently as the most sensitive unassisted fibre-based acoustic sensor; i.e.
a fibre-based acoustic sensor without a diaphragm or an intermediate coupling structure.
However, the sensitivity is still low when compared to an assisted fibre-based acoustic
sensor. The acoustic wave intensity threshold to trigger the dynamic fluctuation in the
fibre laser is still considered to be high, as compared with currently achievable

diaphragm sensitivity.

To increase the sensitivity of the set-up, an AWG (Arrayed Waveguide Grating)
was implemented into the setup to generate a dual wavelength fibre laser by feedback
the optical power from two selected channels. Dual-wavelength Erbium Doped Fibre
Lasers (EDFLs) are liable to mode-competition due to the homogeneous broadening
effect[17] and consequent gain competition. This mode-competition is also sensitive to

acoustic waves that interact with the set-up and can further increase its sensitivity.



Pua Chang Hong Chapter 1 Introduction

14 Thesis Outline

This thesis is divided into six chapters. Chapter 2 gives a brief introduction to
the laser dynamics which provide the basic principle for the proposed acoustic sensor.
In this chapter, an analytical analysis on the fibre laser dynamics is provided, starting
from the most basic laser rate equations. Chapter 2 also develops and implements rate
equation analysis for the Erbium Doped Fibre Laser (EDFL), followed by a simple

analysis of the modulation behaviour.

The experimental set-up is presented in Chapter 3 - and is followed by the basic
characterization of the setup that concentrates on the noise, resonance frequency, and
the dynamic behaviour of the setup. The discussion will be concentrated on the
relationship between the noise, the resonance frequency and the relaxation oscillation
frequency. The turn-on transient will also be studied, in order to understand the output
pattern produced during modulation. The differences between pump modulation and
loss modulation are also discussed. In this chapter, presentation of an unassisted optical
acoustic sensor has been presented which delivered the first objective of the research.

In Chapter 4, a simple unassisted fibre optical microphone with the flexibility in
changing the sensing medium is presented. The optical microphone is first connected to
a conventional single mode fibre (SMF) for airborne sound sensing purposes. The
response of the optical output intensity to the acoustic wave will be discussed. The
sensing medium is also replaced with a special SMF to increase the sensitivity, which
simultaneously reduces the sensor size significantly. The relationship between the
operating bandwidth and the sensitivity to the resonant frequency is studied intensively.
At the end of this chapter, a detailed description of the prototype of the eventual
portable and customizable optical microphone required is mentioned. This chapter also

delivered the second objective of this thesis.
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Further enhancement of the optical microphone is performed by implementing a
I1x16 Arrayed Waveguide Gratings (AWG) - and will be discussed in Chapter 5. The
creation of a dual wavelength laser more clears conditions. The natural behaviour of one
mode, which compensates for the loss or gain of the other mode in a laser cavity, will
be demonstrated. This behaviour, which limits the modulation sensitivity above the
dynamic threshold, will be discussed. The possibility of acoustic sensing below the
threshold of dynamic laser behaviour, which utilizes dual wavelength mode competition
generated by the AWG, is discussed. The advantages of the dual wavelength fibre laser
optical microphone are presented. At the end of this chapter, the setup has successfully
delivered the third objective which is the last objective of this research.

In Chapter 6, the last chapter, all of the work presented in this thesis is
summarized. Future work and other potential applications of the acoustic sensor are also

suggested.
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2.1 Erbium Doped Fibre Lasers (EDFL)

Fibre lasers are usually understood to be lasers based on optical fibres that have
an active gain medium that is doped with rare-earth atoms. The fibre gain media
dopants that are typically used are erbium (Er)[1], neodymium (Nd)[2], ytterbium
(YDb)[3], or thulium (Th)[4]. Each doped medium has an emission spectrum that is
suitable for different lasing wavelengths in the range from 0.4 pm up to 4pm. Among
these rare-earth ions, Er is the most common choice for building a fibre laser, because
of its demonstrated capability to support the generation and amplification of short
optical pulses in the 1550 nm spectral region that is useful for both optical

communication applications and for sensors[5].

Fibre lasers are typically realised in either Fabry-Perot (linear) cavity[6] or ring
cavity[7] configurations. There are three basic elements in the set-up for a fibre laser —
and these are the gain medium, the pump source, and the oscillation cavity, as shown

schematically in Figure 2.1.

Pump Laser
Source g i Output
l |rmr EDF Mwmr
_ _ > |
Lens Lasing Cavity Lens
(a)
Pump -asing N Laser
Source avity Output
Lens WDM Lens

(b)

Figure 2.1: Fibre lasers realised in (a) linear cavity and (b) ring cavity configurations.
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The linear, or Fabry-Perot, cavity is basically formed by a doped-fibre gain-
medium between two reflector mirrors at the fibre ends, as shown in Figure 2.1(a). The
reflective mirrors can be replaced by Fibre Bragg Gratings (FBG) or circulator that
forms a fibre loops. The optical signal oscillates forwards and backwards within the
linear cavity. The ring cavity laser, is assembled from the components of gain fibre,
Wavelength Division Multiplexing (WDM) de-multiplexer and isolator, as shown in
Figure 2.1(b). A ring that includes a fibre gain medium is formed between the fibre
outputs. In the ring cavity, pump power is coupled into the ring and absorbed by the
gain medium, while the emitted laser power can be directed out of the ring through the
WDM demultiplexer to the fibre output. An isolator is normally place in the ring cavity

to ensure operation in a single direction around the ring.

Among all the rare-earth doped materials, erbium-doped fibre (EDF) is the most
commonly used, due to its applications in the telecommunications field. The emission
of the EDF in the 1550 nm spectral region gains the advantage of operating in the low
loss region in silica fibre in the third telecommunications window([8]. Besides that, the
ability to provide high output power, low threshold pump power, and narrow line-width

are reasons that EDF is chosen for many other applications.

EDFL operates as a three level laser system that involves the atomic energy
levels 411 52, 4113/2, and 4111/2, as shown in Figure 2.2. Two common pump sources that
are used to pump EDF gain media are 980 nm and 1480 nm semiconductor lasers,
because of their photon energy match with the energy difference between the ground
level 4115/2, for £, and the excited levels, 4113/2, and 4111/2 respectively, for £, that can
produce gain in the 1550 nm region. The energy gap, AE, between the pump and
emission frequencies, can be related by AE = E, — E; = hv, to the frequency v, where

h 1s Planck’s constant.
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Figure 2.2: Energy level structure of Erbium ion with the optical transitions when
pumped under 980 nm or 1480 nm.

Amplification in the lasing process for an EDFL is achieved by continuous
emission of stimulated radiation by the excited Er ions of the EDF. To generate
stimulated emission, a 980 nm pump laser is coupled into the EDF to interact with the
Er ions. The pump laser will be absorbed by the Er ions at the ground level, 411 s and
the ions will be excited to the level, 411 12. The excited ions at this level are unstable and
have a very short lifetime of approximately 10 pus, before they decay to a lower level
called the metastable level, 4113/2, in non-radiative form. Hence, the atomic population in
level 411 12 can be assumed to be zero. In contrast to the excited level, excited ions at the
metastable level are much more stable and have a longer lifetime of 10 ms. The long
lifetime of the metastable level allows the ions to remain excited for longer, which also

encourages the generation of stimulates emission.

In the metastable state, the excited ions will de-excite back to the ground state
and release energy either as radiative emission (photons) or non-radiative emission

(phonons). There are two possible types of radiative emission - which are spontaneous
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emission and stimulated emission, as shown in Figure 2.3. Spontaneous emission is
generated when there is no incident photon that triggers the de-excitation, as shown in
Figure 2.3(a). The photons emitted spontaneously produce light with a characteristically
broad spectral width when the emitting ions are de-excited to the ground state. The
photons emitted are incoherent and they are emitted randomly in all directions. On the
other hand, stimulated emission is generated when there is an incident photon that has a
wavelength that corresponds to the transition energy gaps, as shown in Figure 2.3(b).

The emitted photon will be coherent with the incident photon that triggers the emission.
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Figure 2.3: (a) Spontaneous and (b) stimulate emission process diagram.
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Stimulated emission is important in fibre lasers, since it allows incident light
source to be amplified and built up coherently in the laser cavity. However, spontaneous
emission also plays an important role when it comes to free running fibre lasers without
the input of photons at a specific frequency - or feedback into the laser system. In free
running fibre lasers, broad spectrum spontaneous emission is firstly generated in the
fibre cavity. This emission will then be amplified further due to stimulated emission,
when it propagates throughout the whole length of the EDF - and the output is called

amplified spontaneous emission (ASE).

With a feedback mechanism incorporated into a fibre laser, part of the output
will be reflected back to the laser cavity. This input then again goes through the
stimulation process and increases the amount of coherent emission. This process will
continues until the emission wavelength with highest gain reaches the lasing threshold.
From this point onwards, the highest gain wavelength, with lowest loss, will dominate
the stimulated emission process and cause the gain at all other wavelengths to be

clamped[9].

2.2 Introduction of laser dynamics

In the early days of laser research in the 1960s, many of the physicists working
in the field observed erratic intensity fluctuations in the laser beams that they were
producing. This kind of erratic intensity fluctuation led to the generation of irregular
spiking in the laser output. Various explanations have been produced to explain the
fluctuation behaviour, including environmental fluctuations, passive modulation, etc
[10]. However, the cause of this behaviour was only properly understood in the early
1980s (except for the work of isolated pioneers such as L.W. Casperson) and widely
accepted in the early 1990s, with the basic idea that the pulsating output originated from

the interaction between the radiation field and matter [11]. This interaction, together

20
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with the population redistribution of the energy levels of the medium, is proof of the
intrinsic nonlinearity of laser systems. The lasing process is also affected by other
nonlinear effects attributable to the properties of the media inside the laser cavity. The
pulsing behaviour is affected by external disturbances and variations of the laser

parameters with time.

The erratic intensity fluctuations and irregular pulsing are categorized under the
heading of laser dynamical instabilities. A substantial amount of research has been
carried out to understand the causes of the laser dynamics, especially the erbium ion
concentration [12, 13] and ion-ion interaction due to quenching effects [14]. In the
framework of dynamical systems, many of the observed instabilities can be investigated
using simple classical equations based on material properties to simplify the simulation
or modelling process. To understand the backbone of physics underlying this research, a
simple model of acoustic modulation was formulated using the rate equations of a laser

system as the starting point.
2.3 Basic rate equations

There are various ways to model lasers, which include both the full quantum
mechanical treatment, employing a semi-classical approach, and purely classical models.
The purely classical approach provides the simplest form with which to construct the
rate equations. Although the equations provide less information in numerical terms
compared to other models, useful information can still be extracted analytically from
these purely classical equations[11]. For simplicity, a two level laser system, as shown
in Figure 2.4 is used. N; and N, represent the number of atoms in the ground and
excited levels respectively, G is the gain coefficient that can be related to the absorption
and emission coefficients and cavity length [15], n is the number of laser photons, R, is

the pumping rate, and 7, is the decay rate of the population.

21
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Figure 2.4: Two level laser system. R, denotes the pumping rate, N»/7 and N,/T; are
the decay rates of the populations, G(N, - Ny)n is the gain for stimulated emission, and
n is the number of laser photons.

Since the light-matter interaction is restricted to stimulated emission and

absorption only, the rate equations can be written as[11]:

dn n

pri G(N, _N1)n_T_c' (2.1)
dN N

d—TZ =R, — T—f — G(N, — Ny)n, (2.2)
dN N

where T, is the decay rate due to loss of photons by mirror transmission. These
equations can be simplified by substituting the expression for population inversion, N =

N> — N; and then further reduced to only two equations by combining Eqgs. (2.2) and

(2.3):
an _ GNn -2, (2.4)
dT T,

2.3)-(2.2) Z—I;' =— Ti (N — N,) — 2GNn, 2.5)
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where Ny = R, T is the population difference in the absence of laser light. To convert
the equations into a simpler form that can be solved easily, units are removed from the
equations to form dimensionless equations. This can be done by introducing new

variables I, D, and ¢ defined as:
1=2GT\n, D=GT.N, and t=T/T.. (2.6)
Differentiating Eqs. (2.6) with respect to 7" gives:

dl

I abp I
G-, 2=

[A—D(1+ D] and = 2.7

[

Y
dT T,

Multiplying dI/dT and dD/dT with dT/dt, gives:

dal
== I(D—1), (2.8)
2 =y[A-DA+D)] (2.9)

where A = GT.Ny and y = T./T,. At this point, the rate equations have been successfully
simplified to contain only two independent parameters - which then allow easier
analysis, as well as a reduced number of numerical solutions when compared with the

four independent parameters in Egs. (2.4) and (2.5).

2.3.1 Steady states

Analysis of steady states can use to predict bifurcations and anticipate
interesting transient regimes. In the steady state, there are two conditions to be satisfied,
that is there are no changes in the photon intensity, dI/dt = 0 and the inverted population,

dD/dt = 0. Hence, Egs. (2.8) and (2.9) can be written as:

I(D-1) =0, (2.10)

A-D(1+0D =0, 2.11)
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There are two solutions for Egs. (2.10) and (2.11), which are the zero intensity solution:

I=0 and D=4, (2.12)

and the non-zero intensity solution:

I=4-1>0 and D=1. (2.13)

The inequality in Eq. (2.13) is important because the intensity, /, can only have a
positive value. Eq. (2.13) also means that lasing action is possible only if 4 > 1. The
critical point at which (/, D, A) = (0, 1, 1) is called the laser first threshold [11]. The
critical point in this case is also the bifurcation point, as it connects two steady state
solutions. There are several useful points of information that we can gather from
Egs. (2.12) and (2.13). When the laser is in the OFF state, it does not emit any radiation
(zero intensity solution) - and hence the population difference is determined by the
value of the pump (D = A). As the pump power exceeds the lasing threshold value
(4 =1), the laser is turned ON and starts to emit radiation (non-zero intensity solution),
for which the energy is proportional to the pump and cavity gain in excess of the

threshold: (/=4 - 1).

2.3.2 Linear stability

The stability of the steady state can be studied by adding in small deviations u

and v, which are defined by:

u=I-1I; and v=D-D;. (2.14)

where (I, D) = (I;, Dy) denotes either the OFF or ON solutions. Differentiating Eq. (2.14)

gives:

duldt=dl/dt and dv/dt=dD/dt (2.15)

Replacing Egs. (2.14) and (2.15) into (2.8) and (2.9) gives:
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Z_’: =u(Ds— 1) + ;v + I[;(Dg — 1) + uv (2.16)

L =y[-Du—-(A+I)v+A-D,(A+I)—w] @17

and simplifying these expressions using the steady state Egs. (2.10) and (2.11) with
condition (/, D) = (Is, Dys) - and neglecting the quadratic terms in u and v to obtain the

linearized equations for u and v — gives:

== u(Ds—1) + L 2.18)
dv
—~ = v[—Dsu — (1 + I5)v] (2.19)

Combining Egs. (2.18) and (2.19) by introducing u = ¢; exp(at) and v = ¢, exp(at),

where o represents the growth rate, leads to:

o2 +oly(1+I)—Ds+1]+y(1+Ig—Dg) =0 (2.20)

Examining the solutions for u and v, it is noteworthy that when
Re (o;) <0 (j=1,2), small deviations u# and v will decay to zero - which leads to a
stable steady-state situation. If, however, Re (g;) > 0, then u and v will grow
exponentially - which leads to an unstable situation. Hence, for the zero intensity steady

state (2.12):

o1=A-1 and o0,=-y, (2.21)

which also means that it is stable if 4 < 1 and unstable if 4 > 1 in the zero-intensity

steady-state. While, for the non-zero intensity steady state (2.13):

o> + 945+ (A —1)=0 (2.22)

It can seen that, from Eq. (2.22), the sum of the roots is always negative
(o1 + 02 = -y4 < 0) and the product of the roots is always positive (g;02 =9(4 —1)>0) -
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which means that o, and o, both have negative values, which also implies that

Re (07) <0 (j = 1, 2). Hence, this solution is always stable.

2.3.3 Damped relaxation oscillations

In lasers, it is common to observe lightly damped intensity oscillation after a
sudden excitation change, either in the loss or the gain in the cavity. To understand this

behaviour, Eq. (2.22) is solved using the ‘completing the square’ method to obtain:

o1 = —yStiJy(A—1) —y?A%/4 (2.23)

Provided that (4 — 1) — y?4%/4 > 0, expanding the two roots for small y will produce:

012 = —)’gi i{ y(A-1) +%[y(A - 1)]_% (_#) + }
012 = —Yg tiyy(A-1)+0 (Vg); (2.24

32

where the notation O(y ) is the correction term that is proportional to 2.

By applying a general solution for u, where
u=I—-(A-1)=ce@® 4 cel@ and ¢ is the complex conjugate of ¢, u can be

rewritten as:

VRS Ce(_ygt) sin(w/y(A - Dt + gb), (2.25)

where C and ¢ are arbitrary constants determined by the initial conditions. Since
I is proportional to u (through 7 = 4 — 1 + u), the laser intensity will oscillate at a
frequency proportional to 1/y and decay slowly with a rate that is proportional to y. The

oscillation frequency [16]:

0= JyA=1), (2.26)
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is called the relaxation oscillation (RO) frequency of the laser and is a reference
frequency for all lasers that exhibit intensity oscillations - and the damping rate of the

laser RO is,

r=y2 (2.27)

24 Erbium doped fibre laser

The simplest model of the EDFL can be constructed using a purely three level
atomic system, with emission between the intermediate and the ground state. Although
there are four level atomic systems that enable more precise modelling of the EDFL,
most of the important characteristics of EDFLs can be obtained from this simple 3-level

model[17].

Figure 2.5 shows the possible erbium atom transitions between the ground state,
denoted by 1, intermediate state, denoted by 3, and metastable state, denoted by 2. N,
N> and Nj represent the populations of each level. The operation of these three levels
can be described by three simple processes. The process starts with pumping by a short
wavelength pump laser (normally 980 nm), which is used to excite the Er’" ions to a
higher energy level, represented by level 3. Er ions at level 3 are unstable and quickly
decay to level 2 (a mostly radiationless transition). The lifetime of Er ions at level 2 is
longer (~10 ms) which allows them to stay at level 2 while waiting for stimulated
emission to happen, accompanied by decay back to the ground level. ¢, and ¢
represent the incident light intensity flux of the pump and signal respectively, o, and o
are either the absorption or emission cross-sections of the pump and signal - and 7,
represent the transition probability from level x to y. Generally ¢,0, represents the

pumping rate, while @0 represents the stimulated emission rate.
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Figure 2.5: Simple three level system for EDFL model.
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Figure 2.6: Complete 3 level system for EDFL.
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However, the three-level system is normally presented in a slightly more
complete way. The processes include: (a) the re-emission of pump laser photons that
causes the Er ions to de-excite from level 3 to level 1 after absorption, (b) re-absorption
of the signal, which causes the excitation of Er ions from level 1 to level 2, and (c)
spontaneous emission, which causes the de-excitation of Er ions from level 2 to level 1.
These transition processes are presented schematically in Figure 2.6. In this case, the

absorption and emission cross-sections are assumed to be the same.

Due to the unstable condition of level 3, Er ions that have been excited to level 3
will decay to level 2 or level 1, almost instantaneously. Hence, N3 will always remain
small in comparison with Ny - and dN3/dT will be small in comparison with N;¢,0,.

Eq. (2.28) to Eq. (2.30) simplify to:

dN

d_Tl ~ I'y1Ny — @popN; + (N, — Np) g0y (2.31)
dN

d_TZ ~ —I'y1N; + T'3,N3 — (N, — Np) g0 (2.32)
0 = _F32N3 + (pPO-PNl (233)

Substituting Eq. (2.33) into Eq. (2.32) produces:

dN,

e —I'1N; + popN; — (N; — Ny @0, (2.34)

To obtain amplification or lasing, population inversion between levels 1 and 2,
for which at least half of the total population of erbium ions needs is excited to level 2,
will need to be achieved. Here, the inversion population N = N, — N;, was introduced to

further simplify Egs. (2.31) and (2.34) to give:

dN
d_Tl ~ T'y1N; — @popN; + Ny (2.35)
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dN,

i —I31Ny + @popN; — N0, (2.36)

Then, from N=N, — N;:

dN _ dN, dN,

dr ~ dT  dr
= _2F21N2 + 2(pp0_pN1 - ZN(pSO-S (237)

The total population can be represented by, Ny = N; + N, + N3 = N; + N;, since
N3 is small, in comparison with N, and N3. Thus 2N, = N + Nz, and -2N,= N — N7,

were obtained. Substitution into Eq. (2.37) produces:

dN
ar - —I'31(N + Np) — @pop(N — Np) — 2Nos05  (2.38)

The rate changes of the population inversion in Eq. (2.38) include the three main
processes in a laser. The first term describes the relaxation of excited Er ions to their
equilibrium position, also called spontaneous emission. The second term is the pumping
process, which generates population inversion. The third term is the nonlinear coupling
between population inversion and signal intensity, which is also known as the

stimulated emission.

As in section 2.3, the analytical equation that describes the number of photons in

the laser cavity can be written as,

dos
daT

= —@sYc T Ps0sN = (ps(_yc + O-SN) (2.39)

where y. is the decay rate due to the loss of photons due to mirror transmission. To
convert Eq. (2.39) into a dimensionless equation, the following new variables are

introduced:
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— _  2¢@s0g __ Os
t=y.T,]=———,and D =— 2.40
Ye [21+@pop Ye ( )

These are then substituted into Eq. (2.39):

dal 20 dos dT
dt Fz]_'l‘(ﬂpO'P daT dt

= () lps(-ve + o1 ()

[21+@pop

= (o) (F1+57)
% =I1(—1+D) (2.41)

and then into Eq. (2.38):

s 1
= Z[~T51 (N + Np) = 9pop(N = Np) = 2Ngs04] ()

Cc

= ;TSZ [(ppop —T21)Nr — (2505 + @pop + I'31)N]

_ Taatopop [(@PUP—Fu)UsNT __osN (1 n 29505 )]
Ye (T21+@pop)yc Yc F21+@pop

22 =y[A-D(1+D)] (2.42)

where:

I'>1+@po op—TI51)osN
y:21<0PP and AZ(‘PPP 21)0sNT

Ye (T21+@pop)yc

(2.43)
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It should be noted that Eqgs. (2.41) and (2.42) are identical to Egs. (2.8) and (2.9), but
with different definitions for y and 4 - which also means that the analysis presented in
section 2.3 can be applied to EDFL systems by using the definitions of y and 4 in

Eq. (2.43).
2.5 Modulated laser

In order to analyse the behaviour of the laser under modulation, the initial

operating conditions for the fibre laser are introduced,
1(0)=1; and D(0)=D;. (2.44)

Under a small modulation level, an asymptotic solution of Eq. (2.41) and (2.42) can be

obtained by setting y = 0, which then leads to:

dl ab
== I(1—D;) and — = 0 (2.45)

Solving Eq. (2.45) gives D = D; and I = I; exp[(D; — 1)t], which means that the intensity
either decays to zero exponentially or grows exponentially, depending on the value of
D;. However neither result leads to the stable non-zero intensity steady-state that can be
found in real experimental results. To obtain the solution for this singular limit (y = 0), y
has to be separated out from the multiplication of the parameters on the right hand side

of Eq. (2.42).

To separate the y from the multiplication equation, a new time parameter is

introduced:
S = gt (2.46)

where wy, is the Relaxation Oscillation (RO) frequency.
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New dependent variables x and y are introduce as:

D-1 I-(A-1
X=— and Yy = (4-1)
WR A-1

(2.47)

Both variables x and y are deviations of D and / from steady state values under /(0) = /.

Substituting Egs. (2.46) and (2.47) into Eq. (2.41) leads to:

% = (1+y)x (2.48)

and Eq. (2.42):

== —y—eZx[1+ (A- D +)] (2.49)

where & is defined as:

2= L «1 (2.50)
A-1

Coming back to the above condition, when y =0 or ¢ = 0, now leads to:
x'=—-yandy' =1 +y)x (2.51)
which allows bounded periodic solutions.

Laser modulation can be carried in two different ways; that is, either through
pump modulation or through loss modulation. Pump modulation will affect the
evolution equation of the population inversion, while loss modulation changes the

evolution equation of the intensity. Pump modulation is straightforwardly carried out by
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changing the pump intensity according to different specified input wave patterns. The

modulated pump intensity can be represented by:
A =A(1+mF (1)) (2.52)

where 4 is the pump mean value, m is the modulation amplitude, and F(?) is the
modulation wave function - which can be sinusoidal, square, triangular or pulsating
wave. Eq. (2.52) can be replaced directly into Eq. (2.49), in order to analyse the laser

intensity under pump modulation.

Loss modulation is not a straightforward process - and always refers to changes
in the total losses within the laser cavity. In this case, the cavity decay rate, 7,
becomes an important parameter in the equation, since 7. is now a variable instead of
being constant. A time-dependent cavity decay rate, 7. (T) = T.”(1+mF(T)) is then

introduced into Eq. (2.4), leading to:

an _ GNn — n(1+mF(T)).

= T (2.53)

where m is the modulation amplitude and F(7) is the modulation wave function.

Replacing the same dimensionless parameters in Eq. (2.6) to Eq. (2.53) produces:

ar

= I(D—-1-mG(t)) (2.54)

where F(T) = G(1).

Although both methods just described are able to modulate the laser output
intensity, they play different roles in the work of this thesis. Pump modulation is a
simpler and more direct way to modulate the laser output intensity, and therefore it
implies lower noise and less uncertainty. Controlling the pump power is also relatively

simple, e.g. by just using a signal generator and a laser diode. Thus pump modulation is
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used to study the behaviour and for characterization of the laser system. On the other
hand, acoustic sensing is totally reliant on loss modulation, since acoustic waves can
only generate loss in the laser cavity instead of modulating the pump intensity. Hence
study of loss modulation becomes important in acoustic wave sensing, although it

carries more noise and uncertainty.

2.6  Summary

In this chapter, simple models of standard two-level laser and three-level laser
operation for EDF-based lasers were developed on the basis of a rate equation approach.
Analysis has been carried out on the processes involved, in order to understand the
optical intensity changes with respect to related parameters such as pump power, Er ion
life time, absorption coefficient and emission coefficient. EDFL behaviour during
steady-state and dynamic condition has also been studied. Lastly, pump and loss
modulation of fibre lasers has been demonstrated to support the possibility of applying

the dynamic behaviour of the laser as the operating mechanism in acoustic sensors.
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3.1 Experimental setup

The experimental set-up used for the work of this thesis was a simple free
running linear cavity fibre laser that consisted of 3 m of erbium-doped fibre (EDF), a
980 nm pump laser, and a Wavelength Division Multiplexer (WDM) coupler, as shown
in Figure 3.1(a). A fibre laser linear cavity was formed in between point A and point B,
with a branch at the 980 nm/1550 nm WDM coupler to guide the 980 nm pump into the
cavity as shown Figure 3.1(b). The total length of the cavity was about 10 m from point
A to B including EDF, WDM coupler, and connectors at both fibre ends A and B.
During the experiments, the 980 nm laser acted as a pump source and was directed into
the laser cavity using a WDM coupler. Pump photons which pass through the active
medium will be absorbed by Erbium (Er) ions, exciting them and generating population
inversion. These excited Er ions will then relax to the ground state either by releasing
spontaneous emission or stimulated emission. Emission released by Er ions is labelled

as signal in Figure 3.1.

980nm | 980/1550nm

Pump \WDM EDF
B
—]
P ‘ - signal
—

Transmitted
Signal
Reflected
Signal

A

=~

. Erbium
ions

(b)

Figure 3.1: Diagram of (a) experiment setup and (b) light beam propagation and
interacion.
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The direction of spontaneous emission is arbitrary. Some portion of the emitted
signals will be guided along the fibre axis and propagate in both directions towards the
fibre ends (A and B). When the signal arrives at a fibre end, A or B, that is flat and
orthogonal to the signal propagation direction, it will experience both transmission and
reflection. Both fibre ends were flatly cleaved (90 degree to the waveguide channel) to
obtain maximum reflection from the fibre ends without using other optical reflective
devices. The fibre end reflection has a similar function as the reflection created by the
mirrors in a solid-state laser cavity - but with a much lower reflectivity, which is the
~4%, that corresponds to the plane-wave Fresnel reflection, according to the equation

shown below:

R=22"1%100% 3.1)

n2+n1

The reflected signals from both fibre ends, A and B, will pass through the Er
gain medium and experience amplification. The output signal from the system, before
any lasing occurs, is called Amplified Spontaneous emission (ASE). The ASE spectrum
of the EDF used in these experiments falls within the conventional band (C band) -
ranging from 1530 nm to 1565 nm, which is well within the fibre optic transmission

band from 1260 nm - 1675 nm, as shown in Figure 3.2.

Optical Power, dBm
0o a A A
0 O A N O 00O O

1 1 1 1 1 1 1

o
o

1520 1530 1540 1550 1560 1570
Wavelength, nm

Figure 3.2: ASE spectrum of EDFL pumped with 980 nm laser at 12 mW without
feedback from reflection.
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In any laser cavity, either bulk or fibre based lasers, there will be quite a large
number of longitudinal modes oscillating at the same time when the gain of the
amplifying medium exceeds the loss of the cavity [1]. This can be interpreted as to
when the ASE overcoming the loss of the cavity or reaching the lasing threshold. The
longitudinal modes falling within the maximum gain region will have a high probability
of lasing compared to those modes at both ends of the gain curve. The lasing probability
of the EDF can be represented by the ASE as shown in Figure 3.2. Modes within the
1530 nm region will have a higher lasing probability as they experienced higher gain
when passing through the gain medium. As the pump power increases, the ASE level
will increases as the cavity gain increases. Once the ASE level increases above the
lasing threshold, multiple sharp and narrow lasing peaks can be observed at the

1530 nm region as shown in Figure 3.3.

o)
(e
]

19.4 mW

N
S

O
S

N
S

Optical Power, dBm
o
(e

-80

1525 1530 1535 1540
Wavelength, nm

Figure 3.3: ASE spectrum and random lasing of EDFL under free running condition at
different pump power.
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The multiple lasing peaks are caused by the broad ASE spectrum of the EDF
emission - and the long cavity set-up, which has a length of approximately 10 m that
allows a large number of longitudinal modes to oscillate, as described above. The
modes that survive are those that satisfy the specific conditions of the resonator
geometry, which determine the standing wave patterns in the cavity, the reflectivity of
the mirrors and the gain spectrum of the medium. The lasing wavelengths are governed
by Eq. (3.2):

A3
nyL

Adyes = (3.2)

where L is the length of the cavity, 4 is the centre wavelength, and 7, is the effective
refractive index of the fibre. Several longitudinal modes in the 1530 nm spectral region
can oscillate simultaneously and therefore undergo mode competition as a result of the
homogeneous gain nature of the EDF. This competition causes the unstable behaviour
of the lasing frequency and lasing power that leads to the detected optical power
fluctuation. Further increases of pump power above the lasing threshold mainly
contribute to the generation of a higher lasing power level and broader lasing bandwidth,
with a slightly increased ASE level. This behaviour results from the domination of
stimulated emission in the gain medium, when sufficient optical power is fed back into
it.
3.2 Noise and Resonance Frequency

In order to understand the behaviour of the set-up, the noise was studied by
measuring the time-domain fluctuation of the total optical power. The optical power
fluctuations in the fibre laser were obtained using a photo-detector to convert the optical

power into a voltage that was subsequently displayed on a digital oscilloscope. The

optical output power was quite stable, although there were noticeable fluctuations at
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high frequencies in few tens of kHz, as shown in the top part of Figure 3.4. An analysis
was performed on the output optical-power fluctuation-frequency by performing a Fast
Fourier Transform (FFT) on a 1s period of recorded optical power. Figure 3.4 also
shows the results for the direct FFT calculation obtained using the built-in function of

the digital oscilloscope that was used to display the optical power.

JHH\ i mlﬁuﬂ 1L} Mh b M iy M m |“I

Figure 3.4: Screen capture of optical power pumping at 15.7 mW together with the FFT
calculation performs by digital oscilloscope.

The FFT spectrum, with a peak at 22.5 kHz, indicates that the optical power
fluctuates over a specific frequency band. Fluctuation of the optical power in this range
of frequencies is dependent on several factors, such as cavity length, that determine the
round-trip period of optical propagation in the cavity, the gain - which is determined by
the gain medium and pump power - and the cavity loss, which determined by the
propagation loss in the cavity and the reflectivity of the cavity mirrors. The relation
between all these parameters is given indirectly in Section 2.3 by the parameter y. From
Eq. (2.43), it can be seen that y is directly proportional to the pumping rate, ¢,0,,, and
inversely proportional to the cavity decay rate, y.. 9,0, is also proportional to the gain,

while y. is proportional to the cavity loss and inversely proportional to the cavity length
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or the round trip period. The peak of the FFT frequency spectrum is at the frequency
determined by resonance effects when light in the laser interacts with the acoustic
waves. In certain cases, the resonance frequency also called relative intensity noise

(RIN)[2]. The resonance frequency can also be calculated theoretically from Eq. (2.26).

Among the three main parameters affecting the resonance frequency, the pump
power is the easiest parameter to change, since it can be varied without any
modification of the set-up. Optical pumping at different power levels, ranging from
10.8 mW to 68.5 mW, was carried out for periods of 1 s, in order to study the changes
of the resonance frequency. FFT calculations were performed on each data point to
obtain the frequency spectrum of the output power fluctuation. These results were then
plotted in a graph, as shown in Figure 3.5. The most obvious behaviour that can be
observed is the shifting of the resonance frequency to higher frequencies when the

pump power is increased.

As mentioned above, y which represent the ratio of pumping rate to the cavity
decay rate is directly proportional to the pump power, P. Thus, from Eq. (2.26), the

resonance frequency can be stated as [3]
waVP,w = kP, or w? = kP. (3.3)

Further analysis was carried out on the resonance frequency data by plotting the
resonance frequency, w, against pump power, P, and w? against P - in graphs as in
Figure 3.6. Both graphs shown in Figure 3.6 fit the predictions of Eq. (3.3). By using
curve fitting methods, the linear equation that fits the graph in Figure 3.6(b) can be

represented by:

w? =120 P — 1400 (3.4)
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Figure 3.5: FFT frequency spectrum of optical output power fluctuation under different
pump power conditions.
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Figure 3.6: Graphs of (a) resonance frequency, o against pump power, P and (b) o’
against P.
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Besides the relationship between the resonance frequency and the pump power,
Eq. (3.4) also carries information on the lasing threshold of pump power. The lasing
threshold of the pump power can be obtained by substituting @ = 0, - which gives a

value of 11.7 mW that is near to the experimental value of 12.1 mW.

3.3 Turn-on transient behaviour

The turn-on transient [4], the laser transience [5], or the so-call ‘onset dynamics’
[6] is the time evolution of the laser intensity when the pump laser is switched from a
level below the lasing threshold to a level above the lasing threshold value. This
dynamic effect can be observed in most of the lasers used today [4]. The study of the
laser turn-on transient behaviour is important, as it carries information on several laser
parameters that are useful in understanding the properties of a particular laser [7]. There

are three distinct regimes in the turn-on transient effect, as shown in Figure 3.7 [4]:

(a) Latency regime:- is the regime between the time when the pump power is
switched on, until the observation of first spike - where the laser output power
remains low. It is also called the “lethargy” or “turn-on” regime

(b) Spiking regime:- is the regime where strong pulsations happen, generating sharp
spikes that are separated by periods of very low emission.

(c) Relaxation oscillation (RO) regime — The regime where damped oscillations
occur as the laser approaches its steady state, due to exponentially damped

sinusoidal oscillations.
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Figure 3.7: Typical turn-on transient of a laser [4].

3.3.1 Experimental results

In the experiments, a step input of pump power was directed into the fibre laser
system to generate the turn-on transient effect in the fibre laser. Figure 3.8 shows graphs
of the digital oscilloscope with fibre laser output power levels (black colour line) and
pump power levels (grey colour line) under the transient conditions. As discussed in the
previous section, the turn-on transient behaviour can be observed when the pump power
is switched from below the threshold to above the threshold, as shown by the grey line
in Figure 3.8(a). Switching the pump power from 0 mW to above the threshold power at
44.5 mW does not cause the laser output power to increase immediately — and output
remains at a minimum level for a period of 3.58 ms that is labelled as the latency regime.
The latency regime is followed by a series of spiking oscillations and RO. A clearer
diagram focussed on the spiking and RO regimes is shown in Figure 3.8(b). The first
two sharp spikes in the spiking regime were separated by low intensity emissions for a
period of about 23.0 us. These separation periods between spikes reduce slowly and the

spike intensities decay exponentially when moving towards the RO regime. In the RO
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regime, the intensity fluctuation is smooth, but oscillates in a damped sinusoidal wave
form. A series of turn-on transients with different pump powers has been captured, in
order to understand the relation of pump power to the latency, spiking, and RO. The

captured traces are shown in Figure 3.9.

10"mVI 1ms | 10 mVI 50 ps
—_ ‘ —
Laser output ‘ Laser output

latency J r
J‘

Pump Pump

=
(a) (b)

Figure 3.8: Screen capture from digital oscilloscope of fibre laser turn-on transient
effect with pumping at 44.5 mW.

There are several changes that are observable in the sub-figures in Figure 3.9, as

the pump power is decreased:

(a) the turn-on time increases,
(b) the spiking power reduces, and

(c) the damping effect increases.
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Figure 3.9: Turn-on transient effect with pumping at different pump power levels:
(a) 66.9 mW, (b)61.3 mW, (c)55.7mW, (d)50.1 mW, (e)44.5 mW, (f)38.9 mW,
(g) 33.3 mW, and (h) 27.7 mW.

50



Pua Chang Hong Chapter 3 Exp. Setup, Char., and Mod.

The relationship between these parameters can be represented in a more direct
manner. Figure 3.10 shows the relationship between the latency period and pump power.
The plot of the latency regime period does not show a linear graph, and this means that
it cannot be described by the linearized theory presented in Chapter 2. The nonlinearity
is caused by the high inversion of population, which does not remain close to the laser
OFF state [4]. However, an analytical investigation of the latency regime period can be
carried out to obtain the value of the latency regime period by using Egs. (2.8) and (2.9)

to obtain [4]:

ton =Y ! C:_:) (3.5)

where #,, is the turn on time, A denotes the value of the pump power level above
threshold, which is larger than 1 - and A4 represents the value of the pump power level

below threshold, which is less than 1.

Since the initial pump power is zero in our case, Eq. (3.5) can be further

simplified to:

ton =77 (=) (3.6)

Ay—1

The results will show a straight line graph for plots of #,,, against 1/(4+ - 1) according to

Eq. (3.6), which matches the experimental results given in Figure 3.10.
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Figure 3.10: Relation between latency period or turn-on time and pump power.
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Figure 3.11: First spiking peak amplitude and frequency under different pump power

levels.
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The relationships between the pump power of the first spiking peak amplitude
and the frequencies of the first and second spiking peaks are plotted in Figure 3.11. As
can be observed, both the amplitude and the frequency of the first spiking peak are
increased when the pump power increases. The RO of the transient effect directly
follows these peaks. There is no clear boundary between the spiking regime and the RO
regime - which implies possible inaccuracy in their separate characterisation. To avoid
this problem, measurements were made in the centre of the RO regime. The measured
RO frequencies at different pump power levels were then compared with the resonance
peak frequency of the fibre laser noise spectrum in the same pump power range.
Comparisons between both parameters are plotted in Figure 3.12, which contains graphs

of both: (a) frequency, w against pump power and (b) w” against pump power.
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Figure 3.12: Comparisons of both resonance frequency and RO frequency parameters in
graphs of (a) frequency against pump power and (b) frequency” against pump power.
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From Figure 3.12(a) & (b), both the resonance peak frequency and the RO
frequency show similar trends according to the changes of pump power level, with
slight differences in frequencies, especially at low pump powers. However, it is possible
to predict the value of one parameter if the other parameter is known. In other words,
the RO occurs at a nearly or slightly lower frequency than the resonance frequency peak
of the fibre laser noise. From Figure 3.8(b), it is clear that during the pulsing regime, the
frequencies between pulses are lower at lower frequencies. The power fluctuation of the
noise spectrum increases toward the RO regime and oscillates in an almost sinusoidal
form. This power fluctuation frequency will continue increases in the RO regime,
before it reaches a steady state where it will actually oscillate at the resonance

frequency.
3.3.2 Modelling

Spiking and relaxation oscillation have been observed for the switch-on transient
effect, in experimental results. A simulation was carried out to demonstrate that the
switch-on transient follows the prediction of the laser dynamic model. The simulation
was based on the simple rate equations from Egs. (2.38) and (2.39). Egs. (2.41) and
(2.42), which are already normalized, are not used — because the embedded pump
intensity parameter is separated into two parameters, namely y and 4. An independent
pump intensity parameter is needed, as the pump power plays a major role in

experimental results. Hence the new parameters:

N N opPp OsPs
k=te g=9Nt N _oper p_00s g qr, 37
I21 9 I21 Ng' P I21 I21 21 G7)

are introduced into Eq. (2.39)

dgs
dq; = Qos(_yc + O-SN)
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dos Yc osNt (N
PR
d(TTy1) 21 I'21 \Nr

dl
L =I(—k +gD) (3.8)

and Eq. (2.38)

dN
T —I'21(N + Ny) — @pop(N — Ny) — 2N @0

= —(Ty; + @pop + 2¢0505)N + @pop Ny — 'y Ny

_(1+0'P§0P+20'5(Ps)£+m_1

d(TT21) I21 I21 / Np I21
L=+ +20D+1 -1
)
L -+ +2DD+1,— 1 (3.9)

Both Egs. (3.8) and (3.9) are similar to simulation equations in [6] and [8]. £ and g are
the decay rate and the unsaturated gain of the lasing light intensity, respectively. / and
Ip are, respectively, the fibre laser intensity and the pump laser intensity - while D

represents the population inversion.

To perform a numerical simulation using the Matlab software, Eqgs. (3.8) and

(3.9) were written in a linear form as:
Im)y=In—1)-{1+[-k+gDn)] At} (3.10)

DM)=D(n—1)+{-[1+1,+2I(n—1)]-D+1, - 1}At (3.11)
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Figure 3.13: Numerical simulation result using Matlab Software with parameters value
of k£=10000, g = 90000, and /, = 130.

Figure 3.13 shows one of the numerical simulation results from using both
Egs. (3.10) and (3.11). The simulation result shows the spiking and the RO regime.
Although the simulation does show the transient effect in the spiking and RO regimes,
the simulation output still differs significantly from experimental results. The reason for
this difference is that the equations used form a simplified and linearized model. There
are some important parameters that are not considered in this model, in order to
simplify the equations. As mentioned in the previous section, this model cannot be used
to estimate the latency regime period due to the linearization of the equations. However,
the spiking and RO parts of the transient behaviour are predictable using these
equations. There has been some work on simulating transient effects in fibre lasers by
[3, 9], using more detailed and complicated models. Figure 3.14 shows a series of turn-

on transient simulation results at different pump power levels, from 60 mW to 140 mW.
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Figure 3.14: Numerical modelling of spiking and RO happen in turn on transient with
pump power at (a) 60 mW, (b) 70 mW, (c) 80 mW, (d) 90 mW, (e) 100 mW,
() 110 mW, (g) 120 mW, (h) 130 mW, and (i) 140 mW.

34 Pump Modulation

For an optical system to work as a sensor, its amplitude, phase, or polarization
must be capable of being modulated. In this system, the modulation is expected to come
from the environment and the system intensity is either directly or indirectly modulated.
The changes of the intensity will carry information about the incident acoustic wave.
However, before studying the incident acoustic wave modulation in which the output
will carry noise from the environment and the optical system itself, the optical

modulation of the system was studied via the pump modulation model[10].

Pump modulation is a direct way to modulate the intensity of the optical fibre
laser, due to its direct relation to the gain of the fibre laser. In a controlled environment,
noise can be reduced to a lower level, in comparison with acoustic wave modulation.

The turn-on transient experimental results in Section 3.3.1 are one example of pump
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modulation in the form of a step function. In this section, the pump laser diode is driven

using a HP8116A function generator to modulate the pump power sinusoidally.

Figure 3.15 shows a series of fibre laser outputs under modulation, by a 500 Hz
sinusoidal waveform, of the pump power - at different amplitudes captured by a digital
oscilloscope. The pump power is offset to a level of 15.0 mW to sustain a certain
percentage of inversion population in the gain medium. From Figure 3.15, it is obvious
that only in Figure 3.15(a) is the output in a sinusoidal form - and all of the other
outputs are generating spiking effects at the peak of the modulation pattern. The
generation of spikes in the fibre laser output only happens when the pump power is
above the lasing threshold. This spiking behaviour follows the same principles as for the

turn-on transient generation.

From the series of screen captures shown in Figure 3.15, together with the insets
that show magnification of the spiking regions, it is observed that when the modulation

amplitude increases:

(a) the peak power increases,
(b) the number of spikes increases, and

(c) the spiking frequency increases.

As the modulation amplitude increases, more pump power was pumped into the
system (due to the low offset of pump power up to only 15 mW, modulation more than
15 mW that suppose fall in the negative region will remain as 0 mW), increasing the
population inversion. The different spiking effects behaviour generated under pump

modulation are similar to the transient effect mentioned in Section 3.3.
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Figure 3.15: Fibre laser optical output waveforms under a continuous pump power level
of 15.0 mW - with modulated oscillation by a 500 Hz sinusoidal function at different
modulation amplitudes at (a) 35.2 mW, (b) 42.6 mW, (c) 49.6 mW, (d) 57.8 mW,
(e) 64.0 mW, and () 71.5 mW.
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3.5 Loss Modulation

Loss modulation is the other main modulation method in laser systems. Loss
modulation can easily be achieved by implementing an acousto-optic or electro-optic
modulator inside the laser cavity [4]. In this thesis, the loss modulation was performed
directly using acoustic waves in the form of either mechanical vibration in a solid
medium or as sound waves propagating in air. The interaction of acoustic waves with
fibre optics causes time-dependent changes in geometry - such as changes in the fibre
length or the refractive index, due to compression and expansion of the fibre material.
These effects will cause phase-shifts and collapses in the existing modes that sustain in
the laser cavity - these effects will contribute to modulation of the cavity loss.
Figure 3.16 shows one example of loss modulation produced by ‘knocking’ of the fibre

laser system.

.............................................

Figure 3.16: Fibre laser optical power fluctuation under the impact of strong acoustic
wave.
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Increase of the cavity loss has been observed when a strong airborne acoustic
wave is incident on the fibre laser system, the cavity losses are increased, causing the
output power to drop, as labelled in Figure 3.16. This drop is due to the fact that the
incident acoustic wave transfers part of its energy into the fibre and causes the silica
molecules to vibrate more strongly (effectively raising the local temperature),
eventually contributing to cavity losses. The increase of cavity loss reduces the optical
power feedback to the gain medium, which allows population inversion to build up in
the gain medium. As the vibration of silica molecules becomes weaker and weaker with
time, the cavity loss reduces as well. Laser feedback increases at the same time, until it
is above the threshold for stimulated emission or lasing to take place. The sudden
increase in the optical feedback power will generate random spiking for a short period.
The turn-on transient spiking observed in Figure 3.16 is more chaotic and does not
follow exactly the damping pattern, as in the case at the RO regime. This discrepancy
arises is suspected to be cause the energy of the acoustic vibration does not disappear as
rapidly as does the pump modulation. The slow decay of the acoustic energy in the fibre

causes the instability of the spiking intensity and frequency.

For the same reason, the acoustic wave modulation can be expected to be far
more complicated than is the case for pump modulation. Further investigation of the
effects of acoustic wave modulation will be described in the next two chapters, which
are concentrated on airborne acoustic wave or sound sensing. Hence, till current level,
an unassisted acoustic sensor has been demonstrated to sense the vibration of
surrounding environment. The similar setup has been improved and enhanced in the
sensitivity by adding single mode fibre (SMF) as sensing medium so that the sensor can

sense the weak acoustic waves that travel in the air.

61



Pua Chang Hong Chapter 3 Exp. Setup, Char., and Mod.

3.6 Summary

In this chapter, a free running linear cavity fibre laser with an EDF as the gain
medium has been presented. This fibre laser generates an emission spectrum that falls
within the so called “C-band” (C for ‘Conventional’), which spans from 1520 nm to
1570 nm - with the highest emission level occurring in the region of 1530 nm region.
Multiple lasing peaks are observed when the pump power is level is sufficiently far
above the threshold. The number of lasing peaks will increase - and cover a broader

spectrum - when the pump power is increased.

The noise in the fibre laser set-up has become a specific concern in the present
study, as it was found to be related the RO frequency - an important parameter for the
laser system. Noise in the output from the experimental laser set-up fluctuates at the RO
frequency and its characterisation is obtained by performing an FFT operation on the
period of the optical output. The resonance frequency is related to the pump power and

can be represented by:
=120 P — 1400 (3.12)
where P is the pump power in mW.

The turn-on transient behaviour of the fibre laser was studied by providing a
step input in the pump-power level. The latency measured experimentally agreed
closely with the theoretical relationship developed from the rate equations. Furthermore,
it also agreed with the results of numerical simulation that was carried out to simulate
the turn on transient behaviour of the fibre laser. However, due to the over-
simplification of the rate equations that was used, only spiking and RO could be

simulated without the latency in the transient behaviour becoming apparent.
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At the end of the chapter, pump modulation and loss modulation have been
performed, in order to observe the modulation behaviour. The pump modulation can be
considered as the modulation applied in a controlled environment where a damped
spiking effect is exhibited that is similar to the turn-on transient. It also been observed
that the peak power level of the spikes, the number of spikes - and the spiking
frequency - all depend on the modulation frequency. It is further understood that the
nature of the interaction of the externally incident acoustic waves with the fibre core is
much more complicated than the above formulation and could include energy
dissipation in the fibre. Hence, chaotic conditions with random spiking are observed in
loss modulation. This carries the meaning that the unassisted acoustic sensor has been

demonstrated on vibration sensing.
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4.1 Optical Microphone (OM)

Similar to conventional microphones, optical microphones (OMs) are generally
used to detect airborne acoustic waves or sound. OMs are devices which are able to
convert airborne sound signals to lightwave signals without intermediary electronics[1].
As mentioned in Chapter 1, even though most of the optical microphones described in
the literature have use diaphragms like those in electrical microphones, the operating
principle can be totally different. Electrical microphones are generally signal sources,
while OMs typically modulating existing signal sources[1]. In fibre based OMs, sound
modulation can be done only with the assistance of a diaphragm or some other low
mass structure. Unassisted fibre based OMs or optical fibre microphones without
diaphragms have been considered to be impossible, due to the poor acoustic impedance

matching between air and fibre[ 1]. The acoustic impedance can be calculated from
/Z =— 4.1)

where P is sound pressure , v is particle velocity, and S is surface area. The acoustic
impedance of air (Z,;) is 40 g/(cmzs) and silica glass (Zsijica) 18 1.3 x 10° g/(cmzs). Due
to the large difference of acoustic impedance, most of the incident acoustic waves will
be reflected instead of transmitted into the fibre. The reflection of the acoustic wave can
be calculated by

R = (M)Z X 100% 42)

Zair+Zsilica
which leads to a value of 99.98%.

Due to the low transmission percentage, most proposed OMs were not
unassisted optical microphones, even though many optical hydrophones are unassisted

[2]. However there have still been some rare cases of attempts to build unassisted OMs.
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One of the earliest examples to be found is the work proposed by B. Culshaw, et al[3],
which made used of the changes of refractive index, n, under the pressure of sound
waves, eventually leading to a phase shift of the optical signal. Nevertheless, this work

is largely theoretical and did not provide any demodulation scheme.

The set-up proposed is sensitive to vibration, as presented in Chapter 3.
However the sensitivity of the set-up was too low for sensing of low intensity sound
waves, and it only responded to strong acoustic vibrations. This is due to the small
surface area that is able to interact with the sound with only 10 m of cavity length. To
increase the sensitivity of the setup, a long single mode fibre (SMF) is attached to point
B of the set-up and is labelled as the sensing medium, shown in Figure 4.1. The
implementation of this extra fibre length increases the interaction surface of the fibre
with the sound waves. A larger interaction surface means that more energy from the
acoustic waves is transmitted into the fibre and hence there is a stronger modulation of
the fibre laser. With this simple setup, an unassisted fibre based acoustic sensor was

successfully built.

980nm | 980/1550nm SMF (Sensing Medium)
WDM EDF

Pump

Signal

- Transmitted
Signal

— REflected

Signal

/ Fiber Core

Figure 4.1: Optical microphone set-up with SMF as sensing medium.
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4.2 Conventional SMF as Sensing Medium

The earliest report of this work used 25 km of conventional SMF fibre (SMF-28)
on a drum with an inner diameter of 15.0 cm, an outer diameter of 20.0 cm, and height
of 9.5 cm as the sensing medium as described in ref. [4]. A 25 km fibre drum was
chosen due to its sensitivity to normal vocal sound pressure level (SPL). To study the
response of this OM to sound waves, a 500 Hz sound wave at 100 dBA SPL was
generated using a multimedia speaker that faced the fibre drum. Figure 4.2(a) and (b)
show the optical spectra of the OM outputs measured using an Optical Spectrum
Analyser (OSA) from Yokogawa (AQ6370) under normal conditions and when it was
under modulation by sound waves at different pump powers. Under normal conditions
without sound waves, a broad Amplified Spontaneous Emission (ASE) with multiple
lasing peaks was observed at around 1530 nm. These lasing peaks are the longitudinal
modes which fulfil the conditions to form standing wave patterns in laser cavity, as
mentioned in Chapter 3. These peaks are unstable, due to the mode competition that is

caused by the homogenous broadening effect in EDF [5, 6].

0 0 -
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L 2
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-60 T T 60
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Wavelength (nm) Wavelength (nm)
(a) (b

Figure 4.2: Optical spectrum of the ASE generated with and without the present of
sound waves at (a) 16 mW and (b) 27mW 980 nm pump power.
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When the OM pumped at 16 mW was exposed to the 500 Hz sound wave, it was
observed that the ASE spectrum level increased while all the lasing peaks disappear as
shown in Figure 4.2(a). In most cases, many longitudinal modes can oscillate
simultaneously. However, different modes have different gain, loss and saturation
parameters due to the spectral emission probability of the EDF. These different modes
will then compete each other to stimulates the population inversion in the laser gain
medium [7] and the oscillation of one mode will reduce the gain available for the other
modes, thus making the lasing wavelengths unstable. Under such unstable lasing
conditions, the lasing effect will be suppressed when there are any external disturbances
such as an acoustic wave. In this case, part of the energy of the incident sound wave
will be transferred into the fibre causing the fibre particles to vibrate in the fibre.
Compression and rarefaction of the fibre will lead to the changes of refractive index, n,
of the fibre and causes a phase shift to the current survival modes in the laser system[3].
Under this condition, the required phase shift of 2w to sustain the oscillation may not be
met and hence suppress the lasing in the laser system. At the same time, it also increases
the generation of ASE as there is not enough lasing stimulated emission in the laser

system to suppress the ASE.

Figure 4.2(b) shows the output spectrum with and without an acoustic wave at a
pumping power of 27 mW. Due to the high pumping power, higher inversion
populations can be generated and thus the lasing region was broader with more lasing
peaks. This meant that more modes can be presented under such pump power. When the
same modulation was done under the same sound level of 500 Hz sound wave, however
it is observed that the modulation did not suppress all the lasing at this pumping level.
The lasing region was observed to be narrower ridding on top of a higher ASE level.

The suppression of the lasing signal by sound wave modulation became insufficient due
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to the higher pump power applied which results in a net gain of the laser system for

modes with wavelength situated in the higher ASE region.

Other than the changes in the optical spectrum, the optical output intensity is
expected to change based on the increase of the ASE level as shown in Figure 4.3,
which shows the optical output power fluctuation in the time domain, measured using
Lecroy digital oscilloscope (WaveJet 352A) under the modulation of a 500 Hz sound
wave at different sound amplitude. The measurement started when there is no sound,
followed by the increases of the sound level to 70 dBA, 80 dBA, 90 dBA, 100 dBA, and
110 dBA SPL (SPL or sound pressure level given were measured using Castle sound

level meter (GA213)). Each slot was measured for a period of 1 second.
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Figure 4.3: Optical output fluctuation under modulation of 500 Hz sound wave at
different sound pressure level.

When the sound wave is present, the optical phase will experience periodic
changes following the modulation of the sound wave. The compression and rarefaction
of the imparted sound waves will cause the optical phase to be shifted and thus causes
modulation of the optical signal intensity. As a result, the optical signal now carries the
same information as carried in the sound waves. Furthermore, the fluctuation amplitude

of the optical output was increases as the amplitude of the sound wave increases,
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following the pattern of the sound wave as shown in Figure 4.3. The optical fluctuation
amplitude reached a saturation value when the modulation of the sound waves is at
90.0 dBA SPL. The sensing threshold using the OM at frequency of 500 Hz is

69.8 dBA SPL with a surrounding noise at 48.0 dBA SPL.

Other than the changes on the fluctuation amplitude, or more likely the
oscillation amplitude, there were also fluctuations to the average output power from the
OM. Figure 4.4 shows the responses of the optical output powers in terms of photodiode
voltage at different sound level (the response of the optical output is linear to the
photodiode voltage output). As observed, the photodiode output voltage did not show
any responses to any sound below 70.0 dBA SPL. From 70.0 dBA up to 110.0 dBA

SPL, the average voltage output increased linearly with the sound level.
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Figure 4.4: Average voltage output from photodetector as refer to the incident sound
level.

After observation of the responses of the optical output power and fluctuation to
modulation of sound wave at different frequencies, the response of the output pattern to

the modulation pattern was studied. This is important as it represent the information
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carried by the original sound wave. The modulation sound wave was generated by using
multimedia speaker that connected to a personal computer. To make the analysis
simpler, a 2 kHz sinusoidal wave was generated as the modulation source. Comparison
of the output pattern of the OM with the electrical microphone were capture

simultaneously using a digital oscilloscope, and is presented in Figure 4.5.
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Figure 4.5: Comparison of (a) background noise without acoustic signal and (b) with a
2 kHz of acoustic signal between the electrical and the optical microphones captured
using a digital oscilloscope.

In Figure 4.5, the output of the electrical microphone and the OM are in
different scale ratios due to the difference in oscillation amplitude output from both
microphones. Figure 4.5(a) shows the system noise from both microphones, while
Figure 4.5(b) shows the output patterns from both microphones under modulation of
2 kHz of sinusoidal sound wave at 80.0 dBA. When compared the signal peak to noise
ratio, OM has signal peak to noise ratio at 43.5 dB as compare to the electrical
microphone at 39.1 dB. However, both microphones show an obvious difference from
their modulation pattern. Electrical microphone carries electrical output in a form of
2 kHz sinusoidal wave which is similar to the sound wave, but the OM carries an

optical output at 2 kHz in an almost periodical spiking pattern.
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From the discussion in the previous section, it is understood that the sound wave
induces a kind of loss modulation onto the OM. Continuous compressions and
rarefactions will suppress the lasing in the fibre cavity as the refractive index and
optical phase keeps changing, leading to cavity loss. However, when the oscillation is
near to the peaks or troughs, there are turning points where the compression of the
particles changing into rarefaction. At these short periods of time, the fibre laser cavity
become temporally stable as the loss is at its minimum level. This condition is similar to
the case where the system gain goes above the lasing threshold and it is where random
spiking will be generated due to the dynamics of fibre laser. This is the reason why the
highest peaks from the OM are observed near the peaks and troughs of the sinusoidal

wave in electrical microphone.

Although the output pattern is different from the sound wave pattern, it does not
lose the frequency component of the sound wave. When the OM was used to record
human voice into a personal computer, the recorded voice was able to reproduce when
played it back using multimedia speaker, but with a lot of noise and hissing in the
background. The hissing sound is attributed to the multiple sharp spikes from the OM.
To understand the significance of the disturbance of the spikes to the original signal, a
Fast Fourier Transform (FFT) was performed on the optical output which was recorded
for 5 s under the modulation of different frequency sound wave. The frequencies were
chosen between 100 Hz to 20 kHz, which covers the human vocal or listening band as

shown in Figure 4.6.

Figure 4.6 shows the FFT spectrum of the recorded output powers modulated at
frequency 200 Hz, 1 kHz, 10 kHz and 20 kHz in (a), (b), (c), and (d) respectively.
Multiple sharp peaks were observed instead of only one peak at the modulation
frequency. Those peaks showing in the FFT spectrum share a similarity in that all the

peaks frequency is a multiple of the modulation frequency. In other words, those are

74



Pua Chang Hong Chapter 4 Optical Microphone

harmonics of the modulation frequency. These harmonics frequencies are contributed
by the main pulses train and satellite pulses between the main pulses which will be
discussed more details in next section. For modulations of frequencies lower than 4 kHz,
a large number of harmonics frequencies in FFT spectrum were observed, as shown in
Figure 4.6(b). Some harmonics even have a magnitude higher than the modulation

frequency due to the high intensity pulses that exist in between the main pulses.

350 - 400 . .
Acoustic Modulation 350 4 Acoustic Modulation
2 A0 5 of 200 Hz =300 of 1 KHz
5
= 250 - =
:EL 200 '5[250
g o =200
= 150 - = 150
= 100 = 100
E —
= 50 - 50
0 - 0
0 200 400 600 800 1000 0 2000 4000 6000 8000 10000
Frequncy, Hz Frquency, Hz
(@) ()
700 250 +
| Acoustic Modulation Acoustic Modulation
G of 10 KHz 2200 - of 20 KKHz
_3 500 3
5400 2 150 -
E 8
= 300 =100
Z 200 - =
= = |
= 100 = o
0 ! 0 mu
0 10000 20000 0 10000 20000
Frequency, Hz Frequency, Hz

(© (d)

Figure 4.6: The FFT positive output for sound generated at (a) 200 Hz, (b) 1 kHz,
(c) 10 kHz and (d) 20 kHz.

Other than the 25 km SMF used as the sensing medium, other fibre lengths are
also tested. Figure 4.7 shows the optical spectrums of different lengths of SMF used as
sensing medium. For sensing mediums with length of 1 km and below, the optical
spectrums were similar while for length of 25 km and 50 km, significant drop in the
ASE level can be observed. Simultaneously, the lasing region becomes smaller and the

lasing power become higher and the fluctuation at the ASE level also higher when the
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length increases. When a longer fibre is attached to the OM, higher loss is induced in
the laser cavity and this in turn will reduced the ASE level and lasing region. However,
it provides higher sensitivity due to the larger interaction area. If the sensitivity of the
sensing medium were compare at 500 m, 25 km, and 50 km, the 500 m medium is the
most insensitive length as it can only sense a 500 Hz sound wave of above
79.6 dBA SPL. This is followed by the 25 km medium at 69.8 dBA SPL and then the

50 km medium at 66.2 dBA SPL.
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Figure 4.7: Optical spectrum output with different SMF length as sensing medium
pumping at 30.8 mW.

Pump power plays an important role in laser dynamics as it defines the laser
parameters such as latency, RO frequency, and spiking intensity. Therefore, an
understanding of this effect of pump power on the average output power and
modulation amplitude are important. Figure 4.8(a) shows the average voltage output
read from the photo-detector when different length of sensing SMF was pumped with
different powers. The average output voltage increase linearly with pump power. When

a 10 kHz of sound wave at 90 dBA SPL was generated near the fibre, the average
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output voltage for SMF with lengths of 5 km and 10 km increased. The 20 m medium
setup did not shows significant changes as the sensitivity to sound wave is too low
while the 10 km of SMF setup experience a larger increment especially at higher pump

powers.
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Figure 4.8: Average output voltage from photo-detector at different pump power when
connected to different length of SMF as sensing medium (a) without present of sound
wave and (b) with the present of 10 kHz sound wave.

To measure the sensitivity of our OM, the standard deviation of the system noise
was compare with the standard deviation from the output under modulation as explained
above. Standard deviation is then used to calculate the power fluctuation amplitude
from the average, and larger fluctuations mean that a particular configuration is more
sensitive of the sensing medium to acoustic waves. Figure 4.8 shows the standard
deviation of the photo-detector output with and without sound modulation. By
comparing Figure 4.9(a) and (b), it is obvious that the optical output power was
oscillating at an amplitude which is about 6 times larger than the power fluctuation of
the system for SMFs of 5 km and 10 km. Due to long SMF used in the setup, the sensor
is able to distributes along a large area in a few tens of meters length. Depends on the

requirement sensitivity, longer fibre can be customized into the sensor setup.
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Figure 4.9: Standard deviation of the photo-detector output voltage for (a) background
noise and (b) modulated signal at different pump power.

Long SMFs (a few km lengths) are not practical to be used as single point sound
sensors. Such a long setup is more suitable for distributed sensing or large area sensing.
All these while, most sound sensors are limited to number of sensing points. For
distributed sound sensor, it requires a setup which is expensive as well as a complex
network algorithm. With this setup, however there is an unlimited sensing point that can
cover a large area by distributing the sensing fibre to the sensing region evenly, as the
interaction of the sound wave with the OM can be done in any part of the sensing. In
distributed sensing, the sensitivity of a site is dependent on the fibre length exposed to
the site. As the sensing fibre is pulled over a long distance, a short spool of fibre can be
placed at the site which requires a higher sensing sensitivity. Hence, an “unlimited”
sensing points acoustic sensor with large area sensitivity has been presented which

delivered part of the second objective in this research.

4.3 Special SMF (SSMF) as Sensing Medium

One might think that carrying a 25 km fibre spool around to use as an optical
microphone is very bulky, heavy and not practical. Hence, a different type of fibre with

high sensitivity was considered to replace conventional SMF in order to reduce the
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system length. It was mentioned in previous section that the transmitted energy into the
fibre is low due to the poor acoustic impedance matching. After the energy transmitted
into the fibre, the energy needs to travel for another 60 um (with 125 pm fibre diameter
and 4.8~6.2 um of core diameter) before it reaches the fibre core and interacts with the
light in the core. To reduce the transmission path of acoustic energy in fibre optic, a
reduced diameter single mode special fibre (SM1500 (4.2/80)) which only has 80 um of

cladding diameter was chosen to be used as the sensing medium.

There are two advantages of choosing this kind of Special SMF (SSMF). First, it
can reduce the energy transmission path down to 37.9 um, which will eventually leads
to increase of sensitivity, and second, there is a smaller banding radius due to the small
fibre diameter. To demonstrate the increase in sensitivity of this setup, a fibre length as
short as 10 m was used in this experiment. The SSMF was spooled on a flat surface in a
single layer circular form with an inner diameter of 3.5 cm and an outer diameter of
5.5 cm, as shown in Figure 4.10. It was placed to face the sound wave source during
experiment to optimize the interaction surface area. Initially, the setup with a 10 m of
SSMF was modulated with a 500 Hz sound wave as in previous case to do a comparison
of their sensitivity. If a 10 m of conventional SMF is used, the sensitivity is expected to
be very poor. However with this SSMF, the lowest sound level can be detected is
70.6 dBA SPL at 500 Hz and 69.8 dBA at 1 kHz [8] which is about the same level as
25 km SMF medium [4]. Due to the short length SSMF used that can spool into a flat
circle within a diameter length of 5.5 cm, hence it is suitable to used as a point sensing

medium which can deliver the second part of the second objective.
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25-km of SME.-

Figure 4.10: Comparison between 25 km of SMF sensing medium and 10 m of SSMF
sensing medium in the foreground. The SSMF fibre spool is placed in a mini-CD
cassette.

In the previous section, discussion on conventional SMF as sensing medium was
mainly done on the responses of the optical output intensity to the acoustic modulation
intensity. There is similar characteristic behaviour when the SSMF is used as sensing
medium, but with different values. In this section, the discussion will revolve around
frequency domain analysis such as the operating frequency and the resonance frequency.
For testing in a broader operating frequency band, a 2 cm diameter piezoelectric
transducer was chosen to be used as the acoustic source instead of a multimedia speaker
as the latter is limited to a highest frequency of 20 kHz. The piezoelectric transducer
was connected to the HP8116A function generator to generate different frequency
acoustic wave. The OM under 17.5 mW of pump power was modulated by sound wave
generated using piezoelectric drive with 16.0 V output with the frequency ranging from

1 kHz up to 50 kHz.
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Figure 4.11: Comparison of the resonance frequency distribution with the optical power
fluctuation under acoustic modulation at different frequency.

Figure 4.11 shows the plot (square dots) of the optical output power fluctuation
(or oscillation amplitude) under the modulation of acoustic waves at different frequency.
From the plot, it is obvious that the OM output power has very high fluctuation, which
then implies high sensitivity, when it was modulated at frequencies ranging from
25 kHz to 35 kHz. The high sensitivity at the particular region is closely related to the
resonance frequency distribution of the OM. The resonance frequency distribution of
the OM pumped at 17.5 mW is also plotted in Figure 4.11 for comparison. When
sensitivity of the OM at frequency near to the peak of the resonance frequency (27 kHz
in this case) is compared to other frequency such as 15 kHz or 45 kHz, the difference
can be as high as 14 dB. This high sensitivity region covers the frequency range

between 8 kHz to 10 kHz.

81



Pua Chang Hong Chapter 4 Optical Microphone

[ arbitary count

[

0 10000 20000 30000 40000 50000 60000
Frequency, Hz

Figure 4.12: Optical output pattern under modulation of different frequency of acoustic
wave.

Besides the difference of the optical power fluctuation amplitude when
modulated by different acoustic frequencies, the output patterns were different at
different frequencies. Figure 4.12 shows the optical output pattern under the modulation
of acoustic wave at frequencies 15 kHz, 25 kHz, and 40 kHz. The 40 kHz output pattern
is the closes to the original acoustic wave pattern, while both 15 kHz and 25 kHz are in
pulses form. For the 15 kHz modulation output, it shows an additional small pulse in
between the main pulses instead of a clean pulse train for 25 kHz as shown in
Figure 4.12. For a better understanding of this phenomenon, a series of output pattern
modulated at different frequency were capture using digital oscilloscope and presented
in Figure 4.13. The OM was pumped at 49.6 mW which had the resonance frequency at
71.5 kHz. It was modulated by sinusoidal waves frequencies ranging from 13 kHz up to

75 kHz.
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Figure 4.13: Optical output pattern under the sinusoidal acoustic wave modulation at
different frequency.
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At low modulation frequencies, in addition to the main pulses from the
modulation frequency, there were other spikes in between the main pulses. These
satellite pulses were reduced from four at 13 kHz to 2 at 20 kHz, and finally just one at
25 kHz and 30 kHz, and 0 for 60 kHz and beyond. At all modulation frequencies, these
sub-pulses share two common behaviours: (a) the time spacing in between these main
pulses and satellite pulses are always the same, and this will contribute to the harmonics
frequencies when viewed in frequency domain, and (b) the repetition rate that
contributed by these main and satellite pulses train will always fall around the

resonance frequency peak.

Hence the optical output pattern can basically be separate into 3 different
regions if the modulation pattern is in sinusoidal form: (a) region with multiple satellite
pulses where the modulation frequencies are always lower than the resonance frequency
distribution, (b) region with pulses in the modulation frequency, and (c) region with a
sinusoidal form of oscillation which is the closest to the original modulation wave form

as shown in Figure 4.14.
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Figure 4.14: Different regions from the resonance frequency distribution categorize
based on the output pattern.
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Figure 4.15: Resonance frequency of the OM noise at different pump power.

Figure 4.15 shows the FFT spectrum distribution of the optical output power
fluctuation at different pump powers. The resonance frequency can be tuned from
4.5 kHz up to 85 kHz with just 68.5 mW pump power. A resonance frequency tuning of
up to 100 kHz is possible with a higher pump power laser diode. The high sensitivity
bandwidth of the OM at a set pump power is rather narrow at 8~10 kHz centred at the
resonance frequency. Nevertheless, the sensing of the modulation frequency from
100 Hz to 100 kHz is possible using the same OM by varying the pump power level.
The results of the acoustic wave modulation from 100 Hz up to 100 kHz has been
reported[8]. From the above discussion, it can be seen that the noise of the OM carries a

lot of important information such as operating band, sensitivity, and output pattern.

Although the setup with a 10 m of SSMF has a tuneable range as wide as
100 kHz, the sensitivity is low as compared to electrical microphones. To enhance the
sensitivity of the OM, a longer SSMF was used in the OM. However, a detailed study
needs to be done to understand more about the characteristic changes due to the change

of sensing fibre length.
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Figure 4.16: Relation between resonance frequency, @ and pump power above lasing
threshold, Py with 80 um SSMF sensing medium at length 1 m, 10 m, 20 m and 1 km.

3000 1 4 1m y = 195.93x
H 10m
2500
o 2000 - y = 128.86x
i 1500 - y=90.977x
E 1000 -
500 -
. y = 5.9868x
01+ —o————e—o——0 "0
0 4 8 12 16
P, mW

Figure 4.17: The linear relation between parameter w® and pump power above lasing
threshold, Pr with different SSMF length.
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Figure 4.16 shows the relationship between resonance frequency, @ and pump
power above the lasing threshold, Pr with a 80 pm SSMF sensing medium at length
I m, 10 m, 20 m and 1 km. From Figure 4.16, it was observed that the tuning range of
the resonance frequency is larger at shorter lengths. However, the resonance frequencies
of shorter length fibres are more unstable and fluctuate in larger scale. In the graph, Pr
is used instead of the pump power to match the Eq. (3.3) and to ease the calculations for
the k value. To obtain the & value, w® against Pr is plotted and shown in Figure 4.17.
Trend lines and the equations were added to the plots of each fibre length. From
Eq. (3.3), it is known that w® = kP7 and therefore, k will represent the gradient of the

graph in Figure 4.17.

The k parameter depends on the fibre length as observed in Figure 4.17, thus,
their relation can be figured out by plotting the k£ parameter against fibre length as
shown in Figure 4.18. Due to the large fibre length different between 1 km and others, a
logarithm scale is used in the graph. From Figure 4.18, linear relation between the &

parameter with the Fibre length in a logarithmic scale can be observed.
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Figure 4.18: The relation between the constant, £ and the SSMF fibre length in
logarithm scale.
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There are few advantages for using a 1 km SSMF as sensing medium: (a) larger
sensing area is possible for a larger area distribution sensing, (b) higher sensitivity
where the detection level of a 500 Hz sound wave was reduced to 66.7 dBA SPL, and
(c) the ability to tune the pulses region or the highly sensitive zone to lower frequency

as shown in Figure 4.19.
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Figure 4.19: Modulated optical amplitude as compared with the intensity noise
frequency distribution for a 5 s record of the detected laser output.

Figure 4.19 shows the noise FFT spectrum computed using Matlab for the
optical power captured for 5 s on a digital oscilloscope using a linear photodiode (dark
trace) (voltage displayed on the oscilloscope is proportional to the optical power).
Figure 4.19 also shows the same data, after averaged with neighbouring data,
represented by a single trace. For comparison, data points are shown for the average
magnitude of the peak modulation of the laser output at an incident sound level of
9542 dBA SPL - at frequencies ranging from 100 Hz up to 6 kHz. It can be observed
that the modulation of the laser output has an approximately constant magnitude - from
low frequencies up to the main broad resonance frequency distribution. At frequencies
above the resonance frequency, the modulation amplitude drops substantially. It has

been discussed that by studying the intensity noise behaviour, the sensitivity at different
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operating frequency bands of the acoustic sensor can be obtained. For the
aforementioned reasons, the noise spectrum and modulation were obtained at a pump
power level just above the lasing threshold, in order to produce the highest sensitivity at
the lowest frequency possible and match the response at the human vocal frequency
range (60 Hz to 7 kHz), thereby acting as an effective optical microphone. Greater
sensitivity at progressively higher frequencies is obtainable by tuning the pump power

to progressively higher levels.

4.4  EDF Length

. 100 9 L3y y

o X m

(= +* b i

g ” ii

=2 M

2

3

S

g

E

3 [ ]

o~ 0 50 100
Pump Power, mWV

Figure 4.20: The resonance frequency of different EDF length under different pump
power.

Besides types of sensing fibre, cavity length and pump power, the EDF length is
another parameter that is very important in this experiment. EDF is the only gain
medium in the setup which decides the gain parameter, g in Eq. (3.8). Since the
resonance frequency is important in this setup, the changes of the resonance frequency
based on different EDF lengths were studied. Figure 4.20 shows the changes of
resonance frequency under different pump power with EDF (FIBERCORE Ltd.
ISOGAIN 16) of 3 m, 4 m, 5 m, and 6 m. To maintain the cavity length, shorter EDF

was spliced with extra SMF to obtained a total cavity length at about 16 m. This is
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important as the cavity length will also affect the resonance frequency, maintaining the

total cavity length will reduce the uncertainty in the results.

From Figure 4.20, it is obvious that for EDFs with lengths at 4 m, 5 m, and 6 m,
the resonance frequencies have similar response to the pump power variation, while the
response for a 3 m EDF is relatively far away from the longer lengths. Looking at EDF
lengths of 4 m, 5m, and 6 m, we can observe large increments of the resonance
frequency at low pump power, the difference getting smaller when higher pump powers
are used. There exist optimums EDF lengths for efficient absorption of pump power and
signal amplification. In this OM configuration, the optimum EDF length was observed
to be 4 m or longer. The short EDF length of 3 m limited the amplification of the
feedback signal causing an increase of the lasing threshold. Hence, higher pump powers
were needed to achieve higher gain per length in the gain medium, which is about
9 mW in this case. The increment of the resonance frequency is also getting smaller
when the pump power increase due to the lower gain efficiency of the gain medium in

such a short length.

Other than the EDF length, Erbium ions concentration in EDF plays an
important role in fibre laser dynamics behaviour. Erbium ions concentration and
clustering is the key parameter in generating dynamic self-pulsing in fibre lasers[9].
Many research and theoretical studies have been demonstrated especially on ion-ion
interaction or ion pairs of Erbium in the excited state[ 10]. However, self-pulsing is one
of the behaviour that should be avoided to maintain the output fluctuation in a minimum
level. Hence, study of high concentration of EDF doped fibre is not considered in this

thesis.
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4.5  Design and Prototype

Instead of having the OM for laboratory use only where expensive and bulky
laboratory instruments are used, the setup was designed to be a portable and
customizable device. From previous section, the setup is known to be customizable to
operate at different frequency band with different sensitivity by using different length or
type of sensing medium. In this prototype, the setup was separated into 3 different
sections: (a) Main module, (b) sensing medium, and (c) detector. The main module
consists of a laser diode (LD) driver, a 980 nm LD, a 980 nm/1550 nm WDM, and 3 m
of EDF. All of them were packed into a 13.0(L)x7.5(W)x 1.5 (H) anodized
aluminium case which was designed to fit all three items above in a minimum space.
The aluminium case was anodized to create an oxide layer on top of the casing so that it
became insulator. This step is important as laser diode is extremely sensitive to static
discharge, and any short circuit will damage the laser diode. Figure 4.21 shows the
interior of the main module. The module can be power up from standard power point

using USB traveller charger (5 V- 1 A) with USB output.

~ Qutput

Figure 4.21: Interior part of the OM module.
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The laser driver used in the main module is tuneable, which means that different
current level can be used to drive the laser diode by turning the screw node on the driver.
Through current control, the pump power of the pump can be controlled and this leads
to the tune ability of the resonance frequency or operating band. The three output
connectors were prepared for laser output at point A and point B as shown in Figure 4.1,
with an extra port for interchangeable EDF. Although direct splicing of the sensing
medium to the fibre laser can be more stable and smaller size, it will lose the flexibility
on replacing the sensing medium. By using connectors, replacement of different sensing
mediums is possible. Hence with this flexibility, the main module can be equipped with
different sensing mediums with different capability such as for point sensing,
distribution sensing, or large tuneable sensing medium and also different shape of
sensing mediums like cylindrical, circular, or sphere in different size and diameter.

Figure 4.22 shows the sensor prototype with sensing medium.

Figure 4.22: The sensor prototype with a 20 m SSMF sensing medium in cylindrical
shape spool on a plastic bottle with 3.5 cm outer diameter.
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The whole prototype starting from the main module to the sensing medium is
sensitive to acoustic waves, hence the main module should place near to the sensing
zone as well to avoid noise from unwanted acoustic signal in other places. However,
long distance sensing and monitoring are always preferable. For long distance
monitoring, optical transmission is still the first choice compared to electrical
transmission due to its low loss transmission, free from electromagnetic interference
and other advantages mentioned in Chapter 1. Unfortunately, connecting a standard
long SMF patch-cord to output A is not recommended as the connector interfaces will
induce back-reflection and create an extra fibre laser cavity. This extra cavity becomes
part of the sensor as well and it will pick up all the acoustic waves along the
transmission path. As to avoid this situation, an angle patch-cord can be used to transmit
the output signal to the photodetector for long distance. The schematic drawing of the

setup is shown in Figure 4.23.

Fibre Laser Cavity Angle Patch-cord

Photo
Detector

Figure 4.23: Schematic drawing of the fibre laser cavity connected to an angle patch-
cord.

The angle patch-cord is a conventional SMF with angle connector. Both end
surfaces of the connectors are cut with a small angle which is 8° from the normal. The
purpose of the design of this kind of connector is to avoid any back reflection caused by
the fibre ends in the connector. When an angle connector is connected to a flat
connector, there is an air gap in between both connectors causing Fresnel’s reflection at
the fibre end. The optical signal transmitted from the cavity is then captured by the
angle patch-cord and transmitted to the other end of the patch-cord and capture by

photodetector. Since there is no back reflection from the angle patch-cord, there will not
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be any feedback of the optical signal back to the fibre laser cavity. Therefore, any

disturbance on the transmission fibre will not affect the stability of the fibre sensor.

The prototype has been tested by placing the main module and sensing medium
in room A while a 50 m transmission fibre was used to direct the output to monitoring
room B. Acoustic waves in room A were successful detected and transmitted to the
monitoring room without any pick up of the acoustic wave along the transmission path.
The optical output power was then converted into electrical signals using a linear
photodetector and recorded using a personal computer. The sound wave in room A can
be heard when the recorded sound was played back but it was accompanied by a strong
background noise. A strong hissing sound caused by the power fluctuation and sharp
pulses from the optical output can be heard throughout the playback. To obtain a better
performance from the sensor, a dual wavelength mode competition fibre laser system is
built to observe the acoustic modulation below the dynamics threshold which will be

discussed in next chapter.

4.6 Summary

In this chapter, sensing of airborne sound using the proposed acoustic sensor or
optical microphone has been demonstrated. Two types of sensing mediums were used in
the experiments, one was a 25 km conventional SMF while the other one was a 20 m of
thin cladding SSMF. The conventional SMF fibre was able to sense a 500 Hz sinusoidal
monotone sound at level as low as 69.8 dBA SPL with a background noise at 48.0 dBA
SPL. The response of the average output power and the modulation amplitude were
proportional to the SPL. However, when compared to electrical microphone, the OM
shows modulation output in pulses form instead of sinusoidal form. These pulses show
periodic arrangement which contributes to the generation of harmonic peaks in

frequency spectrum. Different length of fibre were tested and it was found that the
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longer the fibre, the greater the sensitivity of the sensor. Due to the long sensing
medium form by the long fibre in the length of 25 km, hence the objective of large area

sensing with “unlimited” sensing point in this research has been achieved.

A reduction of the fibre length from 25 km to 20 m was successful by replacing
the conventional SMF with a thinner cladding SSMF at sensitivity of 70.6 dBA SPL for
500 Hz and 69.8 dBA SPL for 1 kHz of sound wave. The modulated optical output
amplitude was found to be related to the resonance frequency distribution of the system
noise. Based on the modulated output pattern, the resonance frequency distribution is
divided into three different region, which are (a) Multiple Satellite Pulse Region at low
frequency region, (b) Pulses Region at the resonance frequency peak region, and (c)
sinusoidal oscillation region. As it is possible to tune the Pulses Region by changing the
pump power, the sensing of airborne acoustic waves from 100 Hz to 100 kHz with a
small operating window of 10 kHz was reported. The tune ability depends on the cavity
length and pump power which can be related to the equation developed in Chapter 2. In
this section, the short SSMF that used in the setup have the advantages of point sensing
application where it was spool in a flat circle with only 5.5 cm of diameter. With this
capability the second part of the second objective has been achieved. 1 km of SSMF

was also tested to bring the sensitivity of the OM down to 66.7 dBA SPL.

The influence of the EDF length has also been demonstrated. Although the EDF
length in the setup did not contribute to significant changes in the sensor, insufficient
length of the EDF will significantly increase the pumping threshold and reduce the
tuning range of the resonance frequency to the pump power. At the end of this chapter,
a prototype of the setup was presented. The small size and portability of the OM with
convenient interchangeable sensing medium was demonstrated. Other than that, an
angle patch-cord was used as transmission medium for far distance monitoring purpose

to eliminate surrounding noise on the transmission path.
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5.1 System Enhancement

In the previous chapter, an all optical fibre acoustic sensor assembly with an
optical fibre used as the sensing medium has been demonstrated. The direct modulation
of electromagnetic waves propagating in the fibre core by acoustic waves based on laser
dynamic behaviour is a new idea that realizes unassisted optical microphone (OM) [1].
The realization of an unassisted OM has opened the possibility of accessing the large
and promising area of distributed sensing. Despite the limited multi-point sensing
capability of the current setup, the proposed method is an effort towards unlimited point

sensing.

Although this method overcomes the barrier where by optical airborne acoustic
sensing is now possible without the need of an intermediate medium such as a
diaphragm, it still suffers from various issues. The most pressing issue is the random
fluctuation of optical output power due to laser dynamics which cause to the unstable
noise of the sensor. Another issue is the transient generation during the onset of
modulation which will distort the original acoustic wave pattern even though wave
frequency detection is still possible. The third issue is the sensitivity of the sensor is still
low compared to a diaphragm-transduced OM. This section will introduce the
implementation of dual wavelengths mode competition to increase the sensitivity of the

proposed methods.

There are various methods to obtain a dual wavelength fibre laser, including the
use of a high birefringence fibre loop mirror [2], fibre grating Sagnac loop [3], highly
nonlinear fibre ring laser [4], Arrayed Waveguide Grating (AWG) [5], and more [6, 7].
This experiment uses a 1x16 AWG for dual wavelength selection purposes and an

Erbium Doped Fibre (EDF) as an amplifying medium in the laser cavity.
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5.2 Arrayed Waveguide Grating (AWG)

AWGs are built with three main parts, two inputs/outputs waveguides, two slab
waveguides (or free propagation zones, FPZ) and one arrayed waveguide with equal

length difference between adjacent array waveguides as shown in Figure 5.1.

Arrayed waveguide Output slab waveguide

Figure 5.1: Structure of AWG

As a demultiplexer, the device transmits multiplexed optical signals with
different wavelengths (A; to 4,) from the input waveguides to the first FPZ. When the
input signals enter the first FPZ they will diverge in the FPZ, coupled into, and
transmitted through the arrayed waveguide as shown in Figure 5.2. The length of the
arrayed waveguides is designed such that the optical path length difference, AL,
between adjacent waveguides is equal. The equal length difference between adjacent
array waveguides will create a phase difference, so that wavelength-dependent focusing
occurs at spatially separated points at the end of the second FPZ as shown in Figure 5.3.
Thus signals of different wavelengths can be coupled to separate waveguides at the
outputs of the AWG. The basic operation of the AWG demultiplexer is the same as the
basic operation of AWG multiplexer. Hence the AWG demultiplexer can be used as a

multiplexer in the reverse direction because of the reciprocity [8, 9].
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Figure 5.2: Divergent of multiplexed wavelength to arrayed waveguides in first FPZ.
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Figure 5.3: Optical ray path of different wavelength at second FPZ.
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53 Experiment setup

The experiment setup is shown in Figure 5.4. A 980 nm laser diode pump was
used to create the conditions for inversion population in the EDF and generate
Amplified Spontaneous Emission (ASE). The ASE that propagates toward the AWG
will be sliced into 16 different wavelength outputs at each physical channel. Among the
16 channel outputs, 2 selected channel outputs B, and B, will have a flat-cleaved output
to produce a 4% back reflection or feedback to the system while the other 14 channels
will have angle-cleaved output to avoid any back reflection or feedback. The 2 selected
wavelengths will be partly reflected back to the cavity and induce stimulated emission
when passing through the 5m EDF. The amplified dual wavelength signal will
experience an additional 4% back reflection at the other end of the laser cavity, labelled

as output A, completing a dual-wavelength laser cavity.

iﬂuﬂn';m — 1x16
P Output
B — Flat Cleave
Output !
A — Angle Cleave

EDF B,

Figure 5.4: AWG enhancement OM.

Figure 5.5 shows the optical spectrum of the dual wavelength fibre lasers from
output A with lasing wavelengths of 1532.10 nm and 1532.90 nm. Dual wavelength
lasing in such a system is unstable due to mode competition caused by strong
homogeneous broadening and cross gain saturation of the EDF [10]. Although there
already exist various methods which are able to stabilize multi wavelengths lasing by
eliminating or reducing the mode competition [5, 11, 12], these steps are not taken as
the natural response of the system is of interest in this work. The setup is pumped with

23.2 mW to generate a dual-wavelength fibre laser from both B channels. To obtain
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similar levels of optical output power from both B channels, micro bending is

introduced to the higher output power channel to induce losses in the channel.
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Figure 5.5: Optical spectrum of dual wavelength fibre laser pumped at 23.2 mW.

5.4 Mode Competition

Figure 5.6 presents the outputs power from outputs A, B; and B;, measured
using a digital oscilloscope. Figure 5.6(a) shows output A which contains the total
optical output of the fibre laser in the backward direction at a voltage level of 2.18 V.
This output is stable at low frequencies with noise or fluctuation power in the range of
19.7 kHz to 22.0 kHz and peak fluctuation at 20.8 kHz measured using the Fast Fourier
Transform (FFT) method from the build-in MATH function in the digital oscilloscope.
The FFT spectrum was displayed on the digital oscilloscope panel as shown in
Figure 5.6(a). This noise frequency has already been discussed in [1], known to be
caused by the fibre laser dynamics, and depends on parameters like pump power, laser
cavity length, erbium concentration, cavity reflectivity, and cavity loss. Figure 5.6(b) on
the other hand, shows the optical power from output B; and B, which represent the
optical output of wavelengths 1532.10 nm and 1532.90 nm respectively at 260 mV
independently. It is observed that the fluctuations of the optical output power between

the two wavelengths are totally inverted. The increase of optical power of one
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wavelength will cause the optical power of the second wavelength to decrease by the

same magnitude.

To identify the inverted characteristic of both outputs, a summation of both
outputs was done using the build-in Math function in the digital oscilloscope. The result
was a stable output similar to output A at a much lower voltage level (averagely at
532 mV) due to few factors. One factor is the difference between the output power
levels from the forward and backward directions of the fibre laser. As that the fibre laser
is not pumped in such a way that the condition for population inversion throughout the
length of the EDF is not satisfied (at the low pump powers used), reabsorption will
happen towards the end of the EDF where there is less population inversion. A second
factor could be the losses caused by AWG, due to insertion and coupling losses. An
additional contributing factor is the loss caused by the other 14 channels. However,

these losses are at the ASE level and therefore are less significant.

llOOmV 7500 ms llOOmV 500 ms

FFT Sptitctrum
50,8 kHy

(@) (b)
Figure 5.6: Optical output from (a) output A and (b) B, and B, with FFT frequency

distributions that measured and calculated using build in MATH function of the digital
oscilloscope.
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Analysis of the optical powers fluctuation in the frequency domain was done by
studying the FFT of the optical power fluctuation. Figure 5.7(a) and (b) show the optical
output power from outputs B, and B, measured by a digital oscilloscope for a period of
5 s with the FFT frequency distribution of B; and B, showed at the bottom. From both
FFT spectrums, three distribute peaks at frequency 3.50 kHz, 5.45 kHz, and 20.8 kHz
were observed. The 20.8 kHz peak is caused by the resonant frequency of the fibre laser
system as mentioned previously which exist on all the optical outputs. The other two
peaks at 3.50 kHz and 5.45 kHz are caused by the resonant frequency of each mode
which oscillates at different wavelengths and can only be observed in outputs B; and B;.
The existence of both resonant frequency peaks at both outputs indicates that they are
correlated. The FFT frequency distribution from outputs B, and B, are almost identical
with only slight differences in the magnitude and is not significant for further analysis.
Furthermore, due to the instability of the outputs power, these two low frequency peaks
are unstable as they fluctuate considerably; fluctuations which are related to their output
powers. The relationship of the lasing power of each wavelength to the low resonance

frequency peak at a more stable condition is discussed in next section.

l 100 mV 500 ms 100 mV 500 ms
B; or 1532.10 nm . B; or 1532.10 nm
B, or 1532.90 nm- B, or 1532.90 nm
. . . %60 myd SN . ..
3.50 kHz 5 5.45 kHz 20.8 kllz || 3.50 kHz ,, 5.45 kHz 20.8 kHz
FFT Spectrum ' (1 da . FFT Spectrum il |
I L VI J J

(@) (b)

Figure 5.7: Optical output from both output B, and B, with calculated FFT frequency
distribution for (a) output B; and (b) output B,.
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Observation of mode competition behaviour for the fibre laser under chaotic
conditions was done by the introduction of a small impact (knocking using metal ruler)
near the fibre laser. The perturbation generated will cause the laser to undergo chaos
condition and produce random spiking effect similar to transient effect which is well
explained in laser dynamics behaviour [13, 14]. Figure 5.8(a) shows the spiking
generated at both output B; and B, due to the laser dynamic transient effect. For better
visualization, outputs B, and B, were slightly offset at a different magnitude from the
base level to prevent overlapping on the oscilloscope panel. It is obvious that under the
chaotic condition, the laser at 1532.90 nm from B, is dominant, producing major high
energy spikes as compared to B;. When both outputs were overlapped, it can be
observed that most spikes generated in B; will fill up the empty gap between spikes
generated in B,. Under the chaos condition, mode hopping became dominant process in
the fibre laser will only allow one mode to survive at a time. The total output from B,
and B, can be obtained by adding both outputs as presented in Figure 5.8(b). The
domination of the pulsing effect is thought to be related to the stability and laser peak

power.

H TR TR TRRIIIRR THRETONTY " I
1 |

B,

() (b)

Figure 5.8: Random spiking due to the transient effect from outputs (a) B; and B, and
(b) summation from both of them.
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In the previous chapter, acoustic modulation is done based on the dynamic
behaviour of the fibre laser without looking into the details about the modes
competition behaviour. The perturbation affecting the optical output power of the laser
must be large enough to provide significant impact on the laser system gain or loss
parameters. If the perturbation is small, the loss introduced on one mode will be
compensated by gain of another mode leading to unobservable changes in the total
output power a process similar to mode competition, as shown in Figure 5.6. To observe
the effect of these small perturbations to the oscillation of the two wavelengths, a
500 Hz low amplitude acoustic waves was generated near the fibre laser using a
multimedia speaker connected to a personal computer. The amplitude of the acoustic
waves was increased slowly until output B; and B, respond to the acoustic wave.
Figure 5.9 shows optical output from B; and B, under the modulation of the
aforementioned 500 Hz acoustic waves at (a) 65.0 dBA SPL and (b) 88.3 dBA SPL.
Both optical outputs show sinusoidal waves forming at 500 Hz. The larger modulation
amplitude shown in Figure 5.9(b) is due to larger acoustic wave amplitude. Another
difference between Figure 5.9(a) and (b) that can be observed is the outputs in B; and

B, are “out of phase” by 180°in (a) while they are “in phase” in (b).

VA

IZOO mV 2 ms

(@ (b)

Figure 5.9: Optical output from B; and B, under the modulation of 500 Hz acoustic
waves at amplitude of (a) 65 dBA and (b) 88.3 dBA SPL.
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It is believed that outputs from B; and B, are “out of phase” not because of any
delay or changes of path length which then cause a phase shift between output B, and
B,. The interaction of the acoustic waves with the fibre causes modulation on the
modes oscillating in the fibre laser. However, the acoustic modulation at this amplitude
(65.0 dBA) is far too weak to modulate the total gain and loss of the system. Hence,
when one of the modes experience changes in gain or loss, the other mode will
experience the opposite effect to compensate for the changes in the system in order to
maintain stable lasing conditions. Thus, when both the outputs from B; and B, in
Figure 5.9(a) are sum out or measure the total output from A, the modulation effect in
the laser can hardly be observed. However, in Figure 5.9(b), the acoustic amplitude is
large enough to modulate the total gain and loss of the fibre laser system where both
outputs from B, and B, exhibit an “in phase” modulation. Furthermore, the modulation
pattern from the total output either directly from output A or from the summation of B
and B, as shown in Figure 5.9(a). Compared to the modulation measurement from the
total output power, the measurement of a single wavelength from the dual wavelength
fibre laser significantly increased the sensitivity of the fibre laser to the acoustic wave
although the noise to signal ratio is comparable high. An improvement of the sensitivity
of more than 23 dB has been achieved without sensing medium. With the sensitivity

threshold at 65 dBA SPL, the third objective of the research has been achieved.

However, the details about the nature of the interaction between the sound wave
and the dual wavelengths laser is still under intense investigation, especially on the
selection of wavelength used to modulate and is in phase with the sound wave and the
wavelength which will compensate the gain and loss which is out of phase with the

sound wave.
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Although Figure 5.7 shows large optical power fluctuation (~150 mV) of the
optical power from output B; and B, at average output level of 260 mV, these
fluctuation can be reduce by stabilizing the setup condition. Figure 5.10 shows the
optical outputs from B; and B, without any micro bending at 1530.52 nm and
1532.07 nm, pumping at 15.7 mW. The differences between Figure 5.7 and Figure 5.10
are that the optical output in Figure 5.10 is more stable and there are only two resonance
frequency peaks as compared to Figure 5.7 Under stable conditions, the energy transfer
from one mode to another is reduced significantly causing a reduction in the power
fluctuation amplitude. In this case, the low frequency noise is expected to be lower from

the output of the module.

1530.52 nm 100 m\¢ Co2e
_H .....
200 mV: - _ _ . . : _ .
C1532.07-NM. - -
200 mV -

637kHz 27 7kHz

Figure 5.10: Optical output from both output B; and B, at frequencies 1530.516 nm and
1532.068 nm with calculated FFT frequency distribution pumping at 15.6 mW.

At different pump powers, the shifting of the first and second resonance
frequencies show similar trend as discussed in previous chapter but with the different &
values, shown in Figure 5.11. The & values for the first resonance frequency (FRF) and
the second resonance frequency (SRF) are 99.5 W's™ and 4.6 W's! respectively. FRF
is related to the dynamic behaviour of the system while the SRF is contributes by mode

competition effect.
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Figure 5.11: Relation between first and second resonance frequency with pump power.

Figure 5.12: Screen capture of optical output power from B; and B, simultaneously
under the modulation of sound wave at 500 Hz with a digital oscilloscope.
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A clearer observation of the second resonance frequency generation can be
formed by analysing Figure 5.12. Figure 5.12 shows the optical output from B; and B,
under the modulation of a sound wave at 500 Hz. Under strong modulation, the total
fibre laser output will tend to generate pulses at frequencies near to the FRF. However,
due to the mode competition behaviour, there will be only one mode under such chaotic
condition for the majority of the lasing duration. Thus when pulsing is observed in By,
the output in B, will remain low and flat and vice versa. The short period continuous
pulses from both outputs caused by the laser dynamics behaviour are labelled as high
frequency components and contributed to the FRF distribution. The SRF is caused by
the effect of mode competition, which is the frequency of the periodic group pulses

labelled as low frequency components.

Different combinations of the output channels from the 1x16 AWG are chosen
to generate different spacing for the dual wavelength fibre laser as shown in Figure 5.13.
Output B is fixed at channel 1 of the AWG while B, is switched from channel 2 to
channel 7 until lasing is impossible due to the large ASE level difference between the
selected wavelengths. It is observed that the optical output power of B; is reduced from
when the selected wavelength is higher. This is due to the reduction of the ASE level
when switching to a higher wavelength; which also reduces the lasing efficiency. The

low B, output power in Figure 5.13(a) is caused by the defect of the AWG.
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Figure 5.13: Dual wavelength fibre laser generated using 1x16 AWG with different
channels combination at wavelengths: (a) 1530.52 nm and 1531.32 nm, (b) 1530.52 nm
and 1532.07 nm, (c) 1530.52 nm and 1532.88 nm, (d) 1530.52 nm and 1533.65 nm,
(e) 1530.52 nm and 1534.40 nm, and (f) 1530.52nm and 1535.22 nm pumped at
15.7 mW.
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FFT was performs for both outputs taken from all the combinations in
Figure 5.13 to obtain their resonance frequencies. As was expected, they all share the
same FRF at 27.5+0.5 kHz due to the same laser cavity length and pump power.
However, the SRF is different for each of them which implies that the mode
competition behaviour between the dual wavelengths changes. The SRF for each case is
3.62 kHz, 6.37kHz, 7.62kHz, 6.75kHz, 5kHz, and disappear with respect to
Figure 5.13(a) to (f). When the SRFs are plotted against the peak power of the B,
outputs, SRF is found to be linearly dependant on the peak power of the B, output with
the condition that B, is fix, as shown in Figure 5.14. The wavelength of B, and the
spacing between B; and B, does not contribute to the change of the SRF. In
Figure 5.13(f) there is no SRF in the FFT spectrum where lasing does not happen at

1535.22 nm.
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Figure 5.14: The relation between SRF with the peak power from output B,.
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All the experimental result above determined that the low frequency components
are related to the optical power of the lasing wavelength with lower peak powers.
Figure 5.15(a) and (b) are the noise of the dual wavelength OM obtained simultaneously
for a period of 2s. Figure 5.15(a) shows the optical output together with the FFT
analysis for wavelength 1530.52 nm while (b) for 1533.65 nm. It can be observed from
the FFT distribution that the, wavelength 1530.52 nm wavelength with peak power at -
21.25 dBm is dominant by high frequency fluctuation that fluctuates at 27.2 kHz while
1533.65 nm with peak power at -27.39 dBm is dominant by low frequency fluctuation

that fluctuates at 6.75 kHz.

Ctoomvd g2s  100mV{ g2
R T T RIS I E Y oy g o
o, 6Tskz) FTAKHZ 675Kz 270 kHz
(a) (b)
200mv®0-56ms —1530.52 nm 1V<I>0-2ems
1530.52nm 1533.65 nm
‘I I... I||IIiH I|
i
1533.65 nm

(©) (d)

Figure 5.15: Digital oscilloscope readings from output B; and B, at wavelengths
1530.52 nm and 1533.65 nm with average peak power at -21.25 dBm and -27.39 dBm.
(a) and (b) are noise readings with the frequency domain analysis for (a) 1530.52 nm
and (b) 1533.65 nm. (b) is the chaos condition with a small acoustic disturbance
incident on the OM while (d) is the chaos condition with a strong acoustic disturbance.
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If a weak acoustic vibration is incident on the OM, optical power output from
B, and B, are oscillating in an inverted direction where B, will reaches the peak output
when B, falls to the trough as shown in Figure 5.15(c). The oscillations of one
wavelength will always tend to compensate the loss or gain of the other wavelength as
long as the external perturbation is not strong enough to trigger the dynamic behaviour
of the fibre laser. Since there are no changes on the total gain or loss in the fibre laser
cavity, hence the total output power will remain the same even though there are changes
of the optical power in each wavelength. Furthermore, it is obvious that the 1530.52 nm
output is oscillating with considerable amount of high frequency fluctuation which is
not observed in the 1533.65 nm wavelength case. Thus, the output from 1533.65 nm

will has less noise under the modulation of low frequency acoustic wave.

Figure 5.15(d) shows the overlapped optical outputs from B; and B, under a
strong perturbation. It can be observed that the combination of both outputs produce
pulses which are almost periodic. However, when a strong pulse is generated by one
wavelength, the other one will remain at the lowest output power and vice versa due to

the competition of both modes.

Thus, by using a dual wavelength fibre laser with a significant power difference
between the output wavelengths, a fibre laser with output dominant by low frequency
oscillation can be obtained. This low frequency domain output is suitable to used as a
sensor for the human voice at a frequency between 80 Hz and 1100 Hz or for low

frequency acoustic sensing as it will suppress the high frequency noise to a lower level.
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5.5 Summary

In this chapter, a method was proposed to increase the sensitivity of the OM to
airborne sound waves and simultaneously reduce the high frequency noise for audible
noise recording. The enhancing method proposed is observing the power fluctuation of
individual wavelength in dual wavelength competition condition. In generating dual
wavelength fibre laser, the AWG method is chosen due to its flexibility on switching
different operating wavelengths. The operating principle of the AWG was briefly

introduced.

The optical outputs power from the dual wavelength fibre laser are observed
from A, and the total output power and B; and B, which are each individual lasing
wavelength output. From the total output power, the setup shows no significant
difference from previous setup in terms of power fluctuation. The output is stable and
fluctuates with its resonance frequency at 20.8 kHz. However, when the output power
from each individual wavelength was observed, the optical power fluctuation of each
individual wavelength is found to be larger and that the fluctuation pattern of one
wavelength is an inversion of the other wavelength. This inversion of optical power
fluctuation is due to the compensation of gain and loss of one wavelength by the other

wavelength since the total gain of the system remains the same.

This power compensating behaviour is based on the modes competition
behaviour and can be observed during weak acoustic modulation. When a weak
sinusoidal acoustic modulation below the triggering level of fibre laser dynamics is
introduced, 180° out of phase sinusoidal outputs from the chosen wavelengths were
observed. If the acoustic modulation is above the fibre laser dynamics threshold, the
oscillation of both outputs will be in-phase again. When the modulation is below the
laser dynamics threshold, the total laser gain remained the same, hence outputs from B,

and B will oscillating with 180° phase difference to maintain the same total output
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power. However, when the modulation is above the threshold, it modulates the gain and
loss of the fibre laser system generating an in-phase optical output. The results proof
that without any extended sensing medium, sensing below the laser dynamic threshold
can improve the system sensitivity for more than 23 dB. The sensing threshold is now

down to 65 dBA which delivered the third objective of the research.

In addition, in dual wavelength modes competition, two resonance frequencies
were observed in the FFT spectrum. One at a higher frequency which depends on the
whole laser system condition such as the cavity length and pump power. While the
other one at a lower frequency if depends on the power difference between the two
lasing wavelengths. This low frequency fluctuation is contributes by the resultant of
modes competition where it shows how frequent does the domination of mode changing

in the laser cavity.

Besides that, the wavelength with lower lasing power will oscillate at lower
frequencies due to it less competitiveness with the other wavelength which eliminates
the high frequency fluctuation. It shows a cleaner modulation pattern for audible

acoustic wave sensing as compared to the higher lasing power wavelength.
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6.1 Conclusions

A thorough report of the work on acousto-optic sensor based on fibre laser
dynamics has been presented in this thesis. The purpose of this acousto-optic sensor is
to resolve current issues of achieving unassisted optical microphone. Chapter 2 explored
the principles of EDFL dynamics from basic rate equations of EDFL. From the rate
equations, the steady state, linear stability, and turn on transient effect of EDFL are
discussed analytically. Same theoretical analysis was performed in the EDFL condition

and the modulation of EDFL by pump and loss are discussed.

Optical Microphone:

In chapter 3, the basic setup of the acoustic sensor which was formed with free
running Fabry-Perot fibre laser with an EDF as the gain medium has been demonstrated.
In this condition, multiple lasing peaks are observed due to the broad emission spectrum
and long fibre laser cavity. The output power is found to be fluctuating at a frequency
region of 22.5 kHz when pumped with a power of 15.7 mW. This fluctuation frequency
is found to be related to the pump power and is known as the resonance frequency. The
stronger the pump power, the higher the resonance frequency and they can be related by

the Eq. (3.7),

w? = 120P — 1400 (6.1)

where o is the resonance frequency and P is the pump power.

The turn on transience of the fibre laser is demonstrated by switching the pump
power from zero to a level above the lasing threshold. There are three different regions
that were observed in the turn on transient which are the latency region, spiking region,
and relaxation oscillation region. All three of them depended on the pump power being

above the threshold.
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As the pump power increase,

(a) the turn on time decrease,
(b) the spiking power increase, and

(c) the damping effect decrease.

In addition, the relaxation oscillation measured in the turn on transient experiment is

found to be very close to the resonance frequency measured from the fibre laser noise.

Modelling of the turn on transient effect was presented in the same chapter by
using the equations developed from the same rate equations. The model was successful
in simulating the pulsing and relaxation oscillation regions, but they failed to produce
the latency period values close to the experiment results. This is due to the over
simplification and linearization on the equations used in the model during its
development. End of the chapter demonstrated the modulation of the fibre laser using
both pump modulation and loss modulation. Both modulations show similar behaviour
in the transient region, but loss modulation is behaved in chaotic condition which is
much difficult to analyse. The loss modulation shows that the setup is sensitive to the
vibration which is one of the acoustic waves form without any diaphragm as

intermediate. Hence, the first objective of the research was achieved in this section.

In chapter 4, an unassisted optical microphone is presented by adding a 25 km
long conventional SMF fibre as sensing medium. A 500 Hz sound wave with
100 dBC SPL is generated to modulate the OM. Suppression of the lasing in EDFL by
the acoustic modulation is observed. Furthermore, the fluctuation intensity and the
average output power is observed to be higher when under modulation of a higher
sound level and they are almost linearly dependent. When compared to electrical
microphone, OM will have slightly higher signal to noise ratio at 43.5 dB. However, it

seems to have an output pattern which is in a more spiking form instead of the
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conventional sinusoidal form of the incident sound. This spiking effect is generally
generated by the laser dynamic behaviour due to the loss modulation during the
compression and rarefaction of the fibre particles. These generated spikes are found to
be periodic and observable as a contribution to the resonance frequency when we
observed the FFT spectrum of the OM output. They also simultaneously contributed to

the hissing background noise during sound recording.

The sensitivity of the OM is found to be different when it is connected to SMF
with different lengths due to the difference in the interaction surface area. A 500 m
SMF sensing medium will have a lower sensitivity, down to the sound level of
79.6 dBA SPL, while a 25 km and a 50 km will have sensitivity of 69.8 dBA SPL and
66.2 dBA SPL respectively. This means that the longer the fibre, the higher the
sensitivity of the OM. Hence with the 25 km long fibre, the objective to obtain a large

area sensing that can distributes out for length more than 10 m length is achieved.

A fibre spool of a few tens of kilometre length is only suitable for large area
distribution sensing as it is very bulky to operate as a single point sensing device.
Replacing the sensing medium to an 80 um SSMF was shown to enhance the sensitivity

and indirectly achieving the objective of reducing the fibre length for sensing medium.

High Sensitive Optical Microphone:

An 80 um fibre with a smaller cladding thickness allows higher penetration of
acoustic energy into the fibre core. To achieve similar sensitivity with a 25 km at about
70 dBA SPL, only 10 m of SSMF was needed and this reduced the fibre length
dramatically. Utilizing a shorter fibre laser cavity length has a large effect on the noise
resonance frequency. From experimental results, a shorter laser cavity will offer a larger
tuning range of the noise resonance frequency. This noise frequency is found to be

important in acoustic modulation as the sensitivity of the OM to different frequency is
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dependent on the resonance frequency distribution of the OM. The difference in
sensitivity of the OM to the frequency falls at the peak of the resonance frequency with

the frequency out of the resonance frequency distribution can be as large as 14 dB.

Other than having dissimilar sensitivity, the resonance frequency distribution
also determined the optical output pattern when modulated at different frequencies

which can be basically categorized into 3 different regions which are:

(a) multiple satellite pulses region where other than the main pulses generated at the
modulation frequency, there exist multiple satellite pulses in between main
pulses; and the frequency of these satellite pulses will always fall within the
resonance frequency peak distribution,

(b) pulses region where large pulse are generated at the modulation frequency, and

(c) sinusoidal oscillation region where the output pattern is similar to the acoustic

wave pattern which modulated the OM.

To achieve high sensitivity, the pulses region is given priority, but the region is limited
to a window of about 8 ~ 10 kHz. The modulation of acoustic wave from 100 Hz up to
100 kHz is possible by connected a 10 m SSMF and changing the pump power from
10.8 mW to 68.5 mW. Besides 10 m, SSMF at length of 1 m, 20 m, and 1 km are tested
and their & value were calculated which represent the resonance frequency tuning ability
at different pump power. Their k values are 195.93 (Ws)", 128.86 (Ws)™, 90.98 (Ws)™,
and 5.99 (Ws)" for SSMFs of lengths 1 m, 10 m, 20 m, and 1 km respectively. The
larger the k value, the wider the resonance frequency tuning range. By using a 10 m of
SSMF, a sensing medium spool in a flat circle with diameter not more than 5.5 cm can

be achieved to deliver the second objective of this research.
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Further Sensitivity Enhancement:

Fibre laser dynamics based OM was realized the unassisted OM for airborne
sound sensing. However, the sensitivity is low compared to commercially available
microphones. Modulation of the optical wave in the OM is possible only when the laser
dynamics is triggered. A dual wavelength fibre laser was shown to enhance the

sensitivity of the OM to a level lower than the laser dynamics triggering level.

An AWG was chosen to generate a dual wavelength fibre laser by attaching it to
the EDF end. The total output power from the OM is stable and similar to the previous
setup with a high frequency fluctuation at frequency 20.8 kHz. We observed larger
output fluctuations when the output of individual wavelength was observed separately
from AWG’s output channels due to the modes competition. Mode competition between
these two wavelengths caused their powers to fluctuate in an inverted direction. This
means that the gain of one wavelength will cause a comparable loss to the other
wavelength, stabilizing the summation of both outputs. This is because the total gain of

the OM is constant although the gain of each wavelengths fluctuating.

In weak sinusoidal acoustic wave modulation regimes (65 dBA SPL) at 500 Hz
where the dynamic behaviour is not being triggered, the output of each wavelength
shows modulated sinusoidal waveform instead of a spiking behaviour. However, the
sinusoidal waves of both outputs were 180° out of phase and were inverted waveforms
of one another. The summation of both output resulted in a stable output where the
modulation cannot be observed due to the constant gain of the OM. When the acoustic
wave intensity was increased (to 88.3 dBA SPL) above the dynamic triggering level,
both outputs will be in phase causing the total output power to fluctuate. The ability to
sense the acoustic wave below the dynamics triggering level improved the OM

sensitivity for more than 23 dB when no sensing medium is connected. Thus, with the
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sensitivity enhancement, the third objective has been achieved by improving the sensing

threshold down to 65 dBA only.

The output power of each wavelength is observed to fluctuate at two different
frequencies. The FRF distribution is caused by the fibre laser system while the SRF is
caused by mode competition between the two wavelengths. The laser will always tend
to oscillates at the FRF which determines by the gain, cavity loss, and cavity length.
However, when there is dual wavelength mode competition, mode hopping is occur
between two wavelength and cause the oscillation take place in turn by each wavelength.
This was observed clearly when the OM was modulated under a strong acoustic wave.
When one wavelength obtained a higher gain to generate pulses, the optical power of
the other wavelength will remain stable at a relatively low level. This is inverted when
the other wavelength obtained a higher gain following mode competition. This effect

caused the generation of the SRF which actually the frequency of mode hopping.

From the study, the SRF is related to the different in power of the two lasing
wavelengths, but not on the selected wavelengths or the spacing between the
wavelengths. The larger the power difference, the lower the SRF. This implies that the
ability for one wavelength to compete with other wavelength is dependent on its lasing
power. Hence, wavelengths with comparably lower power will generate a lower
repetition rate pulses when it is modulated above dynamic threshold. Such behaviour
offers the ability to generate of cleaner pulses at a low repetition rate when modulated at

low frequencies or at audible frequencies.

In conclusion, an unassisted optical fibre based microphone which is sensitive to
airborne sound based on the principles of laser dynamics and dual wavelength modes
competition have been demonstrated. The dual wavelength mode competition is

responsible for sensitivity enhancement with sensing threshold at 65 dBA as well as
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noise reduction. The flexibility of the OM design allows us to connect different sensing
mediums at different length, making it possible for us to have “point” sensing with
sensor size less than 6 cm diameter in circle or “unlimited” sensing points for large area
distribution sensing which can be distributed out for length longer than 10 m. The OM
is capable of detecting vibrations, audible sound, as well as ultrasound of up to 100 kHz.

The achievements have fulfilled all the objectives of this research.

6.2 Future Work

The foremost and on-going development of this project is to optimize the
modulated output of the acoustic sensor so it is as close as possible to the modulation
acoustic wave. More work can be done in the study of dual wavelength competition in
fibre lasers as there are a considerable number of unexplored characteristic and might
have the potential for a better acoustic sensor. The dual wavelength fibre laser sensor
offers smoother oscillations at low intensity modulations and cleaner pulse generation at

high intensity modulation.

In addition, a more detailed study is planned for the sensing medium. Different
shapes and arrangements of attaching the sensing mediums will most likely impact the
sensor sensitivity and applications. Different designs of sensing mediums for single
direction sensing or multiple direction sensing will be carried out as well. The material
of the sensing medium will be one of the more interesting studies, as well additional
effects such as the effects of the nonlinearity of the fibre to the modulation of the

acoustic wave.

6.3 Other Applications
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The acoustic sensing discussed in this thesis is focussed on airborne sound
sensing and partly on vibration. Other than the application as optical microphone and
ultrasound sensor, the sensor design is suitable for hydrophones as well [1]. Some tests
were done on the special designed optical microphone for hydrophone usage during this
project and the results are convincing as it exhibit behaviour similar to OM. There
might also be additional application in building health structure monitoring [2] or as

seismic sensors [3] which is one of the applications which we are keen to look into.
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We propose and demonstrate a simple and cost effective non-membrane optical microphone (OM) con-
sisting of only a standard erbium doped fibre amplifier (EDFA) and a 25 km of conventional single mode
fibre (SMF) as the sensing medium. A photo detector is used for data acquisition. The proposed setup uti-
lizes the disturbances in the competing longitudinal modes in a low reflectivity fibre resonator whereby
airborne acoustic waves impacting the surface of the fibre will modulate the intensity of the optical signal
in the fibre. This modulation frequency is analyzed using the fast fourier transform (FFT) technique to
extract the information embedded in the optical signal. The experiment shows that the system is capable
of picking up the airborne acoustic waves and can find many potential applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The principal of optical microphones (OMs) has gained signifi-
cant interest as a medium of communications since the early 1880s
with the invention of the first “photophone” by Bell [1]. Since then,
advances in optics and photonics technology have motivated many
approaches towards the development of optical microphones, with
the usage of fibre gratings [2,3], Fabry-Perot [4,5], Michelson [2,6]
and Mach-Zehnder interferometers [3,7] and also the use of can-
tilevers [8,9]. Of late, OMs has seen a renewed interest in the area of
research and development especially due to its advantages such as
immunity to harsh environments, free from electromagnetic (EM)
interference which can find usage in areas of flammable and explo-
sive environments [4]. OMs operate on a slightly different principal
as that of electrical based microphones, whereby the OM uses an
optical carrier signal. In this manner, airborne sound or acoustic
waves modulate onto the carrier signal, where it then passes the
information onto a data retrieving system. Basically, the OM can
be configured to detect intensity, polarization or phase modulation
[1] that put this device into a higher footing as compared to other
electrical based systems.

Typically, optical fibres as such have poor sensitivity to airborne
acoustic waves, and this is attributed largely to the impedance mis-
match between the fibre and the surrounding air. As a result to
overcome this issue, membranes or similar low-mass structures
are normally implemented in an OM as to mediate the impedance

* Corresponding author. Fax: +60 3 79674282.
E-mail addresses: shen82@siswa.um.edu.my, harith@um.edu.my (C.H. Pua).

0924-4247/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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difference. However, this adds into the complexity of the setup of
the OM. This requires additional transduction stages involving the
displacement of the membrane due to acoustic pressure, the phase
shift arising from the displacement of the membrane and also its
effect on the optical intensity, and finally the conversion of the opti-
cal signal to an electrical signal, where it needs to be processed
[1]. On top of this, sophisticated techniques such as homodyne or
heterodyne detection systems are required.

As a means to overcome this complexity as mentioned above,
a novel and simple OM based on phase modulation phenomena is
proposed in this paper. The proposed setup is able to detectairborne
acoustic waves ranging from 100 Hz to 20 kHz without the need for
a membrane or a low-mass structure, and therefore reducing the
transduction stages to only two steps, namely, the transduction of
the acoustic pressure in the form of modulation onto the optical sig-
nal in the fibre, which is due to the phase shift and also the retrieval
of the optical modulation into an electrical signal. This significantly
reduces the complexity and cost of the system but it comes with
certain limitations such as the modulation pattern being in a pulse
instead of sinusoidal that causes “hiss noise” when the modulation
signal is reproduced in the acoustic form and the generation of a
series of harmonic frequencies. Hence, voice over fibre is possible
with this setup but a good filtering system is required as to improve
the performance before it can be commercially viable.

2. Experimental setup and principle

The proposed setup consists of a 3 m erbium doped fibre (EDF)
that is pumped by a 980 nm laser diode capable of generating up
to 160mW. On top of this, a 980/1550 nm wavelength division
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Fig. 1. Illustration of all optical microphone experimental setup.

multiplexing (WDM) coupler is used as to combine the free-running
laser signal with the pump into a 25 km conventional single mode
fibre (SMF-26) as shown in Fig. 1. The EDF generates amplified
spontaneous emission (ASE) in the C-band region (1520-1560 nm)
when pumped at 980 nm via the excitation and de-excitation of
the erbium ions in the EDF. The generated ASE then travels in both
directions of the optical fibre, in the forward and backward direc-
tion. The 1550 nm port of the WDM coupler is left unconnected and
cleaved at 90° as to provide the 4% Fresnel reflection which in this
case acts as a mirror in this cavity. The other end of the fibre, after
the 25 km spool of SMF-26 is also left unconnected and cleaved
at 90° so as to create the second mirror for the cavity. Basically,
this cavity acts as a linear cavity with mirrors of low reflectivity at
either end as shown in the inset of Fig. 1. In this setup, the EDF pro-
vides the active gain medium for the required amplification on the
modulated signal and with the two mirrors, laser oscillation can be
created.

As in any laser cavities, either in bulk or fibre based optics, there
will be quite a large number of longitudinal modes oscillating at
the same time. This can only take place when the gain of the ampli-
fying medium exceeds the loss of the gain cavity. This can also be
translated as to when the ASE overcomes the loss of the cavity.
Those longitudinal modes falls within the maximum gain region
will survive better as compared to those modes at the end of the
gain curve. These modes are observed to be around the region of
1529 nm. The longitudinal modes within this region will oscillate
simultaneously and will undergo mode competition as a result of
the gain and homogenous nature of the EDF.

The longitudinal modes that are utilized as the information
carriers in this setup are those modes that satisfy the specific condi-
tions of the resonator geometry, the reflectivity of the mirrors and
the gain spectrum of the medium. The modes of oscillation gener-
ated are in the form of standing wave patterns that are produced
between the two fibre ends. The wavelength (or frequency) that are
produced will be governed by Eq. (1):

25

AA'l'ES = ﬁ
r

(1)
where L is the length of the cavity, and in this case is the sum of
the length from the WDM, EDF and the 25 km SMF-26. X is the
centre wavelength, and n; is the effective refractive index of the
core. Depending on the bandwidth of the gain spectrum above the
threshold, it is possible to generate multiple periodic sequences of
longitudinal modes. The sustainability of these longitudinal modes
is highly dependent on the phase interference of the oscillating
light and as such small external disturbance like airborne acoustic
waves can cause phase shifts of the longitudinal mode and thus
reduce lasing, or in an extreme case can terminate the lasing of
some modes. Utilizing this phenomenon, it is thus possible to detect

acoustic waves traveling in the air that impact on the optical fibre
surface.

As the light waves oscillate in the resonator, one of the impor-
tant parameters that are connected to the oscillating modes is the
resonator lifetime, or sometimes called the photon lifetime. This is
given in Eq. (2):

ot @

Tres = —————————F——
colIn(GV+/RyRy)|

where cg is the speed of light, R; and R, are the reflectivity of both
end mirrors, Vis the transmission constant which also includes the
optical fibre loss and G is the amplification gain. The laser thresh-
old is reached at GV/R{R; =1 and when GV > 1, it will show an
increase in the resonator life time [11]. Since Ry and R, are fixed
in the setup, G and V play an important role in the lasing process.
On top of this, the resonator will sustain oscillations for frequen-
cies that correspond to a round-trip phase shift that corresponds
to a multiple of 2. For a resonator devoid of active atoms, which
are sometimes called ‘cold’ resonators, the round trip phase shift is
simply k2L =2mvUL[c=q2m. Those modes that satisfy this phase shift
of 27 will be the modes that oscillates. Any external disturbances
that changes these phase shifts of 27t will inhibit these modes from
oscillating. This implies that any external disturbance, for instance
in the form of an acoustic wave can disrupt those modes that oscil-
late and can cause instability in the laser resonator. This instability
provides the necessary mechanism whereby the external distur-
bance is being translated into the optical carrier wave that is then
detected optically.

3. Experimental results and discussion

The experimental results as shown in Fig. 2 illustrate the optical
spectrum of the ASE generated with and without the presence of
acoustic waves at 2 pumping powers of 16 mW and 27 mW. Due to
the broad ASE spectrum of the EDF emission and also the long cavity
setup which consists of a 25 km SMF-26, huge numbers of longitu-
dinal modes which can be created within the 1530 nmregion. These
modes can also be computed by using Eq. (1) for the case of a ‘cold’
resonator. In the case when there is no acoustic wave acting on
it, a broad ASE spectrum with spikes is present as shown in dark
blue lines in Fig. 2(a). As a result of homogenous broadening in the
EDF, there will be a tendency of mode competition occurring, that
can result in instabilities in the lasing action. When this fibre is
exposed to acoustic waves, the condition of a phase shift of 27 to
sustain the oscillation may not be met. Due to the presence of the
acoustic wave and as a result of the compression and rarefaction of
the acoustic wave in the fibre, this causes a change in the refractive
index and will lead to a phase shift of the oscillating modes. Fig. 2(b)
shows the output spectrum with and without an acoustic wave ata
pumping power of 27 mW. This pump power is higher than that of
Fig. 2(a) and this power is able to generate more population inver-
sion, exceeding that of the threshold value and thus can support
more oscillation modes. This can be seen in Fig. 2(b) whereby even
when the acoustic wave is being applied to the system, there are
still oscillating modes riding on top of the ASE spectrum, but less
as compared to the case of without the acoustic waves.

In most cases many longitudinal modes can oscillate simulta-
neously, however, different modes have different gain, loss and
saturation parameters due to the spectral emission probability of
the EDF. These different modes will then compete for the available
population inversion in the laser gain medium [10] and the oscilla-
tion of one mode will reduce the gain available for the other modes,
thus making the lasing wavelengths unstable. Under such unstable
lasing conditions, the lasing effect will be suppressed when there is
any external disturbance such as an acoustic wave. As longitudinal
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Fig. 2. Optical spectrum of the ASE generated with and without the presence of the acoustic waves at different 980 nm pumping powers to the EDF: (a) 16 mW and (b)

27 mW.

modes are standing waves created due to the cavity geometry, thus
the interaction of the acoustic waves with the fibre causes uneven
tension and vibration and hence changes the phase of the propaga-
tion signal. This change of phase will destroy the original standing
waves that buildup in the cavity and thus causes the system to loss
its lasing characteristic temporary as mentioned earlier.

However the total suppression of the lasing effect is highly
dependent on the parameters G and V in Eq. (2). To obtain total
lasing suppression, the 980 nm pump laser power is tuned as to
determine the value of G in the system, so that its value is near the
lasing threshold that is given by GV /R1Ry = 1. As such, when the
fibre interacts with the acoustic waves, it will experience a phase
change that induces a loss in the system that in turn reduces the
value of V. This will make GV 4/R;R, < 1 and hence inhibit the las-
ing action. On the other hand, in the case of a higher pump powers,
any change of V due to external factors will not cause GV+/R{R;
to be less than 1 due to the high value of G, which will therefore
still support some modes to oscillate. Furthermore, the destruc-
tion of the standing waves as a result of the phase shift will reduce
the stimulated emission process in the system and therefore more
energy will be released in the form of spontaneous emission and
causes the ASE level to increase. The increase in the ASE level will
contribute to the increment of the total optical output power. As to
observe this, Fibre End 2 is connected to an amplified photo detec-
tor where it will convert the optical signal into an electrical output
that can then be displayed through an electronic oscilloscope. The
output is then recorded for the case of a 500 Hz tone that is taken
at different amplitudes at intervals of 1 s as shown in Fig. 3(a).

As can be seen from Fig. 3(a), the output power shows a random
fluctuation with time, even without the presence of the acoustic
waves. These fluctuations are attributed to the free oscillations of
the various possible oscillating modes, optical phase noise as well
as secondary factors such as temperature, pressure and tension
changes [1]. When the acoustic wave is applied, the optical phase
will experience periodic changes following the modulation of he
acoustic waves. The compression and rarefaction of the imparted
acoustic waves will cause the optical phase to be shifted and thus
causes modulation onto the optical signal intensity. As a result,
the optical signal now carries the same information as carried in
the acoustic waves. Furthermore, the vibration amplitude of the
optical output is increased as the amplitude of the acoustic wave
increases, following the pattern of the acoustic vibration as shown
in Fig. 3(a) for different input powers (given in terms of dB whereby
the output power is measured against a reference point). The opti-
cal amplitude will reach a saturation value when the modulation of
the acoustic waves is at —20 dB or more (90 dBA in the unit of acous-
tic waves). The sensitivity of the OM is measured using a Castle

sound level meter (GA213) as a reference and the sensitivity of the
OM at a frequency of 500 Hz is 69.8 dBA taken in an environmental
surrounding with a 48.0 dBA noise level.

Fig. 3(b) shows a plotted average optical power output against
that of the applied acoustic power that shows a linear behavior
until a value of —15 dB where saturation takes place. As the power
of the acoustic wave increases, more energy of this wave will be
imparted onto the optical signal in the optical fibre. This will result
into higher losses in the system and thus suppresses lasing activity
and at the same time generate more spontaneous emission, thereby
increasing the ASE power level.

A comparisonis performed between the OM and a standard elec-
trical microphone simultaneously whereby both microphones are
placed side by side at a distance of 1 m away from the source and
this is shown in Fig. 4. Fig. 4(a) shows the screen shot of the noise
level of both microphones as taken from the oscilloscope while
Fig. 4(b) shows the output of both microphones when 2 kHz of
the acoustic signal is being imparted to them. As can be seen, the
responses of the OM are much higher as compared to electrical
microphone; indicating that it is more sensitive. However the OM
also carries a higher output noise level as compared to the electri-
cal microphones. Besides this, the electrical microphone produces a
nice sinusoidal waveform, closely matching the form of the acous-
tic wave. However, in the case of the OM, the output waveform is
in the form of random spikes against times. The reason for this is
that during the modulation, the system will be able to build up the
population inversion and lasing will occur as a result of the shorter
resonator lifetime as compared to the modulation signal. Thus mul-
tiple pulses can be generated within the modulation frequency.

Analysis is done as to extract the information carried by the
modulated optical signals at Fibre End 2 (the lower trace of
Fig. 4(b)). This setup is tested using acoustic signals of different fre-
quencies, ranging from 100 Hz to 20 kHz in order to determine the
bandwidth and accuracy of the OM. The acoustic signals are gen-
erated using a typical personal computer multimedia speaker. The
Fast fourier transform (FFT) is performed using Matlab on these 5 s
long samples. Fig. 5 shows the FFT results from the obtained optical
output signals and only the positive parts of the graph are given for
clarity.

Given in Fig. 5(a) is the extracted FFT signal of which shows the
applied acoustic wave at 200 Hz with the accompanying harmonics
at400, 600 and 800 Hz. The line before 200 Hz is associated with the
noise of the system. Similarly, the FFT of the applied acoustic wave
at 1000 Hz as given in Fig. 5(b) shows many harmonics at 2000 Hz,
3000 Hz and so on, with any lines below 1000 Hz associated to the
noise of the system. The same case is presented for applied acoustic
waves at 10 kHz and 20 kHz as given in Fig. 5(c) and (d). For Fig. 5(c),
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the FFT of the applied acoustic wave at 10 kHz shows a harmonic
at 20 kHz, whilst in the case of Fig. 5(d) no harmonics are observed
from the FFT spectrum.

The harmonic frequencies are coming from the side pulses gen-
erated in between the main frequency as shown in Fig. 4(b). The
generation of the side pulses are due to the shorter resonator life-
time as compared to that of the modulation signal as explained
above. The existence of the harmonic waves comes about when
the modulation amplitude is strong enough to suppress the ran-
dom lasing so as to allow a higher population inversion to buildup
and this will generate stronger side pulses. The presence of stronger
side pulses will produce dominant, and at times higher amplitude
harmonic frequencies as in the case of Fig. 5(b). In this setup, dom-
inance of harmonic frequencies can be observed for the case of
modulation frequencies between 800Hz and 6 kHz. As the mod-
ulation frequency of the acoustic wave increases, such as in the
case of 10kHz, only a single harmonic is being observed. This is
due to the low-amplitude side pulses being generated for this fre-
quency. With further increases of the modulation frequency of up
to 20 kHz, there are no harmonics observed from the FFT analysis. At
this frequency, the modulation frequency is of the same magnitude
as that of the build-up time for the oscillation, thereby inhibiting
any random generation of laser oscillations. The existing experi-
mental setup can only accommodate the present bandwidth being
studied due to the limitation of the multimedia speaker. In an actual
system, a sophisticated filtering technique is required to extract the
frequencies of the object and reconstruct them back.

4. Conclusion

In conclusion, a non-membrane OM is presented using a conven-
tional single-mode optical fibre (SMF-26) as the sensing medium
in conjunction with a low-reflectivity erbium doped fibre laser for
detecting airborne acoustic waves. The presence of the airborne
acoustic waves is able to provide the necessary phase shift that
will result in the suppression of the self-lasing effect and also to
modulate the optical signal output power. The result shows that as
the frequency of the acoustic waves vary from 100 Hz to 20 kHz, the
optical output of the erbium doped fibre lasers will be modulated
accordingly. From this modulation, the acoustic wave frequencies
can be reproduced using the FFT technique. This method allows
for an effective approach of detecting airborne acoustic waves for
applications such as OMs, hydrophones and in the areas of ultra-
sound sensing.
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The idea of applying a simple Fabry—Perot fiber laser (FPFL) set-up in a free-running condition as an
acoustic sensing medium is proposed. Conventional optical microphone requires a stringently aligned
diaphragm to mediate the acoustic impedance mismatch between air and silica fiber. Motivated by
the difficulty of optical sensing of airborne acoustic waves, a new sensing method is proposed to sense
acoustic waves without the assistance of a diaphragm as transducer. By studying the output power fluc-
tuation of the FPFL, the operating bandwidth and sensitivity of the proposed sensing method are de-
termined. The tunability of the resonant frequency from 5 kHz to 85 kHz allows sensing of acoustic waves
in the range of 100 Hz to 100 kHz. Tuning of the resonant frequency can be performed by changing the

optical pumping power from as low as 10 mW to 68.5 mW or higher.

OCIS codes:  190.3100, 280.4788.

1. Introduction

The birth of photonic technology has brought about a
huge revolution in telecommunication, optoelectronic
devices, and other applications such as environmen-
tal sensing. Replacement of copper wire by optical
fiber in telecommunication, use of optoelectronic de-
vices instead of electronic devices, and optical sensors
instead of chemical, mechanical, or electrical sensors
is becoming ubiquitous. Fiber optic sensing is one of
the technologies that has attracted much interest
due to its advantages such as compactness, flexibility,
immunity to electromagnetic interference, inherent
electrical isolation, superior dielectric properties,
ete. [1,2].

Acousto-optic (AO) sensing is a field that began in
1880 when the first hydrophone was patented by
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A. G. Bell [3]. Since then, research in acousto-optic
sensors has expanded into optical microphones [4,5],
ultrasound sensors [6], SONAR, vibration sensors
[7], acoustic emission (AE) sensors [2], and seismic
sensors [8]. Over a number of years, a variety of
methods has been developed to exploit acousto-optic
sensing, including Fabry—Perot interferometers [9],
distributed feedback fiber lasers [10], and fiber
Bragg gratings [11]. Ref. [10] has a similarity to the
present work in that unassisted fiber was used in the
experiments. It presents detailed analysis of the ef-
fect of an incident acoustic wave in air—in terms of
the dynamic temperature and pressure effects that
are produced and are strongly frequency dependent.
Many of the AO sensing set-ups that have been de-
monstrated require stringent alignment, compli-
cated apparatus and expensive instrumentation.

In this paper, we study the response of a free-
running Fabry—Perot fiber laser (FPFL) to acoustic
waves due to competition of multiple longitudinal
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modes in the laser. The interest in this study arises
from the simplicity of the Fabry—Perot fiber laser set-
up—with only a 980 nm diode pump laser, WDM cou-
pler, and Erbium Doped Fiber (EDF), which results
in a flexible and compact sensor package. The set-up
also offers customizability where different fiber or
optical devices can be added into the basic setup to
change the laser cavity length, cavity loss, and reflec-
tivity. The operating power level can be tuned from as
low as 10 mW up to 70 mW to suit different sensitiv-
ity and operating bandwidth requirements. This
study provides a proof of concept for the feasibility
of building new AO sensors for acoustic wave sensing
in the bandwidth range from 100 Hz to 100 kHz,
using the method proposed. In contrast to our pre-
vious work [12], where 25 km of standard single
mode fiber (SMF) was used, the present work only
uses 10 m of special fiber to achieve similar sensitiv-
ity, with larger spectral range up to 100 kHz.

2. Experimental Set-up

The experimental setup is a standard FPFL consist-
ing of a 980 nm/1550 nm coupler, Erbium Doped
Fiber (EDF) as gain medium, 10 m of bare (without
jacket) special SMF (FiberCore SM1500 [4.2/80]) as
part of the cavity, and a photodetector to convert the
optical output to an electrical output at Fiber End 2,
as shown in Fig. 1. The total length of the fiber set-up
is about 20 m—in a cascade of 3 m of EDF, 7 m of
coupling and connecting fiber, and 10 m of special
SMF as sensing element. The 10 m special fiber is
spooled on a compact disk (CD) holder to form a flat
circular shape—so that the acoustic waves can have
a strong interaction with the fiber surface. The setup
before the SMF fiber is packaged into a homemade
portable laser/amplifier device, together with the
10 m SMF, which is connected to it as shown in Fig. 2.
This special SMF has been selected because of its
thinner cladding (80 ym), which reduces the travel
distance required for a radially propagating acoustic
wave in the fiber cladding before it interacts with the
optical signal in the fiber core and therefore trans-
lates into higher sensitivity. A similar set-up using a
conventional SMF has also been studied to provide a
reference. There are two reasons why a shorter fiber
length has been selected in this research. One is the

size of the sensor, since shorter fiber cavity lengths
are preferable for point sensing or small area sensing
due to the resulting compactness—as compared
with possible use of a few tens of kilometers of fiber
on a drum [12]. A second reason is the tunability of
the resonance frequency, which will be discussed
later.

The linear cavity was formed by the ~4% Fresnel
reflection from the cleaved fiber end that is exposed
to air, as shown in Fig. 1. During the experiment, the
980 nm pump light is coupled into a 3 m long EDF
section, without any seed signal. C-band amplified
spontaneous emission (ASE) is generated by the er-
bium ions during excitation by the 980 nm pump.
The power of the pump laser is increased until self
lasing starts to occur in a wavelength region with po-
sitive net gain. A high inverted population is created
at large pump power levels—and laser oscillation
will take over from amplified spontaneous emission
in the wavelength region that has the highest photon
emission into the linear cavity. When lasing occurs
under free running conditions with excitation of mul-
tiple axial modes there is no control of oscillating
wavelength. Hence, multiple lasing peaks with broad
ASE spectrum can be observed using an optical spec-
trum analyzer.

In the case of optical oscillation in an erbium doped
fiber laser that is homogeneously broadened, mode
competition becomes an issue. Modes with different
gain, loss and saturation parameters, due to the
spectral distribution of the emission probability of
the EDF, will compete for the available population
inversion in the laser gain medium [13]. Oscillation
of one mode will reduce the gain available for an-
other, hence the competition among the modes
creates an unstable lasing condition. Longitudinal
modes are modes created under a specific condition
of resonator geometry and reflectivity. Oscillations at
a particular optical wavelength generate a standing
wave within the resonator. These standing waves
must obey the rule that the resonator length Ly
has to be an integer multiple mode number, p..4e
of half the possible wavelengths, 1,, of the laser,
according to the basic equation

2L
Ay = —2
Pmode

(€]

Fig. 2. (Color online) Er-doped fiber gain section pumped by
980 nm laser diode module with the fiber spool.
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and the frequency spacing is, approximately given by
Av=— (2)

where c is the speed of light, n is the fiber effective
index and L is the cavity length, with L, = nL. Com-
petition among these modes will create an unstable,
random lasing condition.

3. Results and Discussion

As mentioned in the previous section, multiple-mode
competition will cause random self-lasing and leads
to small, but rapid, fluctuations in the total optical
output power. Figure 3(a) shows the optical output
power measured using a fast oscilloscope and a linear
photo-detector. It can be observed that the power
fluctuation, observed as photodetector voltage,
(<22.5mV) is 7% of the average output power
(320 mV) under 17.5 mW of pump power. At first
sight, these fluctuations appear to be totally random.
However, a certain frequency of regular fluctuation is
clearly observable when the time scale is magnified
to 500 us per unit distance along the horizontal axis,
as shown in Fig. 3(a). This fluctuation falls within a
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Fig. 3. Optical output noise from (a) electrical oscilloscope and
(b) frequency spectrum analysis using FFT method.
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limited frequency bandwidth under fixed operating
parameters, when the Fast Fourier Transform
(FFT) of the optical output is analyzed, as shown in
Fig. 3(b). The average of the FFT counts was ob-
tained, in order to create the cleaner spectrum shown
in Fig. 3(b). We have observed a bulk noise spectral
peak at ~27 kHz and identify it as a resonant
frequency.

This resonant frequency does not exist at pump
power levels below the lasing threshold (i.e.<6 mV),
for which only ASE can be observed using the Optical
Spectrum Analyzer (OSA). When the pump power is
increased above 7 mW, random lasing peaks can be
observed from the OSA in the 1530 nm wavelength
region, superimposed on the ASE spectrum. From
this point onwards, optical output power fluctuation
can be observed, as shown in Fig. 3(a). The contribu-
tion of the observed frequency distribution centered
at the resonance frequency is related to the self pul-
sing frequency of the FPFL. Successive FFT samples
show significant variation in the estimated peak po-
sition, over a range of approximately 400 Hz.

The FPFL is generally known to be sensitive to
acoustic waves. Acousto-optic modulation can be se-
parated into three different techniques: which are
amplitude modulation, phase modulation, and polar-
ization modulation. This set-up applies amplitude
modulation technique. When the acoustic waves or
vibration interact with the FPFL, it will cause a cer-
tain degree of phase-shift on the current standing
waves (modes) and hence generate destructive inter-
ference for modes that do not fulfill the condition de-
scribed in Eq. (1). At the same time, random lasing is
reduced and allows the system to build up a higher
level of population inversion. The higher population
inversion will contribute to a greater power laser
pulse, at a frequency that falls within the resonant
frequency distribution. Figure 4 shows the response
for the optical output power, displayed on a fast os-
cilloscope, when a small impact occurs 1 m away from
the FPFL, on the same optical table, generated by
dropping a 253 gm piece of metal from a height of
1 cm above the table.

From Fig. 4, we can observe that the optical output
power drops immediately after the impact, due to
destructive interference and cavity loss within the
cavity, followed by a sequence of pulses. The induced
cavity loss causes a rapid drop in the optical power
level, immediately after the impact, and allows the
build-up of population inversion in the erbium ions.
The higher level of population inversion leads to
higher energy pulses being generated by the FPFL.
The working principle is similar to acousto-optic
Q@-switching in a laser [14], where a high cavity loss
is induced, in order to allow a larger population to
build up. The highest pulse power generated is
roughly 5 times larger than the average power before
the impact. To understand in more detail about
the characteristics of the FPFL as an acoustic sensor,
we generated single tone acoustic waves to observe
the acousto-optic interaction. The highly sensitive
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nature of the FPFL allows direct interaction between
an airborne sound wave and the light wave propagat-
ing in the fiber, something that was previously be-
lieved to be impossible without the assistance of a
diaphragm or transducer, due to high impedance
mismatch between air and glass [3]. The modulation
of the optical output can be observed above an aver-
age sound level at as low as 69.8 dBA with 1 kHz
acoustic waves.

The resonant frequency plays an important role in
characterizing the “sensitivity” bandwidth of the sys-
tem to acoustic wave modulation. Figure 5 shows
three inset diagrams of the modulated optical out-
put, captured using a digital oscilloscope, with an
optical pump power level of 17.5 mW for different fre-
quency sinusoidal sound tones, generated using a
2 cm diameter piezoelectric cylinder driven at 16 V
amplitude by a signal generator facing directly onto
the surface of the 10 m length of circularly spooled
fiber, as shown in Fig. 6. Under this level of pump
power, the system has a resonant frequency around
27.3 kHz, as shown in Fig. 5. The sound intensity le-
vels generated at the different frequencies 15 kHz,
25 kHz, and 40 kHz were 93.9 dBA, 82.9 dBA, and
73.2 dBA respectively, measured using a sound
meter. A-weighting parameter and extrapolation va-
lues (due to the A-weighting parameters that strictly
apply only up to a frequency of 20 kHz) were used to
calculate the sound intensity level in dB. The calcu-
lated sound levels were 99.9 dB, 94.4 dB, and 91.5 dB
respectively.

There are several interesting phenomena that can
be observed in Fig. 5, and one of them is that the out-
put electrical signal at lower frequencies is in the
form of discrete pulses instead of the sinusoidal
wave-form of the incident sound waves. Besides that,
it is also observable that higher amplitude optical
pulses are generated when the tone is near the reso-
nant frequency at 25 kHz, at a level that is approxi-
mately 10 dB larger than the output at 15 kHz and
40 kHz. Because the photo-detection process pro-
duces a photo current that is proportional to the
incident optical power level, the voltage displayed
on the oscilloscope is proportional to the incident op-
tical power level. The observed signal level at 25 kHz
therefore corresponds to an optical signal level that
is 10 dB greater than the optical signal level at

FFT arbitary count
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Fig. 5. Inset of Modulated optical output at 15 kHz, 25 kHz, and
40 kHz with respect to the average resonant frequency, with
17.5 mW pump power.

15 kHz. In terms of the resulting signal voltage
levels, the electrical ratio is 20 dB.

Modulation by sinusoidal sound waves will cause
the phase of oscillating modes to shift constantly—
and to generate constructive and destructive inter-
ference within the laser cavity repeatedly. To study
the relationship between the sensitivity of the set-
up and the resonant frequency, different frequency
sinusoidal tones were generated and the peak-to-
peak (P-P) oscillation value of the optical output was
measured from fiber end 2 at a fixed pump power
level of 17.5 mW. Figure 7 shows the resonant fre-
quency distribution and the P-P optical output value
when modulation at several different frequencies is
applied. It is very obvious that the P-P value of the
optical outputs is dependent on the resonant fre-
quency distribution. Hence, by studying the resonant
frequency distribution at different pump power le-
vels, it is possible to tune the sensitivity range of
the setup to meet the needs of acoustic wave sensing
for different frequency range and bandwidth require-
ments. The high sensitivity spectrum covers a fre-
quency band of about 8 kHz in the demonstrated
setup and is followed by a pronounced drop to the low
sensitivity region at a frequencies outside the range
between 25 kHz and 33 kHz. With a resonance
frequency at ~27.3 kHz, the device would be useful
for high-sensitivity detection of ultrasonic waves
at a known specific frequency. Possible applica-
tions included low frequency ultrasound detection
(<100 kHz), e.g. for gas or vacuum leakage detection
and SONAR. This device could also be useful for the
detection of impulsive sound sources (e.g. sound
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Fig. 6. (Color online) Acoustic excitation arrangement diagram.
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generated by mechanical shock or impact), but the
detection will be accompanied by a substantial
amount of distortion. Such extreme changes of sen-
sitivity cause problems for wide frequency band sen-
sing, as spectrally flat sensitivity is almost always
preferable in sensor applications. However, this char-
acteristic could be useful in other applications that
require high sensitivity and small frequency band-
width at a known centre-frequency, together with
filtering capability.

In our observation, the optical pulse repetition fre-
quency not only depends on the acoustic wave mod-
ulation frequency but also on the resonant frequency.
If the acoustic wave frequency is much lower than
the resonant frequency, population inversion will
build up in a shorter time than the modulation per-
iod. When a threshold is exceeded that is a function
of the Er3* lifetime and pumping rate, the system
will begin to lase and thereby reduce the buildup
of population inversion. Lasing occurs whenever the
population inversion is sufficiently large to cause ser-
ies of pulse trains with obvious major pulse with
3 kHz of repetition generated under modulation by
3 kHz acoustic waves. In addition, multiple side
pulses were observed between the main pulses, be-
cause of easing of the population inversion build-
up during the modulation period, as mentioned
above. These side pulses will fit in between the main
pulses, with the same time spacing, and the repeti-
tion frequency of all these pulses will always fall
within the resonant frequency distribution, as shown
in Fig. 8(a). As a result, this side pulse stream con-
tributes to the harmonic frequency spectrum when
Fast Fourier Transform (FFT) analysis is performed,
as observed in [12].

On the other hand, when the modulation fre-
quency is much higher than the resonant frequency,
the optical output will be in sinusoidal form, instead
of pulsed—as shown in Fig. 8(b). When the modula-
tion frequency is very much higher than the resonant
frequency, the sensitivity will be reduced, as men-
tioned above, due to weak suppression of modes
in the cavity. This reduction in sensitivity will
discourage the build-up of population inversion,
which leads to no output pulse being generated.

2776 APPLIED OPTICS / Vol. 51, No. 15/ 20 May 2012

Compression and rarefaction of the fiber caused
by acoustic modulation, however, will still induce a
certain degree of relative phase shift between the
modes. The interference of the surviving modes will
produce a clean sinusoidal optical output instead of
pulses.

At pump power levels above 10.0 mW, which is the
threshold for random lasing to occur due to modal
competition, the optical power begins to fluctuate
with a certain frequency distribution. Figure 9 shows
the average frequency spectra of the recorded output
power after Fast Fourier Transformation (FFT).
Spectral distributions for different pump power le-
vels are plotted and shown in Fig. 9(a).

The resonant frequency distribution represents
the pulse frequencies or periods needed to build up
inversion for lasing. As the pump power increases,
more energy is absorbed by the gain medium and
hence the population inversion build-up times that
lead to lasing are shorter. Therefore, the observed re-
sonant frequency shifts towards a higher frequency
when the pump power is increased. We have also
noticed that the shift in resonant frequency increases
in a logarithmic manner with respect to pump power
increase, as shown in Fig. 9(b). Hence, by tuning the
pump power from 10.8 mW to 68.5 mW, the resonant
frequency can be shifted from 5 kHz to 85 kHz. This
result also means that the operating bandwidth can
cover a range of frequencies, up to 100 kHz. In other
experiments, we have noticed that a short cavity is
the main factor in achieving a large resonance fre-
quency tuning range with such an optical power
range. The longer the cavity length, the smaller the
tuning range, but the higher the sensitivity—as we
have observed. Accordingly, in order to achieve a
large tuning range, the potential sensitivity of the

(@)
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—
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(b)
Fig. 8. Optical output under modulation of (a) 3 kHz and
(b) 50 kHz acoustic waves, viewed on a digital oscilloscope.
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Fig. 9. (a) Averaged resonant frequency spectrum distribution of
output power at different pump power, and (b) Resonant frequency
at different pump power for 10 m SMF.

set-up has, in part, been sacrificed in the present
research.

Considering the impact of temperature fluctuation
during sensing to the laser stability, the FPFL set-up,
excluding the diode pump laser, was heated using a
hotplate to observe the shifting of the resonant fre-
quency. An up-shifting in the resonant frequency
by a maximum of 1 kHz is observed when the set-
up is heated from room temperature (23 °C) up to
50 °C. Fluctuation of the resonant frequency close
to 400 Hz, under a controlled environment may be
caused by pump power fluctuation and the short
sampling period of 2 s. We consider that shifting of
the resonant frequency and sensitivity bandwidth
by 1 kHz is not insignificant. Taking into account
the 1 kHz fluctuation caused by the temperature
changes and the 400 Hz fluctuation in the position
of the resonance frequency, the setup has a high
sensitive frequency band of about 6 kHz.

4. Conclusions

We have studied the response of an FPFL, operating
in a free running condition, to both vibrations and
airborne acoustic waves. Our results show that the
interaction of acoustic waves with an FPFL will lead
to laser pulses being generated by the FPFL. The

pulse frequency and amplitude are dependent on the
resonant frequency of the FPFL, which can be
obtained from the fluctuation of FPFL laser before
external modulation. The resonant frequency distri-
bution of a FPFL is determined by its operating
bandwidth, which can be tuned from 10.0 mW to
68.5 mW by changing the pump power. With this
ability, the set-up is able to sense airborne acoustic
waves in a range from 100 Hz up to 100 kHz. We have
also demonstrated a simple sensor set-up that has
high sensitivity to airborne acoustic waves—a cap-
ability that was previously believed to be impossible
without using a diaphragm or transducer. Since the
whole fiber is sensitive to acoustic waves, it offers
potential applications in both point sensing (short
SMF fiber) and distributed sensing (long SMF), at a
very low cost.
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Study of Dual-Wavelength Mode Competition
in an Erbium-Doped Fiber Laser (EDFL)
Produced by Acoustic Waves
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Abstract—Distributed sensing using all-fiber laser-based
acoustic sensors has been demonstrated recently for large area
sensing. However, the sensitivity of this type of sensor has so far
been much lower by comparison with currently available optical
microphones. This paper studies the use of controlled interaction
between the modes of oscillation in a fiber laser to enhance the
sensitivity of acoustic wave detection. The responses of individual
longitudinal modes to acoustic waves in a dual-wavelength fiber
laser are demonstrated. With the experimental setup that has
been developed, observation of a single wavelength output from
the dual-wavelength laser shows optical responses to acoustic
waves at 23 dB below the triggering threshold of laser dynamics,
when compared with the previous scheme based on uncontrolled
multimode operation.

Index Terms— Acoustic sensors, acousto-optic effects, erbium-
doped fiber lasers, laser dynamics.

I. INTRODUCTION

N OUR previous work [1], [2], we have demonstrated an

all-fiber acoustic sensor in which the optical fiber forms
the sensing medium. The direct modulation of optical fre-
quency electromagnetic waves propagating in the fiber core by
acoustic waves, based on the laser dynamic behavior, is a new
approach to large area distributed acoustic sensing. Instead of
limited multi-point sensing, the proposed approach is research
directed towards sensing over an essentially unlimited number
of points. The set-up can be connected to a long distributed
optical fiber (with a typical length of 25 km) for large area
sensing - or a short fiber spool (20 m) for point sensing.

Although our fiber-laser based method overcomes a concep-
tual barrier, so that optical airborne acoustic sensing is now
possible without the need for an intermediate medium or a
diaphragm, there are several problems that remain unsolved.
The first issue is the random fluctuation of the optical output
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Fig. 1. Dual wavelength fiber laser setup constructed using 1 x 16 channels
AWG.

power due to the laser dynamics that contribute to the unstable
background noise of the sensor. The second issue is the
transient generation during the modulation, which will distort
the original acoustic wave pattern, although detection is still
possible. The third issue is the absolute sensitivity of the
sensor, which is still low compared to that of a diaphragm
optical microphone.

In this paper, we shall describe how the mode competition
behavior between light at the two selected wavelengths that
are present in a dual-wavelength operation, linear-cavity, fiber
laser enhances the sensitivity, in comparison with previous
experiments.

II. EXPERIMENTAL SETUP

There are various methods for obtaining dual-wavelength
fibre laser operation, including high-birefringence fibre loop
mirrors [3], fiber-grating Sagnac loops [4], highly nonlinear
fibre ring-lasers [5], Arrayed Waveguide Gratings (AWGs) [6]
and so on [7], [8]. Our experimental set-up usesa 1 x 16 AWG
for dual wavelength selection purposes and erbium doped fiber
(EDF) as the amplifying medium in the laser cavity. The exper-
iment setup is shown in Fig. 1. A 980 nm laser diode driven at
a current of 79.2 mA is used to pump the 5 m long EDF at a
power of 30.0 mW and to create a population inversion in the
fiber. At this pump power, an Amplified Spontaneous Emission
(ASE) spectra with an average power of 4.72 mW is generated.
The ASE that propagates toward the AWG will be sliced
into 16 different wavelength outputs, with one wavelength
for each physical channel. Among the 16 channel outputs,
2 selected channel outputs, By and B, have a flat-cleaved
output to produce ~ 4% back-reflection as feedback to the
system - while the remaining 14 channels are organized to

0018-9197/$31.00 © 2012 IEEE
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Fig. 2. Optical spectrum of dual wavelength fiber laser pumped at 23.2 mW.

have angle-cleaved outputs to avoid significant back-reflection.
The two selected wavelengths are partly reflected back into
the cavity and experience stimulated emission when passing
through the EDF. The amplified dual wavelength signal then
experiences another 4% back reflection at the other end of
the laser cavity, which is labeled as output A — and the
gain is sufficient to produce laser action at the two selected
wavelengths. This setup forms a dual-wavelength laser cavity
approximately 12 m long.

III. RESULTS AND DISCUSSION

Fig. 2 shows the optical spectrum of the dual-wavelength
fiber laser obtained from output A, with lasing wavelengths
of 1532.10 nm and 1532.90 nm. While for output B; and
B, only single wavelength will be observed due to the de-
multiplexing effect of AWGs, B; will only carry the wave-
length at 1532.10 nm and B; will carry the wavelength at
1532.90 nm. Dual wavelength lasing in such a system is unsta-
ble due to mode competition caused by strong homogeneous
broadening and cross gain saturation of the EDF [9]. Although
there already exist various methods that are able to stabilize
multi-wavelength lasing by eliminating or reducing the mode
competition, these methods have not been applied - since the
natural response of the system without stabilization is the study
of interest.

Fig. 3 presents the photodetected output power from out-
put A and both outputs B, measured by a digital oscilloscope.
Fig. 3(a) shows output A, which is the total optical output of
the fibre laser in the backward direction, at a photo-detected
voltage level of 2.18 V, and approximates an optical power of
1.15 mW. This output is stable at low frequencies, but exhibits
fluctuations of the power level at frequencies in the range
from 19.7 kHz to 22.0 kHz — with the peak fluctuation level
at 20.8 kHz being measured using the built-in Fast Fourier
Transform (FFT) capability of the MATH function in the
digital oscilloscope.

The FFT spectrum displayed on the digital oscilloscope
panel is shown in Fig. 3(a). The fluctuation noise has been
discussed in [1] - and its frequency spectrum is directly related
to the fibre laser dynamics - depending on parameters such as
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Fig. 3. Optical output from (a) output A and (b) By and Bj, with FFT
frequency distributions that have been measured and calculated using the built-
in MATH function of the digital oscilloscope.

the pump power, laser cavity length, erbium concentration,
cavity reflectivity and cavity loss. Fig. 3(b) shows the optical
power from outputs By and B, measured simultaneously using
both input channels on the digital oscilloscope, at wavelengths
of 1532.10 nm and 1532.90 nm respectively, at independent
maximum levels of 260 mV. It is clearly demonstrated that the
fluctuations of the optical output power at the two wavelengths
are totally inverted with respect to each other, i.e. that the
levels are substantially complementary.

Increasing the optical power level at one wavelength causes
the optical power of the second wavelength to decrease by
the same amount. To identify the inverted nature of the two
outputs, a summation of both outputs was performed using the
built-in MATH function of the digital oscilloscope. The result
is to produce a steady output level similar to that of output A,
but at a much lower power level (on average, a photo-detected
level of 532 mV).

There are several reasons for the difference in the output
power. One is the difference between the output power levels
from the forward and backward directions of the fiber laser.
Due to the fact that the fiber laser is not pumped to the
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population inversion condition throughout the length of the
EDF (at the low pump power levels being used), reabsorption
will happen towards the end of the EDF where there is less
inversion population. A second reason could be the losses
caused by the AWG, due to insertion and coupling losses.
A further reason is the loss caused by the other 14 channels
that are in the range from 70 W up to 150 u'W; however
these losses at the ASE level are less significant.

Analysis of the optical power fluctuation in the frequency
domain has been performed by studying the FFT of the optical
power fluctuation. Fig. 4(a) and 4(b) show the same optical
output power level from output By and output B, measured
using both channels of the digital oscilloscope simultaneously
for a sampling period of 5 s. In the case of Fig. 4(a), the FFT
spectrum taken is from the output of By, with B, shown to
indicate the opposite response of Bj. Similarly, for Fig. 4(b),
the FFT spectrum is shown for By, with the B trace as the
comparison. From the two FFT spectra, it can be observed
that there are three distinct peaks, at frequencies of 3.50 kHz,
5.45 kHz, and 20.8 kHz. The 20.8 kHz peak is contributed by
the resonant frequency of the fibre laser system, as mentioned

1501

| J_l Vo oims

MR

B,

ilmﬂJII,.HLJunn‘..J sl X

(a)

) Il Vv

1 ms

()

Fig. 5. Random spiking due to the transient effect from outputs (a) By and
B, and (b) summation of outputs By and B;.

previously, and is observed on all of the optical outputs A,
B; and B;. The other two peaks, at 3.50 kHz and 5.45 kHz,
are contributed by the resonant frequency of each mode that
oscillates at different wavelengths and can only be observed in
outputs By and Bj. The existence of both resonant frequency
peaks at both outputs indicates that they are correlated with
each other. The FFT frequency distribution from outputs B
and B, are almost identical, with only slight differences in
their amplitude that are not significant enough to merit further
analysis. These frequencies of 3.5 kHz and 5.45 kHz can be
understood as the mode competition frequency or how frequent
of the dominant laser shifts from one wavelength to another.
This phenomenon is more obvious when the laser is under a
‘chaotic’ state as in Fig. 5.

Observation of the mode competition behavior for the fibre
laser under chaotic conditions has been made by introduc-
ing a small impact on the bench where the fibre laser is
placed—and obtained by knocking using a metal ruler. The
perturbation generated will cause the laser to undergo chaotic
operating conditions and produce random spiking effects that
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may be described as transients - and have been well explained
in terms of the laser dynamics [10], [11]. Fig. 5(a) shows the
spiking generated at both output B and output B, due to laser
dynamic transient effects. For better visualization, outputs B
and B, were slightly offset, at a different amplitude level from
the base level, in order to separate the two outputs clearly on
the oscilloscope panel.

It is clear that, under chaotic operating conditions, lasing
at 1532.90 nm from output B, dominates by producing major
high energy spikes, as compared to B;. When the captured
images of the two outputs are placed together, it can be
observed that most of the spikes generated in Bj fill up the
empty gap between the spikes generated in B;. In other words,
most of the time, under chaotic conditions only one mode at a
time survives. The total output level from B; and B, together
can be obtained by adding up the two outputs, as presented
in Fig. 5(b). The domination of the pulsing effect is probably
related to the stability and laser peak power. The domination
of the lasing effect will switch alternatively between the two
lasing wavelengths, causing the low frequency distribution in
the FFT spectrum as given in Fig. 4.

Our earlier work [1], [2] has indicated that the relatively
large acoustic modulation with frequencies below the reso-
nance frequency of the laser system will trigger the laser
transient and generates pulse trains that will carry the acoustic
frequency information with embedded high frequency satellite
pulses. However these high frequency satellite pulses con-
tribute to the loud hissing noise when the signal is translated
back into the acoustic waves. In this setup, the spiking
phenomenon that takes place in each wavelength and causes
a reduction in the spiking frequency of other wavelength.
Reduction of these spiking frequencies will effectively reduce
the number of satellite pulses and hence contribute to noise
reduction when the acoustic modulation is under transient
phenomenon. Thus the quality of sound reproduction for
frequencies that fall within our listening region (below 20k Hz)
is significantly improved when the output is taken from either
output By or Bs.

In our previous study also, acoustic modulation was
obtained on the basis of the dynamic behavior of the fiber laser
in multimode operation, but without explicit consideration of
the modal competition behavior. For detection of acoustic
waves, the perturbation produced on the output optical power
of the laser must be large enough to provide an observable
impact on the gain or loss parameters of the laser system. If
the perturbation is small, loss introduced on one mode will be
compensated by the increased gain of another mode (or other
modes), leading to unobservable small changes in the total
output power, just as was observed for the mode competition
shown in Fig. 3.

To observe the effect of these small perturbations on the
oscillation of the two wavelengths, low amplitude acoustic
waves at 500 Hz were generated near the fiber laser using
a multimedia speaker connected to a personal computer. The
amplitude of the acoustic waves was increased slowly until
outputs B; and B, responded to the acoustic wave. Fig. 6
shows the optical outputs from B; and B, under modulation
by 500 Hz acoustic waves at sound levels of: (a) 65.0 dBA
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Fig. 6. Optical outputs from By and B, for modulation by 500-Hz acoustic
waves at amplitudes of (a) 65.0 dBA and (b) 88.3 dBA.

SPL (sound pressure level) (or equivalent to 68.5 dB SPL) and
(b) 88.3 dBA SPL (or equivalent to 91.5 dB SPL) which are
equivalent to 0.0514 N/m? and 0.752 N/m? respectively. In a
more general form, 65.0 dBA SPL is close to the sound made
by a vacuum cleaner operating at a distance of 1 m, while
88.3 dBA SPL is similar to sound of a diesel truck from 10 m
away [12]. The larger the level of the sound pressure, the larger
the pressure exerted onto the fibre, which in turn causes a large
change in the refractive index of the fiber which in turn leads
changes in the loss and gain of the fibre laser as described
in [2].

Both optical outputs have a sinusoidal form at 500 Hz. The
larger modulation amplitude shown in Fig. 6(b) is due to the
larger acoustic wave amplitude. Another difference between
Figs. 6(a) and 6(b) that can be observed is that, in Fig. 6(a),
B; and B, are “out of-phase” by 180°, while they are “in-
phase” in Fig. 6(b). We believe that the outputs from B; and
B, are “out-of-phase” not because of delay or changes of path
length that cause a relative phase shift between output B; and
B,. Interaction of the acoustic waves with the fiber causes
modulation of the modes oscillating in the fibre laser. However,
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the acoustic modulation at this amplitude (65.0 dBA SPL) is
far too weak to modulate the total gain and loss of the system.
Hence, when one of the modes experiences changes in gain
or loss, the other mode will experience an opposite effect to
compensate for the changes in the system - and to maintain a
stable lasing condition. Thus, when the outputs from B; and
B> in Fig. 6(a) are summed, or the total output power from
A is measured, the modulation effect on the laser is small. As
the acoustic modulation increases, the sinusoidal amplitude
of output B; and B, also increase. This will continue until
at a certain stage whereby the output of B; and B, become
“in-phase” as shown in Fig. 6(b). The transition from “out-
of-phase” to “in-phase” happens when the acoustic waves
is approximately 87 dBA. After the transition state, there is
no observation of modulation amplitude suppression in both
of the outputs of By and B;. Above 88.0 dBA the acoustic
amplitude is large enough to modulate the refractive index in
the core along the fibre, causing fluctuations in the total gain
and loss of the fibre laser and the outputs from By and B, show
“in-phase” modulation. Furthermore, it is obviously possible
to observe the modulation pattern on the total output - either
directly from output A or from the summation of By and B»,
as shown in Fig. 6(a).

Compared with acoustic modulation measurements per-
formed on the total output power of a fluctuating multimode
fiber laser, measurement of a single wavelength output from
a dual-wavelength fiber laser has significantly reduced the
sensing threshold of the acoustic wave SPL by the fibre
laser, although the background noise remains high due, to
the power fluctuations. The threshold sensing level has been
reduced by more than 23 dB, as tested by modulating the fiber
laser with a 500 Hz sound wave at 65.0 dBA SPL, together
with a background noise level of 58.7 dBA SPL (mainly
contributed by the cooling fan of experimental instruments) -
without using an additional sensing fibre. This improvement by
23 dB was estimated from a comparison between the measured
88.3 dBA SPL required to trigger unstable dynamic behavior
in the whole multiple longitudinal mode fibre laser (based
on previous work [1], [2]) and the 65.0 dBA SPL that is
sufficient to modulate a single wavelength output, without
significantly affecting the system gain. Significant further
increase of the acoustic wave SPL above 88.3 dBA, at 500 Hz,
causes dynamic spiking behavior, in which a pulse-train with
satellite pulses can be observed [2]. This 23 dB difference
can be considered as providing an estimate of the dynamic
range of the acoustic sensor, since the output is similar to the
modulating wave, until chaotic dynamic behavior starts to be
triggered.

We have observed that the dynamic range of the acoustic
sensor is different at different frequencies and are currently
studying this aspect in detail, with a view to a further publi-
cation. The sensitivity of the system to acoustic waves can be
enhanced by increasing the total length of the laser cavity or
the use of a thin cladding type fibre that allows for a more
efficient of energy transfer into the core layer. The benefits of
increased length will be investigated in future work, where the
focus will be on the dual-wavelength mode competition that
can occur in EDFLs due to acoustic wave interaction.
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Application wise, the sensor can used to pick-up human
vocalizations, musical instruments, ultrasounds, and any other
acoustic waves that fall within frequency range from 100 Hz
up to 100 kHz as presented in previous work [1], [2] so
long as it is above the sensing threshold. In this case, it is
65.0 dBA SPL for 500 Hz. Due to the poor acoustic impedance
matching between air and fibre [13], the efficiency of sensing
the sound wave is extremely low as compare to vibration.
Hence the sensing of sound can only be done under a vibration
free environment. An anti-vibration packaging is believed to
be an important solution for this sensor.

IV. CONCLUSION

In conclusion, we have studied the power fluctuation of each
lasing wavelength in a dual wavelength fibre laser. By observ-
ing the power level for each individual lasing wavelength, we
have observed greater sensitivity to acoustic wave modulation,
in comparison with the sensitivity of the total output power,
since the laser system will always tend to reduce the induced
system fluctuation by compensating the loss or gain changes
for other wavelengths or modes in the laser system. With this
observation, the sensing of the laser system to acoustic waves
has been reduced by more than 23 dB - with possible further
improvement being obtainable by optimization of the laser
system.
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